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Abstract According to “fluid-mosaic model,” plasma
membrane is a bilayer constituted by phospholipids which
regulates the various cellular activities governed by many
proteins and enzymes. Any chemical, biochemical, or
physical factor has to interact with the bilayer in order to
regulate the cellular metabolism where various physico-
chemical properties of membrane, i.e., polarization, fluid-
ity, electrostatic potential, and phase state may get affected.
In this study, we have observed the in vivo effects of a pro-
carcinogen 1,2-dimethylhydrazine dihydrochloride (DMH)
and the two non steroidal anti-inflammatory drugs (NSA-
IDs); sulindac and celecoxib on various properties of the
plasma membrane of colonocytes, i.e., electric potential,
fluidity, anisotropy, microviscosity, lateral diffusion, and
phase state in the experimentally induced colorectal cancer.
A number of fluorescence probes were utilized like mem-
brane fluidity and anisotropy by 1,6-diphenyl-1,3,5-hexa-
triene, membrane microviscosity by Pyrene, membrane
electric potential by merocyanine 540, lateral diffusion by
N-NBD-PE, and phase state by Laurdan. It is observed that
membrane phospholipids are less densely packed and
therefore, the membrane is more fluid in case of carcino-
genesis produced by DMH than control. But NSAIDs are
effective in reverting back the membrane toward normal
state when co-administered with DMH. The membrane
becomes less fluid, composed of low electric potential
phospholipids whose lateral diffusion is being prohibited
and the membrane stays mostly in relative gel phase. It
may be stated that sulindac and celecoxib, the two NSAIDs
may exert their anti-neoplastic role in colorectal cancer
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via modifying the physicochemical properties of the
membranes.
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Introduction

Mammalian cellular bilayers are constituted mainly by the
phospholipids and the sphingolipids which represent the
environment where many functional proteins and enzymes
are dissolved. Depending upon the length and degree of
unsaturation of the acyl chain, phospholipids could be in the
gel or in the liquid-crystalline phase at a particular physio-
logical temperature range. Phospholipids and sphingolipids-
like ceramide show a large compositional heterogeneity
and non-ideal miscibility in membranes giving rise to the
possibility of domain co-existence [1]. These lipid domains
or “rafts” are thought to have important roles in cellular
phenomenon like signal transduction, and intracellular
sorting of membrane proteins and lipids [2]. Behavior of
membrane proteins can be strongly affected by the variations
in the lipid composition and physical state [3]. Several
physiological processes such as the cellular proliferation and
differentiation are also involved in the modification of the
composition and physical properties of the phospholipids in
the natural membranes. Any variation in phospholipid
structures or phase state is believed to affect the activity of
membrane associated proteins [4]. The physiological char-
acteristics of membrane have become important to diagnose
and explain pathological mechanisms in case of chronic
inflammations, carcinogenesis, and cardiovascular diseases
and even aging [5].
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Recently, non steroidal anti-inflammatory drugs (NSA-
IDs) have generated considerable interest as a promising
chemopreventive agents for various cancers, e.g., colon,
gastric, pulmonary, ovarian, and prostate [6]. It had been
observed that NSAIDs act as anticancer drugs by inhibiting
Cyclooxygenase (COX), a rate limiting enzyme in prosta-
glandin biosynthesis. There are two isoforms of the
enzyme: COX-1 and COX-2 which are differentially
inhibited by the NSAIDs. The anti-neoplastic activity in
colorectal and other cancers of these drugs is shown to be
mediated via inhibiting COX-2 enzyme which is particu-
larly over-expressed in the neoplasm [7]. Like other drugs
the function of NSAIDs is influenced by their lipid affinity
as they can interact with either hydrophilic head groups or
hydrophobic aliphatic tails depending on their hydrolipo-
philic characteristics. As the activities of different mem-
brane bound proteins, enzymes, and signal transducer
molecules are dependent on the cellular membrane char-
acteristics like fluidity and local curvature, it can be said
that the chemopreventive effects of NSAIDs may also be
dependent on their ability to interact with the lipids.
Interaction of NSAIDs with the membrane lipids can be
indicated by their respective high membrane partition
coefficients [8].

So far, however, the relationship of the anti-carcino-
genic effects of the NSAIDs and the membrane physico-
chemical properties such as fluidity change had not been
demonstrated, particularly in chemically induced colon
cancer in animal model. This 1,2-dimethylhydrazine
dihydrochloride (DMH) treated animal model is acceptable
throughout the literature for chemically induced colon
cancer studies and represents histopathological, cellular,
and molecular similarities with the human cases [9-12]. In
this study, therefore, we have examined the chemopre-
ventive effects of two NSAIDs (sulindac, a non-specific
COX-2 inhibitor and celecoxib, a selective COX-2 inhib-
itor) on the plasma membrane fluidity and other charac-
teristics in the isolated colonocytes. The colonic cells
depict the same characteristics of the cells in the tissue
architecture if the isolation procedure involves less stress to
the plasma membrane and similar physiological conditions
as in vivo.

Materials and methods

Chemicals

1,2-dimethylhydrazine dihydrochloride, 1,6-diphenyl-
1,3,5-hexatriene (DPH), Pyrene, merocyanine 540 (5-[3-sul-
fopropyl-2(3H)-benzoxazolylidine)-2-butenylidene]-1,

2-dibutyl-2-thiobarbituric acid), N-NBD-PE (L-a-Phospha-
tidylethanolamine dipalmitoyl-7-nitrobenzene-2-oxa-1,3-
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diazol-4-yl), Laurdan (6-dodecanoyl-2-dimethylamino-
naphtalene), and sulindac were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Phosphate buffered saline
(PBS, Calcium and Magnesium free) and Morpholino pro-
pane sulfonic acid were from Himedia, Mumbai, India.
Primary antibodies against COX-2 and anti-mouse f-actin
were purchased from Santa Cruz Biotechnology (CA, USA).
Alkaline phosphatase-conjugated secondary antibodies,
Fluorescein isothiocyanate (FITC)-conjugated secondary
antibodies and BCIP-NBT were purchased from Genei
(Bangalore, India). celecoxib was a generous gift from
Ranbaxy, Gurgaon, India. All other chemicals and reagents
used in this study were of analytical grade and procured from
the reputed Indian manufacturers.

Animal procurement

Male Sprague-Dawley rats of body weight between 150
and 200 g were obtained from the inbred population of the
Central Animal House, Panjab University, Chandigarh.
These were acclimatized to the control diet (rodent chow)
and water ad libitum for at least 1 week. Animals were
maintained as per the principles and guidelines of the
Ethics Committee of Animal Care of Panjab University in
accordance with the Indian National Law on animal care
and use. The animals were housed three per cage in
polypropylene cages with a wire mesh top and a hygienic
bed of husk (regularly changed) in a well ventilated animal
room till the end of the experimental period. The animals
were also maintained at the ambient temperature and
humidity, and under a 12 h photoperiod of light and
darkness, respectively.

Treatment schedule

Animals were assorted into the following groups:

Control group, vehicle treated: Animals were adminis-
tered the vehicle (1 mM EDTA-saline subcutaneously
(s.c.) in weekly injection and 0.5% carboxymethyl cellu-
lose sodium salt per oral (p.o.) daily.

1,2-dimethylhydrazine dihydrochloride group: Animals
were administered with DMH weekly at a dose of 30 mg/
kg body weight (s.c.). The dose of DMH has been estab-
lished in our laboratory earlier [9, 10]. DMH was freshly
prepared in 1 mM EDTA-saline, pH adjusted to 7.0 using
dilute NaOH solution.

DMH + sulindac group: sulindac was given daily per
oral (p.o.) within its therapeutic anti-inflammatory dose
(EDs for rats, 20 mg/kg body weight) to the animals along
with the weekly administration of 30 mg/kg body weight
of DMH [11, 12].

DMH + celecoxib group: celecoxib was administered
p.o. daily (EDsq for rats, 6 mg/kg body weight) to the
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animals along with the weekly administration of 30 mg/kg
body weight of DMH [10].

After 18 weeks, animals were kept on overnight fasting
with drinking water ad libitum and killed under ether over
anesthesia, the next day. The animal body weights in all the
groups were recorded once in a week till the termination of
the experiment.

Isolation of colonic epithelial cells

Colonic epithelial cells (colonocytes) were obtained from
the freshly isolated colons by the method of Mouille et al.
[13], as originally described by Roediger and Truelove
[14]. The colonic segments starting from the cecum to the
rectal ampulla were rapidly removed and flushed clear with
chilled physiological saline (NaCl solution, 9 g/l) and then
with Ca*" and Mg*"-free Krebs-Hanseleit (K—H) bicar-
bonate buffer (pH 7.4) containing 10 mM HEPES, 5 mM
pL-dithiothreitol (DTT), and 2.5 g/l bovine serum albumin
(BSA). The K-H buffer was equilibrated against a mixture
of O, and CO, (19:1, v/v). Each colon was everted, distally
ligated, and distended as much as possible by means of a
syringe containing calcium-free K-H saline with 0.25%
w/v BSA. These sacs were then placed in a plastic flask
containing 100 ml calcium-free K—H buffer, 5 mM EDTA,
and 0.25% BSA. The flask was gassed with O, and CO,
(19:1 v/v) and incubated at 37°C in a shaking water bath at
60-70 oscillations per min for 30 min. Thereafter, the
colons were rinsed in fresh calcium-free saline to remove
the excess EDTA and placed in a plastic beaker with
50 ml K-H buffer and 0.25% w/v BSA. Manual stirring
with a plastic stirrer for two min readily disaggregated the
colonocytes, which were then separated by centrifugation
at 500 g for 60 s. The cells were washed two times in
oxygenated K-H buffer containing normal amounts of
calcium (2.5 mM CaCl,), 5 mM DTT, and 2.5% w/v BSA.
The cells were washed and finally resuspended in PBS for
further studies. Trypan Blue dye exclusion test was per-
formed each time for every group of isolated colonocytes
and the viability of cells was observed ~90% (data not
shown).

Western blot analysis

Protein samples/nuclear extracts (50 pg) from each group
were separated on 10% SDS-PAGE. The separated proteins
were electrophoretically transferred to nitrocellulose
membrane (Millipore, Bangalore, India) and the transfer
was checked by staining with Ponceau S. Immunoblot was
prepared using primary antibodies (COX-2;1:1,000 and
f-actin; 1:10,000) and alkaline phosphatase-conjugated
IgG secondary antibodies (1:1000). BCIP-NBT detection
system was used to develop the blot. Bands obtained were

analyzed using Image J software (NIH, Bethesda, MD,
USA) and the density expressed in gray values.

For preparation of cell lysates, colons were removed and
rinsed from the different groups after completion of
18 weeks. Total lysates were prepared in fresh ice-cold lysis
buffer (10 mM Tris, 100 mM NaCl, 5 mM EDTA, 1%
Triton-X100, 1 mM PMSF, and 2 mM DTT (pH 8)). The
extracts were cleared by centrifugation at 10,000xg for
10 min at 4°C and the supernatants were collected.

Immunofluorescence analysis

5 pm thick paraffin sections were deparaffinized in xylene
for 30 min, gradually hydrated in descending series of
alcohol (100, 90, 70, 50, and 30%) and finally brought to
water. Sections were incubated at 95°C for 5 min in
50 mM Glycine-HCI buffer (pH 3.5) with 0.01% (w/v)
EDTA for antigen retrieval, topped off with fresh buffer
and again incubated at 95°C for 5 min. Slides were allowed
to cool for approximately 20 min and washed in three
changes of distilled water. The non-specific binding was
blocked by incubating with 2% Bovine serum albumin
(BSA) in phosphate buffered saline (PBS, 10 mM, pH 7.2)
for 30 min at 37°C. The sections were then incubated in
1.5% BSA with primary antibody of COX-2 (1:500) in a
moist chamber for 2 h at 37°C. For negative control only
1.5% BSA was added. After incubation, three washings
were given with PBS, PBS Tween (PBS with 0.05% Tween
20) and PBS, successively, for 5 min each. The sections
were then incubated with the FITC-conjugated secondary
antibody at a dilution of 1:10,000 for 2 h at 37°C in dark.
Sections were washed again in the same manner as
described above, counterstained the sections with Propi-
dium iodide for 20 min at 37°C in dark and washed as
earlier. These were mounted in glycerol (1:10 in PBS),
sealed with nail paint and observed under a fluorescence
microscope at x400.

Evaluation of membrane electric potential using
merocyanine 540 (MC540)

Merocyanine 540 is a lipophilic fluorescent dye and has
been associated with changes in membrane fluidity and
electric potential. It is believed to stain cell membranes
with increasing affinity as their lipid components become
more disordered [15].

Isolated colonocytes (2 x 10° cells/ml) were labeled
with MC540 (2.7 pM) in DMSO by incubating in dark for
15 min at 37°C [16]. Changes in membrane fluidity
between different treatment groups were observed with a
Carl Zeiss (Axioscope Al, Germany) fluorescence micro-
scope at x400. For quantification of cells, a total of 300
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cells from four different slides were observed for each
animal group.

Fluorescence measurements were carried out with a
dual-wavelength Perkin Elmer Luminescence Spectrometer
LS-55 (Beaconsfield, United Kingdom) using a 2 ml, 1 cm
path length quartz cuvette installed with FL WinLab
Software 4.00.02. Excitation and emission slits with a
nominal band pass of 5 nm were used in the experiment.
The cells (4 x 10° cells/2 ml) were loaded with MC540,
by incubating for 15 min at 37°C in dark. Fluorescence
from colonocyte cell suspensions was registered at emis-
sion wavelengths (4;,) of 585 nm and excitation wave-
length (/ey) of 488 nm.

Evaluation of lateral phase separation (N-NBD-PE
fluorescence quenching)

Membrane lipid phase separations were monitored by the
method of Nichols and Pagano [17] as described by
Hoekstra [18]. The method is based on the self quenching
of the N-NBD-PE fluorophore that occurs when the local
concentration of NBD lipid in the bilayer increases during
the segregation of the membrane lipids into the discrete
domains. 2 ml vol containing 4 x 10° colonocytes were
labeled with N-NBD-PE (final concentration 0.6 pM) by
incubating in dark for 15 min at 37°C. The samples were
loaded with N-NBD-PE using the same buffer (K-H buf-
fer) as was used for the original isolation procedure.
Fluorescence was assayed by measuring the intensities at
Aex = 475 nm and ., = 530 nm before and after solubi-
lization of the cells by the addition of SDS (100 pl, 1%)
[17]. The percentage of quenched fluorescence (% Q) was
calculated from the relative fluorescence of unquenched N-
NBD-PE (FU) in the presence of detergent and quenched
molecules (FQ) by the relation: %Q = [(FU — FQ)/
FU] x 100.

Evaluation of membrane phase state

Membrane phase state was determined to evaluate the
polarity in terms of generalized polarization (GP) using
fluorescent membrane probe, Laurdan (6-dodecanoyl-
2-dimethylaminonaphtalene) following the method of
Parasassi et al. [1] and as described by Ambrosini et al.
[19]. The Laurdan molecule localizes at the hydrophobic-
hydrophilic interface of the lipid bilayer (glycerol back-
bone) and its spectral properties are both due to the number
and to the molecular dynamics of water dipoles in its
environment and probably due to the effect of dipolar
relaxation processes as well [4]. The environment-sensitive
spectroscopic properties of Laurdan have been compre-
hensively described by a parameter termed GP, originally
introduced by Gratton and co-workers [4]. In order to
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quantify the GP parameter the relative values of exGP**
and exGP*'® (measured on excitation generalized polari-
zation (exGP) at 340 and 410 nm) and emGP*° and
emGP*° (measured on emGP at 440 and 490 nm) are

considered important.
Calculation of GP parameter

2 x 10° cells/ml population of colonocytes were equili-
brated for 20 min at 37°C in dark to be labeled with
Laurdan (stock prepared in methanol) at 1.4 pM final conc.
The buffer for colonocytes was kept the same as that of
their original preparation for labeling the probe. Steady-
state Laurdan excitation spectra were obtained in the range
of 300—420 nm, using both 435 and 490 emission wave-
lengths. Similarly, Laurdan emission spectra were recorded
in the range from 420 to 550 nm, using both 340 and
410 nm excitation wavelengths.

Blank spectra were obtained with unlabeled samples and
subtracted from the spectra of the labeled samples. Read-
ings were made at fixed temp of 37°C for all the samples.
From the spectroscopic data, Laurdan exGP spectra were
derived by calculating the GP value for each excitation
wavelength [20]:

exGP = (Tya0 — Luoo)/ (Taao + Luso)

where I440 and I49o are the intensities measured at each
excitation wavelength (from 320 to 420 nm), on the
fluorescence excitation spectra obtained by fixed emission
wavelength of 440 and 490 nm, respectively. Laurdan
emission generalized polarization (emGP) spectra were
similarly derived by calculating the GP value for each
emission wavelength:

emGP = (Iyj0 — Taa0)/(Ta1o + Tz40)

where I419 and I54o are the intensities measured at each
emission wavelength (from 420 to 520 nm). The choice of
410, 340, 440, and 490 nm for GP calculation was based on
the characteristic excitation and emission wavelengths of
pure gel and liquid-crystalline lipid phases, according to
Parasassi et al. [20].

Fluidity and order parameter assay using DPH

The fluorescent probe, DPH, was used in the membrane
fluidity studies (rotational diffusion). DPH, a hydrophobic
molecule, localizes and becomes fluorescent in the non-polar
regions of the lamellar lipid aggregates. When excited by
plane polarized light at 365 nm, DPH emits fluorescence that
is polarized to an extent that depends on the viscosity of its
localized molecular milieu, or microviscosity, i.e., in lipids
with high microviscosity DPH fluorescence is highly polar-
ized and vice versa [21]. A stock solution of I mM probe in
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tetrahydrofuran (THF) was prepared and stored in a dark
colored bottle being protected from light at room tempera-
ture. A small volume (10 ul) of DPH solution in THF was
injected with rapid stirring into 1,000 volume of Tris/HCl
buffer (10 ml) at room temperature. The suspension was
stirred for at least 2 h after which little or no odor of THF was
detected and the suspension showed negligible fluorescence.
The colonocytes (2 x 10° cells/ml) were incubated in 2 ml
of the above suspension containing 2 ul DPH for 2—4 h at
37°C in dark. Thereafter, estimations of fluorescence inten-
sity (F), fluorescence polarization (P), and fluorescence
anisotropy (r) were made with an excitation and emission
wavelength of 365 and 430 nm, respectively. Order param-
eter (S) was calculated using the formula, §? = @/3r — 0.1)/
r° [19] taking r° value for DPH as 0.362 and fluidity was
measured in term of reciprocal of fluorescence polarization
(1/P) [22].

Membrane microviscosity study using pyrene

Pyrene excimer (dimer) formation was used as a parameter
of the lateral diffusion in the membrane [23]. The fluo-
rescence of pyrene and many of its derivatives is a function
of the microscopic concentration of the probe in the
membrane. Pyrene has a highly structured fluorescence
spectrum with wavelength maxima at less than 400 nm
(397 nm) which is defined as the monomer emission (M).
At higher concentration, a pyrene molecule in its first
excited singlet state can, by a diffusion controlled process,
associate with a ground state molecule to form an excited
dimer or excimer (E) which fluoresces at a wavelength
maximum of 472 nm. The ratio of these two intensities, E/
M, is directly proportional to the pyrene concentration in
the membrane hydrocarbon core [24] as defined by:

E/M = (Excimer fluorescence/Monomer fluorescence)
= [pyrene] Tk/n

where T is absolute temperature, k is the Boltzmann con-
stant (1.38062 x 1072* J/K), and # is the viscosity.

Cells (2 x 10° cells/ml) were suspended in 2 ml of
0.25 M sucrose/l mM EDTA (pH 7.0) and 2 pl of pyrene
was added from a stock solution (5 uM) made in acetone
and stirred for 1 h at 25°C. Final concentration of pyrene
was set at 0.005 uM. Thereafter, excimer and monomer
intensity were measured at excitation wavelength of
320 nm, and monomer emission (M) of 397 nm and exci-
mer emission (E) of 472 nm.

Statistical analysis
Data were expressed as mean £ SD of four animals for

each group. One way analysis of variance (ANOVA) was
done to compare the means between the different

treatments using post-hoc comparison by least significant
difference method. The statistical software package SPSS
v14 for windows was used for the purpose. A value of
P < 0.05 was considered significant in this study.

Results
Macroscopic analysis of colon for tumor development

Everted colons were analyzed for tumor formation. Full
grown tumors were observed in the case of DMH treated
groups whereas the number and size of tumors was found
to be less in NSAIDs co-administered groups (Fig. 1).

COX-2 expression studies

The expression level of COX-2 protein is higher in DMH
alone group as compared to NSAIDs co-administered
groups (Fig. 2a, b). DMH + sulindac group is having
higher expression of COX-2 in comparison to DMH +
celecoxib group suggesting that sulindac might follow COX-
2 independent pathway of chemoprevention. Immunofluo-
rescence study also reveals higher expression of COX-2 in
colon sections of the DMH group in comparison to the
Control and NSAIDs co-administered groups (Fig. 2c¢).

Membrane fluidity and potential analysis
by merocyanine 540

Merocyanine 540 is a negatively charged heterocyclic
chromophore having a permanently charged sulfonate
group that restricts its membrane permeability thereby
allowing the selective measurement of outer leaflet of
plasma membrane. Binding and intensity of MC540 is
affected by the membrane electric potential and packing of
lipids in the bilayer. In DMH alone group we observed
more of the electric potential and fluidity in plasma
membrane of the isolated colonocytes (high intensity or
brighter fluorescence) with respect to the Control group
(Fig. 3a, b), which was reverted back by the administration
of the two NSAIDs, sulindac, and celecoxib (lower inten-
sity or dull fluorescence). These results were confirmed by
spectrofluorimetric analysis of the samples as the DMH
treated group is having highest intensity of MC540 with
respect to Control and NSAIDs co-administered groups
(Fig. 3c).

Membrane lateral phase separation analysis
by self quenching of N-NBD-PE

NBD moiety possesses some of the most desirable prop-
erties to serve as an excellent probe for both spectroscopic
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Fig. 1 Everted and ligated
colon sacs from each group
filled with calcium-free K-H
saline with 0.25% w/v BSA
showing tumor regions

e

DMH +Sulindac

and microscopic applications. It is very weakly fluorescent
in water and upon transfer to a hydrophobic medium, flu-
oresces brightly in the visible range and also exhibits a high
degree of environmental sensitivity. Separation of lipid
phases leads to an increase in local concentrations of the
NBD-lipid in the bilayer, and hence to self quenching. The
rate and extent of NBD self quenching provides the mea-
sure of phase separation and thereby domain formation in
the membrane. In Fig. 4, the colonocytes in DMH alone
group show significantly less quenched fluorescence (% Q)
with respect to the Control. NSAIDs co-administered
groups, however, brought the %(Q value significantly
higher.

Evaluation of membrane phase state by Laurdan

To study the polarity of the lipid interfaces and to follow gel
to liquid-crystalline phase transitions, Laurdan (6-dodeca-
noyl-2-dimethylaminonaphthalene) was used, which is an
amphiphilic probe and can detect the coexisting domains.
The excitation maximum in gel phase bilayer is at about
390 nm, while in the liquid-crystalline phase it is about
360 nm. Because of this difference in excitation, a partial
photo-selection of Laurdan molecules surrounded by the gel
phase with respect to those in the liquid-crystalline envi-
ronment is possible. The environment-sensitive spectro-
scopic properties of Laurdan have been comprehensively
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DMH + Celecoxib

described by a parameter termed GP. To quantify the
changes, the relative values of exGP** and exGP*® were
measured on exGP spectra, and emGP*? and emGP*° were
measured on emGP spectra (Fig. 5a, b). The values at
exGP* and exGP*® show that the gel phase transition is
more in the NSAIDs co-administered groups with respect to
DMH alone group as the values are more nearer to 0.6
which is said to be a well defined gel phase. On the other
hand, the values at emGP**° and emGP**° represent the
liquid-crystalline state which is more prominent in DMH
alone group with respect to NSAIDs co-administered
groups.

Fluidity and order parameter study of membrane

The steady-state fluorescence anisotropy of the colonocytes
was assessed by DPH. Fluidity (1/P) or inverse of polari-
zation and order parameter (S) were calculated according to
the Perrin’s equation (21). Figure 6a shows a significant
decrease in fluidity or a shift toward gel phase in
DMH + sulindac and DMH + celecoxib groups with
respect to the Control and DMH alone groups.

Similarly, the order parameter (S) which represents the
anisotropy of the membrane lipid state was observed sig-
nificantly higher in case of DMH + sulindac and
DMH + celecoxib groups with respect to the DMH alone
group (Fig. 6b).
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Control DMH DMH + Sulindac DMH + Celecoxib
_ Feoss

Control

Fig. 2 a Western blots analysis of COX-2 and f-actin showing the
effect of DMH and co-administered sulindac and celecoxib on the
protein expression. DMH group is showing the higher expression of
COX-2 protein whereas f-actin is serving as loading control (b) the
densitometric analysis of the blots. The values are mean + SD of
three independent experiments with four different animals from each

Microviscosity analysis

Validation of steady-state anisotropy by DPH experiments
was done using the concept of Pyrene Excimer formation
and the microviscosity (1). Microviscosity is significantly
less in the NSAIDs co-administered groups when com-
pared with the Control and DMH alone groups (Fig. 7).

Discussion

The fundamental physicochemical properties of plasma
membrane, e.g., electrostatic potential, fluidity, phase state,
and polarization have strong effects on the biological func-
tioning of the integral proteins or enzymes involved in many
cellular process, such as proliferation, differentiation, malig-
nancy, and programmed cell death or apoptosis [20]. Many
spectroscopic techniques have been applied to characterize
the structure and dynamics of phospholipids in plasma
membrane. Fluorescence spectroscopy could be a sensitive
technique for detecting these membrane properties [4].
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group. *P < 0.01 in comparison to control and *P < 0.01, *P < 0.05,
and “P < 0.01 in comparison to DMH by one way ANOVA.
¢ Immunofluorescence analysis of paraffin sections at x400 repre-
senting the expression and localization of COX-2 expressing colono-
cytes (arrows) in different groups

According to Levine [25], NSAIDs might get interca-
lated into the plasma membrane of the cells and hence
show the chemopreventive effect against carcinogenesis
which could be via the alteration of signaling pathways.
Earlier, we have shown that Diclofenac which is a pref-
erential COX inhibitor has its role in the chemoprevention
of early stages of experimentally induced colorectal cancer
via reverting back some physicochemical changes essential
for carcinogenesis [26]. In this study, we have investigated
the chemopreventive effects of two NSAIDs, i.e., sulindac
and celecoxib on the plasma membrane of isolated col-
onocytes, particularly in the late developmental phase of
experimentally induced colorectal cancer by DMH which
is a potent colon specific pro-carcinogen.

The expression and localization studies of COX-2 con-
firm that its higher expression might be responsible for the
carcinogenesis induced by DMH. In comparison to cele-
coxib, sulindac at the present dosage used, seems to have a
COX-2 independent mechanism of chemoprevention and
the lower expression of COX-2 in that group could be due
to some other indirect anti-inflammatory mechanism.
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Fig. 3 a Fluorescent microscopic analysis (x400) of MC540 binding
in the isolated colonocytes and the effects of DMH and co-admin-
istered sulindac and celecoxib on the MC540 fluorescence. High
intensity or brighter fluorescent cells (arrows) are more in DMH
group as compared to the Control and NSAIDs co-administered
groups representing the higher electrical potential and more fluidity of
plasma membrane in DMH treated animals. b Graph showing
percentage of cells with high and low intensities of MC540 in the

Fig. 4 Effect of DMH and co- 251
administered sulindac and
celecoxib on lateral phase 22.51

separations in membranes of
isolated colonocytes in terms of
% fluorescence quenching
(%Q), as measured by N-NBD-
PE self quenching. The values
are mean £ SD of four animals.
4P < 0.05 in comparison to
control and °P < 0.01 in
comparison to DMH by one
way ANOVA

Quenched fluorescence

Control

Membrane electric potential was analyzed using a spe-
cific probe MC540 which is a negatively charged (sulfo-
nate group) heterocyclic chromophore. MC540 is a lipid
dye which especially stains distorted or loosely packed
membranes, and also due to a permanently negative charge,
the entry of MC540 is restricted to the outer leaflet of the
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isolated colonocytes from each group counted under fluorescent
microscope. ¢ Spectrofluoremetric analysis of electric potential and
fluidity of plasma membrane in isolated colonocytes labeled with
MC540 and effects of DMH and co-administered NSAIDs on MC540
binding. The values are mean &+ SD of four animals. *P < 0.01,
®p < 0.001 in comparison to control and °P < 0.05, dp < 0.001 in
comparison to DMH

N-NBD-PE

DMH + Sulindac DMH + Celecoxib

lipid bilayers. Also, the membrane electric potential and
phospholipids packing may strongly affect the binding
efficiency. It has been reported that the leukemic cells bind
MC540 with higher affinity in comparison to the normal
circulating cells [27]. Due to such specific membrane
binding properties of MC540, it is widely used in the
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Fig. 5 Effect of DMH and 0.7 4
co-administered sulindac and
celecoxib on the Laurdan
fluorescence excitation (ex) and
emission (em) GP spectra in
isolated colonocytes after blank
correction. a Relative values of
exGP340 and exGP400 as
quantitated from the exGP
spectra and b emGP440 and
emGP490 as quantitated from
the emGP spectra. The values 0 -
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Fig. 6 Effect of DMH and co-administered sulindac and celecoxib
on the membrane fluidity, 1/P (a) and order parameter, S (b) in
isolated colonocytes as measured by DPH polarization. The values are
mean & SD of four animals. *P < 0.001, °P < 0.05 in comparison to
control and °P < 0.001, P < 0.01 in comparison to DMH by one
way ANOVA

analysis of the metabolic conditions of both normal and
cancer cells [28]. In this study, the higher membrane
potential and fluidity of colonocytes in DMH group with
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DMH DMH + Sulindac DMH + Celecoxib
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Fig. 7 Effect of DMH and co-administered sulindac and celecoxib
on the membrane microviscosity (1) in isolated colonocytes as
measured by E/M ratio of pyrene fluorescence. The values are
mean £ SD of four animals. “P < 0.001 in comparison to control and
°P < 0.001 in comparison to DMH by one way ANOVA

respect to Control was noted by strong MC540 binding,
while NSAIDs co-administered groups are having lower
electric potential and fluidity.

To observe the modifications in translational movements
(lateral) of the phospholipids in bilayers, N-NBD-PE was
used which is a fluorescent probe whose self quenching
occurs when these molecules are in close proximity with
each other in the process of phase separation and resultant
domain formation [29, 30]. Owing to higher fluidity or
translational movement of phospholipids in plasma mem-
brane of the colonocytes, DMH is having less %Q with
respect to the Control group. NSAIDs co-administered
groups have significantly higher value of %Q suggesting
that colonocytes in NSAIDs co-administered groups are
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having lesser fluidity of plasma membrane as compared to
DMH one. It may be argued that NSAIDs may exert their
chemopreventive effects against carcinogenesis via
restricting the translational or lateral movements of phos-
pholipids in the bilayers.

The phase state of membranes, i.e., either gels or liquid-
crystalline, was studied using a fluorescent probe Laurdan
which is an amphiphilic molecule synthesized by Dr.
Weber [31] to study the dipolar relaxation process. A good
shift in Laurdan emission spectrum toward longer wave-
lengths had been observed when examined for the dipolar
relaxation process in high polarity solvents. In case of
phospholipids a shift in Laurdan emission spectrum is
dependent upon their composition and packing in bilayers
as the molecules of Laurdan had been observed to be
located in the hydrophilic-hydrophobic interface. For
phospholipids, Laurdan GP values had been suggested to
be valuable for the measurement of emission spectral shifts
[32-35]. Laurdan in different phospholipid vesicles has a
well defined value for the gel phase (GP ~ 0.6) and for the
liquid-crystalline phase (GP ~ —0.2) [4]. The value at
exGP** in case of DMH group is ~0.2 which suggests
that these colonocytes are having liquid-crystalline phase
or more fluidity in their membranes while the values at
exGP** of NSAIDs co-administered groups are nearer to
0.6 suggesting that these membranes are more in the gel
state. The values of emGP** are more toward the gel phase
suggesting that NSAIDs may revert back the carcinogenic
changes as occurred by DMH administration in vivo.

The fluidity of the lipid bilayer can be described in terms
of “microviscosity” which can be observed by the steady-
state fluorescence polarization of DPH [36]. Fluorescence
polarization was expressed as the fluorescence anisotropy
(r), which is a probe dependent phenomena and reflect the
overall motional freedom of the molecule. The steady-state
anisotropy depends on two characteristics of probe: fluo-
rescence lifetime and order parameter. The order parameter
particularly is a static component of the membrane fluidity,
and therefore important in the pathobiologic development
of the cancer cells. The fluidity changes are calculated from
the inverse of polarization values (1/P). It can be observed
that during carcinogenesis induced by DMH for 18 weeks
the cells are having more fluid plasma membrane with
respect to Control. This suggests that membrane fluidity
could be an important parameter for the study of carcino-
genesis. However, significant decrease in fluidity was
observed in NSAIDs co-administered groups with respect to
DMH alone. This may attribute to the anti-neoplastic effects
of NSAIDs via interaction with phospholipids in the bilayer.

Pyrene fluorescence examination is based on the lateral
drift of the phospholipids in bilayers. If the membrane is
more fluid then there should be more excited moieties
(excimer) than the non-excited moieties (monomer)

@ Springer

[37, 38]. The NSAIDs co-administered groups are showing
significant decrease in E/M ratio with respect to DMH
alone group stating that NSAIDs do have effect on phos-
pholipids translational diffusions in bilayers and prevent
excessive membrane fluidity. Microviscosity (1) of the
membrane is inversely proportional to fluidity, i.e., more
the fluidity less is the viscosity and vice versa.

Conclusion

This study utilizes the fluorescence spectroscopy tech-
niques for the analysis of different fluidity parameters
related to the plasma membrane of the isolated colonocytes
in an experimentally induced colorectal cancer. Increase in
plasma membrane fluidity in colonocytes might be related
to the carcinogenesis in colon. Simultaneous administration
of the NSAIDs with the pro-carcinogen, DMH, has shown
the reverting effects of those agents toward normalizing the
physical conditions in membrane and thereby offer a pos-
sible explanation as anti-neoplastic agents for their ability
to prevent colorectal carcinogenesis in animal model.

Acknowledgment Financial assistance from the Department of
Science and Technology, Govt. of India (SR/SO/BB-05/2008) is
gratefully acknowledged.

References

1. Parasassi T, Stasio GD, d’Ubaldo A, Gratton E (1990) Phase
fluctuation in phospholipid membranes revealed by Laurdan
fluorescence. Biophys J 57:1179-1186

2. Koivusalo M, Alvesalo J, Virtanen JA, Somerharju P (2004)
Partitioning of pyrene-labeled phospho- and sphingolipids
between ordered and disordered bilayer domains. Biophys J
86:923-935

3. Cantor RS (1999) Lipid composition and the lateral pressure
profile in bilayers. Biophys J 76:2625-2639

4. Parasassi T, Stasio GD, Ravagnan G, Rusch RM, Gratton E
(1991) Quantitation of lipid phases in phospholipid vesicles by
the generalized polarization of Laurdan fluorescence. Biophys J
60:179-189

5. Lucio M, Ferreira H, Lima JLFC, Matos C, de Castro B, Reis S
(2004) Influence of some anti-inflammatory drugs in membrane
fluidity studied by fluorescence anisotropy measurements. Phys
Chem Chem Phys 6:1493-1498. doi:10.1039/b314551b

6. Maity P, Bindu S, Dey S, Goyal M, Alam A, Pal C, Mitra K,
Bandyopadhyay U (2009) Indomethacin, a non-steroidal anti-
inflammatory drug, develops gastropathy by inducing reactive
oxygen species-mediated mitochondrial pathology and associated
apoptosis in gastric mucosa. J Biol Chem 284:3058-3068. doi:
10.1074/jbc.M805329200

7. Lamont EB, Dias LE, Lauderdale DS (2007) NSAIDS and
colorectal cancer risk: do administrative data support a chemo-
preventive effect? J Gen Intern Med 22:1166-1171. doi:
10.1007/s11606-007-0256-7

8. Zhou Y, Hancock JF, Lichtenberger LM (2010) The nonsteroidal
anti-inflammatory drug indomethacin induces heterogeneity in


http://dx.doi.org/10.1039/b314551b
http://dx.doi.org/10.1074/jbc.M805329200
http://dx.doi.org/10.1007/s11606-007-0256-7

Mol Cell Biochem (2011) 358:161-171

171

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

lipid membranes: potential implication for its diverse biological
action. PLoS ONE 5:e8811. doi:10.1371/journal.pone.000881

. Kanwar SS, Vaipei K, Nehru B, Sanyal SN (2008) Antioxidative

effects of non-steroidal anti-inflammatory drugs during the ini-
tiation stages of experimental colon carcinogenesis in rat.
J Environ Pathol Toxicol Oncol 27:89-100

Vaish V, Tanwar L, Sanyal SN (2010) The role of NF-xB and
PPARYy in experimentally induced colorectal cancer and chemo-
prevention by cyclooxygenase-2 inhibitors. Tumour Biol
31:427-436. doi:10.1007/s13277-010-0051-7

Brown WA, Skinner SA, Malcontenti-Wilson C, Vogiagis D,
O’Brien PE (2001) Non-steroidal anti-inflammatory drugs with
activity against either cyclooxygenase 1 or cyclooxygenase 2
inhibit colorectal cancer in a DMH rodent model by inducing
apoptosis and inhibiting cell proliferation. Gut 48:660-666
Vaish V, Sanyal SN (2011) Chemopreventive effects of NSAIDs
on cytokines and transcription factors at the early stages of
colorectal cancer. Pharmacol Rep 63(5) (in press)

Mouille B, Robert V, Blachier F (2004) Adaptive increase of
ornithine production and decrease of ammonia metabolism in rat
colonocytes and hyperproteic diet ingestion. Am J Physiol Gas-
trointest Liver Physiol 287:G344-G351

Roediger WE, Truelove C (1979) Method of preparing isolated
colonic epithelial cells (colonocytes) for metabolic studies. Gut
20:484-488

Siboni G, Rothmann C, Ehrenberg B, Malik Z (2001) Spectral
imaging of MC540 during murine and human colon carcinoma
cell differentiation. J Histochem Cytochem 49:147-153
Baumber J, Meyers SA (2006) Changes in membrane lipid order
with capacitation in rhesus macaque (Macaca mulatta) sperma-
tozoa. J Androl 27:578-587. doi:10.2164/jandrol.05135

Nichols JW, Pagano RE (1981) Kinetics of soluble lipid mono-
mer diffusion between vesicles. Biochemistry 20:2783-2789
Hoekstra D (1982) Fluorescence method for measuring the
kinetics of Ca®*-induced phase separations in phosphatidylser-
ine-containing lipid vesicles. Biochemistry 21:1055-1061
Ambrosini A, Zolese G, Wozniak M, Genga D, Boscaro M,
Mantero F, Balerica G (2003) Idiopathic infertility: susceptibility
of spermatozoa to in vitro capacitation, in the presence and the
absence of palmitylethanolamide (a homologue of anandamide),
is strongly correlated with membrane polarity studies by Laurdan
fluorescence. Mol Human Reprod 9:381-388

Parasassi T, Ravagnan G, Rusch RM, Gratton E (1993) Modu-
lation and dynamics of phase properties in phospholipid mixtures
detected by Laurdan fluorescence. Photochem Photobiol 57:
403-410

Shinitzky M, Barenholz Y (1974) Dynamics of the hydrocarbon
layer in liposomes of lecithin and sphingomyelin containing
dicetylphosphate. J Biol Chem 249:2652-2657

Pottel H, van der Meer W, Herreman W (1983) Correlation
between the order parameter and the steady state fluorescence
anisotropy of 1,6 diphenyl-1,3,5-hexatriene and an evaluation of
membrane fluidity. Biochim Biophys Acta 730:181-186
Massey V, Williums CH (1965) On the reaction mechanism of
yeast glutathione reductase. J Biol Chem 240:4470-4475

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

38.

Vanderkooi JM, Callis JB (1974) Pyrene. Probe of lateral diffu-
sion in the hydrophobic region of membranes. Biochemistry
13:4000-4006

Levine L (2006) Cyclooxygenase expression is not required for
release of arachidonic acid from cells by some nonsteroidal anti-
inflammatory drugs and cancer preventive agents. BMC Phar-
macol 6:7

Kaur J, Sanyal SN (2010) Alterations in membrane fluidity and
dynamics in experimental colon cancer and its chemoprevention
by diclofenac. Mol Cell Biochem 341:99-108

Kalyanaraman B, Feix JB, Siebert F, Thomas JP, Girotti AW
(1987) Photodynamic action of merocyanine 540 on artificial and
natural cell membranes: Involvement of singlet molecular oxy-
gen. Proc Natl Acad Sci USA 84:2999-3003

McEvoy L, Schiegel RA, Williamson P, Buono BJD (1988)
Merocyanine 540 as a flow cytometric probe of membrane lipid
organization in leukocytes. J Leukoc Biol 44:337-344

John K, Schreiber S, Kubelt J, Herrmann A, Miiller P (2002)
Transbilayer movement of phospholipids at the main phase
transition of lipid membranes: implications for rapid flip-flop in
biological membranes. Biophys J 83:3315-3323

Bonnafous P, Stegmann T (2000) Membrane perturbation and
fusion pore formation in influenza hemagglutinin-mediated
membrane fusion. J Biol Chem 275:6160-6166

Weber G, Farris FJ (1979) Synthesis and spectral properties of a
hydrophobic  fluorescent  probe:  6-propionyl-2-(dimethyl-
amino)naphthalene. Biochemistry 18:3075-3078

Weber P, Wagner M, Schneckenburger H (2006) Microfluo-
rometry of cell membrane dynamics. CytometryA 69A:185-188.
doi:10.1002/cyto.a.20233

Parasassi T, Stefano MD, Loiero M, Ravagnan G, Gratton E
(1994) Cholesterol modifies water concentration and dynamics in
phospholipid bilayers: a fluorescence study using Laurdan probe.
Biophys J 66:763-768

Parasassi T, Stefano MD, Loiero M, Ravagnan G, Gratton E
(1994) Influence of cholesterol on phospholipid bilayers phase
domains as detected by Laurdan fluorescence. Biophys J 66:
120-132

Parasassi T, Gratton E, Yu WM, Wilson P, Levi M (1997) Two-
photon fluorescence microscopy of Laurdan generalized polari-
zation domains in model and natural membranes. Biophys J
72:2413-2429

Dale RE, Chen LA, Brand L (1971) Rotational relaxation of the
“microviscosity” probe diphenylhexatriene in paraffin oil and
egg lecithin vesicles. J Biol Chem 252:1500-1510

. Barenholz Y, Cohen T, Haas E, Ottolenghi M (1996) Lateral

organization of pyrene-labeled lipids in bilayers as determined
from the deviation from equilibrium between pyrene monomers
and excimers. J Biol Chem 271:3085-3090

Wilson-Ashworth HA, Bahm Q, Erickson J, Shinkle A, Vu MP,
Woodbury D, Bell JD (2006) Differential detection of phospho-
lipid fluidity, order and spacing by fluorescence spectroscopy of
bis-pyrene, prodan, nystatin, and merocyanine 540. Biophys J
91:4091-5001

@ Springer


http://dx.doi.org/10.1371/journal.pone.000881
http://dx.doi.org/10.1007/s13277-010-0051-7
http://dx.doi.org/10.2164/jandrol.05135
http://dx.doi.org/10.1002/cyto.a.20233

	Non steroidal anti-inflammatory drugs modulate the physicochemical properties of plasma membrane in experimental colorectal cancer: a fluorescence spectroscopic study
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Animal procurement
	Treatment schedule
	Isolation of colonic epithelial cells
	Western blot analysis
	Immunofluorescence analysis
	Evaluation of membrane electric potential using merocyanine 540 (MC540)
	Evaluation of lateral phase separation (N-NBD-PE fluorescence quenching)
	Evaluation of membrane phase state
	Calculation of GP parameter

	Fluidity and order parameter assay using DPH
	Membrane microviscosity study using pyrene
	Statistical analysis

	Results
	Macroscopic analysis of colon for tumor development
	COX-2 expression studies
	Membrane fluidity and potential analysis by merocyanine 540
	Membrane lateral phase separation analysis by self quenching of N-NBD-PE
	Evaluation of membrane phase state by Laurdan
	Fluidity and order parameter study of membrane
	Microviscosity analysis

	Discussion
	Conclusion
	Acknowledgment
	References


