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Effects of the non-steroidal
anti-inflammatory drug celecoxib on
cholesterol containing distearoyl
phosphatidylcholine membranes
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Abstract. The effects of different concentrations of celecoxib on the acyl chain order, dynamics and the hydration status of
the head group and interfacial region of model membranes containing DSPC and cholesterol were investigated in detail using
Fourier transform infrared spectroscopy. Our results reveal that regardless of the presence of cholesterol, celecoxib is able
to alter the physical properties of membranes. It exerts opposing effects on membrane order at high and low concentrations
and decreases membrane fluidity in the presence of cholesterol. An evidence of phase separation has also been observed. The
decrease in membrane fluidity supports the hypothesis that celecoxib may induce changes in the activity of membrane bound
enzymes through modulating physical properties of the membrane thereby contributing to its anticancer activity. A possible
change in the location of celecoxib in DSPC membranes when cholesterol is present has also been proposed. These results
clarify, to a certain extent, the molecular interactions of celecoxib with membrane systems and may additionally contribute to a
better understanding of COX-2 independent mechanisms of celecoxib action.
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1. Introduction

Cyclooxygenases (COX), also called prostaglandin H synthases (PGHS), are enzymes localized at
the nuclear or endoplasmic reticulum membrane of eukaryotic cells. These are the key enzymes of the
eicosanoid cascade which can convert arachidonic acid to prostaglandins. Cyclooxygenases have two
isoforms, COX-1 and COX-2, which have different expression patterns in the tissues. COX-1 is needed
for a basal level of prostaglandin synthesis required for ‘housekeeping’ functions in the body such as
gastrointestinal cytoprotection, renal functions and vascular homeostasis and is expressed constitutively
in most tissues. Whereas, COX-2, is not constitutively expressed in most tissues with the exception of
kidney and brain [9]. This isoform can be induced by a number of stimuli, such as bacterial lipopolysac-
charide (LPS), interleukin-1 and 2, and tumor necrosis factor (TNF)-α, all of which are related to inflam-
mation [9]. The induction of COX-2 by inflammatory mediators led investigators to label this enzyme
as pathological [28].
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Celecoxib (CLX) is a diaryl substituted pyrazole class of compound with the chemical designation
(4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]) benzenesulfonamide which is a new gen-
eration of non-steroidal anti-inflammatory drug (NSAID). CLX has been indicated to relieve the symp-
toms of osteoarthritis and rheumatoid arthritis [11]. This drug is a selective inhibitor of COX-2 which
gives it the advantage of reduced gastrointestinal bleeding compared to classical NSAIDs (e.g., acetyl-
salicylic acid, indomethacin) [11].

According to previous epidemiological studies, long term CLX usage is related to a chemopreventive
activity in colorectal [3], breast [13] and lung carcinogenesis [14]. CLX is the only NSAID that has been
approved by the FDA for supplementary treatment of familial adenomatous polyposis currently. The
mechanisms underlying the anti-carcinogenic nature of CLX are not completely understood and several
cancer related pathways are known to be affected by CLX independently of COX-2 [12]. CLX has been
shown to induce cell cycle arrest, apoptosis and to inhibit angiogenesis and metastasis by influencing
either the expression or the activity of related proteins [12]. Some direct targets of celecoxib such as
protein kinase B or phosphoinositide-dependent kinase 1 has been proposed. In addition, celecoxib was
found to inhibit the activity of some membrane bound proteins such as Ca2+ ATPase, however the action
mechanism is not clear [12].

Celecoxib has also been shown to have an uncharacterized role in Alzheimer’s disease. In addition,
some COX independent mechanisms, such as membrane dynamics and structure, have also been sug-
gested for its activity [10]. It was proposed that celecoxib induces formation of amyloid-β peptides by
ordering the cellular membranes and thus changing the activity of membrane bound proteins, especially
β- and γ-secretase. Therefore, it is not clear whether CLX exerts its function through a direct interaction
with membrane bound enzymes or whether its interaction with cellular membranes alters the activity of
these enzymes. Amphipathic and lipophilic compounds are not only able to alter the phase transition,
fluidity and order of the membrane lipids but also membrane function which is achieved by influencing
the activity of integral membrane proteins [16,17,19,20]. CLX, being a lipophilic compound, is also a
potential modulator of membrane lipid structure and dynamics and understanding these interactions at
molecular level will provide further understanding of its mechanism of action.

Despite its importance, studies on the interaction of CLX with membranes at a molecular level are very
limited. Walter et al. [32] showed that CLX is localized at the interfacial region of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) – cholesterol membranes using small angle X-ray diffraction. In
other studies, using fluorescence anisotropy technique, CLX has been shown to decrease membrane
fluidity in a mouse neuroblastoma cell line N2a [10] and decrease in membrane fluidity in egg phos-
phatidylcholine model membranes [27]. In our previous study, using Fourier transform infrared (FTIR)
spectroscopy and differential scanning calorimetry (DSC), we have found that CLX exerts opposing ef-
fects on membrane order in a concentration dependent manner and it decreases the fluidity of the mem-
brane at all concentrations. We have also proposed a possible location of CLX at low concentrations in
the interfacial region and at high concentrations in the deeper hydrophobic region of the membrane [22].

In the present study, we aimed to further investigate the COX-2 independent membrane modulating
effects of different concentrations of CLX particularly in the presence of cholesterol. In order to mimic
a biological membrane which usually contains a cholesterol to phospholipid ratio of 0.11–0.33 [7], we
have chosen a DSPC:Chol ratio of 3:1 (0.25) for our investigation. Therefore, the effect of high and
low concentrations of CLX on model membranes composed of a zwitterionic lipid, 1,2-Distearoyl-sn-
Glycero-3-Phosphocholine (DSPC) and cholesterol, in the form of multilamellar vesicles (MLVs) has
been investigated using Fourier transform infrared (FTIR) spectroscopy. Presence of cholesterol in our
model membrane system allowed us to further mimic a biological membrane and to obtain detailed
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information about the concentration dependent effects of CLX on membrane dynamics and structural
parameters.

2. Materials and methods

2.1. Materials

DSPC and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and stored at
−20◦C. CLX was purchased from Ranbaxy (Mumbai, India). All other chemicals were of analytical
grade and purchased from Merck (Darmstadt, Germany).

2.2. Sample preparation

MLVs were prepared according to the procedure reported previously [17,26]. Briefly, 5 mg of DSPC
and 0.82 mg cholesterol (to have a DSPC:Chol molar ratio of 3:1) was dissolved in 150 µl chloroform
and excess chloroform was evaporated by using a gentle stream of nitrogen. A dried lipid film was
obtained by subjecting the samples to vacuum drying for 2 h using HETO-spin vac system (HETO,
Allerod, Denmark). The lipid films were then hydrated by adding 35 µl of 0.1 M phosphate buffered
saline (PBS) buffer, pH 7.4. MLVs were formed by vortexing the mixture at 70–75◦C which is above the
Tm of DSPC (∼55◦C) for 20 min. The temperature was maintained by immersing the tubes in a water
bath at 75◦C for 2 min followed by vortexing for 2 min. This was repeated 5 times. To prepare CLX
containing liposomes, the required amount of CLX (6 and 18 mol%) from a stock solution of 5 mg/ml
in ethanol was first added to a tube, excess ethanol was evaporated by using a gentle stream of nitrogen,
then DSPC and cholesterol were added and dissolved in 150 µl chloroform. MLVs were then prepared
as described above.

For FTIR measurements, 20 µl of sample suspensions in PBS buffer (0.1 M, pH 7.4) were placed
between CaF2 windows with a cell thickness of 12 µm and immediately placed in the sample holder of
the FTIR equipment.

2.3. FTIR measurements and spectral analysis

Spectra were recorded on a Perkin–Elmer Spectrum One FTIR spectrometer (Perkin–Elmer Inc., Nor-
walk, CT, USA) equipped with a deuterated triglycine sulfate (DTGS) detector. Interferograms were
averaged for 50 scans at 2 cm−1 resolution. The samples incubated at 30 and 65◦C for 10 min and
were scanned at those temperatures. The temperatures were decided according to previous DSC mea-
surements [8] for the correct monitoring of the gel and liquid crystalline phases. The temperature was
controlled by a Graseby Specac (Kent, UK) digital temperature controller unit.

The spectra were analyzed using Spectrum v5.0.1 software (Perkin–Elmer Inc., Norwalk, CT, USA).
In order to provide a better resolution of the infrared bands, 0.1 M PBS buffer (pH 7.4) bands were sub-
tracted by flattening the band located around 2125 cm−1. The band positions were measured according
to the center of weight and bandwidth was measured at 0.80× peak height position.

2.4. Statistical analyses

Data analysis and graphing was performed using the GraphPad Prism 5 software package (La Jolla,
CA, USA). Specific analysis for each experiment is indicated in the figure legends. Unless otherwise
mentioned, the mean of at least five experiments was plotted together with the standard error of mean.
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Statistical significance was assessed using a two-tailed p-value calculated with the Mann–Whitney non-
parametric test. Significant difference was statistically considered at the level of p � 0.05.

3. Results and discussion

In this study, FTIR spectroscopy was used to determine the changes in membrane structure and dy-
namics in response to low and high concentrations of CLX by analyzing the frequency and bandwidth
of different vibrational modes which represent the acyl chains, head group and interfacial region of lipid
molecules [5,26].

The strong bands at 2920 and 2850 cm−1 of the infrared spectrum correspond to the CH2 antisymmet-
ric and CH2 symmetric stretching modes of the acyl chains of the phospholipid membranes, respectively.
The frequency of these bands give information about the order/disorder state of the membrane depending
on the average trans/gauche isomerization in the system, and shifts to higher wavenumbers correspond
to an increase in the number of gauche conformers which implies a more disordered state [5,23]. Fig-
ure 1 displays the average frequency changes in the CH2 antisymmetric stretching mode of DSPC:Chol
MLVs (mol ratio of 3:1), in the presence and absence of 6 and 18 mol% CLX at 30 and 65◦C. These
CLX concentrations were chosen according to our previous findings which indicated that 6 and 18 mol%
CLX show opposing effects on DSPC model membranes [22]. As seen from the figure, in the gel phase,
the frequency significantly shifts to lower values with the incorporation of 6 mol% CLX, indicating an
increase in the number of trans conformers thus increasing the order of the system. 18 mol% CLX, on
the other hand, causes a significant frequency shift to higher values, which indicates a decrease in the
order of the membranes. However in the liquid crystalline phase, an increase in the frequency is seen for
18 mol% CLX, whereas no significant difference was observed for 6 mol% CLX. This indicates that in
the liquid crystalline phase CLX is effective only at high concentrations. Therefore, when cholesterol is
present in the DSPC membrane system, the opposing effect of high and low concentrations of CLX on

Fig. 1. Average frequency changes in the CH2 antisymmetric stretching mode of DSPC:Chol MLVs (mol ratio of 3:1) in the
presence and absence of 6 and 18 mol% CLX at 30 and 65◦C. Each point represents the mean ± SEM (n = 5). ∗p < 0.05
compared to controls (0 mol% CLX).
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membrane order can only be observed in the gel phase. Observing no effect for 6 mol% CLX in the liquid
crystalline phase may have resulted from the effect of cholesterol on the membrane system. It has been
widely accepted and also observed in our studies (data not shown) that cholesterol exerts opposite effects
on the acyl chain conformation below and over the Tm of phospholipids; disordering the membrane in
the gel phase and ordering it in the liquid crystalline phase [1,24,31,33]. When the ternary system of
DSPC:Chol:CLX is considered, the ordering effect of cholesterol in the liquid crystalline phase most
probably have surpassed the similar effect of 6 mol% CLX resulting in no significant difference.

Information about the dynamics of membrane systems can be obtained by analyzing the variations in
the bandwidth of the CH2 stretching modes, since bandwidth reflects the changes in the mobility of the
acyl chains. An increase in the bandwidth is an indication of an increase in the dynamics and therefore
the fluidity of the membrane system [4,17,18,25,26]. In the interpretation of the results in FTIR spectra,
extra care was taken in distinguishing between structural parameters (frequency) describing molecular
order and dynamical parameters (bandwidth) describing molecular mobility, as suggested previously by
us and others [26,29]. The variations in the bandwidth of the CH2 antisymmetric stretching mode of
DSPC:Chol MLVs for 6 and 18 mol% celecoxib at 30 and 65◦C, are given in Fig. 2. A decrease in the
bandwidth with increasing concentrations of CLX (statistically significant at 18 mol%) in both phases
can be observed. This indicates that CLX decreases the fluidity of DSPC:Chol membranes which is also
consistent with our previous results of DSPC membranes without cholesterol [22].

The changes in the frequency and bandwidth of the CH2 stretching mode are not concerted for high
celecoxib concentrations since it induces a decrease in both membrane order and dynamics. This kind
of disconcerted behavior has been previously reported for interactions of model membranes with mela-
tonin [26], progesterone [17], vitamin D2 [15], vitamin E [30] and cholesterol [29]. This controversial
effect of high celecoxib concentrations on membrane order and dynamics may reflect the presence of
more than one phase in the bilayer [30]. This is in agreement with our previous drug delivery study in
which DSPC liposome formulations containing CLX and different amounts of cholesterol (2:1, 5:1 and
10:1 phospholipid:cholesterol molar ratio) were found to produce new domains in the membranes [8].

Fig. 2. Average bandwidth changes in the CH2 antisymmetric stretching mode of DSPC:Chol MLVs (mol ratio of 3:1) in the
presence and absence of 6 and 18 mol% CLX at 30 and 65◦C. Each point represents the mean ± SEM (n = 5). ∗p < 0.05
compared to controls (0 mol% CLX).
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Fig. 3. Average frequency changes in the C=O stretching mode of DSPC:Chol MLVs (mol ratio of 3:1) in the presence and
absence of 6 and 18 mol% CLX at 30 and 65◦C. Each point represents the mean ± SEM (n = 5). ∗p < 0.05 compared to
controls (0 mol% CLX).

We therefore confirmed this finding in a more physiologically relevant model for both gel and liquid
crystalline phases.

To get information about the effect of the drug on the region near the polar head groups of the
DSPC:Chol membranes, carbonyl absorption (C=O stretching) band at 1735 cm−1 was monitored. This
band arises from the stretching vibrations of ester carbonyl groups of phospholipids and is conforma-
tionally sensitive to the level of hydration at the membrane interface [17,26]. Therefore any effect seen
in the spectra of this region (C=O stretching) can be attributed to an interaction of celecoxib or choles-
terol with the polar/apolar interfacial region of the membrane. Figure 3 illustrates the average changes
in the frequency of the C=O stretching mode of DSPC:Chol MLVs, in the presence and absence of
6 and 18 mol% celecoxib, at 30 and 65◦C. CLX induces an increase in the frequency of this band in
both phases indicating a decrease in hydration around the carbonyl groups of phospholipids. This is ex-
plained by the presence of more free carbonyl groups in the system when there is CLX, thus no evidence
of hydrogen bonding between CLX and the C=O group is observed. This result is controversial to our
previous finding that states CLX at low concentrations makes hydrogen bonds with the carbonyl groups
in DSPC membranes (without cholesterol). In addition, cholesterol has also been found to induce hy-
dration around this region [8] and one would expect a synergistic effect when both CLX and cholesterol
are present in the system. However, it was also stated by our group that cholesterol at high concentra-
tions (DSPC:Chol mol ratio of 2:1) locates itself close to glycerol backbone and thereby confines CLX
(18 mol%) to the deeper interior of the membrane, forming a new cooperative domain in the membrane
[8]. Moreover, cholesterol has been known to have a higher probability to bond with C=O rather than the
PO2

− groups of phospholipids [1,6,21,34]. Combining this knowledge with the present findings led us to
conclude that CLX at low concentrations (6 mol%) may also be subjected to a similar kind of entrapment
in the deeper core of the membrane which may explain the dehydration around the carbonyl groups.

Information about the hydration state of the polar head groups of the phospholipids can be monitored
by the analysis of the frequency of the PO2

− antisymmetric double stretching band, located at 1220–
1240 cm−1 [17,18,26]. The variations in the frequency of the PO2

− antisymmetric double stretching
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Fig. 4. Average frequency changes in the PO2
− antisymmetric double stretching mode of DSPC:Chol MLVs (mol ratio of 3:1)

in the presence and absence of 6 and 18 mol% CLX at 30 and 65◦C. Each point represents the mean ± SEM (n = 5). ∗p < 0.05
compared to controls (0 mol% CLX).

mode of DSPC:Chol MLVs for 6 and 18 mol% celecoxib at 30 and 65◦C, are given in Fig. 4. Incor-
poration of CLX induces a shift of the frequency to higher values which indicates an increase in the
dehydration around the head groups and presence of free PO2

− groups. This result is in agreement with
our previous findings in which there is no evidence of hydrogen bonding between the head groups of
phospholipids and CLX. Presence of free PO2

− groups may also be explained by the displacement of
cholesterol with hydrogen bonded water molecules in the head group region which would further support
the presence of CLX in the inner core of the membrane.

4. Conclusion

In the present study the effects of different concentrations of celecoxib on the acyl chain order, dy-
namics and the hydration status of the head group and interfacial region of model membranes containing
DSPC and cholesterol are investigated in detail. In the presence of physiologically relevant cholesterol
concentration, the opposing character of high and low concentrations CLX on membrane order is still
valid. Similar to non-cholesterol DSPC membranes, CLX has been found to decrease membrane fluidity
and induce phase separation in the presence of cholesterol. Different from the non-cholesterol system,
the membrane ordering effect of low CLX concentrations was diminished by the presence of cholesterol
in the liquid crystalline phase. However, regardless of the presence of cholesterol, CLX is still able to
alter the physical properties of membranes. This information is important because any variation in lipid
structure is known to influence permeability and result in functional changes in membrane proteins [16,
19,20]. In addition, membrane lipid order and fluidity have been reported to be important parameters for
the correct functioning of ion channels [2]. The decrease in membrane fluidity in a more biologically
relevant system containing cholesterol supports the hypothesis that CLX may induce changes in the ac-
tivity of membrane bound enzymes through modulating physical properties of the membrane thereby
contributing to its anticancer activity [22].

In this study, a possible change in the location of CLX in DSPC membranes when cholesterol is
present has also been proposed. Although CLX, at low concentrations, tends to hydrogen bond with



184 A. Sade et al. / Effects of celecoxib on DSPC model membranes

the carbonyl groups and locates itself close to this moiety, cholesterol, being a larger molecule, may be
capable of locating CLX deeper into the hydrophobic core of the membrane.

As a conclusion, these results further delineate the molecular interactions of CLX with membrane
systems and may contribute to a better understanding of COX-2 independent mechanisms of celecoxib
action.
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