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BACKGROUND AND PURPOSE
The use of non-steroidal anti-inflammatory drugs (NSAIDs) in the treatment of rheumatoid arthritis (RA) is limited by their
toxicity. We evaluated the anti-inflammatory efficacy and safety of three novel modified NSAIDs, phospho-aspirin,
phospho-ibuprofen and phospho-sulindac.

EXPERIMENTAL APPROACH
We determined the anti-inflammatory effects and gastrointestinal safety of the phospho-NSAIDs in the rat adjuvant arthritis
model and studied their mechanism of action in cultured cells, Cytokines were measured with ELISA and activation of nuclear
factor-kB (NF-kB) by immunohistochemistry.

KEY RESULTS
All three phospho-NSAIDs showed less gastrointestinal toxicity than their parent compounds and demonstrated strong
anti-inflammatory effects, essentially reversing joint inflammation and oedema. They have a broad but not uniform effect
on the expression of relevant cytokines, in general decreasing IL-6 and IL-1b and increasing IL-10 levels in rat plasma and
cultured cells. Phospho-sulindac and phospho-ibuprofen but not phospho-aspirin suppressed PGE2 production in vitro,
whereas phospho-aspirin (in contrast to aspirin) showed the same effect in vivo. In joint tissues, phospho-aspirin inhibited
NF-kB activation, and suppressed inflammation and bone resorption. Phospho-aspirin also inhibited Jurkat T cell proliferation.
In general, phospho-aspirin had greater efficacy but different effects upon inflammatory mediators compared with aspirin. The
chemical modification of the parent NSAIDs seems crucial for their safety and efficacy.

CONCLUSIONS AND IMPLICATIONS
Phospho-aspirin, phospho-ibuprofen and phospho-sulindac were safer than their parent NSAIDs, were highly effective in rat
adjuvant arthritis and inhibited many key mediators in the pathophysiology of RA. These novel compounds are promising
candidate drugs for the treatment of RA and merit further evaluation.

Abbreviations
BrdU, 5-bromo-2′-deoxyuridine; FA, Freund’s adjuvant; LPS, lipopolysaccharide; NF-kB, nuclear factor-kB; NSAID,
non-steroidal anti-inflammatory drug; RA, rheumatoid arthritis
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Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease
with a 1% prevalence in the Western world. Chronic inflam-
mation, a hallmark of the disease, causes progressive joint
destruction, which leads to significant pain, joint deformities,
and functional limitation that can be incapacitating (Ala-
manos and Drosos, 2005; Eurenius and Stenstrom, 2005). RA
is also associated with substantial co-morbidity in the cardio-
vascular, neurological, and metabolic systems, with the same
cytokines that drive synovial pathology being also respon-
sible for generating pathology in extra-articular tissues.
Despite substantial progress in recent years, RA remains a
formidable clinical problem.

Non-steroidal anti-inflammatory drugs (NSAIDs) are used
widely in the treatment of RA to provide symptomatic relief
of inflammation and pain; NSAIDs are often used at high
doses and on a long-term basis. The main limitation to treat-
ment with NSAIDs is their side effects (Rahme and Bernatsky,
2010; Sostres et al., 2010). Among patients using NSAIDs, up
to 4% per year suffer serious gastrointestinal complications.
In 1998 the number of deaths in the United States from
NSAID-induced GI complications was 16,550, virtually iden-
tical to that from AIDS (16 685) (Singh and Triadafilopoulos,
1999). NSAIDs also cause a wide range of tubular, interstitial,
glomerular and vascular renal lesions and probably chronic
renal failure. Several additional side effects, some serious,
have been reported (Roberts and Morrow, 2001).

The rational design of pharmacological agents includes,
amongst others, modification of known compounds in order
to optimize their pharmacological properties, primarily by
increasing their safety profile while maintaining efficacy.
Several efforts have been made to modify NSAIDs to reduce
their gastrointestinal toxicity while maintaining their anti-
inflammatory effect (Cicala et al., 2000; Rigas, 2007;
Nemmani et al., 2009). We have recently synthesized a series
of modified NSAIDs and assessed their efficacy against cancer,
and demonstrated superior efficacy and apparent safety in
preclinical models (Mackenzie et al., 2010). Our chemical
modification is exemplified by the structures shown in
Figure 1, a linker molecule is attached via an ester bond to the
carboxylic group of the NSAID, while a phosphate moiety(ies)
is also attached to the linker.

In order to assess the safety and efficacy of this new class of
compounds, we evaluated three representative compounds,
phospho-aspirin (MDC-22), phospho-ibuprofen (MDC-917)
and phospho-sulindac (OXT-328), using a rat model of arthri-
tis. Several animal models of RA have been described (Bendele,
2001), including the rat adjuvant arthritis model, type II
collagen arthritis, and several transgenic models, such as the
human tumor necrosis factor-a (TNF-a) transgenic arthritis
model (Feldmann et al., 1996). The rat adjuvant arthritis
model, originally described more than 30 years ago (Pearson
et al., 1961) is still the most widely used assay to identify
chemical agents having a potential therapeutic efficacy in RA
(Theisen-Popp and Muller-Peddinghaus, 1994; Whiteley and
Dalrymple, 2001). Freund’s adjuvant (FA) is an antigen solu-
tion, used as an immunopotentiator (Mycobacterium butyricum
emulsified in light mineral oil). Following FA injection, a series
of cellular changes culminate in severe arthritis, which dis-
plays some of the cardinal features of human RA such as

swelling of the extremities, cartilage degradation, loss of joint
function and lymphocyte infiltration into diseased joints.

We report here that the novel phospho-NSAIDs are highly
efficacious in controlling rat adjuvant arthritis, appear safer
than their parent NSAIDs, and their anti-inflammatory action
includes modulation of cytokine expression and inhibition of
the synthesis of PGE2 and of the activation of nuclear
factor-kB (NF-kB). Thus, phospho-NSAIDs represent a prom-
ising alternative to conventional NSAIDs and deserve further
evaluation.

Methods

Cell viability assay
The reduction of the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was determined follow-
ing the manufacturer’s instructions (Roche, Mannheim,
Germany) and as previously described (Zhao et al., 2009).
Briefly, following incubation of cells for 6 h and 24 h with the
test compounds, MTT reagent (10 mL) was added to each well
and incubated for an additional 4 h. After that, 100 mL of
solubilization/stop solution [10% (w/v) SDS in 0.01 M HCl]
was added and the plate was incubated at room temperature
overnight to completely solubilize the formazan crystals. The
reduction of MTT was monitored at 570 nm, and the amount
of reduced MTT was calculated as a percentage of the absor-
bance determined for the vehicle control treatment.

Cell proliferation assay
The measurement of 5-bromo-2′-deoxyuridine (BrdU) incor-
poration into newly synthesized cellular DNA was used to
determine cell proliferation as previously described (Sun and
Rigas, 2008). Briefly, 1 ¥ 106 Jurkat T cells, seeded in 60 mm
dishes, were treated with phospho-aspirin or aspirin (1.5 ¥
IC50) for 24 h. After treatment, 10 mM BrdU (BD Biosciences,
San Jose, CA, USA) were added to the cell culture media, and
cells were incubated for an additional 30 min in the CO2

incubator. Cells were then trypsinized and fixed with 70%
ethanol for 30 min on ice. Following one cycle of washing
with PBS, DNA was denatured by 2 N HCl/Triton-X100 for
30 min and then neutralized by 0.1 M Na2B4O7, pH 8.5. After
incubation with 20 mL anti-BrdU-FITC antibody (BD Bio-
sciences) for 30 min, cells were subjected to flow cytometric
analysis.

Animal studies
All animal care and experimental studies were approved by
our Institutional Animal Care and Use Committee. The
animals (Charles River, Wilmington, MA) were kept under
conditions of constant temperature (23 � 2°C) and humidity
(55 � 15%) with a 12 h light/dark cycle (lights on at 0700 h).
Animals had free access to food and water.

Gastrointestinal toxicity
The gastrointestinal toxicity of the novel phospho-NSAIDs
(phospho-aspirin, phospho-ibuprofen and phospho-
sulindac) and their corresponding parent compounds
(aspirin, ibuprofen and sulindac) was determined in rats
following a standard protocol (Whiteley and Dalrymple,
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1998). Briefly, 6 week-old Sprague Dawley rats (n = 4 per
group) were treated for 4 days by gavage with vehicle (corn
oil) or indomethacin 4.75 mg·kg-1·day-1 or equimolar
amounts of phospho-aspirin (110 mg·kg-1·day-1) and aspirin
(35 mg·kg-1·day-1), or equimolar amounts of phospho-
sulindac (317 mg·kg-1·day-1) or sulindac (200 mg·kg-1·day-1),
or equimolar amounts of phospho-ibuprofen
(400 mg·kg-1·day-1) or ibuprofen (200 mg·kg-1·day-1).
Indomethacin was used as a reference compound, based on

the protocol (Whiteley and Dalrymple, 1998); indomethacin,
given once daily for 4 days at a dose of 4.75 mg·kg-1, produces
GI toxicity clinical score of approximately 3.75. On day 5,
30 min before killing, animals were injected with 1% Evans
blue solution and the number and size of small intestinal
ulcerations were recorded after death and the clinical score,
ranging between 0 (intact small intestine with no ulcerations
or mucosal damage) and 5 (animal dies prior to study’s end),
was determined (Whiteley and Dalrymple, 1998).

Figure 1
Gastrointestinal toxicity of phospho-aspirin, aspirin, phospho-ibuprofen and ibuprofen. (A) Chemical structures of phospho-aspirin, phospho-
ibuprofen and phospho-sulindac. (B and C) The gastrointestinal toxicity of phospho-aspirin (P-A), phospho-ibuprofen (P-I), aspirin (ASA) and
ibuprofen was determined in Sprague-Dawley rats. (B) Representative photographs of small intestinal mucosa from the various groups of animals;
the small intestine has been cut longitudinally and its mucosal side is viewed. Red arrows: gastrointestinal ulcers. Selected ulcers are magnified for
clarity. (C) On day 5, the number and size of small intestinal ulcerations were determined and scored. Values are mean � standard deviation.
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Induction of FA arthritis and treatment
with phospho-NSAIDs
We followed the protocol of Whitley et al. (Whiteley and
Dalrymple, 2001). Briefly, female LEW/CrlBR Lewis rats (n =
5/group), weighing 110–140 g, were housed with free access
to food and water. Arthritis was induced by injecting once
100 mL of 10 mg·mL-1 Mycobacterium butyricum (DIFCO Labo-
ratories, Detroit, MI, USA) suspended in incomplete FA into
the tail of each rat. Each of the following were given to rats by
oral gavage daily for 18 days: aspirin 35 mg·kg-1, phospho-
aspirin 110 mg·kg-1 (aspirin and phospho-aspirin doses were
equimolar), phospho-ibuprofen 300 mg·kg-1 or phospho-
sulindac 150 mg·kg-1 suspended in corn oil or corn oil alone
for the control group. No equimolar doses of sulindac and
ibuprofen were included because these doses would have
been toxic to the rats (Adeyeye et al., 1996; Mackenzie et al.,
2010). The administration of the test compounds started on
the same day FA was injected. The progression of arthritis was
evaluated by scoring the intensity of the oedema in the paws
and tail once a week (Whiteley and Dalrymple, 2001). Each
paw was assigned a score of 0 to 4 (0 = no swelling or redness
in any joint; 4 = very severe swelling and redness in large and
small joints; 1–3 = intermediate scores), and the tail of each
animal a score of 0 to 3 (0 = no signs of inflammation, even
at the site of injection; 3 = >25% of the tail exhibiting oedema
and necrosis; 1–2 = intermediate scores). At the completion of
the study, animals were killed 1 h after the last administra-
tion of the study drug, blood was collected for the determi-
nation of levels of cytokines and PGE2 metabolite and their
hind paws were transected, weighed and preserved in
formalin.

Histology examination and
immunohistochemistry
Following 24 h in formalin, hind paws were placed in Surgi-
path decalcifier (Surgipath, Grayslake, IL) for an additional
24 h. Once the decalcification was complete, the joint was
transected along its longitudinal plane to give approximately
equal halves and each one was paraffin embedded. A patholo-
gist, unaware of sample identity, evaluated 4 mM-thick joint
sections stained with H&E and scored them for inflammation
and bone resorption, as previously described (Bendele et al.,
1999).

Two additional sections of each sample were placed side-
by-side on a microscope slide, with one of them used as
negative control; each sample contained synovium, cartilage
and bone marrow tissues. Paraffin-embedded sections were
deparaffinized, rehydrated, and microwave-heated for 15 min
in 0.01 mol·L-1 citrate buffer (pH 6.0) for antigen retrieval,
and 3% H2O2 was applied to block endogenous peroxidase
activity. After 15 min of blocking with horse serum, the
primary antibody or control IgG (dilution 1/50) were applied
and incubated overnight at 4°C. Slides were washed thrice
with PBS, each for 5 min. The biotinylated secondary anti-
body and the streptavidin-biotin complex (Vector Laborato-
ries, Burlingame, CA, USA) were applied, each for 30 min at
room temperature with an interval washing. After rinsing
with PBS, the slides were immersed for 5 min in the substrate
3,3′-diaminobenzidine (DAB; Sigma, St. Louis, MO, USA),
then rinsed with distilled water, counterstained with haema-

toxylin, dehydrated, and coverslipped. We used a phospho-
NF-kB p65 (Ser276) antibody, which recognizes activated
NF-kB (Cell Signaling Technology, Beverly, MA, USA). Five
different fields per slide from synovium, cartilage and bone
marrow were counted and scored for NF-kB; positive staining
for NF-kB appears brown. Results were expressed as the per-
centage of positive cells; specificity of binding was verified by
isotype control.

IL-6, IL-10, IL-1b and TNF-a levels
Cytokine levels were assayed in plasma samples using rat
IL-1b, IL-6, IL-10 and TNF-a ELISA kits (Thermo Fisher Scien-
tific, Rockford, IL, USA) and following the manufacturer’s
instructions. Cytokines were also measured in RAW 264.7 and
NIH 3T3 cell culture media using ELISA assays to measure the
levels of IL-6 (BD Biosciences) and TNF-a (Abcam, Cam-
bridge, MA, USA), following the manufacturers’ protocols.
Briefly, 1.5 ¥ 106 cells were pre-incubated with each of the
study drugs (1.5 ¥ 24 h–IC50) for 60 min followed by treat-
ment with lipopolysaccharide (LPS; 1 mg·mL-1) for 5 h in
under the indicated experimental conditions. After the incu-
bation, the cell culture media were collected and centrifuged
at 800¥ g for 10 min. We determined the various cytokines
in the supernatant by ELISA following the manufacturers’
protocols.

For the time-course, NIH 3T3 cells were pre-treated with
phospho-ibuprofen (1 ¥ 24 h–IC50) for 1 h, followed by treat-
ment with LPS (100 ng·mL-1) for 3, 6 or 24 h. Cytokines
released into the media were measured after separating the
cells by centrifugation at 800¥ g for 10 min.

Prostaglandin E2 (PGE2)
The levels of PGE2 and 13,14-dihydro-15-keto-PGE2 (PGE2

metabolite) were determined by immunoassay in cell culture
media and plasma, respectively, following the manufacturer’s
instructions (Cayman Chemical, Ann Arbor, MI, USA).
Briefly, 1.5 ¥ 106 NIH 3T3 cells were pre-incubated with the
various drugs (1.5 ¥ 24 h–IC50) for 30 min followed by treat-
ment with the calcium ionophore A23187 5 mM for 3 h under
the indicated experimental conditions.

Data analysis
Results from at least three independent experiments were
expressed as mean � SEM and analysed by one-way analysis
of variance followed by Tukey’s test for multiple compari-
sons. To analyse data from the inflammation and histological
score systems, we used a non–parametric method (Brunner
et al., 2002), where the data were first ranked, and then fitted,
using a mixed effects model with an unstructured variance-
covariance matrix and P values adjusted for ANOVA-type sta-
tistics. P < 0.05 was considered statistically significant.

Materials
The phospho-NSAIDs, phospho-aspirin, phospho-ibuprofen
and phospho-sulindac, provided by Medicon Inc, Setauket,
NY, USA, were synthesized as reported (Sun and Rigas, 2008).
Aspirin, ibuprofen and sulindac and all other chemicals were
obtained from Sigma. RAW 264.7 mouse macrophage cells,
NIH-3T3 mouse fibroblast cells, and human Jurkat T cells
were grown as suggested by American Type Tissue Collection
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(ATTC, Manassas, VA, USA). These three cell lines represent
models of macrophages, fibroblasts and T cells, respectively;
each cell type plays an important role in the development of
arthritis.

Results

Phospho-NSAIDs are safer than
traditional NSAIDs in a rat model
of gastrointestinal toxicity
Initially, we evaluated the safety of the novel phospho-
NSAIDs using an established protocol that evaluates gas-
trointestinal side effects of potential anti-inflammatory and
other agents (Whiteley and Dalrymple, 1998). Rats were
treated for 4 days by oral gavage with vehicle, indomethacin
(positive control) or equimolar amounts of each phospho-
NSAID or its parent compound as described in the Methods.
As expected, treatment with indomethacin (positive control)
produced predominantly medium and large ulcerations
(>4 mm) in the small intestine (Figure 1). As shown in
Figure 1, phospho-aspirin induced 68% less damage than
aspirin and phospho-ibuprofen induced 60% less than ibu-
profen. Of note, the doses of phospho-aspirin and aspirin
were equimolar, as were the doses of phospho-ibuprofen and
ibuprofen. We have reported similar results for phospho-
sulindac compared with sulindac (Mackenzie et al., 2010).
Thus phospho-aspirin and phospho-ibuprofen induced sig-
nificantly less gastrointestinal toxicity than their parent com-
pounds, aspirin and ibuprofen.

Phospho-NSAIDs inhibit arthritis in rats
with FA-induced arthritis
We evaluated the ability of the three phospho-NSAIDs to
inhibit the inflammatory response of rat adjuvant arthritis.
Following FA injection, rats developed marked arthritis with
inflamed hind paws and necrotic tails. We followed the pro-
gression of arthritis by evaluating weekly the intensity of the
oedema in the paws and tail. Significant oedema was
recorded on day 14 (following FA injection). The phospho-
NSAIDs prevented the development of oedema in both the
tail and paws (Supporting Information Figure S1A). At the
end of the experiment on day 18, oedema of the hind paw
was significantly reduced by phospho-aspirin and aspirin
given at equimolar doses as shown by changes in hind paw
weight (Figure 2). Thus, the injection of FA increased paw
weight by 49%, phospho-aspirin and aspirin reduced this
effect by 87 and 88%, respectively (P < 0.001 for both), essen-
tially normalizing paw weight.

FA-treated rats developed oedema and redness in large
and small joints and significant inflammation involving
about 25% of the tail (Figure 2D). The clinical signs of inflam-
mation are scored to evaluate the intensity of the oedema in
the paws and tail; the resulting inflammation score (or clini-
cal score) ranges between 0 and 4. As shown in Figure 2A,
phospho-aspirin and aspirin reduced the mean inflammation
score by 67 and 44% respectively (P < 0.03, for both).

We also evaluated the status of bone resorption and the
degree of synovial inflammation (Bendele et al., 1999). As

shown in Figure 2C, the induction of arthritis by FA was
accompanied by a significant amount of bone resorption.
Phospho-aspirin and aspirin decreased it to a similar degree
(58% for phospho-aspirin, P < 0.04 and 66% for aspirin, P <
0.02). The degree of synovial inflammation, apparent in the
histological pictures of Figure 2B, was also decreased by
phospho-aspirin (56% for phospho-aspirin, P < 0.03 and 61%
for aspirin, P < 0.03).

Phospho-ibuprofen and phospho-sulindac significantly
reduced the hind paw weight essentially normalizing it (96%
reduction for phospho-sulindac and 86% for phospho-
ibuprofen; P < 0.001 for both) (Figure 2E). Their effect on
inflammation was equally strong, with 87% reduction for
phospho-sulindac and 79% for phospho-ibuprofen; P < 0.001
for both; Figure 2E).

No gastrointestinal toxicity was observed in the FA rats
treated with phospho-NSAIDs. After death, the gastrointes-
tinal tract was inspected under a magnifying lens and the
mucosa appeared normal, with no evident damage. In addi-
tion, the body weight of the phospho-NSAID treated
animals was not significantly different from those of the
control and FA-treated groups (Supporting Information
Figure S1B).

The effect of phospho-NSAIDs
on cytokine levels
Proinflammatory cytokines, such as IL-1b, IL-6 and TNF-a,
play a central role in the pathophysiology of RA (Feldmann
et al., 1996). Thus, we determined the response of several
cytokines to our phospho-NSAIDs both in vitro and in vivo.

We investigated if these phospho-NSAIDs could affect
the production of TNF-a and IL-6 in RAW 264.7 and NIH
3T3 cells. As the baseline levels of TNF-a and IL-6 were very
low or undetectable, we stimulated these cells with LPS
(Lichtman et al., 1998). Thus, cells were pre-incubated for
1 h with equipotent concentrations of each of the phospho-
NSAIDs or their corresponding parent compound (each at
the 1.5 ¥ 24 h–IC50) followed by treatment with LPS for an
additional 5 h and the response of these two cytokines was
determined at various time intervals after that as indicated.
The 24 h–IC50 values for growth inhibition were (i) for RAW
264.7 cells: phospho-aspirin = 406 mM; aspirin = 3.2 mM;
phospho-sulindac = 55 mM; phospho-ibuprofen = 173 mM,
and (ii) for NIH 3T3 cells: phospho-aspirin = 390 mM;
aspirin = 920 mM; phospho-sulindac = 63 mM; and phospho-
ibuprofen = 84 mM.

In RAW 264.7 cells, LPS induced a brisk production of
both TNF-a and IL-6 (Figure 3A). phospho-aspirin suppressed
this increase of TNF-a by 66%, whereas conventional aspirin
had a very modest effect (26% reduction). Both phospho-
sulindac and phospho-ibuprofen had a dramatic effect, bring-
ing TNF-a levels to zero or nearly zero. Phospho-aspirin,
phospho-sulindac and phospho-ibuprofen also brought the
levels of IL-6 to near zero, whereas aspirin had again a modest
effect (48% reduction). To explore whether this effect was
restricted to one cell line, we also examined aspects of the
anti-cytokine effect of phospho-ibuprofen in NIH 3T3 cells.
As shown in Figure 3B, LPS stimulated IL-6 production and
phospho-ibuprofen reduced this effect significantly in a
concentration- and time-dependent manner. NIH 3T3 cells
responded to the other two compounds in a similar manner
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Figure 2
Phospho-non-steroidal anti-inflammatory drugs (NSAIDs) prevent the development of rat adjuvant arthritis. (A–C) Phospho-aspirin prevents the
development of rat adjuvant arthritis. Arthritis was induced in rats by injecting Freund’s adjuvant (FA) into their tail. Rats were treated daily by oral
gavage for 18 days with phospho-aspirin (P-A; 110 mg·kg-1) or aspirin (ASA; 35 mg·kg-1; equimolar doses) suspended in corn oil. (A) The hind
paw weight (left) and inflammation (clinical) score (right) of the various study groups. Data are expressed as mean � standard deviation; n = 5
rats per group. *Significantly different compared with FA/vehicle-treated group; P < 0.03. (B) Histological evaluation of hind paw joints.
Formalin-fixed decalcified tissue from affected joints was stained with haematoxylin and eosin and examined under an Olympus BX41 microscope
(20¥; Olympus, Center Valley, PA, USA) and photographed with an Olympus DP25 digital camera. FA induced oedema and infiltration with
inflammatory cells, endothelial cell proliferation and synovial thickening, obliterating the free joint space (compare with normal). phospho-aspirin
greatly reduced the inflammatory infiltrate and tissue oedema, restoring the free joint space. aspirin had a similar but less pronounced effect.
(C) Bone resorption and inflammation were scored. Values are mean � SEM. *significantly different compared with FA/vehicle-treated group;
*P < 0.03; **P < 0.07. (D, E) Phospho-ibuprofen and phospho-sulindac prevented the development of rat adjuvant arthritis. Arthritis was induced
by injecting Freund’s adjuvant (FA) into the tail of the rat. Rats were treated with phospho-ibuprofen (P-I; 300 mg·kg-1) or phospho-sulindac (P-S;
150 mg·kg-1), suspended in corn oil, given daily by oral gavage for 18 days. D: Representative photographs of resected hind paws (left panel) and
tails (right panel) from the various experimental groups are shown. Red arrow: area of necrosis. E: Hind paw weight (left panel) and (clinical)
inflammation score (right panel) of phospho-sulindac and phospho-ibuprofen-treated rats. Values are mean � standard deviation. *Significantly
different compared with FA-treated group; P < 0.01.
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in terms of IL-6 production (data not shown). To assess
whether the effect of the phospho-NSAIDs on cytokine levels
was due to their toxicity, we evaluated cell viability at 6 h, the
time when cytokines were measured. At 6 h, the three

phospho-NSAIDs and aspirin at 1.5 ¥ IC50 (based on their
24 h–IC50) had a marginal effect on cell viability; viable cells,
determined by Trypan blue and MTT, represented 84–100% of
the total (Supporting Information Table S1).

Figure 3
Phospho-non-steroidal anti-inflammatory drugs (NSAIDs) reduce the levels of inflammatory cytokines. (A) RAW 264.7 cells were pre-treated for
1 h with each of the phospho-NSAIDs or aspirin followed by treatment with lipopolysaccharide (LPS; 1 mg·mL-1) for an additional 5 h. The
concentration of tumor necrosis factor-a (TNF-a) (left panel) and IL-6 (right panel) in culture media was measured by ELISA. Values are mean �

standard deviation of three independent experiments. *Significantly different compared with LPS-stimulated group; P < 0.01. (B) Concentration-
dependent (left panel) and time-dependent (right panel) inhibition of IL-6 release to the media by phospho-ibuprofen (P-I) in NIH 3T3 cells
stimulated with LPS 100 ng·mL-1. Values are mean � standard deviation (SD) of three independent experiments. *Significantly different compared
with LPS-stimulated group; P < 0.05. (C and D) Cytokines (IL-1b, IL-6 and IL-10) were measured in rat plasma from normal rats or rats with
FA-induced arthritis treated with vehicle, phospho-aspirin (P-A; 110 mg·kg-1·day-1), aspirin (ASA; 35 mg·kg-1·day-1), phospho-ibuprofen (P-I;
400 mg·kg-1·day-1) or phospho-sulindac (P-S; 150 mg·kg-1·day-1) for 18 days. Values are mean � SD (n = 5); *significantly different compared with
FA/vehicle-treated group; P < 0.01–0.05.
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We also determined the levels of several inflammatory
cytokines in the plasma of rats collected on day 18 (Figure 3C
and D). FA markedly increased plasma levels of IL-1b and IL-6
(9.4-fold for IL-1b; 27.4% increase for IL-6, as expected (Cicala
et al., 2000). phospho-aspirin blocked the increase of IL-1b
(93% reduction, P < 0.04) whereas aspirin had a much weaker
effect that did not reach statistical significance (46% reduc-
tion, P < 0.10). IL-6 levels followed a similar pattern, but the
changes were not as pronounced. FA increased IL-6 levels
modestly but statistically significantly (27% increase; P <
0.04). phospho-aspirin decreased IL-6 levels by 27% com-
pared with the FA group (P < 0.005), whereas aspirin’s effect
was less pronounced (15% reduction, P < 0.03). phospho-
aspirin and aspirin had no significant effect on IL-10 levels,
which FA stimulated by 122% (data not shown).

Of the other two phospho-NSAIDs, phospho-ibuprofen
reduced IL-6 by 34% (P < 0.03), stimulated IL-10 by 86% (P <
0.05) (Figure 3D) but had no significant effect on IL-1b (data
not shown). phospho-sulindac had no significant effect on
IL-1b (data not shown), IL-6 or IL-10. Of note, the plasma
concentration of TNF-a was below the level of detection in all
groups of rats.

The effect of phospho-NSAIDs on the
prostaglandin pathway
PGE2, an important proinflammatory eicosanoid, is involved
in the pathogenesis of arthritis (McCoy et al., 2002). We
evaluated the effect of phospho-aspirin, aspirin, phospho-
sulindac and phospho-ibuprofen on the production of PGE2

by NIH 3T3 cells, both under baseline conditions and follow-
ing stimulation with the calcium ionophore A23187 (Hyman
et al., 1982). In contrast to all other compounds, phospho-
aspirin failed to alter significantly the production of PGE2 by
these cells, whereas conventional aspirin, as expected, essen-
tially eliminated it (Figure 4A). Phospho-sulindac had a
modest effect, decreasing it by 19 and 43%, under baseline
and stimulated conditions respectively. Phospho-ibuprofen
had a much more pronounced effect, reducing PGE2 produc-
tion by 85 and 92%, under baseline and stimulated condi-
tions respectively.

In vivo PGE2 is rapidly converted to its 13,14-dihydro-15-
keto metabolite (Hamberg and Samuelsson, 1971). Therefore,
measuring this metabolite (instead of PGE2 itself) provides a
more reliable estimate of actual PGE2 production by the
whole animal (Hamberg and Samuelsson, 1971). FA treat-
ment increased the levels of the PGE2 metabolite by 77%
(P < 0.06), compared with normal rats (Figure 4B). Phospho-
aspirin decreased the plasma levels of PGE2 metabolite by
36%, compared with the FA/vehicle-treated group but this
difference did not reach statistical significance (P = 0.09).
In contrast, aspirin restored the levels of the PGE2 metabolite
to baseline values, similar to those in normal controls
(P < 0.04).

Phospho-aspirin suppressed the activation of
NF-kB in rat joints
NF-kB is activated in RA, being involved in its inflammatory
stages (Brown et al., 2008). For this reason, we evaluated its
activation by immunohistochemistry in three anatomical
regions of the joint: synovium, cartilage and bone marrow.

While the synovium of the normal, non-treated group
showed a single layer of epithelial cells, the FA/vehicle-
treated group had an increased number of layers of epithelial
cells and was accompanied by increased NF-kB activation. As
shown in Figure 5, following administration of FA, the great-
est NF-kB activation occurred in the synovium (263%
increase), followed by that in cartilage (80% increase), while
it was very limited in the bone marrow. Phospho-aspirin
suppressed significantly the activation of NF-kB by FA in both
the synovium and cartilage (41 and 48%, respectively, P <
0.05 for both). In contrast, aspirin had weaker effects on both
the synovium (29% decrease, P < 0.05) and cartilage (24%,
statistically not significant). Neither compound significantly
affected the NF-kB status in bone marrow cells.

Figure 4
Effect of phospho-non-steroidal anti-inflammatory drugs (NSAIDs)
on PGE2. (A) PGE2 levels in NIH 3T3 cells pre-treated with 1.5 ¥ IC50

phospho-aspirin (P-A), aspirin (ASA), phospho-ibuprofen (P-I) and
phospho-sulindac (P-S) for 30 min followed by treatment with
A23187 5 mM for 3 h. Values are mean � standard deviation of three
independent experiments; #significantly different compared with
control non-stimulated group, P < 0.05; *significantly different com-
pared with A23187-stimulated group; P < 0.01. (B) PGE2 levels was
measured by ELISA in rat plasma from normal or FA/vehicle-treated
rats, or rats treated with phospho-aspirin (110 mg·kg-1·day-1) or
aspirin (35 mg·kg-1·day-1) for 18 days. Values are mean � SEM
(n = 5); *significantly different compared with FA/vehicle-treated
group; P < 0.05).
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Figure 5
Effect of phospho-aspirin and aspirin on activated nuclear factor-kB (NF-kB). Immunohistochemical staining for activated NF-kB (p65 subunit) in
synovium, cartilage and bone marrow from hind paw joint tissue samples from normal controls, and rats with Freund’s adjuvant (FA)-induced
arthritis treated with vehicle, phospho-aspirin (P-A; 110 mg·kg-1·day-1) or aspirin (ASA; 35 mg·kg-1·day-1). Tissue sections were examined using
an Olympus BX41 microscope (40¥) and photographed with an Olympus DP25 digital camera. NF-kB positive cells stain brown; specificity of
binding was verified by using an isotypic control antibody. Upper panel: The synovium in the control consists of a monolayer of cells, which
became multilayered in response to FA; phospho-aspirin reduced it significantly as did aspirin, but to a lesser degree. In cartilage, FA increased
the number of NF-kB positive cells compared with control; phospho-aspirin reduced markedly NF-kB activation and aspirin had a similar but less
pronounced effect. The bone marrow samples show essentially similar levels of NF-kB positivity. Lower panel: Five different fields per slide were
scored as in the Methods and results for NF-kB staining in synovium, cartilage and bone marrow are shown as mean � SEM; *significantly different
compared with FA/vehicle-treated group; P < 0.05).
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Effect of phospho-aspirin on Jurkat
T cell proliferation
In RA, there is an increase in inflammatory cell growth and
proliferation, including T and B lymphocytes, macrophages
and mast cells (Monaco et al., 2004). Thus, we investigated
the capacity of phospho-aspirin and aspirin to inhibit Jurkat
T cell growth. After 48 h of incubation, phospho-aspirin
decreased cell growth in a concentration-dependent manner,
with an IC50 = 144 mM. aspirin, on the other hand, only
significantly decreased Jurkat T cell growth at concentrations
higher than 500 mM, with an IC50 = 1056 mM (Figure 6). In
this respect, phospho-aspirin was 7.3-fold more potent than
aspirin. The respective IC50 values for phospho-sulindac and
phospho-ibuprofen were 38 and 22 mM. Finally, we assessed
the capacity of phospho-aspirin and aspirin to prevent cell
proliferation in Jurkat T cells. At 24 h, treatment with
phospho-aspirin 1.5 ¥ IC50 reduced their rate of proliferation
by 20% whereas aspirin had no effect (Figure 6B).

Discussion

Our findings have demonstrated two potentially important
properties of these phospho-NSAIDs, representing a wider
group of similarly modified compounds: their profound anti-
inflammatory effects on FA-induced arthritis and their appar-
ent gastrointestinal safety. The evidence that we have
obtained suggests a complex multi-targeted effect that
includes cytokines, eicosanoids and NF-kB, three pivotal
players in the pathogenesis of RA, all of which are also key
regulators of inflammation in general.

First of all, our study addressed the issue of gastrointesti-
nal safety of these three compounds. Their safety is of
paramount importance, for, as already mentioned, gas-
trointestinal toxicity is the most limiting toxicity of NSAIDs
(Rahme and Bernatsky, 2010; Sostres et al., 2010), especially
when they are used long-term, as is the case with RA, and
length of treatment is, in fact, associated with increased

Figure 6
Effect of phospho-aspirin and aspirin on Jurkat T cell growth and proliferation. (A) Jurkat T cells were incubated for 48 h with various concentrations
of phospho-aspirin (P-A) or aspirin (ASA) and their growth was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. (B) Jurkat T cells were grown overnight and treated with phospho-aspirin or aspirin 1.5 ¥ IC50 for 24 h. Cell proliferation was assayed
based on 5-bromo-2′-deoxyuridine (BrdU) incorporation into DNA during the S-phase of the cell cycle. The percentage of BrdU positive cells is
shown.
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incidence of complications (Silverstein et al., 2000). In agree-
ment with our previous report on phospho-sulindac (Mack-
enzie et al., 2010), phospho-aspirin and phospho-ibuprofen
have significantly reduced gastrointestinal toxicity compared
with their parent compounds, as assessed by our acute toxic-
ity study and deduced by the absence of any morbidity
during the 18 days of daily treatment of our rats. These
findings, encouraging as they are, should not, however, be
considered as definitive; more detailed studies and of longer
duration will be required. Nevertheless, the notion that the
carboxylic group in the molecule of the conventional NSAIDs
may account to a large extent for their gastrointestinal tox-
icity is significantly advanced (Piazza et al., 2009). All our
compounds have their –COOH groups esterified with the
linker and thus our findings are congruent with this theory.

All three compounds showed remarkable efficacy against
arthritis in the rat adjuvant arthritis model. All essentially
normalized hind paw oedema, preventing the associated
impairment in mobility, and reduced the inflammation score,
with phospho-sulindac and phospho-ibuprofen bringing it
down to near zero. Bone resorption and synovial inflamma-
tion, evaluated in the case of phospho-aspirin, were also
reduced significantly indicating a broad drug activity effect.
These are highly relevant effects, as RA is characterized by
extensive inflammation and proliferation of the synovium of
diarthrodial joints leading to articular destruction.

It is now clear that a large number of cytokines play a
fundamental role in the processes that cause inflammation,
articular destruction, and the co-morbidities associated with
RA (Dayer, 2003). In fact, the success of TNF-a blockade as a
treatment for RA has made other cytokines realistic targets for
therapeutic intervention. Our compounds have strong in vitro
and in vivo effects on cytokines currently considered pivotal
to the pathogenesis of RA.

Our in vitro studies using two cell lines demonstrate exten-
sive suppression or elimination of the levels of TNF-a and
IL-6 by all three compounds. Similarly, in the rat model,
phospho-aspirin had a very strong effect on IL-1b, suppress-
ing its levels to those of animals without arthritis. Several
members of the IL-1 superfamily, including IL-1b, have been
implicated in the pathogenesis of RA (Dayer, 2003). phospho-
aspirin and phospho-ibuprofen (but not phospho-sulindac)
also normalized the levels of IL-6, with phospho-ibuprofen
actually suppressing them below those of non-arthritic
animals. IL-6 mediates pleiotropic functions, including
effects on the maturation and activation of B and T cells,
macrophages, osteoclasts, and chondrocytes and probably
drives the hepatic acute phase response in RA (Kishimoto,
2005). Of interest, the levels of the anti-inflammatory IL-10
were significantly increased by phospho-ibuprofen, some-
what by phospho-sulindac, but not by phospho-aspirin. IL-10
is a potent anti-inflammatory cytokine that regulates endog-
enous proinflammatory cytokine production in RA synovial
tissue, including that of TNF-a and IL-1b (see Kunz and
Ibrahim, 2009). Of note, in our study, TNF-a plasma concen-
tration was below the level of detection in all groups of rats.
Although several reports indicate that TNF-a levels are
elevated in RA rats (Conway et al., 2001; Hayashida et al.,
2004), others are in agreement with our findings. For
example, a detailed time-course study of adjuvant arthritis in
rats showed that plasma TNF-a levels increased 6 h after the

adjuvant injection, peaked at 12 h, returned to near basal
control concentrations on day 2 and slightly increased until
day 20 post injection (Philippe et al., 1997).

PGs were among the first lipid mediators implicated in
the inflammation of RA (Akaogi et al., 2006; Hikiji et al.,
2008). PGE2, present in large amounts at sites of inflamma-
tion, is by far the major prostanoid synthesized in the joint,
playing an important role in the pathogenesis of arthritis
(McCoy et al., 2002). Increased levels of PGE2 are frequently
measured in serum and synovial fluid from RA patients. The
bone-resorptive activity of PGE2 is mediated by receptor acti-
vator of NF-kB ligand, whereas stimulation of bone resorp-
tion by IL-1- and IL-6 involves PGE2 production. Traditional
NSAIDs elicit their anti-RA effects by blocking the production
of PGE2, and several groups are focusing their attention in
regulating this pathway, primarily by modulating COX and
PGE synthase (Fahmi, 2004).

Both phospho-sulindac and phospho-ibuprofen inhibited
the production of PGE2 by cultured cells as did conventional
aspirin. Phospho-aspirin was, however, unable to suppress
PGE2 production by both cultured cells and rats with arthritis,
raising the possibility of a PG-independent mode of action.
Interestingly, aspirin inhibited FA-induced PGE2 metabolite
levels, serving as an important methodological control. The
combined action of PGs and cytokines cause the osteopenia
of RA and, in the absence of anti-resorptive therapy, osteope-
nia affects all patients with RA. As phospho-aspirin, however,
does not affect PGE2 production, it is likely that its anti-
resorptive effect may be through its effect on cytokines.

NF-kB, the master switch of inflammation (Karin, 2009),
was the third important signaling cascade to be suppressed by
the phospho-NSAIDs. NF-kB, constitutively activated in RA, is
strongly implicated in the inflammatory stages of RA, due to
its involvement in the induction of inflammatory cytokines
and other mediators of inflammation that drive the pathol-
ogy (see Boyce et al., 2010). This has been demonstrated by
the ectopic expression of IkBa (the main inhibitor of classical
NF-kB activation) in human macrophages and primary RA
synoviocytes, in which it inhibited the production of IL-1b,
IL-6 and TNF-a (Brown et al., 2008). Our findings in the
involved joints confirmed the activation of NF-kB in the
synovium and cartilage and established the ability phospho-
aspirin to suppress it drastically in both. Interestingly, the
bone marrow showed no activation of NF-kB in response to
FA and the effect of phospho-aspirin was not significant.
Given the role of NF-kB in inflammation and its suppression
by phospho-aspirin, it appears plausible that phospho-
aspirin’s anti-inflammatory effect may be mediated, at least
in part, by the NF-kB pathway.

Finally, the antiproliferative effect of phospho-aspirin in
the Jurkat T cells far exceeds that of conventional aspirin.
Although these results cannot be extrapolated to animals or
humans, they raise the possibility that such an effect may
take place in vivo and help explain the greater in vivo anti-
inflammatory efficacy of phospho-aspirin compared with
aspirin.

The modulation of these signalling cascades may be part
of the mechanism of anti-inflammatory action of the three
phospho-NSAIDs. All these effects are biologically plausible,
but their individual contribution, if any, to the final result is
unclear. Whether one of them is the only or dominant
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mechanism of action or all three are required to obtain the
therapeutic effect cannot be inferred from our data. As
already alluded to, all three can cross-talk to each other,
making, as often is the case, the underlying mode of action
even more complicated.

There are three interesting aspects concerning the action
of these compounds, indicating that the chemical modifica-
tion of their parent NSAIDs is functionally significant and has
a sustained effect. First, phospho-ibuprofen and phospho-
sulindac tend to have similar effects, whereas those of
phospho-aspirin differs substantially from these. Although
our studies were not designed to evaluate these compounds
in terms of structure-activity effects, it is nonetheless tempt-
ing to consider that some of these differences may be due
to the differences in their modification; phospho-ibuprofen
and phospho-sulindac have a butano-diethylphosphate
moiety whereas phospho-aspirin has a propano-bisdi-
ethylphosphate moiety attached to it. This indicates that
their mechanism of action may be dependent, to some
extent, on their chemical modification. Second, there is an
often striking difference between phospho-aspirin and con-
ventional aspirin, for example, different effects on NF-kB or
PGE2. Third, the difference in gastrointestinal toxicity
between the parent and the modified NSAIDs is clear-cut
and further underscores the significance of their chemical
modification.

In summary, we have shown that three phospho-NSAIDs
have greatly reduced gastrointestinal toxicity compared with
traditional NSAIDs and exhibit strong potential therapeutic
efficacy in RA. The latter appears to be mediated through a
multi-targeted effect involving several cytokines, PGE2, NF-kB
and lymphocyte proliferation, leading to reduced articular
inflammation and oedema, and joint bone resorption. Our
findings suggest that phospho-NSAIDs may represent a new
class of anti-RA drugs that merit further investigation.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Phospho-NSAIDs prevent the development of rat
adjuvant arthritis. Arthritis was induced in rats by injecting
into their tail Freund’s adjuvant (FA). Rats were treated daily
by oral gavage for 18 days with P-A 110 mg·kg-1 or ASA
35 mg·kg-1 (equimolar) or P-I 300 mg·kg-1 or P-S 150 mg·kg-1,
each suspended in corn oil. (A) Table showing the time-
dependent progression of the Inflammation (clinical) score
among the various study groups. The arthritis in the FA
Group is evident starting on day 14 (end of second week). (B)
Body weight progression for the various study groups. The
differences between any of the groups at all time points are
not statistically significant. Error bars have been omitted for
clarity.
Table S1 Effect of phospho-NSAIDs and aspirin on cell
viability.
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