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Experimental evidence has suggested that plasma membrane
(PM)-associated signaling and hence cell metabolism and via-
bility depend on lipid composition and organization. The aim
of the present work is to develop a cell model to study the en-
dogenous polyunsaturated fatty acids (PUFAs) effect on PM
properties and analyze its influence on cholesterol (Chol)
homeostasis. We have previously shown that by using a cell
line over-expressing stearoyl-CoA-desaturase, membrane
composition and organization coordinate cellular pathways
involved in Chol efflux and cell viability by different mechan-
isms. Now, we expanded our studies to a cell model over-
expressing both D5 and D6 desaturases, which resulted in a
permanently higher PUFA content in PM. Furthermore, this
cell line showed increased PM fluidity, Chol storage, and
mitochondrial activity. In addition, human apolipoprotein A-
I-mediated Chol removal was less efficient in these cells than
in the corresponding control. Taken together, our results
suggested that the cell functionality is preserved by regulat-
ing PM organization and Chol exportation and homeostasis.
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Introduction

Disorders in lipid metabolism underlie many current patholo-
gies in western lifestyle, such as metabolic syndrome and car-
diovascular disease. The cause seems to be in part related to
western diet, typically enriched in refined sugars, cholesterol
(Chol), and saturated fatty acids (FAs). In addition, the role of
polyunsaturated fatty acid (PUFA) in this kind of diet has been
extensively analyzed, but its particular effect is still far from
being clear. For instance, while different reports agreed on the
benefit of consuming lower levels of n-6 PUFA, there is no

unanimity whether higher or lower ingestion of n-3 PUFA
would decrease the incidence of the mentioned pathologies
[1–4]. While some PUFAs are known for their anti-
inflammatory and anti-oxidant action, Cavaliere and docosa-
hexaenoic acid (DHA) has been even proposed as ‘a promis-
ing tool for preventing age-related brain deterioration’ [5]; a
recent study has showed that in cerebrovascular inflammation,
a diet enriched in DHA worsens blood–brain barrier integrity
already compromised by chronic ingestion of saturated fats
[6]. Endogenous n-3 and n-6 PUFA are derived from diet es-
sential FAs, a-linolenic (18 : 3, n-3) and linoleic (18 : 2,
n-6), respectively, by the activity of FA desaturases D5
(FADS1) and D6 (FADS2) in a coordinated mechanism with
elongases. Furthermore, it has been proposed that the
FADS2 gene product would also have D8-desaturase activity
converting 20 : 2 (n-6) to 20 : 3 (n-6) and 20 : 3 (n-3) to 20 :
4 (n-3). The activity of these enzymes results in the synthesis
of physiologically relevant FAs such as arachidonic acid (20
: 4, n-6), eicosapentaenoic acid (20 : 5, n-3), and DHA (22 :
6, n-3). The pathways by which PUFAs exert their action are
certainly diverse; they regulate gene expression as ligands of
important transcription factors such as liver X receptor,
sterol response element binding protein-2 (SREBP-2), and
peroxisome proliferator activated receptor [7], and they also
render pro- (n-6 PUFA) and anti- (n-3 PUFA) inflammatory
mediators through eicosanoid metabolism [4,8,9].

Evidence that PUFAs alter membrane composition and
modulate microdomain organization and signaling has been
published some years ago [10], and it is still a topic of im-
portant debate [3,11,12]. In the past few years, evidence has
been accumulated supporting the model for plasma mem-
brane (PM) organization with transient and rapidly changing
microdomains that allow the interaction of resident proteins
and lipids nearby [13–15].

Assembly of lipid domains is the consequence of different
affinities among lipids or between lipids and membrane
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proteins. The best documented example in biological mem-
branes is the coexistence of segregated fluid–fluid domains
composed of Chol and sphingomyelin (SM)-rich or Chol-
poor phases. In addition to this heterogeneity and because
of the large number of chemical species coexisting in a
membrane, small amounts of certain lipids could introduce
extra domain segregation thus affecting membrane structure,
dynamic, and function. For example, very long-chain PUFA,
sometimes even referred to as ‘cholesterol-phobic’, form
membrane domains containing very little sterol due to steri-
cal incompatibility [11]. The selective partition of proteins
into specific membrane domains and consequently the regu-
lation of some signaling pathways associated to these events
are likely to depend on changes in the membrane compos-
ition and organization.

Since there has been experimental evidence showing
that membrane structure is dramatically altered by changes
in PUFA content [11], our aim was to obtain and charac-
terize a cell model with elevated levels of endogenous
PUFA to study Chol homeostasis and membrane properties.
Therefore, we constructed a stable cell line over-expressing
rat FADS1 along with FADS2, which resulted in a relative
increase of PUFA with respect to the monounsaturated fatty
acid (MUFA) at the PM. The permanent modification in the
PM lipids achieved in this model overcame inconveniences
of most studies which analyzed the effect of exogenous
PUFA added to the medium in cell culture experiments or
through specific diet formulation in animal models. We
characterized PM properties, Chol removal and storage, and
discussed our results in terms of lipid rearrangement and cell
cytotoxicity.

Materials and Methods

Materials
Human apolipoprotein A-I (apoA-I) from the plasma of
healthy donors (kindly donated by Banco de Sangre,
Instituto de Hemoterapia de la Provincia de Buenos Aires,
La Plata, Argentina) was isolated and purified as previously
described [16]. Purity was higher than 95% as estimated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
using Coomassie blue staining. Laurdan [6-lauroyl-2-
(dimethylamino) naphthalene], was purchased from Molecular
Probes (Eugene, USA). Bovine serum albumin (BSA),
Tris(hydroxymethyl)aminomethane hydrochloride (Trizmaw

HCl), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), and lipids used as standards for thin layer
chromatography (TLC) (egg phosphatidylcholine, free and
esterified Chol, brain SM, phosphatidylinositol, phosphati-
dylserine, and phosphatidylethanolamine) were obtained
from Sigma-Aldrich Biochemicals (St Louis, USA); minimal
essential medium (MEM) and the antibiotic-antimycotic
mixture were obtained from Invitrogen Corporation

(Carlsbad, USA). Fetal bovine serum (FBS) was purchased
from Bioser (Buenos Aires, Argentina) and 1,2-3H(N)-
cholesterol was obtained from Amersham Biosciences
(Pittsburgh, USA). Chinese hamster ovary (CHO) cells
(CHO-KI) were purchased from ATCC (CCL-61; Manassas,
USA).

Construction of a stable cell line over-expressing
D5 and D6 desaturases
Rat D5 (FADS1) desaturase cDNA [17] was subcloned into
the mammalian expression vector pcDNA3.1/geneticin
(Invitrogen) and transfected into CHO-KI cells by using
Lipofect-AMINE 2000 (Invitrogen). Transfectants expres-
sing D5 desaturase were selected with geneticin (200 mg/ml).
The clone with the highest D5 desaturase expression level
(assessed by Northern blot, data not shown) was further
transfected with the vector construct pcDNA 3.1/Hygro
(Invitrogen) containing the full-length rat D6 desaturase
(FADS2) [18]. A clone resistant to both geneticin and hygro-
mycin (200 mg/ml) was selected, expanded, and frozen in
liquid N2 for further experiments. The resistant clone was
designated as FADS cells. In addition, cells transfected with
the plasmids without the desaturases inserts were considered
as control for all experiments.

Quantitative real-time polymerase chain reaction
Desaturase gene expression level was determined by real-
time polymerase chain reaction (RT-PCR). Total RNA was
isolated from control and FADS cells (n ¼ 5 in each group)
by using Trizol reagent (Invitrogen). Isolated RNA (1.5 mg)
was separated on 1.0% agarose-1 M formaldehyde gel elec-
trophoresis to assess RNA quality. Quantitative RT-PCR
analysis was performed by using an MX3000 apparatus
(Stratagene, La Jolla, USA). Total RNA (1 mg) from indi-
vidual samples was used to generate cDNA by using the
Affinity Script QPCR cDNA kit (Stratagene). Equal
amounts of cDNA were amplified with Brilliant SYBR
Green QPCR Master Mix (Stratagene). The levels of various
mRNAs were normalized to those of b-actin. The quantita-
tive RT-PCR primers were as follows: D6 desaturase
50-TGTCCACAAGTTTGTCATTGG-30 (forward) and 50-AC
ACGTGCAGGTCTTTATG-30 (reverse); D5 desaturase 50-T
GGAGAGCAACTGGTTTGTG-30 (forward) and 50-GTTG
AAGGCTGACTGGTGAA-30 (reverse); b-actin, 50-TGTC
AGCAATGCCTGGGTACA-30 (forward) and 50-ACTATT
GGCAACGAGCGGTT-30 (reverse).

Cell culture
Cells were cultured as previously described [19]. Briefly,
CHO cells were seeded into 10 cm diameter culture dishes
and incubated until confluence in MEM supplemented with
penicillin/streptomycin solution (100 units/ml) and 10%
FBS at 378C in a 5% CO2 atmosphere.
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Membrane isolation and lipid composition analysis
To isolate PM, we followed the technique of Mander et al.
[20] with further modifications as previously described [19].
Lipids were quantified by TLC and FAs were analyzed by
gas liquid chromatography [19].

[3H] Chol labeling of cells and Chol efflux assays
Cells were labeled and loaded or not with Chol at the same
time by overnight incubation with 0.5 mCi/ml [3H] Chol in
serum-free medium supplemented with or without 50 mg/ml
Chol as described above. After 24 h equilibration with
2 mg/ml BSA-MEM, monolayers were washed with PBS
and treated for 12 h with serum-free medium containing
12 mg/ml of apoA-I or not. Aliquots of the medium were
collected stepwise at different time periods and a final
aliquot was collected after 24 h incubation for scintillation
counting. Finally, cells were scrapped and resuspended in
PBS for scintillation counting as well. In a different assay,
cells were scrapped after labeling and incubation as
described, lipids were extracted, and sterol species were
separated by high-performance TLC on a silica gel plate
with concentrating zone (Whatman, Schleier-Schuell, UK).
Membrane lipid mixtures were developed in hexane/ethyl
ether/acetic acid (80 : 20 : 1, v:v), and spots corresponding to
cholesteryl esters (CE) and unesterified Chol (FC) were
identified by staining with I2 vapor and co-migration with
authentic standards. Appropriate spots were scraped and
quantified by scintillation counting.

Cell functionality
Control and FADS cells were incubated as described above
in multiwell plates. Then, the MTT assay was carried out as
previously described by Mosmann [21] with modifications.
Briefly, cells were grown under different experimental con-
ditions and then incubated with 0.5 mg/ml MTT in PBS at
378C for 4 h to allow MTT reduction to formazan blue by
metabolically active cells. Next, crystals were solubilized
and formazan was quantified as optical density (OD) in-
crease at 570 nm in a DTX 880 multimode detector
(Beckman Coulter, Fullerton, USA).

Laurdan generalized polarization imaging
and quantification
A full discussion of the use and mathematical significance
of generalized polarization (GP) can be found in the litera-
tures [22–25]. Briefly, Laurdan is used as a membrane
probe because of its large excited-state dipole moment,
which enables it to report the extent of water penetration into
the bilayer surface as a result of dipolar relaxation [26].
Water penetration has been correlated with lipid packing and
membrane fluidity [27]. If Laurdan is solubilized in a lipid
structure (i.e. a membrane), its spectrum senses the environ-
ment and shifts according to the water content of the bilayer.

The quantification of the spectral shift is given by (1):

GP = (I440 � I490)/ðI440 + I490Þ ð1Þ

where I440 and I490 are the emission intensities at 440 and
490 nm, respectively. Images were collected on a scann-
ing two-photon fluorescence microscope designed at the
Laboratory for Fluorescence Dynamics (University of
California at Irvine, USA) as previously described [25,28].
The fluorescence was split into two channels by using a
Chroma Technology 470 DCXR-BS dichroic beam splitter
in the emission path. Interference filters (Ealing 490 and
Ealing 440) were placed in the emission paths to further
isolate the two desired regions of the emission spectrum.
Two simultaneous emission images (centered at 440 and
490 nm) were obtained from the cells, which were processed
applying the GP formula (1) to each pixel using the SimFCS
program (Laboratory for Fluorescence Dynamics). Correc-
tions for the wavelength dependence of the emission detec-
tion system were accomplished through the comparison of
the GP value of a known solution (Laurdan in dimethyl sulf-
oxide) [29]. FADS or control cells were grown as previously
described until 70% confluence (in order to allow observa-
tion of single cell membranes) and then loaded or not with
Chol as mentioned above. Subsequently, cells were washed
with PBS and incubated for 15 min at 378C with Laurdan to
a final concentration of 1 mM in Dulbecco’s modified
Eagle’s medium (DMEM) þ 2.5% FBS. After rinsing three
times with fresh medium, cells were kept in DMEM at the
same temperature during the observation time in a thermo-
statized microscope stage. To avoid data dispersion due to
laser alignment, cell confluence, and so on, treatments were
compared with untreated cells measured over the same day
and under same conditions [19].

Statistical analysis
Unless otherwise stated, results were shown as the mean+
SE of at least three independent measurements. Normality
could not be proved in any case, and therefore statistically sig-
nificant differences among sample means were evaluated by
the Mann–Whitney U test (*P , 0.05 vs. control). Variances
were similar for all pair of groups tested (P . 0.05, F test).

Results

Cell line construction and characterization
To obtain a reliable cellular model to test the influence of
membrane composition on Chol homeostasis and cell func-
tionality, a cell line was constructed showing stable
PUFA-enriched lipid composition at the PM. The efficien-
cies of FADS1 and FADS2 transfection and over-expression
were confirmed by quantitative RT-PCR, showing that
mRNA levels of both desaturases increased more than five
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times in the transfected cells, when compared with control
(Fig. 1A,B). Then, to verify that the over-expression resulted
in a higher activity of both enzymes, we analyzed membrane
FAs composition. As expected, the combined activity of
both desaturases induced a significant increase (41%) in the
poly vs. monounsaturated fatty acids (PUFA/MUFA) ratio,
when compared with the control (Fig. 1C). In addition, we
analyzed the relative composition of the major lipid classes
at the membrane. To simplify comparative studies, data were
expressed as the mass ratio of glycerophospholipids (PL) to
SM, and glycerophospholipids to FC [19]. As shown in
Fig. 1D, PL/SM and PL/FC ratios were higher by 74% and
60%, respectively, in FADS cells, when compared with
control, indicating a lower relative content of FC and SM in
response to PUFA build up.

Membrane organization of cells in vivo
Given the different lipid composition of FADS cells as com-
pared with the control, we analyzed the PM organization of
both cell types in living cells. We have previously addressed
this issue in a different cell type using Laurdan GP imaging
and two-photon excitation fluorescence microscopy [19,24,
30,31]. Laurdan partitions equally into fluid or condensed
membranes and is not associated to specific FAs or phospho-
lipid head groups [22]. Hence, GP values reflect the overall
membrane organization and not a specific lipid or protein
composition [32], simplifying the analysis of lateral organ-
ization. According to the method previously described [19],
Laurdan-labeled cells were observed by setting the focal z
plane in the middle of the cell, a configuration that allows
the observation and GP measurements at the PM. GP values

Figure 1. Fatty acid desaturases effect on membrane composition (A,B) Quantification of mRNA levels by quantitative RT-PCR. Gray bars represent

mRNA levels in FADS1 cells (A) and FADS2 cells (B) and black bars in control cells. (C) Comparative FA composition of FADS (gray) vs. control (black)

cells. PUFA/MUFA ratio increased 41% in FADS cells. (D) Relative composition of major lipid classes at the PM. PM lipids were separated by TLC and the

composition was quantified by scanning of different lipid areas after calcination. Figure showed relative ratios of glycerophospholipids (PL) to SM and to FC

in FADS cells with respect to control. Dashed line showed ratio ¼ 1, to better visualize the relative changes induced by the over-expression of FADS1 and

FADS2. In FADS cells, PM both PL/SM and PL/FC ratios were higher by 74% and 60%, respectively, when compared with the control cells, indicating a

relative lower FC and SM content in the PM of the transfected cells. *P , 0.05 vs. control cells.
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ranged from 1 to 21 according to (1). The analysis of a GP
image was shown in Fig. 2A. In a typical GP image of a
CHO cell (Fig. 2A, 1), two areas can be easily distinguished:
pixels with high GP values (orange) and low GP values
(yellow) corresponding to the PM and internal membranes,
respectively [31]. The pixel distribution (GP histogram)
from this image (Fig. 2A, 2) also showed two populations:
one pick centered on GP values around zero (internal mem-
branes) and a second one centered on GP values around 0.3
(PM). By using the Image J software, we isolated the pixels
corresponding to the PM from the image (Fig. 2A, 3) and
used the corresponding histogram (Fig. 2A, 4) to analyze the
PM organization. The center of the PM pixel distribution
(Fig. 2A, 4) was the average GP value and could be inter-
preted as the average fluidity of the PM. FADS cells showed
a statistically significant decrease of average GP values,
when compared with control cells, implying higher fluidity
(higher water content in the PM) (Fig. 2B). To further

understand the origin of this difference in PM fluidity, we
applied the coverage analysis [33]. In this analysis, the pixel
distribution corresponding to PM was deconvoluted into two
best-fitted Gaussians (Fig. 2C), and the obtained parameters
(Areas 1 and 2) and mean GP values (1 and 2) were plotted as
percentage coverage vs. main GP value, respectively. It is im-
portant to mention that in this type of analysis, the thickness
of the PM has to be assigned. PM is around 6–7 nm, the point
spread function of the two-photon system is around 300 nm,
therefore, the areas adjacent to the PM will contribute to the
signal. We assigned the area corresponding to the PM based
on the GP value, as well as previous studies using giant unila-
mellar vesicles [24,34] and red blood cells [31,35], systems
where the contribution of the cytosol is zero or minimal.

This coverage plot was interpreted as a map of the distri-
bution of two populations of lipid domains having different
mean GP values: low (L-GP, more fluid) and high (H-GP,
less fluid) mean GP. GP-domain population composition

Figure 2. PM organization (Laurdan GP imaging) (A) Average Laurdan GP value for the PM is obtained from the GP image (1) taken at the middle

plane of the cell. In the pixel distribution (2) the pixels corresponding to the membrane (3) were isolated for analysis (4). (B) Average membrane GP values

from control and FADS cells. Box charts showed minimum, median, 25th, and 75th percentile values. *P,0.05. (C) Pixels distribution from the PM (image

inserted) is deconvoluted into two best-fitted Gaussians and the area and main GP value of each Gaussian distribution are obtained. (D) Double plot where

the center of each Gaussian (main GP value) and the area (% coverage) was represented for 15 cells. All measurements were performed at 378C. Black and

blue plots represented control and FADS cells, respectively.
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obtained by this procedure (Fig. 2D) showed clear difference
between control and FADS cells. In control cells (black
symbols), there was similar percentage coverage for the two
populations with average GP values of 0.28+0.05 (L-GP)
and 0.37+0.03 (H-GP). Instead, for FADS cells (blue
symbols), the main GP value of the H-GP domains remained
similar to that of control cells with �60% of the number of
pixels, but the L-GP domains showed a significant decrease
in main GP value (from 0.28 to 0.24+0.05) and a 10%
coverage reduction. These results indicated that the higher flu-
idity observed in PM from FADS cells was mainly due to an
increased fluidity of more fluid domains (L-GP).

Chol efflux
We next examined the effect of increased desaturases ex-
pression on cellular Chol efflux mediated by lipid-free
apoA-I. The first step of lipid removal by apoA-I is an active
process mediated by the ATP-binding cassette transporter
A1 (ABCA1), which preferentially partitions into liquid-
disordered domains [36]. It is well known that apoA-I is effi-
cient to remove Chol from cells in a time-dependent fashion
[37]. Results showed that after 24 h incubation, apoA-I
removed about 30% of the loaded Chol from control cells,
and about 20% from FADS cells under the same conditions
(Fig. 3A). A similar trend was observed on comparing
Chol-loaded cells (data not shown).

Intracellular Chol esterification
The decreased efficiency of Chol removal by apoA-I from
FADS cells might be due to the reduced amount of Chol in
the PM with respect to the control (Fig. 1). However, it was
also possible that the equilibrium between FC and stored
Chol was being altered. Cell Chol is found either at cell

membranes as FC (mainly at the PM) or stored in lipid dro-
plets as CE. The ratio CE/FC is maintained by the activity of
acyl CoA:cholesterol acyltransferase (ACAT), which cata-
lyzes the esterification of FC to different FAs [38,39].
Hence, we sought to establish the effect of FADS over-
expression on Chol storage. We measured radioactivity asso-
ciated to CE and FC after labeling FADS and control cells
with [3H] Chol. A small but significantly higher CE/FC ratio
was observed in FADS cells (Fig. 3B). Previous research
has demonstrated that apoA-I induces a decrease of Chol
pools available to be esterified by ACAT [40,41]. Thus,
Chol removal by overnight incubation with apoA-I turned
into a relative decrease of CE in both cell lines.

Effect of FADS over-expression on cell functionality
FC accumulation is cytotoxic, impacting on cell metabolism
and viability [39]. To address the effect of desaturases over-
expression on cell functionality due to differences in Chol
partition, we compared mitochondrial reduction capacity in
both cell lines by MTT assay. In a previous work, we have
established that MUFA increase by stearoyl-CoA-desaturase
over-expression results in greater mitochondrial reduction
activity and lower LDH release to the medium suggesting
higher cell viability, even after FC load [19]. In the present
study, the FADS cells showed 36% greater reduction cap-
acity than the control cells (Fig. 4). However, both cell lines
were equally sensitive to Chol loading (40% lower OD).

Discussion

PM offers a unique interphase for translating the events from
the close environment surrounding the cell to the internal
machinery controlling and regulating cell homeostasis in a

Figure 3. Cholesterol homeostasis (A) Cholesterol efflux was measured by scintilliation counting of [3H] Chol in the incubation medium (methods).

Chol efflux from FADS cells towards apoA-I (open triangles) was �10% less efficient, when compared with the control (open circles) cells. Kinetics

showed by close symbols represent efflux measurements from control (circles) and FADS (triangles) cells incubated in the absence of apoA-I. (B)

Intracellular Chol esterification. Total lipids were separated by high-performance thin layer chromatography and CE/FC was measured by scintilliation

counting of [3H] Chol (methods). Chol removal by overnight incubation with apoA-I (12 mg/ml) resulted in a decrease of CE to a similar extent in both cell

lines. *P , 0.05 vs. control cells; #P , 0.05 vs. the same type of cells in the absence of apoA-I.
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coordinated fashion. Small changes in physicochemical vari-
ables such as Chol content or protein interactions might
induce growth or coalescence of certain types of lipid
domains, which could in turn modulate membrane-
associated physiological signaling. By using synthetic
antimicrobial peptides, it was shown that their insertion into
the membrane is highly dependent on lipid composition
and lateral organization. Phase separation—but not Chol
content—has been shown to inhibit peptides activity [42]. It
is though that Chol makes fluid domains more rigid thus
inhibiting membrane disruption, which is the clue in eukary-
otic cells with high Chol content [43]. Interesting studies
were achieved by using Pardaxin, a membrane-lysing peptide.
While this peptide can promote redistribution of Chol in the
PM [44], the addition of Chol in different systems has been
found to reduce the peptide’s ability to disrupt bilayers, by
limiting the backbone motion [45,46].

In other field, it has been suggested that membrane com-
position is important to determine cytotoxicity associated to
amyloid formation. Lipid charge, as well as membrane hetero-
geneity, curvature, and surface defects can determine peptides
insertion into the bilayer and hence the mechanism of mem-
brane disruption [47]. In this trend, it was suggested that the
presence of ganglioside enhances both the initial pore forma-
tion and fiber-dependent membrane fragmentation, processes
that mediate toxicity induced by the Abeta peptide [48].

The delicate balance of the multiple factors participating
in PM function is not completely understood and requires to
be studied in more details. In a previous work, by using a
stable cell line with higher MUFA content in the PM, we
proposed the existence of a compensatory mechanism by
which cells tend to preserve membrane fluidity in order to
maintain functionality [19]. We herein expanded our studies
by introducing other permanent perturbations in membrane
organization and composition caused by an increase of

PUFA. Our results suggested that for cell viability, besides
fluidity, the process of redirecting Chol molecules to
domains is also important, in which Chol can be solubilized
or stored in non-toxic pools.

Membranes with a similar lipid composition were studied
by different technical approaches by Wassall et al. [11,49].
They simplified PM as lipid rafts floating in a ‘sea’ of bulk
lipids, and showed that PUFA-containing phospholipids
have very poor affinity for Chol due to ‘high flexibility’
attributed to the presence of many unsaturations. They sug-
gested that higher amounts of these lipids segregate Chol
apart from the bulk of the membrane, favoring the partition
of sterol-rich/SM-rich liquid-ordered regions away from
sterol-poor/PUFA-rich liquid domains. GP studies in our
present model system (FADS cells) indicated that the more
ordered domains keep a similar fluidity (i.e. composition),
when compared with the control cells, the more fluid
domains (likely enriched in PUFA) become even more fluid.
As lower FC content was observed in FADS cells, PM could
be then attributed to a decreased amount of Chol solubilized
in the more fluid domains. The segregation effect induced
by PUFA [11] can favor the existence of a smaller number
but of larger size of Chol-rich domains, resulting in a
decreased area of surface defects. We have shown that the
protein reconstituted in lipid-poor complexes (rHDL) prefer-
entially solubilizes Chol from the more fluid phases [24], but
we and others have also suggested previously that apoA-I
lipid solubilization from the bilayers is favored by the exist-
ence of a large area of surface defects [50,51]. Taken to-
gether, these facts could explain why Chol removal
mediated by apoA-I is less efficient in these cells, even upon
Chol load from an external source (not shown). For more
clarity, we represented this hypothesis in a cartoon (Fig. 5).

In addition, considering that FC cannot suit properly in a
high PUFA level environment, uncomplexed excess Chol
should be esterified and stored as CE in order to avoid cell
toxicity. Consistent with this, ground state FADS cells
showed a higher CE/FC ratio (Fig. 3) and greater mitochon-
drial activity as detected by the MTT assay (Fig. 4).

Another mechanism to be considered is that lipid re-
arrangement at the PM could indeed modify cell-signaling
events depending on protein partition into different lipid
platforms. PUFA-PL can profoundly alter the ‘landscape’
of cell membrane lipid rafts/caveolae microdomains,
which may directly or indirectly influence Chol removal.
Supporting this idea, gene expression of caveolin-1, ABCA1,
and SREBP-2 was downregulated by feeding PUFA-enriched
diets to dogs with inflammatory bowel disease [52]. A down-
regulation of caveolin-1 is consistent with the increased
ACAT activity suggested by the larger CE content in our cell
line [53]. Considering that high FC level is cytotoxic, lower
caveolin expression would support the observed increased
mitochondrial reduction capacity. We have recently shown

Figure 4. Cellular viability Cell functionality was assayed by MTT

(methods). In the absence of Chol, FADS cells (gray bar) showed �36%

greater reduction capacity than the control cells (black bar). Both cell lines

were equally sensitive to Chol loading showing 40% lower OD. *P , 0.05

vs. control cells.
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that Chol extraction from CHO cells membrane decreases the
size of GP domains from a range from 300–78 to 78–25 nm,
indicating that some ordered domains would split into some
smaller ones [51]. Necessarily, our future work will be direc-
ted to address the influence of membrane organization on the
signaling events involved in cell viability through Chol
homeostasis.
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