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’ INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) are recog-
nized for their efficient and incomparable therapeutic effects in
numerous chronic and acute conditions. Nevertheless, the
toxicity of NSAIDs in the gastrointestinal (GI) tract continues
to be a major limitation to their use in the treatment of
inflammation and results in thousands of hospitalizations and
deaths every year.

The main mechanism of action of NSAIDs is based on their
ability to inhibit the enzyme cyclo-oxygenase (COX), which
exists in at least two isoforms, COX-1 and COX-2.1 The
inhibition of COX-1 by the NSAIDs causes the disturbance of
prostaglandin synthesis, which is responsible for the protection
of the gastric mucosal barrier, maintaining mucosal blood flow,
regulating mucosal cell turnover and repair, stimulating secre-
tions of bicarbonate, and developing a protective hydrophobic
layer.2 Loss of gastric protection by inhibition of prostaglandin
synthesis renders the stomach vulnerable to damage by gastric
acid, causingmucosal injuries, such as erosions and ulcers, and GI
complications, such as bleeding, perforation, and obstruction.3

COX-2 selective inhibitors (coxibs) were developed to provide
anti-inflammatory and analgesic activity comparable with tradi-
tional NSAIDs, but with a lower risk of GI tract injury.4 However,
the sequence of events resulting from COX inhibition does not
completely explain the overall GI toxicity of NSAIDs.5,6 In fact, it
is described that the NSAIDs can cause GI damage through a
variety of different mechanisms,7 including the damage of the

gastricmucosa by a direct local effect.3 In this regard, a hypothesis
has been proposed that the NSAIDs compromise the integrity of
the gastric mucosa by chemical association with the phospholi-
pids, decreasing the hydrophobic properties of surface mucosal
cells predominantly constituted by phosphatidylcholines.8 It
should be also taken into account that NSAIDs tend to accumu-
late and reach high concentrations in the gastric mucosa cells,9

enhancing the effects of their interaction with the phospholipid
lining of the gastric protection barrier.

Many studies have already been performed at physiological
pH (pH 7.4) and show that NSAIDs are molecules with high
membrane partition coefficients10,11 that interact strongly with
lipid membranes, changing the membrane fluidity12�15 and
local membrane curvature and thereby conditioning the func-
tion of many membrane proteins, enzymes, and receptors.16�18

Although NSAID-COX interaction has been well-character-
ized, the molecular mechanisms underlying the interaction of
these drugs with membranes at acidic pH are still a matter of
study. In this context, the current work aims to access the
structural modifications arising from the interaction of NSAIDs
and lipid membranes, at acidic conditions (pH 5.0) by synchro-
tron small-angle X-ray scattering (SAXS) and wide-angle X-ray
scattering (WAXS). To mimic the cellular membrane, liposomes
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ABSTRACT: Cell membranes often constitute the first biolo-
gical structure encountered by drugs, and binding or interac-
tions of drugs with lipid components of the membrane may
explain part of their mechanism of activity or their side effects.
The present study provides evidence of alterations in the
structural properties of phospholipid bilayers at acidic condi-
tions that can be correlated with the mechanism of action of
nonsteroidal anti-inflammatory drugs (NSAIDs) and with their
local action effect on the gastrointestinal tract lipids, aiming a
molecular biophysical approach to the interaction of these drugs
with lipid membranes. In this context, the structural modifica-
tions of the 1,2-dipalmitoyl-sn-glycero-3-phosphocholine bi-
layers at pH 5.0, induced by increasing concentrations of five NSAIDs (piroxicam, meloxicam, tolmetin, indomethacin, and
nimesulide), were studied by small-angle and wide-angle X-ray scattering. Results obtained highlight the effect of each NSAID in
modulating the membrane structure properties. All the NSAIDs promoted distinct biophysical effects by perturbing the membrane
arrangement to different degrees that are intimately related to their different physicochemical properties as well as with the initial
organization of the lipids, depending if they are in the gel (Lβ 0 ) or in the liquid-crystalline phase (LR).
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of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were
used. DPPCwas the chosen phospholipid once it has been shown
that the gastric mucous layer is a protective lipidic membrane in
the gel phase composed predominantly of phosphatidylcholines
(30�50%) with a large amount of the highly surface-active
DPPC.19,20

With the aim of establishing a correlation between GI
injurious actions of NSAIDs and their ability to form a chemical
association with phospholipids, the studies included NSAIDs
with distinct chemical structures and different selectivities for
COX-1 and COX-2 and different reported toxicities.21�23 Ac-
cordingly, the NSAIDs studied (Figure 1) included tolmetin and
indomethacin, which are non-COX-2 selective and have been
described as having a high risk of GI toxicity; meloxicam and
nimesulide, which show preferential activity toward COX-2 and
are better tolerated at the GI tract; and piroxicam, which has been
described as a better inhibitor of COX-1 than COX-2 and
presents a moderate risk of GI toxicity.24

The studies were performed in a range of temperatures from
10 to 70 �C, with the purpose of covering the different lipid
phases and assessing the transition temperatures between the
phases. Also, static measurements at 20 and 50 �C were
performed to perceive the interactions in the gel and liquid-
crystalline phases, respectively.

The results obtained in this work constitute a molecular
biophysical approach to the interaction of NSAIDs with lipid
membranes at acidic conditions and provide evidence to support
the direct local effects of these drugs on the phospholipid lining
of the gastric protection barrier.

’EXPERIMENTAL SECTION

Materials.The anti-inflammatory drugs, nimesulide, tolmetin,
piroxicam, meloxicam, and indomethacin, were obtained from
Sigma-Aldrich, and DPPC was supplied by Avanti Polar-Lipids
Inc. These compounds were used without further purification.
All other chemicals were obtained fromMerck. Solutions were

prepared with water from a Milli-Q plus system with specific
conductivity less than 0.1 μS cm�1. All the samples were
prepared in acetate buffer (0.2 M, pH 5.0)
Lipid Dispersion Preparation. Different amounts of the

NSAIDs were mixed with DPPC in a chloroform/methanol
mixture (3:1 v/v) according to the required molar fraction of
the drug (5, 10, and 20 mol % of meloxicam and 20, 40, and 60
mol % of the other NSAIDs). Lipid films were formed from these
solutions, dried at 50 �C under a stream of N2, and left overnight
under reduced pressure to remove all traces of the organic
solvents.

Figure 1. Chemical structures and pKa values of the NSAIDs investigated: piroxicam (A), meloxicam (B), tolmetin (C), indomethacin (D), and
nimesulide (E).
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The lipid films were hydrated by adding acetate buffer (pH 5.0)
to reach a 10% (w/v) concentration and then alternately heated
above the lipid phase transition in a water bath at 60 �C, mixed by
vortexing for about 5 min and centrifuged for 30 s at 2000g. This
procedure was repeated three times. Finally, the samples were
aged overnight at 4 �C and shaken by vortex at room temperature
for 5 min. The dispersions were transferred into glass capillaries,
which are transparent for X-rays and 1.5 mm in diameter
(Hilgenberg, Malsfeld, Germany). The flame-sealed capillaries
were stored at 4 �C until the time of the measurements.
X-ray Measurements. SAXS and WAXS experiments were

performed at the beamline A2 at Doris III of HASYLAB (DESY,
Hamburg, Germany) using a monochromatic radiation with a
wavelength of 0.15 nm. The SAXS detector was calibrated with
rat-tail tendon (RTT) and the WAXS detector by polyethylene-
terephthalat (PET). Heating and cooling scans were performed
at a rate of 1 �C min�1 in the range of 10�70 �C. Data were
recorded for 10 s every minute. Also, static exposures were taken
below and above the main transition temperature and compared
with the heating/cooling cycles. After each temperature step, the
sample has been allowed to equilibrate for 5 min before the
diffraction pattern was recorded. To minimize the X-ray expo-
sure to the sample, a shutter mounted before the sample was kept
closed when no data was acquired. Each diffraction pattern is
presented as normalized scattering intensity in arbitrary units
versus the reciprocal spacing s (s = (2 sin θ)/λ, where θ is the
diffraction angle and λ is the X-ray wavelength). The diffraction
peaks obtained were fitted with Lorentzians, and the positions of
maximum intensities and the full widths of the peaks at one-half
of their intensity (fwhm) were determined and used to calculate
the correlation length between the lipid bilayers (ξ = 2π/fwhm).
From the peak maximum positions of the wide- and small-angle
diffraction patterns, the repeat distances, d (d = 1/s) were
calculated. Errors in experimental values of d and ξwere assessed
based on error estimates of the partial molecular volumes of
DPPC and water.25

’RESULTS AND DISCUSSION

SAXS andWAXS diffraction spectra obtained for DPPC at pH
5 and at different temperatures are presented in Figure 2.

The temperatures of the pretransition (Lβ 0 f Pβ 0 ) and the
main phase transition of DPPC (Pβ 0 f LR) amount to 33.5( 0.5

and 41.5 ( 0.5 �C, respectively (Table 1). The obtained values
are in good agreement with other studies made at physio-
logical pH.26,27

The repeat distance, d, deduced from the SAXS patterns of
DPPC, increases from 6.54( 0.05 nm in the Lβ 0 phase (see also
Table 2) to 7.10( 0.05 nm in the ripple gel phase Pβ 0 . In the Lβ 0

phase, the hydrophobic chains are tilted (tilt angle is approxi-
mately 30�).28 The loss of the tilt angle would increase the d value
by about 0.55 nm. On the other hand, the melting of the
nontilted chains would decrease d by about 0.80 nm. Therefore,
only a thicker water layer between the lipid bilayers can explain
the increase of the repeated distance to 7.46( 0.05 nm in the LR
phase. The correlation length (ξ) between the bilayers is much
lower in the LR phase compared with the Lβ 0 phase (Table 2).
The correlation length is reduced by the addition of all NSAIDs,
highlighting the disturbing effect of these drugs in membrane
order. Deconvolution of the WAXS patterns gives two Bragg
peaks typical of the pseudohexagonal lattice of the chain packing
of DPPC with 4.05 ( 0.05 and 4.17 ( 0.05 Å (Table 3).
Increasing temperature leads to a decrease of the lattice distor-
tion (the two Bragg peaks of the orthorhombic lattice come
closer together). Moreover, the diffraction peaks present a high
correlation length (ξ), which indicates a good correlation
between the bilayers. Such a correlation is again reduced by
the addition of all NSAIDs, suggesting a disturbance of the
membrane in the presence of these drugs.

Comparing the values of d for pure DPPC (in the absence of
drugs) obtained in this study at pH 5 (Table 2) with the values
obtained at pH 7.4,29,30 it can be seen that the bilayer repeat

Figure 2. Temperature-dependent small- and wide-angle X-ray diffraction patterns (SAXS and WAXS) of DPPC at pH 5.

Table 1. Pretransition (Tp) and Main Transition (Tm) Tem-
peratures of DPPC and Subsequent Mixtures with 20 mol %
of Piroxicam, Meloxicam, Tolmetin, Indomethacin, and
Nimesulide

Tp (�C) (Lβ 0 f Pβ 0 ) Tm (�C) (Pβ 0 f LR)

DPPC 33.5( 0.5 41.5( 0.5

DPPC þ piroxicam 31.5( 0.5 38.5( 0.5

DPPC þ meloxicam 31.0( 0.5 40.0( 0.5

DPPC þ tolmetin 32.5( 0.5

DPPC þ indomethacin 37.5( 0.5

DPPC þ nimesulide 32.5( 0.5 40.5( 0.5
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distances (measured by SAXS) increase in both phases (gel and
liquid-crystalline phases) with the acidic pH. These results
suggest that, at pH 5 and at the same temperature, the water
layer between the lipid bilayers must be thicker than at pH 7.4. At
pH 5, the DPPC polar groups are slightly positively charged,
leading to repulsion between the headgroups and a higher degree
of solvation. The larger effective area of the headgroups should
lead to a larger tilt angle and, therefore, to a smaller d value. The

opposite is observed, and the only reasonable explanation is a
thicker water layer between the lipid bilayers.

The diffraction patterns (SAXS and WAXS experiments) of
DPPC in acetate buffer (pH 5.0) and in acetate buffered
solutions with 20 mol % of all the drugs at 20 �C are shown in
Figure 3.

When the effect of piroxicam is analyzed, the SAXS measure-
ments show that no significant differences are observed in the gel
phase (Lβ 0 ). The d values remain the same (within the experi-
mental error) even for higher concentrations of the drug, and
also, the correlation length is not markedly affected (see also
Table 2). Similar to the SAXS region, also in the WAXS region,
no significant changes were noticed, showing that the in-plane
structure of DPPC is not affected in any way by the presence of
piroxicam in the Lβ 0 phase.

Regarding the transition temperatures of the studied lipid, it
was found that, for 40 mol % of piroxicam, the lipid pretransition
occurs at 31.5 ( 0.5 �C and the main phase transition arises at
38.5 ( 0.5 �C (Table 1). Therefore, piroxicam lowers both the
pretransition and the main phase transition temperatures of the
lipid. Relative to the effect of piroxicam at all tested concentra-
tions in the LR phase, SAXS results evidence the existence of an
asymmetric Bragg peak indicative of lipid phase separation. A
noninfluenced DPPC phase (once the d values are not relevantly
changed comparing with pure DPPC) and a mixed DPPC phase
with smaller d values (Table 2) coexist. Figure 4, pattern B,
illustrates that the very broad asymmetric Bragg peak, corre-
sponding to an influenced and a noninfluenced DPPC gel phase,
was observed even at the smaller drug concentration tested
(20 mol %). These observations, as well as the decrease of both
phase transition temperatures (Table 1), constitute evidence that
piroxicam is able to interact with the lipid even if the membrane
disturbing effects induced by this drug do not occur to a high
extent when compared to other NSAIDs tested in this work.
Furthermore, it is also reasonable to assume that the effects of

Table 2. Long-Range Distances Determined from SAXS Patterns and Correlation Length (ξ) at 20 and 50 �C at a pH Typical of
Inflamed Cells (pH 5.0)a

20 �C (Lβ 0 ) 50 �C (LR)

pH 5 χDRUG d1 (Å) d2 (Å) ξ (Å) d1 (Å) d2 (Å) ξ (Å)

DPPC 0 65.4( 0.5 592 ( 10 74.6( 0.5 548( 10

DPPC þ piroxicam 20 65.1( 0.5 487( 10 75.0( 0.5 64.3( 0.5 202( 10

40 64.7( 0.5 380( 10 74.9( 0.5 67.6( 0.5 391( 10

60 65.1( 0.5 500( 10 75.8 ( 0.5 67.0( 0.5 296( 10

DPPC þ meloxicam 5 65.9( 0.5 657 ( 10 71.1( 0.5 338( 10

10 68.1( 0.5 221( 10 72.1 ( 0.5 93( 10

20 73.1( 0.5 263( 10 80.2( 0.5 36( 10

DPPC þ tolmetin 20 69.7( 0.5 65.1( 0.5 241( 10 71.1( 0.5 63.9( 0.5 415( 10

40 52.1( 0.5 793( 10 80.7( 0.5 696( 10

60 50.4 ( 0.5 89( 10 68.2( 0.5 89( 10

DPPC þ indomethacin 20 72.2( 0.5 64.2( 0.5 565( 10 69.4( 0.5 62.6( 0.5 547( 10

40 72.9( 0.5 64.8( 0.5 341( 10 69.9( 0.5 633( 10

60 73.3 ( 0.5 66.8( 0.5 208( 10 70.5( 0.5 685 ( 10

DPPC þ nimesulide 20 65.3( 0.5 440( 10 76.4( 0.5 222( 10

40 65.4 ( 0.5 348( 10 77.3( 0.5 246( 10

60 72.3( 0.5 316( 10 88.3( 0.5 232( 10
aThe data are presented as a function of the mol % (χ DRUG) of each drug.

Table 3. Short-Range Distances Determined from WAXS
Patterns and Correlation Length (ξ) at 20 �C at a pH Typical
of Inflamed Cells (pH 5.0)a

20 �C (Lβ 0 )

pH 5 χDRUG d1 (Å) d2 (Å) ξ (Å)

DPPC 0 4.17 4.05 100( 10

DPPC þ piroxicam 20 4.17 4.04 118( 10

40 4.16 4.04 104( 10

60 4.15 4.03 89( 10

DPPC þ meloxicam 5 4.18 4.07 197( 10

10 4.17 4.02 88( 10

20 4.09 36 ( 10

DPPC þ tolmetin 20 4.21 4.09 46( 10

40 4.16 149( 10

60 4.16 111( 10

DPPC þ indomethacin 20 4.10 3.94 52( 10

40 4.13 4.02 47( 10

60 4.12 3.94 39( 10

DPPC þ nimesulide 20 4.16 4.07 213 ( 10

40 4.17 4.07 220( 10

60 4.15 4.03 89( 10
aThe data are presented as a function of the mol % (χDRUG) of
each drug.
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piroxicam are more evident in the LR phase, given the fact that
strong interactions between the lipids in the ordered Lβ 0 phase
can hinder a deeper penetration of the drug.

Concerning meloxicam, its presence increases the d values in
the Lβ 0 phase in a concentration-dependent manner (Table 2).
At 5 mol % of meloxicam, the pretransition of the lipid
membrane is strongly affected and occurs at 31.0 ( 0.5 �C,
whereas the main transition arises at 40.0 ( 0.5 �C (Table 1),
which is not significantly different from that of pure DPPC. As
the concentration of the drug is increased, the bilayer repeat
distances keep rising (Table 2), leading, at 20 mol %, to values
that are characteristic of the Pβ 0 phase29 and to a further
reduction of the pretransition temperature. Therefore, at
20 �C, the lipid bilayers containing meloxicam are already in
the ripple phase while, at the same temperature, the pure lipid
bilayers are still in the Lβ 0 phase. This consideration is addition-
ally supported by the WAXS measurements. Only one Bragg
peak with a low correlation length, described as characteristic of
the ripple phase,29 was observed in the diffraction patterns. In the
LR phase, meloxicam affects very slightly the long distances up to

a concentration of 10 mol %; however, as the concentration
increases (20 mol %), the effect of this drug on the lipid bilayers
becomes very evident, strongly increasing the d value to 80.2 (
0.5 nm (Table 2). This concentration-dependent effect might be
explained by the fact that meloxicam, belonging to the oxicams’
chemical group of NSAIDs, is predominantly in the anionic form
at pH 5 due to the deprotonation of the enolic OH (see the pKa

of meloxicam in Figure 1).31,32 However, oxicams are described
to be prototropic compounds32 that may modify their ionization
state depending on the microenvironment or on the amount of
water in the surrounding. For low drug concentrations, the water-
to-drug ratio is sufficiently high to support the formation of anion
in solution, but as the concentration of the drug increases, the
water-to-drug ratio decreases and most of the drug molecules
face a relatively apolar environment, which determines the
formation of neutral forms.32 Therefore, at higher concentrations
of meloxicam, there is a predominance of the neutral form, which
is, in turn, more prone to penetrate into the membrane and
perturb the lipid bilayer, justifying the higher effect on the d
values found with increasing drug concentration. It is also
important to refer to the fact that piroxicam is also a member
of the oxicam group of NSAIDs. Nonetheless, meloxicam has a
higher affinity for the hydrophobic environment of lipids than
piroxicam.33 This differential behavior may be attributed to the
difference in their chemical structures, particularly to the ex-
istence of a side methyl substituted ring instead of a pyridine
group in meloxicam (see Figure 1). Indeed, the existence of this
methyl side chain in meloxicam has been considered as respon-
sible for an increased membrane penetration and may justify the
enhancedmembrane perturbing effect observed for this drug.33 It
should be also noticed that the presented measurements for
meloxicam are made with smaller molar fractions than for all the
other NSAIDs; for higher molar fractions, the diffraction peaks
almost disappear, meaning that this NSAID induces a high
perturbation of the bilayer order. In addition, the drug/lipid
molar fractions studied were intentionally high to mimic the
actual concentrations resulting from drug�lipid interactions that
lead to drug accumulation and, therefore, to much higher
concentrations of drugs in the lipid membranes than in the
aqueous phase.34

Figure 3. X-ray diffraction patterns (SAXS and WAXS) at 20 �C for DPPC at pH 5.0 (A) and subsequent mixtures with 20 mol % of piroxicam
(B), meloxicam (C), tolmetin (D), indomethacin (E), and nimesulide (F).

Figure 4. X-ray diffraction patterns (SAXS) at 50 �C for DPPC at pH
5.0 (A) and subsequent mixtures with 20 mol % of piroxicam (B),
meloxicam (C), tolmetin (D), indomethacin (E), and nimesulide (F).
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As in the case of meloxicam, the interaction of tolmetin in each
lipid phase is drug/lipid ratio-dependent. In the Lβ 0 phase, the
presence of tolmetin in a small molar fraction increases the d
values for the long distances, and at higher concentrations, the
values decrease to much smaller values than for pure DPPC.
Diffraction patterns for all phases and tolmetin/lipid ratios are
presented in Figure 5.

For the smaller molar fraction of tolmetin (20 mol %), it is
possible to deconvolute two peaks from the first-order diffrac-
tion: one that corresponds to a noninfluenced phase (because it
presents a similar value of d as pure DPPC; see Table 2) and
another one with a higher correlation length that corresponds to
the lipid phase influenced by tolmetin.

At pH 5, tolmetin is almost completely negatively charged,
because this drug presents a pKa of 3.5

35 and the acidic carboxyl
group is, therefore, deprotonated at the pH of the studies
(Figure 1). Thus, for low percentages of drug, the negatively
charged tolmetin may partially penetrate within the polar region
of the phospholipids, hence enhancing the membrane disorga-
nization. This is also consistent with the results of WAXS
measurements in which a dislocation of both Bragg peak posi-
tions as well as a diminished correlation length can be seen.
However, for higher concentrations of tolmetin, the high density
of negative charges putatively establishes strong electrostatic
bonds with the positively charged choline headgroup. In fact,

in the literature, it can be found that very strong electrostatic
bonds as well low pH conditions favor interdigitation of the lipid
bilayers.36 The interaction of tolmetin with the polar headgroups
of the lipid bilayer, especially at higher drug concentrations
(40 mol %), is further confirmed by DSC experiments showing
the abolishment of the pretransition peak,13,37 meaning that, in
the presence of tolmetin, the lipid does not form the ripple phase.
Indeed, it has been observed by differential calorimetric measure-
ments that the existence of the pretransition is a consequence of
the rotation of the phospholipid headgroups or of conforma-
tional changes in the phospholipid bilayer structure. Any com-
pound that interacts with the headgroups will affect or abolish the
pretransition.37 Additionally, tolmetin also affects the main
transition temperature of the lipid that, in the presence of this
NSAID, decreases to 32.5 ( 0.5 �C (Table 1).

By the presence of higher concentrations of tolmetin, the
WAXS profiles show the existence of a sharp reflection typical of
the hexagonal packing of nontilted chains.38,39 The change from
the orthorhombic unit cell with tilted chains to the hexagonal
packing of nontilted chains by reducing the area requirement of
the headgroups would lead to an increase of the bilayer thickness.
However, SAXS measurements indicate a reduction of the d
values. The only explanation for a simultaneous decrease of the
tilt angle and a decrease of the bilayer thickness would be the
penetration of the drug into the headgroup region, thereby

Figure 5. X-ray diffraction patterns (SAXS and WAXS) at 20 and 50 �C for DPPC at pH 5.0 and subsequent mixtures with tolmetin at different
concentrations (mol %): 0 (A), 20 (B), 40 (C), and 60 (D).
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increasing the area requirement of the headgroups and leading
to an interdigitation of the acyl chains to decrease the mismatch
of area requirements between heads and tails (see Figure 6). Such
an interdigitation of the acyl chains is energetically more favor-
able than a strong tilting (exceeding a threshold value) of the
chains.

In the LR phase, the membrane is naturally more disordered
and there is more space between the polar headgroups of the

phospholipids in which tolmetin can be located, and thus, in this
phase, tolmetin presents the same effect as in the Lβ 0 phase,
although to a smaller extent.

In the Lβ 0 phase, all molar fractions of indomethacin increase
the d values, approximately to the same value (Table 2). It should
be noticed that, for 20 mol %, two peaks are observed: one at s =
0.138 nm and a smaller one at 0.155 nm (Figure 7). This means
that the drug is not homogenously distributed in the membrane,
but there is an influenced phase corresponding to the first peak
and a noninfluenced phase corresponding to the second peak,
which is approximately at the same position as that of the pure
DPPC phase. Thus, a higher concentration of indomethacin is
needed to affect the whole membrane to the same extent. Similar
to tolmetin, indomethacin is also a weak acid (pKa = 4.5)35 and
presents a deprotonated carbonyl group negatively charged at the
pH of the studies (Figure 1). The ionized carbonyl group
determines the interaction of indomethacin with the polar
headgroups of the phospholipids with a consequent decrease
in the tilt angle, which leads to a thicker bilayer (increase of the d
values). Once the increase of the distance is superior to 0.55 nm
(characteristic distance due to the loss of the tilt angle), it can be

Figure 6. Schematic representation of the interaction of 40 mol % of
tolmetin with the phospholipid bilayer at the Lβ 0 phase.

Figure 7. X-ray diffraction patterns (SAXS and WAXS) at 20 and 50 �C for DPPC at pH 5.0 and subsequent mixtures with indomethacin at different
concentrations (mol %): 0 (A), 20 (B), 40 (C), and 60 (D).
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assumed that there is also an increase of the water layer.
Regarding the measurements in the WAXS region, the distances
of the two Bragg peaks decrease, which shows that the lattice
distortion is reduced by approaching a hexagonal packing
(progressive decrease of the tilt angle) as the drug penetration
between the polar headgroups takes place (Table 3).

The interaction of indomethacin with the membrane also
prevents the formation of the ripple phase, leading directly to the
main phase transition from the Lβ 0 to the LR phase at a decreased
temperature of 37.5 ( 0.5 �C (Table 1). This is in agreement
with previously reported DSC studies where indomethacin has
also shown to abolish the pretransition peak.28

In the LR phase, the d values of DPPC decrease in the presence
of indomethacin compared with the pure DPPC (Table 2),
which can be explained by a partially interdigitated phase, which
has already been observed in other experiments at physiological
pH.30 Again and only for the smallest molar fraction analyzed
(20 mol %), there is a coexistence of two phases (corresponding
to two d values), meaning that the bilayer is not homogenously
affected by the presence of the drug.

In the case of nimesulide and concerning both phases, its effect
is only noticed for the highest molar fraction. Nimesulide is
almost neutral at the pH of this study40 and is able to interact with
both the polar headgroups and the hydrophobic acyl chains, as
seen by the decrease of both the pre- and the main transition
temperatures to 32.5 ( 0.5 and 40.5 ( 0.5 �C, respectively
(Table 1). However, despite being able to penetrate into the lipid
bilayers, nimesulide does not perturb the lipid packing to a great
extent. This might be related to a certain planarity of the
nimesulide molecule, being able to interpenetrate between the
phospholipids without inducing noticeable perturbation.

’CONCLUSIONS

The principal targets of NSAIDs in the control of pain and
inflammation are the membrane-associated enzymes COX. To
bind with their targets, NSAIDs have to pass through the mem-
branes, and thus, the interactions of these drugs with the lipids of
the biomembranes are expected to play amajor role in guiding their
COX inhibition. Evidence has accumulated during the past decade
to support the view that the capacity of NSAIDs to interact with
lipidmembranes contributes not only decisively to their therapeutic
effects but also to the type and incidence of their toxic side effects.
In fact, it has been shown that NSAIDs reach particularly high
concentrations in compartments in which they cause therapeutic
and side effects, and the accumulationwithin gastricmucosal cells is
a principal factor associated with the intervention of intracellular
biochemical events and resultant gastric mucosal damage.9 How-
ever, it has also been shown that prostaglandins, synthesized locally
by COX-1 in the gastric mucosa, play a physiologically important
role in protecting the tissue against damaging agents, such as acid.41

Therefore, it can be said that there is not only one mechanism
responsible for the NSAIDs toxicity, but there are two important
mechanisms that may condition the resultant gastric toxicity of
these drugs, which are the inhibition ofCOX-1with the consequent
inhibition of the gastroprotective prostaglandins and the local
action of NSAIDs in the lipid gel layer that protects gastric mucosa.

The present study supports the role played in GI toxic effects
by the local interactions of high concentrations of NSAIDs
(typical of chronic administrations) with acidic phospholipids.
The local effect of NSAIDs in the lipid GI protective layer
is herein evaluated by the ability of these drugs to form a chemical

association with phospholipids in a lipid model system that
includes the main constituent of biological membranes, in
particular, of the gastric mucosa (DPPC). Furthermore, because
the local effect of NSAIDs on the lipid protective layer of the
gastric mucosa does not completely explain the overall gastric
toxicity of these drugs (which is also related to their capacity of
inhibiting COX-1), the studies performed included a wide range
of NSAIDs with distinct chemical structures and different selec-
tivities for COX-1 and COX-2 and different reported toxicities
(COX-2 selective drugs would be expected to present less GI
toxicity). The GI toxicity of the NSAIDs studied will be thus
correlated both with the results of the drug�lipid interaction
evaluated within this work and with the literature information
regarding the selectivity of the NSAIDs studied toward COX-2.

Meloxicam is considered to be one of the better-tolerated
NSAIDs, and this has been associated with the fact that melox-
icam is a potent selective inhibitor of COX-2. Although, in the
current work, its effect on the membrane structure has been
shown to be superior to the one of piroxicam, this local
perturbing effect of the lipid membrane is probably balanced
by the selectivity toward COX-2, making meloxicam a very
effective and safe drug because the therapeutic benefits are
combined with good gastrointestinal tolerability. The present
study is, however, coherent with the loss of GI tolerability found
for meloxicam at high local gastric concentrations. Indeed, it has
been reported that meloxicam shows GI injuries at high doses
similar to the ones provoked by piroxicam, and it has been
speculated that meloxicam might lose COX-2 selectivity at
higher doses.22 It must also be the case that both a local effect
in the GI protector phospholipids and the COX-2 selectivity
concur for meloxicam gastric toxicity. On one hand, low doses of
meloxicam have less direct effects onGI phospholipids, which are
balanced by its selectivity to COX-2. On the other hand, if the
concentration increases, the direct perturbing effects of melox-
icam on membrane phospholipids lead to protective layer
disruption, and this interaction with the phospholipids (also
observed in this work) is possibly too strong to be balanced by
the COX-2 selectivity of this drug.

In the case of nimesulide, its GI tolerability is correlated with
both its COX-2 selectivity and its low local effect in the GI
protector phospholipids also observed in the current study.

Piroxicam belongs to the same enolic acid group of the oxicam
class of NSAIDs as meloxicam. Notwithstanding the chemical
similarity of these two drugs, meloxicam has been estimated to
have a 3- to 77-fold greater affinity for COX-2,42,43 and for that
reason, piroxicam is less well GI tolerated, even presenting less
local lipid perturbation effects.

The great interaction of indomethacin with the membrane
observed in the current work associated with the lack of
selectivity toward COX-2 turns this drug into one of the most
toxic to the GI tract. The same kind of reasoning can be
established for tolmetin, which revealed a strong interaction with
the headgroups of the phospholipid bilayer in both lipid phases.
Particularly, its great effect in the lipid gel phase can explain its GI
toxicity, which limits its application to endovenous routes of
administration and in postchirurgic stages.
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