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The mucosa of the gastrointestinal (GI) tract exhibits hydro-
phobic, nonwettable properties that protect the underlying 
epithelium from gastric acid and other luminal toxins. These 
biophysical characteristics appear to be attributable to the 
presence of an extracellular lining of surfactant-like phos-
pholipids on the luminal aspects of the mucus gel layer. 
Phosphatidylcholine (PC) represents the most abundant and 
surface-active form of gastric phospholipids. PC protected 
experimental rats from a number of ulcerogenic agents and/
or conditions including nonsteroidal anti-inflammatory drugs 
(NSAIDs), which are chemically associated with PC. More-
over, preassociating a number of the NSAIDs with exogenous 
PC prevented a decrease in the hydrophobic characteris-
tics of the mucus gel layer and protected rats against the 
injurious GI side effects of NSAIDs while enhancing and/or 
maintaining their therapeutic activity. Bile plays an important 
role in the ability of NSAIDs to induce small intestinal injury. 
NSAIDs are rapidly absorbed from the GI tract and, in many 
cases, undergo enterohepatic circulation. Thus, NSAIDs 
with extensive enterohepatic cycling are more toxic to the 
GI tract and are capable of attenuating the surface hydro-
phobic properties of the mucosa of the lower GI tract. Biliary 
PC plays an essential role in the detoxification of bile salt 
micelles. NSAIDs that are secreted into the bile injure the in-
testinal mucosa via their ability to chemically associate with 
PC, which forms toxic mixed micelles and limits the concen-
tration of biliary PC available to interact with and detoxify bile 
salts. We have worked to develop a family of PC-associated 
NSAIDs that appear to have improved GI safety profiles with 
equivalent or better therapeutic efficacy in both rodent model 
systems and pilot clinical trials. (Gut Liver 2013;7:7-15)
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INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely 
used for their anti-inflammatory, analgesic, and antipyretic ef-
fects. The limitation of NSAID usage is related to their major 
side effect on the gastrointestinal (GI) tract which can result in 
bleeding, intestinal perforation and significant morbidity and 
mortality. Over 30% to 60% of aspirin or NSAID users have a 
GI intolerance.1 GI side effects of NSAIDs are partly due to the 
ability of NSAIDs to inhibit cyclooxygenase-I (COX-1) that is 
constitutively expressed in the GI mucosa and is important for 
the production of “cytoprotective” prostaglandins which are 
necessary for normal homeostasis. NSAIDs known as coxibs 
were developed to selectively inhibit COX-2 that is associated 
with inflammatory processes, and spare the protective COX-1.1,2 
However, the utilization of coxibs as GI-safer NSAIDs has been 
curtailed due to linkage of their use to life-threatening cardio-
vascular disease.2 Although it is clear that the GI side effects 
of NSAIDs are in part attributable to their ability to inhibit the 
biosynthesis of gastroprotective prostaglandins, a significant 
amount of evidence exists that NSAIDs induce GI ulcers and 
complications such as bleeding, perforation and stricture by a 
prostaglandin-independent mechanism.1,3

NSAIDs are amphiphilic molecules that are capable of strong 
association with phospholipids.3-11 NSAIDs disrupt extracellular 
layers, possibly a phospholipid monolayer, covering the mucous 
gel, contributing to GI injury.3 Our lab has provided insight 
into the molecular basis about this NSAID-induced biophysi-
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cal transformation for the past 25 years. We demonstrated that 
the nonwettable hydrophobic properties of the GI surface layer 
are associated with the synthesis and secretion of surfactant-like 
phospholipids, such as phosphatidylcholine (PC).11 We have pre-
sented evidence that NSAIDs chemically interact with and associ-
ate with PC, thereby disrupting the mucosa’s surface barrier prop-
erties.10 In addition, PC can provide significant protection against 
NSAID-induced GI injury and bleeding in both rodent model 
systems3 and pilot clinical trials.12,13 In the review that follows, 
we briefly present this PC-related pathophysiologic mechanism 
of NSAID-induced GI injury and its preventive and therapeutic 
strategy, based upon our accumulated research findings.

PHOSPHATIDYLCHOLINE AND THE HYDROPHOBIC LAY-
ER OF THE GI TRACT

GI mucosal protection against injurious chemicals in the gut 
lumen is, in part, conferred by a surface barrier that is caused 
by the presence of a firmly adherent mucous gel that forms an 
unstirred layer between the luminal contents and the epithe-
lium.14-22 This mucus gel layer has a thickness that ranges from 
50 to 500 μm and has a uniquely nonwettable or hydrophobic 
luminal surface property that can be measured by contact angle 
analysis.3,4 We have performed a series of studies that suggests 
that this biophysical property originates from an extracellular 
lining of surfactant-like phospholipids, possibly a monolayer 
coating the surface of the mucus gel layer.4,5,11 Furthermore 
these phospholipids may be synthesized stored in a unique or-
ganelle of surface mucous cells and released in response to “cy-
toprotective” prostaglandins.15-18 Our lab has obtained evidence 
that a number of damaging agents (e.g., NSAIDs, Helicobacter 
pylori, bile salts) rapidly attenuate the hydrophobic properties of 
the GI mucosa of humans and laboratory animals, whereas this 
nonwettable characteristic appears to be fortified by protective 
agents, such as prostaglandins.3,8,21-27

As an example, our previous studies have shown that the 
PC-based hydrophobic surface layer of the GI mucosa is com-
promised after lipopolysaccharide (LPS) treatment.28-31 This 
loss of barrier integrity can lead to back-diffusion of injurious 
luminal substances such as acid, enzymes, and bacteria and be 
an enhancing factor in LPS-induced systemic inflammation. 
Therefore, maintenance of the GI barrier is desirable and can be 
a focus for therapeutic agents. Our permeability studies showed 
that an increase in gastric and intestinal phospholipase A2 was 
damaging, by degrading PC.28,30 In contrast, exogenous PC de-
rived from purified soy lecithin was quite effective at preventing 
this mode of LPS injury, likely by enhancing the mucosal bar-
rier.29

BILIARY PHOSPHATIDYLCHOLINE

Bile salts are present in human bile at concentrations ranging 

from 10 to 40 mM. Above their critical micellar concentration (~2 
to 5 mM), bile salts can form micelles and act as detergents that 
can dissolve membrane lipids. Even below their critical micellar 
concentration, bile salt monomers can partition into membranes 
and exert damage.7,32,33 However, native bile is not normally 
damaging to the mucosal lining of the GI tract, suggesting there 
are mechanisms to protect the biliary and GI tract from these 
detergent effects of bile salts. Earlier studies suggest that PC, the 
major phospholipid in bile, may prevent bile salt-induced injury 
by promoting formation of less toxic mixed micelles and/or by 
enhancing/restoring the mucosa’s hydrophobic properties.5,7

Biliary PC plays a physiologically important role in reduc-
ing the cytotoxic activity of bile salts, most likely by forming 
mixed micelles. Human bile normally contains PC at substantial 
concentrations and this phospholipid represents as much as 
40% of its organic constitutents.33 Biliary PC mainly consists of 
unsaturated palmitoyl-linoleoyl PC. Our laboratory has shown 
that the PC in bile is crucial for protection of GI mucosal tissue 
from the membrane-disruptive actions of bile salts.7 One of the 
means by which this PC protection is accomplished is proposed 
to be through promotion of mixed micelles of bile salts and PC 
which are much less toxic, compared to pure bile acid micelles 
or monomers. Our study suggests that both saturated and unsat-
urated PCs protect erythrocytes, intestinal cells, and liposomes 
against bile salt toxicity.32,34-36 We also determined that unsatu-
rated PC is even more effective than saturated PC in protecting 
cells and membranes against attack by bile salt.32

NSAID INDUCED SMALL INTESTINAL INJURIES AND 
BILE 

The injurious effect of NSAIDs in the small intestine was not 
appreciated until the widespread use of capsule endoscopy. It 
is estimated that 50% to 80% of regular NSAID users develop 
small intestinal injury which is more common than NSAID-
induced injury in the gastroduodenal mucosa.37,38 Recently, both 
prospective wireless capsule endoscopic studies and retrospec-
tive/epidemiological analyses showed that chronic aspirin con-
sumption, much of which is enteric-coated aspirin, may also be 
associated with injury to the lower gut and be one of the main 
contributors to small bowel ulceration, hemorrhage, and stric-
tures.39,40 The ability of aspirin and NSAIDs to inhibit activities 
of COX contributes to the drugs’ cytotoxicity in the GI tract. 
However, many studies found that COX-independent mecha-
nisms mainly contribute to NSAID cytotoxicity in the GI tract, 
especially small intestine.41-43

NSAIDs induce injury to the GI tract by a multifactorial pro-
cess involving inhibition of both COX-1 and COX-2, topical 
injury to the mucosa, inhibition of local blood flow, leukocyte 
activation/adhesion to the endothelium and the induction of the 
apoptotic pathway of epithelial cells.1 NSAIDs may induce bar-
rier disruption, in part, by chemically associating with and de-
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stabilizing PC from the surface of the mucous gel layer, thereby 
reducing the tissues’ protective hydrophobic lining and making 
the mucosa more susceptible to injury. A schematic model of 
how topically applied NSAIDs can interact with and destabilize 
an extracellular phospholipid lining is depicted in Fig. 1.

NSAIDs that are mainly amphiphiles can affect the stability 
of the GI mucosa by partitioning into both the extracellular and 
membrane phospholipid layers and inducing an alteration in their 
physical properties, which may ultimately lead to the formation of 
membrane pores in the mucosa to act as low resistance pathways 
for the back-diffusion of luminal acid.44-46 Amphiphilic NSAIDs 
have been shown to induce remarkable changes in the properties 
of phospholipid membranes with regards to changes in hydro-
phobicity, fluidity, thickness, bending stiffness, permeability, and 
pore formation. This concept may not only provide insight as to 
how NSAIDs may topically injure the GI mucosa by a mechanism 
independent from COX inhibition, but also may provide a new 
direction toward designing a novel class of NSAIDs that will have 
fewer side effects while retaining their therapeutic activity.47

Animal studies demonstrated that bile salts, which enter the 
small bowel as a component of the enterohepatic circulation, 
play an important role in the ability of NSAIDs to induce small 
intestinal injury, regardless of route of administration. The con-
tribution of bile to the pathogenic process was highlighted by 
the finding that the ability of indomethacin (Indo) to induce se-
vere injury and perforation to the distal small bowel of rats was 
prevented by bile duct ligation, which halted secretion of bile 
acids into the small intestine.48 A striking correlation between 
the ability of an NSAID to be secreted into the bile and its ef-
ficacy to induce small intestinal injury in rodent model systems 
has been found.49

The ability of combinations of bile salts and NSAIDs to in-
duce injury has also been demonstrated in cell cultures derived 
from GI epithelial tissue. Because the individual toxicity of 
amphiphilic bile salts and NSAIDs directly correlates with their 
interactions with phospholipid membranes, the presence of both 
NSAIDs and bile salts alters their individual physicochemical 
properties and enhances the disruptive effect on cell membranes 
and overall cytotoxicity. Utilizing in vitro gastric AGS and 
intestinal IEC-6 cells, our lab found that combinations of bile 
acid, deoxycholic acid, taurodeoxycholic acid, glycodeoxycholic 
acid, and the NSAID Indo significantly increased cell plasma 
membrane permeability and became more cytotoxic than these 
agents alone.36 Indo associates with both bile salts and PC and 
promotes the potential formation of bile salt/NSAID complexes 
within either biomembranes or bile salt-lipid mixed micelles in 
the GI lumen, which leads to membrane disruption. We demon-
strated increased cytotoxicity of combinations of bile salt and 
NSAID and provided a molecular mechanism for the observed 
toxicity. This mechanism potentially contributes to the NSAID-
induced injury in the small bowel.

In summary, we have confirmed that NSAID-induced lower 
gut injury is dependent on the secretion of specific NSAIDs into 
the bile thereby altering the balance between the concentrations 
of damaging bile salts and protective PC/lecithin in bile.

With this information in hand, we reasoned that this abil-
ity of aspirin and other NSAIDs to topically injure the mucosa 
may be prevented if the drug was chemically pre-associated 
with synthetic or organic (soybean) PC. Accordingly, preclinical 

Fig. 1. Schematic model depicting the role of the extracellular lining 
of the phosphatidylcholine (PC) in generating a hydrophobic barrier 
in the gastrointestinal tract against aggressive luminal agents, as well 
as the mechanism by which nonsteroidal anti-inflammatory drugs 
(NSAIDs) may compromise the surface barrier by disrupting the PC 
layer allowing luminal agents access to the epithelium.

Fig. 2. Nonsteroidal anti-inflammatory drugs (NSAIDs) interact di-
rectly with the bile salts (BS) and phosphatidylcholine (PC) of pure 
and mixed micelles, converting the macromolecules into more toxic 
micelles. It is hypothesized that biliary secretions include nontoxic 
BS/PC micelles that can interact with secreted indomethacin (Indo) to 
yield either of the following: 1) toxic mixed micelles or 2) moderately 
toxic pure bile salt micelles where the PC has been removed to inter-
act with Indo. Furthermore, an additional still another possibility is 
for that secreted pure bile salt micelles interact with Indo to form, 3) 
toxic Indo/bile salt micelles devoid of PC.
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studies on experimental animals50-55 and clinical studies11,12 have 
demonstrated a remarkable reduction in the ability of a num-
ber of NSAIDs to induce GI ulceration and bleeding when the 
NSAIDs were chemically associated with PC before intragastric 
administration.

As schematically depicted in Fig. 2, secretion of NSAIDs into 
the bile abrogates the protective property of PC, possibly due to 
affinity of NSAIDs to chemically interact with PC. This interac-
tion could either transform mixed micelles back into cytotoxic 
pure bile salt micelles (path 2) or form a more complex bile salt/
NSAID-PC mixed micelle with cytotoxic properties (path 1). Still 
another possibility is that the NSAID can interact with pure bile 
salt micelles (path 3) to form toxic NSAID/bile salt micelles. In 
one of our earlier studies,7 bile collected from control rats had 
a negligible effect on the surface hydrophobicity of the ileal 
mucosa (Fig. 3). On the other hand, when bile from animals that 
had received one dose of Indo was used, the contact angle of 
the ileal mucosa decreased significantly over the 30-minute ex-
posure period. The hydrophobicity of the mucosa was restored 
to control levels when the pretreated bile was sonicated with 
PC. The hemoglobin (Hb) concentration present in the ileal loop 
fluid collected from rats in the above groups is also shown in 
Fig. 3. There was a significant increase in the amount of Hb in 
the ileal loop when the tissue was exposed to bile from an Indo-
pretreated rat. Again, this damage was completely reversed by 
the addition of PC to the sample. Similar to our observations 
with ileal surface hydrophobicity, the presence of Hb in the 
terminal ileal loop fluid, as an index of intestinal bleeding, was 
increased by the addition of sodium deoxycholate to the instil-
late; this damaging action was individually blocked by PC.7 Fur-
thermore, the protective effect of PC against bile salts-induced 
ileal injury was partially reversed if the NSAID was added to the 
mixture.

NSAIDs at therapeutic concentrations are not toxic to the 

intestinal mucosa, and only become so in the presence of bile 
salts. This concept is also supported by our in vitro experiments 
on erythrocytes, in which Indo by itself did not cause hemoly-
sis.32 However, the NSAID did partially block the protective ef-
fect of PC against the hemolytic effect of sodium deoxycholate. 
Our findings that this block could be overcome if we doubled 
the concentration of the phospholipid in the in vitro system 
supports the concept that the bile salts and NSAID compete for 
a limited number of biliary PC molecules.

PHOSPHATIDYLCHOLINE-NSAIDs

Over the past decade a number of pharmaceutical companies 
have developed and commercialized coxibs, as a safer alterna-
tive to conventional NSAIDs to treat pain and inflammation. 
These drugs have been designed to selectively inhibit COX-2 
which is induced at sites of inflammation, and spare the COX-1 
isoform that is constituitively expressed in the mucosa of the GI 
tract and plays a rate limiting role in the biosynthesis of cyto-
protective prostaglandins and susceptibility to injury. However, 
the chronic use of these drugs has been limited due to cardio-
vascular concerns.2 Other approaches to protection against GI 
side effects of NSAIDs have been to add acid-inhibitory phar-
maceuticals, such as proton pumps inhibitors (i.e., omeprazole) 
or H2 receptor antagonists (i.e., ranitidine, famotidine).56

Our approach of maintaining the surface barrier of the 
GI tract is quite different from the conventional approaches 
taken by the pharmaceutical industry. We have been develop-
ing a family of PC-associated NSAIDs, which appear to have 
improved GI safety with equivalent or better therapeutic effi-
cacy.12,49-51

It is well established that certain NSAIDs such as Indo are 
readily excreted into the bile and enter the enterohepatic cir-
culation, resulting in high concentrations of NSAID in the liver 

Fig. 3. Protective effect of phosphatidylcholine (PC) against small intestinal injury induced by bile and indomethacin (Indo). The contact angle 
(A) of the ileal mucosa as an index of surface injury and the presence of hemoglobin (B) in the terminal ileal loop fluid as an index of intestinal 
bleeding were decreased and increased, respectively, by the addition of rat bile from an Indo-treated animal. This damaging action was reversed 
by the addition of PC. 
*p<0.05 vs control and bile/Indo/PC.
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and bile. We showed that NSAIDs chemically associate with 
PC and this process can occur in the GI tract where the NSAID 
induced loss of surface-protective PC results in injury to the 
mucosa. We proposed that biliary PC normally protects hepatic 
and intestinal epithelia from bile salt induced injury, but in 
the presence of NSAIDs excreted into the bile, the defensive 
actions of PC are compromised. We showed that a submicel-
lar concentration of the bile salt was toxic to hepatocytes and 
that this toxicity was overcome by mixing the bile salts with 
PC before exposure of the cells. In the presence of Indo, which 
is avidly taken up by the liver and excreted into bile, there is a 
tendency for the NSAID to associate with PC and bile salts in 
the mixed micelles, which may result in the formation of more 
toxic micelles. These NSAID-induced macromolecular changes 
will result in bile becoming more toxic to cells and membranes. 
This scheme thus supports the concept that one way to decrease 
the toxicity of NSAIDs is by preassociating the NSAID with 
PC. The presence of PC in bile converts simple bile salt micelles 
and/or monomers into mixed micelles, suppressing the bile salts 
from exerting their membrane disruptive actions while concen-
trated in the hepatic ducts and gall bladder. In addition to PC 
protection of epithelia from bile salts, PC also has protective ef-
fects against the topical actions of NSAIDs that are seen at the 
systems level. In the whole animal, the NSAID, Indo, produces 
GI bleeding, ulcerations and intestinal adhesions, depending 
on dosage. These injuries can be prevented by preassociation 
of Indo with PC. Thus, the PC-NSAIDs were developed as drugs 
that would be safer for the upper and lower GI tract.

ASPIRIN-PHOSPHATIDYLCHOLINE

Aspirin is effective not only in inhibiting fever, pain, and 
inflammation, but also in reducing the risk of developing heart 
disease, stroke, thrombosis, colon cancer, and Alzheimer’s dis-
ease.57 Aspirin is a member of the NSAID family and blocks the 
formation of prostaglandins by inhibiting the rate-limiting en-
zyme, COX.

We have shown that aspirin can induce gastric injury in 
transgenic mice deficient in either COX-1 or COX-2, suggesting 
that a simple inhibition of COX-1 activity cannot provide the 
only explanation for NSAID-induced gastric pathogenesis.58 It 
is interesting to note that challenge with aspirin/HCl resulted 
in a significant increase in COX-2 mRNA, protein, and PGE2 
concentrations in COX-1—null mice.58 This finding provides 
evidence for a role of the COX-2 isoform in the maintenance of 
mucosal prostanoid levels and repair, even in the presence of 
a COX-1—selective NSAID, such as aspirin. We also presented 
evidence that the linkage between gastric ulceration induced 
by aspirin/HCl and gastric prostaglandin concentration was 
more consistent with the possibility that COX plays a role in 
the mechanism of recovery from NSAID injury, rather than in 
its pathogenesis. In contrast, the inverse association between 

NSAID-induced gastric injury and mucosal surface hydropho-
bicity is consistent with the possibility that NSAIDs topically 
injure the mucosa by increasing the tissue’s wettability to lumi-
nal acid. The role of surface phospholipids in the mechanism by 
which aspirin disrupts the gastric mucosal barrier was further 
supported by evidence that aspirin-induced gastric injury in 
COX-1 knockout mice could be prevented if the animals were 
administered aspirin-PC.58

Aspirin-induced injury to the gastric mucosa is markedly re-
duced or completely abolished if aspirin is chemically associated 
with the phospholipid, PC.43 The mechanism of mucosal protec-
tion provided by this compound is not related to any alteration 
in the ability of aspirin to inhibit mucosal COX activity. We 
believe this protection is attributable to the maintenance of the 
defensive hydrophobic barrier of the gastric mucosa. We also 
observed that the ability of daily aspirin administration to re-
tard the healing of experimentally induced gastric ulcers could 
be overcome if rats were treated with PC-associated aspirin.52 
Related studies using animal models of fever and inflamma-
tion indicate that PC-associated NSAIDs had equal or enhanced 
therapeutic activity, compared with the use of NSAID alone.3,55

Clinical studies demonstrated that aspirin consumption re-
verses the GI benefits of coxibs, by an undefined mechanism.59 
Rodent models were employed to investigate the effects of 
combinations of celecoxib and aspirin on gastric ulcerogenesis, 
bleeding, surface hydrophobicity (by contact angle analy-
sis), and ulcer healing.60 We also evaluated the effects of PC-
associated aspirin in these rodent models and confirmed its 
COX-inhibitory activity by measuring mucosal prostaglandin 
E2 (PGE2) concentration. Aspirin’s ability to induce gastric in-
jury and bleeding in rats, was exacerbated in the presence of a 
coxib and was dependent on its ability to reduce gastric surface 
hydrophobicity. In contrast, co-administration of PC-associated 
aspirin and celecoxib induced little or no gastric injury/bleed-
ing and maintained the stomach’s hydrophobic properties (Fig. 

Fig. 4. Acute effects of orally administered celecoxib, aspirin, and 
aspirin-phosphatidylcholine (PC), either alone and or in combination 
on gastric mucosal surface hydrophobicity. 
*p<0.01 vs saline, celecoxib, aspirin-PC, and celecoxib+aspirin-PC; 
†p<0.01 vs celecoxib+aspirin-PC.
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4). Interestingly, aspirin and aspirin-PC equally inhibited gastric 
mucosal PGE2 concentration. Aspirin in combination with a 
coxib retarded the healing of experimentally induced gastric 
ulcers, whereas healing rates of rats treated with celecoxib in 
combination with aspirin-PC were comparable to controls. If 
aspirin’s ability to attenuate the surface barrier is an important 
component in the pathogenic mechanism, then how do coxibs 
further exacerbate this process? There is evidence from a num-
ber of laboratories that COX-2 is induced at sites of mucosal 
injury and that coxibs delay ulcer healing.61,62 These findings, 
which were further corroborated by our study, suggest that the 
ability of coxibs to disrupt the mucosal repair process is an im-
portant element in the pathogenic mechanism when these two 
classes of NSAIDs are administered in combination. Interest-
ingly, when the surface barrier is maintained by the administra-
tion of PC-associated aspirin, the delay in ulcer healing with 
coxibs is no longer observed. These findings thereby suggest a 
potential therapeutic role for PC-associated aspirin and perhaps 
other PC-NSAIDs in both the prevention of mucosal injury and 
treatment of preexistent ulcers, when patients are placed on 
regimens that require the concomitant use of both a coxib and a 
conventional NSAID. This postulated mechanism, which would 
be independent of COX inhibition, is based upon the ability of 
aspirin (and other conventional NSAIDs) to attenuate the hydro-
phobic surface barrier of the GI tract.

Upper GI tract injury was prospectively evaluated in healthy 
human subjects 50 to 75 years of age at risk for developing 
aspirin-induced GI damage using a noncovalent complex of 
aspirin-PC (PL2200; PLx Pharma Inc., Houston, TX, USA).49 
This agent and other PC-NSAIDs are under development by 
PLx Pharma Inc. PL2200 has equivalent antiplatelet efficacy 
to aspirin while reducing gastroduodenal ulcers by 70% when 
compared with aspirin. We demonstrated that local mechanisms 
of GI protection are important as aspirin’s preassociation with 
surface-active phospholipids significantly reduced mucosal 
damage. PL2200 may be an attractive strategy in at-risk pa-
tients to reduce aspirin-induced GI injury.12

In recent studies, we have demonstrated in a rodent model sys-
tem that intraduodenally administered aspirin induces mucosal in-
jury, an increase in vascular permeability and intraluminal bleed-
ing of the proximal small bowel that appears to be dependent on 
the presence of luminal bile salts.43 This aspirin-induced intestinal 
injury/bleeding can be abrogated by the intraduodenal adminis-
tration of aspirin-PC (PL2200). The findings support the case that 
the presence of aspirin in the intestinal lumen as likely occurs with 
enteric coated aspirin does induce mucosal ulceration/bleeding of 
the lower gut, most likely due to a surface injurious action that is 
aggravated by bile acids and reversed by PC.43,49

IBUPROFEN-PHOSPHATIDYLCHOLINE

Ibuprofen was selected as a representative NSAID to associ-

ate with PC to examine its GI safety in a longer (6 weeks) study, 
as it is commonly used by osteoarthritis patients and is known 
to induce reproducible therapeutic efficacy and gastroduodenal 
injury when administered at an antiarthritic dose of 2,400 mg/
day.13,55,63

This Phase II trial was designed to evaluate the therapeutic 
efficacy and GI safety of ibuprofen-PC (PL1100; PLx Pharma 
Inc.) versus ibuprofen at therapeutic doses to treat osteoarthri-
tis. Ibuprofen-PC was similar to ibuprofen with regard to both 
bioavailability and efficacy to treat arthritis symptoms, while 
reducing the NSAID’s ability to induce gastroduodenal ero-
sions and ulcers. However, in this total evaluable population, 
the GI protective effect did not reach statistical significance. 
Yet, ibuprofen-PC was safer in patients aged >55 years (with 
a mean age of 64 years) who are most at risk of developing 
NSAID-induced gastroduodenal injury. In this clinically relevant 
subgroup, ibuprofen treated patients had a significantly greater 
absolute change in Lanza scores and were 3.7 times more likely 
(or a 270% increased risk) to develop multiple gastroduodenal 
erosions (Lanza score >2) than the ibuprofen-PC-treated pa-
tients (Fig. 5). Ibuprofen-PC was well tolerated with no marked 
changes in the incidence of adverse events, compared with ibu-
profen.

The mechanism of age-related NSAID-induced GI toxicity 
remains unknown. However, age associated decreases in surface 
hydrophobicity, prostaglandin levels and impaired healing may 
contribute to the deterioration of the barrier property of the 
mucosa. Interestingly, Hackelsberger et al.64 observed an age 

Fig. 5. Comparison of patients less than or greater than 55 years of 
age in terms of their responses to ibuprofen or ibuprofen-phospha-
tidylcholine (PC). Younger subjects had fewer ibuprofen-associated 
gastroduodenal lesions than those >55 years. Those over 55 years 
taking ibuprofen were 3.7 times more likely to develop multiple 
gastroduodenal erosions than those taking an equivalent nonsteroi-
dal anti-inflammatory drug (NSAID) dose of ibuprofen-PC. In brief, 
Lanza scores are broken down into the following values: 0, normal 
mucosa; 1, mucosal hemorrhages only; 2, one or two erosions; 3, 
three to ten erosions; 4, greater than 10 erosions or an ulcer (defined 
as a mucosal break with a diameter of 3 mm or more, with depth). 
*p<0.02 vs ibuprofen.
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related decrease in surface hydrophobicity in the antrum of the 
stomach.

INDO-PHOSPHATIDYLCHOLINE

Indo is possibly the most potent and GI-injurious of the 
NSAIDs, so that its use is limited to short-term circumstances. 
Yet because of its potency, it would be more useful clinically 
if the GI side effects could be reduced. We have shown that an 
Indo-PC formulation can be used parenterally and effectively to 
inhibit inflammation and pain, with significantly less GI bleed-
ing and injury.50

CONCLUSIONS

NSAIDs are widely used for their anti-inflammatory, analge-
sic, and antipyretic effects. The limitation of NSAIDs usage is 
related to the GI side effect. Although GI side effects of NSAIDs 
are in part attributable to their property of COX-1 inhibition, 
we have devoted considerable effort to presenting evidence that 
NSAIDs induce surface damage to the mucosa and chemically 
interact with extracellular or membrane PC, thereby disrupting 
the mucosal barrier properties, which would be independent of 
COX inhibition.

PC-association provides significant protection against NSAID-
induced GI injury in both rodent model systems and pilot clini-
cal trials. We are developing a family of PC-associated NSAIDs, 
which appear to have improved GI safety and equivalent or bet-
ter therapeutic efficacy.
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