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Dietary fat type influences fatty acids in rat pancreatic
membranes, in association with modulation of secretory activity
and cell signalling in viable acini. We aimed to confirm whether
AR42J cells are a valid model to study the interactions between
lipids and pancreatic acinar cell function. For this purpose we
have (i) compared the baseline fatty acid composition of AR42J
cells with that of pancreatic membranes from rats fed a standard
chow; (ii) investigated if fatty acids in AR42J membranes can be
modified in culture; and (iii) studied if similar compositional
variations that can be evoked in rats when dietary fat type is
altered occur in AR42J cells. Weaning Wistar rats were fed for 8
weeks either a commercial chow (C) or semi-purified diets
containing virgin olive oil (VOO) or sunflower oil (SO) as fat
source. AR42J cells were incubated for 72 hrs in medium
containing unmodified fetal calf serum (FCS, AR42J-C cells),
FCS enriched with 18:1 n-9 (AR42J-0O cells), or FCS enriched
with 18:2 n-6 (AR42J-L cells). Fatty acids in crude membranes
from rat pancreas and AR42J cells were determined by gas—
liquid chromatography. Differences in membrane fatty acids
between C rats and AR42J-C cells can be explained in part by
variations in the amount of fatty acids in the extracellular
environment. Supplementation of FCS with 18:1 n-9 or 18:2 n-6
changed the fatty acid spectrum of AR42J cells in a manner that
resembles the pattern found, respectively, in VOO and SO rats,
although AR42J-L cells were unable to accumulate 20:4 n-6. The
AR42J cell line can be a useful tool to assess the effect of
membrane compositional changes on acinar cell function.
However, differences in baseline characteristics, and perhaps
fatty acid metabolism, indicate that results obtained in AR42J
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cells should be confirmed with experiments in the whole animal.
Exp Biol Med 232:532-541, 2007
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Introduction

Recent research in nutritional science is trying to
elucidate the effect of dietary lipids on membrane
composition and function. Membrane fatty acid composition
can be modified in many different types of mammalian cells.
The changes can be of sufficient magnitude to affect a
number of cellular functions, including carrier-mediated
transport, transduction pathways, activity of membrane-
bound enzymes, receptor binding, and exocytosis processes
(1-4). Many of the functional responses are probably caused
directly by the membrane lipid structural changes, which
affect either bulk lipid fluidity or specific lipid domains. The
conformation of some transporters, receptors, and enzymes
may be sensitive to changes in lipid microenvironment, thus
leading to changes in activity.

Studies in animal models have provided evidence about
the effects of dietary fats on physiologic and pathologic
processes. Work in our laboratory confirmed that the type of
dietary fat strongly influences the fatty acid composition of
rat (5) and rabbit (6) pancreatic membranes. In the rat study,
this was accompanied by a change in the secretory activity
and mobilization of intracellular Ca®" stimulated by
cholecystokinin-octapeptide (CCK-8) in viable pancreatic
acini (5, 7). Interestingly, by using the method of direct
cannulation of the pancreatic duct in anaesthetized rats, we
have been able to find a modification of CCK-induced
secretory output as a function of the type of fat previously
fed (8), which indicates that the modulating effect of this
nutrient on exocrine pancreatic function in not limited to the
cellular level. In a more recent study (9), we have observed
that chronic intake of diets differing in the fat type can also
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influence the responsiveness of acinar cells to acetylcholine,
likely in relation to dietary-induced changes in cell
membrane composition.

The effects of lipid modification on cell function are
complex. Not only can they vary from one tissue to another,
but they also are not exerted uniformly on all processes in a
single cell line. For this reason, it is not possible to make
generalizations or to predict how a given system will
respond to a particular lipid alteration. Within this context,
cell culture appears to be a good approach for investigating
the molecular aspects of this problem. A much wider array
of modifications is possible in cultured cells than in intact
animals, and the environmental conditions can be controlled
better. Because of homogeneity in morphology and
composition, cell culture systems provide us with an
elevated number of identical replicas, thus avoiding the
serious problem of samples heterogeneity inherent to animal
experimentation. Another valuable advantage, in terms of
budget and time economy, is that animals require long
periods of adaptation to dietary fats, whereas adaptation of
cultured cells is achieved in a few days. In addition, ethical
issues raised by animal experimentation support the use of
cell culture. While cultured cells and tissues cannot replace
the in vivo systems, they are valid alternative models in
many situations.

The AR42]J cell line is the only currently available cell
line that maintains many characteristics of normal pancreatic
acinar cells, such as the synthesis and secretion of digestive
enzymes (10). AR42J cells show receptor expression and
signal transduction mechanisms parallel to those of normal
pancreatic acinar cells (11), and have been widely used to
study secretion, signal transduction, cytoskeleton function,
apoptosis, and pancreatitis responses of the exocrine
pancreas (12—18). Thus, we thought that this cell line could
be a suitable in vitro model for our purpose of examining
the molecular mechanisms of the effect of dietary lipids on
membrane composition and cell function. Surprisingly, we
found that, in spite of the wide usage in recent years, no
information is available on the baseline lipid composition of
AR42]J cell membranes, and there are no attempts made in
recorded scientific literature to modify the fatty acid
composition of AR42J cells in culture. Our aim in the
current study was to determine the membrane fatty acid
composition of AR42J cells, to investigate whether these
cells adapt their membranes after exposure to different fatty
acids in the culture medium, and to confirm if this process is
similar to the adaptation of the rat exocrine pancreas that
occurs when dietary fat intake is modified (5, 8, 9). To
achieve our objectives, two separate groups of weaning rats
were fed over 8 weeks on diets containing either virgin olive
oil or sunflower oil as the fat source. In turn, culture medium
for AR42]J cells was supplemented with 18:1 n-9 or 18:2 n-
6, the two major components of olive oil and sunflower oil,
respectively.

Materials and Methods

Materials. Unless otherwise stated, all chemicals and
solvents of the highest grade available were obtained from
Sigma (St. Louis, MO, USA) and Merck (Darmstadt,
Germany).

Animals and Diets. Twenty-seven male weaning
Wistar rats (weight 40-55 g; Animal Farm of the University
of Granada, Granada, Spain) were divided into three groups
(9 each) so that the average weight per group was the same.
A first group, which served as control (C), was fed for 8
weeks with a standard cereal-based chow for this species
(Panlab A04, Panlab Laboratories, Barcelona, Spain). The
chow was composed of 15.4% protein, 2.9% fat, 60.5%
carbohydrates, 3.9% fiber, 5.3% minerals, and 12% water
(data from the manufacturer’s analyses). The other two
groups of rats were fed over the same period with two semi-
purified diets that were a modified version of the AIN-93G
diet (19). These semi-purified diets were prepared in
powdered form by mixing the fresh, chemically defined
ingredients, according to (%): casein, 20; maize starch,
36.75; dextrose, 13.2; sucrose, 10; cellulose, 5; fat, 10; L-
cystine, 0.3; choline bitartrate, 0.25; AIN-93G mineral
mixture, 3.5; AIN-93G vitamin mixture, 1. The sources of
fat were commercial edible oils obtained locally: virgin
olive oil (VOO rats, Fedeoliva, S.A., Jaén, Spain) or
sunflower oil (SO rats, Koipe, S.A., Jaén, Spain). The VOO
and SO diets were prepared at the Nutrition Unit of the
Animal Farm (University of Granada, Granada, Spain),
packed in plastic bags, sealed, and sent to our laboratory.
Upon arrival, aliquots were taken for determination of water
content by drying to constant weight in oven at 105°C.
Average water content was 10% in both semi-purified diets.
All diets were stored in darkness at 4°C until used to avoid
peroxidation. The fatty acid composition of the diets (Table
1) was determined by gas—liquid chromatography (GLC) as
described later for the membrane fractions.

During the 8-week adaptation period to the diets,
animals were housed individually in a temperature-con-
trolled room (22 = 1°C), kept on a 12:12-hr light:dark cycle
and given free access to water and food. All procedures
were approved by the Ethics Committees of the University
of Granada and the Spanish Ministry of Science and
Technology. Animals were handled according to the
guidelines of the Spanish Society for Laboratory Animal
Sciences and killed humanely.

Cell Culture. Rat pancreatoma AR42J cell line,
proceeding from the European Collection of Cell Cultures
(ECACC N°: 93100618), was supplied by the Cell Bank of
the Scientific Instrumentation Centre at the University of
Granada (CIC-UGR, Granada, Spain). Cells were routinely
cultured at 37°C in a 5% CO,/95% air atmosphere in RPMI-
1640 medium containing 10% fetal calf serum (FCS) and 2
mM glutamine. AR42J cells were used following treatment
with 100 nM dexamethasone in culture medium for 72 hrs to
induce differentiation (13, 14).
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Maintenance, culture, and chronic treatments (dexa-
methasone and fatty acids) of AR42J cells were carried out
in the Tissue and Cell Culture Unit of the CIC-UGR
(Granada, Spain) in order to optimize cell production while
avoiding the risk of bacterial contamination. Cells were
transferred to our laboratory for analyses.

Membrane fatty acid modifications in AR42J cells were
evoked during the 72-hr differentiation period according to
a simple protocol based on a modification of the method of
Chow et al. (20). Briefly, fetal calf serum (FCS) was
enriched in either 18:1 n-9 or 18:2 n-6 by addition of
necessary volume of stock solutions (100 mM in absolute
ethanol). This mixture was equilibrated for 1 hr at 37°C and
5% CO,. During this time, 3 sonication pulses of 30 secs
each were applied to facilitate binding of fatty acids to FCS
proteins. FCS enriched with 18:1 n-9 or 18:2 n-6 was then
added to the culture medium (AR42J-O and AR42J-L cells,
respectively). Final concentration of added fatty acids in
medium was 50 pM. Fatty acids were obtained from Sigma
and were approximately 99% pure and cell culture tested.
The pH of the medium did not differ with the addition of
fatty-acid enriched serum. Control cells (AR42J-C cells)
were fed the culture medium containing the intact,
unmodified FCS. The viability of fatty acid—supplemented
and not supplemented cells was found to be 95%—-98% by
trypan blue exclusion method.

Collection of Crude Membranes. At the end of the
8-week feeding period, overnight-fasted rats were killed by
cervical dislocation. Each pancreas was quickly removed,
trimmed free of fat, connective tissue, and lymph nodes in
cold saline solution (0.9% NacCl); blotted, and weighed.
ARA42]J cells were detached mechanically from culture flasks
by gentle pippeting and washed twice in cold phosphate-
buffered saline (PBS). Collection of crude membranes from
rat pancreas and AR42J pancreatic acinar cells was
accomplished by established methods (21).

Analysis of Cell Membranes. Lipid extraction and
fatty acid methylation was done in a one-step reaction (22).
A GLC system, model HP 5890 series II (Hewlett Packard,
Palo Alto, CA, USA), equipped with an automatic injector
and a flame ionization detector, was used to analyze fatty
acids as methyl esters. GLC was performed using a 60-m—
long capillary column (32 mm i.d. and 20 mm thickness)
impregnated with Sp 2330 FS (Supelco, Bellefonte, PA,
USA).

Electron Microscopy. AR42]J cells were processed
by conventional procedures for electron microscopy (23) at
the Biological Sample Preparation Laboratory of the CIC-
UGR (Granada, Spain). In brief, cells were prefixed for 2 hrs
at 0°~4°C in 1.5% glutaraldehyde and 1% formaldehyde in
50 mM sodium cacodylate buffer (pH 7.4). The cultures
were postfixed with 1% OsO4 and 1% potassium ferricya-
nide for 1 hr at 0°~4°C in the dark, and passed through
0.15% tanic acid in the above buffer, followed by treatment
with 2% uranyl acetate for 2 hrs in darkness. Increasing
concentrations of ethanol (50, 75, 90, 95, and 3X 100%)

Table 1. Fatty Acid Composition of the Experimental
Diets and Fetal Calf Serum (FCS) Used, Respectively,
in the Rat and Cell Culture (AR42J) Studies?

Rat study
VOO SO Commercial w
Fatty acid  diet diet chow FCs®
16:0 9.81 6.35 20.27 28.24
16:1 n-7 0.63 0.12 0.86 2.40
18:0 3.96 4.37 6.43 17.28
18:1 n-9 76.75 31.19 28.08 21.37
18:2 n-6 6.81 55.92 34.49 6.78
18:3 n-3 0.66 0.07 2.64 0.00
SFA 14.02 10.87 29.21 57.06
MUFA 77.67 3148 31.21 25.68
PUFA 8.31 57.65 39.58 17.26
UFA 85.98 89.13 70.79 42.94
SFA/UFA 0.16 0.12 0.41 1.33

4 Values are percentages of total fatty acid content (mean values of
four replicates). VOO, virgin olive oil; SO, sunflower oil; FCS, fetal
calf serum; SFA, saturated fatty acids; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids; UFA, unsaturated fatty
acids.

b Intact, unmodified FCS.

were used (5 mins each, 0°-4°C) in the process of
dehydration. The samples were then embedded in Epon
epoxy resin through an ethanol:Epon series. Ultra-thin
sections (500700 um) were cut, collected on copper grids,
poststained with uranyl acetate and lead citrate, and
examined with a Zeiss EM 902 transmission electron
microscope (Zeiss, Oberkochen, Germany) at 80 kV by
personnel of the Microscopy Service of the CIC-UGR
(Granada, Spain).

Statistical Analysis. Unless otherwise expressly
noted, results in the text, tables, and graphs are reported
as means = SEM. One-way analysis of variance (ANOVA)
was performed to compare membrane fatty acid content
between groups, and Tukey’s HSD (honestly significant
difference) was used for all post hoc comparisons (SPSS for
Windows, version 13.0.1, 2005; SPSS Inc., Chicago, IL,
USA). Values were considered to be significantly different
when P < 0.05.

Results

Transmission Electron Microscopy (TEM). As a
part of our objective of finding a cultured line of pancreatic
acinar cells that could serve as an appropriate in vitro model
to study the interaction between dietary lipids and
membrane composition and function, it was pertinent to
confirm dexamethasone-induced differentiation of AR42J
cells. Figure 1 shows a typical AR42]J cell cultured with
unmodified, intact, fetal calf serum in the absence (A) or
presence (B) of 100 nM dexamethasone. At the ultra-
structural level, the most striking effect of dexamethasone
treatment for 72 hrs concerned the secretory granules. The
results from our analysis showed that whereas in non-treated
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Figure 1. Electron micrograph of a typical AR42J cell cultured with
unmodified fetal calf serum in the absence (A) or presence (B) of 100
nM dexamethasone for the 72 hrs prior to sample collection.
Magnification: x4400 for both A and B.

cells zymogen granules were rarely seen (Fig. 1A), in
dexamethasone-treated cells the granules were very prom-
inent, both in number and size (Fig. 1B). In addition,
untreated cells looked relatively undifferentiated, with
sparse rough endoplasmic reticulum consisting of vesicles
and isolated small cisternae (Fig. 1A). Dexamethasone
treatment, however, increased the amount of rough
endoplasmic reticulum, which appeared as large stacked
cisternae (Fig. 1B). So, the results from our analyses
indicate that dexamethasone induced in this study the
differentiation of AR42J cells towards an exocrine pheno-
type similar to that of a rat pancreatic acinar cell. There was

no difference in the ability of dexamethasone to induce
AR42]J cell differentiation in the presence of fatty acid-
supplemented serum compared with the unsupplemented
one.

Baseline Fatty Acid Profiles of Crude Mem-
branes from Rat Pancreas and AR42J Cells. Fatty
acid profile of membranes from differentiated control
AR42] cells (AR42J-C cells) and control rat (C rat)
pancreas is detailed in Table 2. Major membrane fatty
acids in AR42J-C cells, listed in decreasing order of
abundance, were (mean values): 16:0 (28.05%), 18:1 n-9
(25.69%), and 18:0 (16.41%). Content of 18:3 n-3, 20:4 n-6,
16:1 n-7, 14:0, 18:2 n-6, and 20:0 was between 2%—4%.
Among minor fatty acids (<2%) in membranes from
AR42]J-C cells, those that should be noted include: 22:6
n-3 (mean value of 1.87%), 20:3 n-6 (1.44%), 22:0 (1.39%),
and 24:0 (1.19%).

Fatty acids in pancreatic membranes from C rats, listed
in decreasing order of abundance, were (mean values): 16:0
(31.14%), 20:4 n-6 (18.10%), 18:2 n-6 (14.52%), 18:1 n-9
(13.84%), 18:0 (10.07%), and 16:1 n-7 (5.45%). For the rest
of fatty acids detected, content was lower than 2% (see
Table 2).

Comparison among C rats and AR42J-C cells showed
that the percentage of most fatty acid differed significantly
(P < 0.05), with only minor fatty acids such as 15:0, 17:0,
20:2 n-6, and 21:0 being similar. The most abundant fatty
acid in both AR42J-C cells and pancreatic membranes from
C rats was 16:0, although the content in rats (31.14 =
0.32%) was significantly greater (P < 0.05) than that in
cultured cells (28.05 % 0.21%). After 16:0, leading fatty
acids in the rat were (mean values): 20:4 n-6 (18.10% vs.
3.80% in AR42J-C cells, P < 0.05) and 18:2 n-6 (14.52%
vs. 3.33% in AR42J-C cells, P < 0.05). In turn, leading
fatty acids (after 16:0) in cultured AR42J-C cells were: 18:1
n-9 (25.69 % vs. 13.84 % in the rat, P < 0.05) and 18:0
(16.41% vs. 10.07 % in the rat, P < 0.05).

Percent values for fatty acids were also distributed
differently in rat and AR42J membranes. In the rat, five fatty
acids exhibited percent values higher than 10% (16:0, 20:4
n-6, 18:2 n-6, 18:1 n-9, and 18:0), then there was 16:1 n-7
with approximately 5%, and the remaining fatty acids
showed values lower than 1.5%. In contrast, there are three
major fatty acids in AR42J-C cells with values higher than
10% (16:0, 18:1 n-9, and 18:0), and six fatty acids in the
range of 2%-4%, the rest being minor fatty acids.

Differences in individual fatty acids between rat and
cultured cells are reflected in indices, as summarized in
Figure 2. AR42J-C cells had a higher (P < 0.05) proportion
of saturated fatty acids (SFA), monounsaturated fatty acids
(MUFA), and n-3 polyunsaturated fatty acids (n-3 PUFA),
whereas total PUFA and, particularly, n-6 PUFA percen-
tages were higher (P < 0.05) in rat pancreas (Fig. 2A). All
percent ratios were also significantly (P < 0.05) different
(Fig. 2B).

Effect of Feeding the Experimental Diets for 8
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Table 2. Fatty Acid Profile of Pancreatic Crude
Membranes from Control Rats (C Rats) and Control
AR42J Cells (AR42J-C Cells)?

Fatty acid C rats® AR42J-C cells®
6:0 0.00 + 0.00 * 0.37 = 0.04
10:0 0.00 + 0.00 * 0.45 + 0.06
12:0 0.08 = 0.01 * 0.46 + 0.03
14:0 1.36 = 0.04 * 3.40 = 0.20
14:1 n-5 0.09 = 0.01 * 0.00 + 0.00
15:0 0.21 = 0.01¢ 0.34 + 0.02
16:0 3114 + 0.32* 28.05 + 0.21
16:1 n-7 545 + 0.12 * 3.47 = 0.20
17:0 0.23 + 0.01°9 0.34 + 0.02
18:0 10.07 = 0.10 * 16.41 + 0.26
18:1 n-9 13.84 + 0.30 * 25.69 + 0.41
18:2 n-6 14.52 + 0.85 * 3.33 = 0.12
18:3 n-6 0.39 = 0.03 * 0.00 + 0.00
18:3 n-3 0.13 + 0.01 * 3.83 = 0.20
20:0 0.22 + 0.02 * 2.29 + 0.17
20:1 n-9 0.35 + 0.04 * 0.00 + 0.00
20:2 n-6 0.19 + 0.01 ¢ 0.19 = 0.02
20:3 n-6 0.43 + 0.02 * 1.44 + 0.15
20:4 n-6 18.10 = 0.23 * 3.80 = 0.11
20:5 n-3 0.35 + 0.01 * 0.58 + 0.02
21:0 0.00 = 0.00 ¢ 0.00 * 0.00
22:0 0.24 + 0.03 * 1.39 + 0.10
22:1 n-9 0.00 = 0.00 * 0.50 = 0.03
22:6 n-3 1.04 + 0.04 * 1.87 + 0.10
23:0 0.05 + 0.01 * 0.33 + 0.02
24:0 0.48 + 0.02 * 1.19 + 0.06
24:1 n-9 1.06 = 0.01 * 0.85 + 0.03

4 Values are percentages of total fatty acid content (means + SEM)
C rats: n=9; AR42J-C cells: n= 18 (from 6 batches of cells).

b C rats were fed a commercial chow for 8 weeks after weaning.

¢ AR42J-C cells were fed the culture medium containing unmodified
fetal calf serum for the 72-hr period (differentiation period) before the
experiments.

9 Not significant.

* P < 0.05 compared with membranes from AR42J-C cells.

Weeks on Rat Pancreatic Crude Membranes. The
fatty acid profile of pancreatic membranes (Table 3 and Fig.
3) was profoundly influenced by dietary treatments.
Compared to control (C) rats, pancreatic membranes of rats
fed the virgin olive oil (VOO) diet displayed higher (P <
0.05) levels of 18:1 n-9 and 20:5 n-3, and lower (P < 0.05)
levels of 16:0, 16:1 n-7, 18:2 n-6, and 20:4 n-6 (Table 3).
Content of 14:0, 18:0, 18:3 n-3, and 22:6 n-3 did not vary
among C rats and VOO rats. As shown in Fig. 3A, the VOO
diet caused a significant increase in MUFA (due to 18:1 n-9)
compared to C rats, which was balanced by a decrease (P <
0.05) in SFA (due to 16:0) and a decrease in n-6 PUFA (due
to both 18:2 n-6 and 20:4 n-6).

When compared with rats fed the standard chow (C
rats), pancreatic membranes of rats given the sunflower oil
diet (SO) for 8 weeks showed (Table 3) a significant (P <
0.05) increase in 18:0, 18:2 n-6, and 20:4 n-6, together with
a significant decrease in 16:0, 16:1 n-7, 20:5 n-3, and 22:6
n-3. Values for 14:0, 18:1 n-9, and 18:3 n-3 were similar in
C and SO rats. As summarized in Figure 3A, feeding rats
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Figure 2. Fatty acid profile of pancreatic crude membranes from
control rats (C rats) and control AR42J cells (AR42J-C cells). C rats
were fed with a commercial chow for 8 weeks after weaning. AR42J-
C cells were fed the culture medium containing the unmodified fetal
calf serum for the 72 hrs prior to sample collection. SFA, saturated
fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsatu-
rated fatty acids; UFA, unsaturated fatty acids. (A) Fatty acid indices
are expressed as percentages of total fatty acid content. (B) Fatty
acid indices are expressed as percent ratios. Values are means =+
SEM. C rats: n=9; AR42J-C cells: n= 18 (from 6 batches of cells).
Asterisks above the bars denote significant differences (P < 0.05)
between C rats and AR42J-C cells.

SFA/MUFA

SFA/PUFA  MUFA/PUFA

the SO diet instead of a commercial chow (C) increased n-6
PUFA in membranes, not only due to 18:2 n-6, the most
abundant fatty acid in sunflower oil, but also through the
contribution of its main metabolite, 20:4 n-6. The increase
in n-6 PUFA (Fig. 3A) was achieved at the expense of SFA
(16:0) and MUFA (16:1 n-7).

Compared with the other two groups, VOO rats showed
the highest values for 18:1 n-9, MUFA, and MUFA/PUFA
and the lowest values for SFA/MUFA. In turn, membranes
prepared from SO rats displayed the highest values for 18:2
n-6, PUFA, n-6 PUFA, and SFA/MUFA. The SFA/UFA
ratio, which showed a mean value of 0.78 in rats fed a
standard chow (C rats), was significantly reduced after
intake of the VOO and SO diets (Fig. 3B), reaching
comparable values of 0.65 and 0.67, respectively. It is
interesting that, despite marked differences in the content of
a number of individual fatty acids as well as in total MUFA
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Table 3. Selected Fatty Acids in Pancreatic Mem-
branes from Rats Fed a Commercial Chow (C), a Virgin
Olive Oil Diet (VOO) or a Sunflower Oil Diet (SO) for 8

Weeks After Weaning?

Fatty acid C rats VOO rats SO rats

14:0 1.36 + 0.042 095+ 0.06° 0.84 +0.042
16:0 31.14 + 0.322 27.01 + 0.24° 2536 + 0.20 ©
16:1n-7 545 +0122 284 +044° 193 +0.17°
18:0 10.07 = 0.102 9.92 =0.302 1226 = 0.32°
18:1n-9 1384 = 0302 3241 +=1.06° 11.49 +0.722
18:2n-6 1452 + 0852 7.45+0.14° 2221 = 0.69 °
18:3n-3 0.13+0.01% 0.34+003% 0.13 +0.012
20:4n-6 18.10 = 0.232 14.36 = 0.93° 21.46 + 0.94 ¢
20:5n-3 035+ 0.012% 069 +0.02° 0.03=0.00°
22:6n-3 1.04 +0.04% 1.06 =0.072 0.12 +0.01°

@ Values are percentages of total fatty acid content (means + SEM, n
= 9 for all groups). For a particular row, values with different
superscript letters are significantly different at P < 0.05.

and PUFA, the value for SFA/UFA was the same in VOO
and SO animals.

Effect of Supplementation of Culture Medium
with 18:1 n-9 or 18:2 n-6 on the Fatty Acid Profile of
AR42J Cells. Table 4 and Figure 4 show the changes in
membrane fatty acid composition of AR42]J cells grown for
72 hrs with fetal calf serum (FCS) supplemented with either
18:1 n-9 (AR42J-O) or 18:2 n-6 (AR42J-L). Enrichment
with those fatty acids profoundly influenced the fatty acid
composition of AR42J cell membranes.

Compared to control cells (AR42J-C), addition of 18:1
n-9 to culture medium (AR42J-O) evoked a significant (P <
0.05) increase in the membrane content of 14:0, 18:1 n-9,
and 18:3 n-3, and a significant (P < 0.05) decrease in 18:0,
20:4 n-6, 20:5 n-3, and 22:6 n-3. The proportion of 16:0,
16:1 n-7, and 18:2 n-6 did not vary among AR42J-O and
AR42]J-C cells (Table 4). Fatty acid indices (Fig. 4)
summarize the effects of enrichment with 18:1 n-9. With
this fatty acid in culture medium, the MUFA content of
membranes increased significantly (due to 18:1 n-9) in
comparison with control cells (AR42J-C), an increase that
was compensated by a significant (P<< 0.05) decrease in
SFA (due to 18:0) and a significant decrease in n-6 PUFA
(mainly due to 20:3 n-6 [data not shown] and 20:4 n-6).

Compared with cells grown in unmodified serum
(AR42J-C), membranes of cells cultured in the presence
of 50 uM 18:2 n-6 showed a significant (P < 0.05) increase
in the proportions of 14:0 and 18:2 n-6 and a significant (P
< 0.05) decrease in 18:0, 18:1 n-9, 20:4 n-6, 20:5 n-3, and
22:6 n-3. Percent values of 16:0, 16:1 n-7, and 18:3 n-3 did
not change (Table 4). Indices (Fig. 4) outline the changes in
membrane fatty acids evoked by supplementation with 18:2
n-6. We can see that compared with control cells, AR42J-L
suffered a large increase in n-6 PUFA (Fig. 4A). This
increase was due to the incorporation of 18:2 n-6 itself,
given that 18:2 n-6 metabolites either remained unchanged
(20:3 n-6, data not shown) or even decreased significantly
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Figure 3. Fatty acid profile of pancreatic crude membranes from rats
fed a commercial chow (C rats), a virgin olive oil diet (VOO rats) or a
sunflower oil diet (SO rats) for 8 weeks after weaning. SFA, saturated
fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsatu-
rated fatty acids; UFA, unsaturated fatty acids. (A) Fatty acid indices
are expressed as percentages of total fatty acid content. (B) Fatty
acid indices are expressed as percent ratios. Values are means +
SEM. n=9 for all groups. For a given index, different letters above
the bars denote significant differences (P < 0.05) between dietary
groups.

SFA/MUFA SFA/PUFA MUFA/PUFA

(20:4 n-6, see Table 4). Increase in n-6 PUFA was done at
the expense of SFA (18:0) and MUFA (18:1 n-9).

In comparison with the remaining two treatments, the
presence of 18:1 n-9 in the culture medium (AR42J-O)
evoked in cells the highest values for 18:1 n-9, MUFA,
MUFA/PUFA, and SFA/PUFA and the lowest values for
SFA/MUFA. In turn, membranes prepared from AR42J-L
cells showed the highest values for 18:2 n-6, PUFA, n-6
PUFA, and SFA/MUFA and the lowest values for SFA/
PUFA and MUFA/PUFA. The effect of adding 18:1 n-9 or
18:2 n-6 was similar in that both fatty acids decreased the
SFA/UFA ratio of AR42J-C cells to a comparable degree
(Fig. 4B), from a mean value of 1.20 (AR42J-C) to 1.04 in
AR42J-O and 1.10 in AR42J-L.

Discussion

Our previous experience with viable rat pancreatic acini
(5, 7, 9, 24) indicated that a cultured line of pancreatic
acinar cells would be beneficial to completely understand
the interactions between dietary lipids and the exocrine
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Table 4. Selected Fatty Acids in Membranes from
Differentiated AR42J Cells Cultured for 72 Hours in
Medium Containing Unmodified Serum (AR42J-C),
Serum Enriched in 18:1 n-9 (AR42J-0), or Serum

Enriched in 18:2 n-6 (AR42J-L)3°

Fatty acid  AR42J-C AR42J-0 AR42J-L
14:0 340 + 0202 458 +0.08° 4.43+009°
16:0 28.05 + 0.21 2 27.39 + 0.10® 28.14 + 0.38 @
16:1n-7  3.47 +020% 3.85*=0.19% 3.70 + 0.16 2
18:0 16.41 = 0.26 2 12.35 = 0.33° 13.04 + 0.30°
18:1n-9 2569 =0.412 3240 = 1.11° 1595 = 0.22°
18:2n-6 3.33+012% 239 +0.03% 17.03 + 0.21°
18:3n-3 3830202 5.11=036° 378 =0.2432
20:4n-6 380 *0.112% 201 *0.11° 1.86+0.06°
20:5n-3 058 +0.02% 0.36 +0.02° 0.39 +0.06°
22:6n-3 187 +0.10% 1.08 +0.06° 0.88 +0.07°

2 Values are percentages of total fatty acid content (means = SEM).
AR42J-C: n=18 (from 6 batches of cells); AR42J-O: n= 15 (from 5
batches); AR42J-L: n= 15 (from 5 batches).

b For a particular row, values with different superscript letters are
significantly different at P < 0.05.

pancreas. For example, when working with the rat pancreas
we observed that the yield of viable cells can be quite
variable, which is likely due to the inability to rigidly
control day-to-day differences in collagenase and mechan-
ical digestion. Therefore, apart from other important
advantages previously mentioned (see the Introduction
section), switching to a continuous cell line could result in
easier preparation and greater reproducibility. A main goal
of this research was to find a cell model for studies on the
influence of changes in membrane lipid composition upon
transduction pathways and cell function.

AR42]J cells are widely used in exocrine pancreatic
research. However, there have been no previous reports on
their membrane fatty acid composition. As a first step in
confirming the validity of this cell line for our purposes, we
determined the fatty acid profile of crude membranes from
AR42]J cells and compared this profile to that from rat
pancreas. Then we investigated whether these cells were
able to adapt their membranes to medium lipids (i.e.
whether the fatty acid composition of AR42] membranes
could be modified by altering the fatty acids to which they
were exposed).

The results of the current study showed marked
differences in baseline fatty acid profiles of membranes
from rat pancreas and AR42J cells. Differences concerned
not only major fatty acids (which, in addition, were not
coincident) but also minor fatty acids and fatty acid indices.
Initially, this could be explained by variations in the
quantity of fatty acids in the extracellular environment. In
this sense, we should note here that the lipid composition of
the rat chow and fetal calf serum (FCS) differed widely.
Membrane fatty acids in AR42J-C cells correlated closely
with the amount available in our culture medium, with
proportions of SFA, MUFA, PUFA, and most individual
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Figure 4. Fatty acid profile of crude membranes from differentiated
AR42J cells cultured for 72 hrs in medium containing unmodified
serum (AR42J-C), serum enriched in 18:1 n-9 (AR42J-O) or serum
enriched in 18:2 n-6 (AR42J-L). SFA, saturated fatty acids; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids;
UFA, unsaturated fatty acids. (A) Fatty acid indices are expressed as
percentages of total fatty acid content. (B) Fatty acid indices are
expressed as percent ratios. Values are means = SEM. AR42J-C: n
= 18 (from 6 batches of cells); AR42J-O: n = 15 (from 5 batches);
AR42J-L: n=15 (from 5 batches). For a given index, different letters
above the bars denote significant differences (P < 0.05) between
dietary groups.

SFA/PUFA

MUFA/PUFA

fatty acids reflecting to a high degree those in serum. This
confirms the findings in other mammalian cells (25) that
fatty acid de novo synthesis is inhibited when the culture
medium contains an adequate supply of fatty acids. Under
these conditions, most cellular fatty acids seem to be derived
directly from the material that is taken up from the
extracellular medium.

In contrast to AR42J-C cells, fatty acids in pancreatic
membranes from rats fed the standard chow (C rats)
reflected dietary lipid composition, but not with such
fidelity. Indeed, apart from a clear influence of age,
physiological state, and tissue (26, 27), many in vivo
studies have indicated that adaptation of biological
membranes to dietary fat type does not depend only on
fatty acid availability, since changes in the dietary fat
consumed do affect the rate of phospholipid synthesis de
novo, the redistribution of fatty acyl chains, and the activity
of desaturases and elongases (for a review, see Ref. 1).
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Unsaturation of fatty acyl chains is a major determinant of
the physical properties of biological membranes. A main
feature of membrane lipid composition that determines
membrane fluidity is the ratio of saturated to unsaturated
fatty acids (SFA/UFA). Optimal SFA/UFA ratio in
mammalian plasma membranes is 1:1 (28) and it is
desaturases, at least in part, that work to maintain this ratio
within certain limits. The commercial chow given in our
study to C rats was very rich in unsaturated fatty acids
(SFA/UFA of approx. 0.4). Membrane data in this group of
animals show how the physiological mechanisms work to
cause a decrease in UFA and an increase in SFA (compared
to chow composition) in such way that a SFA/UFA ratio of
approximately 0.8 is achieved in pancreatic membranes.
Together with a modest MUFA percentage, the high content
of 16:0 and 18:0 in C rat membranes suggest down-
regulation of A9 desaturase by abundant linoleic acid in
chow (29), with the subsequent accumulation of substrate.
Contrary to MUFA and SFA, the proportion of total PUFA
in membranes from C rats was similar to that in chow, with
the particularity that 18:2 n-6, the major PUFA in diet
(34.49%), was not preserved in pancreatic membranes
(approx. 14%). Rather, the current results are indicative of
efficient conversion of dietary 18:2 n-6 into 20:4 n-6, which
accounted for approximately 18% of membrane fatty acids.

As previously observed by us (5, 8), in this study,
adaptation of weaning rats to diets enriched in virgin olive
oil (VOO) or sunflower oil (SO) markedly affected the fatty
acid composition of pancreatic membranes. Thus, mem-
branes in the VOO group were characterized by signifi-
cantly higher levels of 18:1 n-9 and total MUFA compared
with the other groups. In turn, consumption of the SO diet
increased the proportion of n-6 PUFA such as 18:2 n-6 and
20:4 n-6. Membranes from both VOO and SO rats had a
significantly lower SFA/UFA ratio compared to C rats. Still,
SFA/UFA values kept within physiological limits (>0.6),
which suggest that membranes display a good degree of
homeostasis in relation to this parameter, with increases of
several major fatty acids being always balanced by a change
in the level of other fatty acids.

A main objective of this work was to examine the
validity of differentiated AR42]J cells as a model to study the
interactions between lipids and pancreatic acinar cell
function. To fulfil this aim, we had to confirm (i) that the
fatty acid composition of AR42J cells could be modified,
and (ii) that similar compositional variations that can be
evoked in rats when dietary fat type is altered occurred in
ARA42]J cells. We now communicate for the first time that the
fatty acid composition of crude membranes from AR42J
cells can be altered in culture by adding specific fatty acids
to the usual growth medium for 72 hrs. We included major
fatty acids abundant in olive oil (18:1 n-9) or sunflower oil
(18:2 n-6), that have been shown to alter pancreatic function
in our previous in vivo and in vitro studies (5, 8). Compared
with cells grown in standard conditions (AR42J-C cells),
addition of 18:1 n-9 to the culture medium (AR42J-O cells)

increased significantly the proportion of this fatty acid in the
membrane fraction, and 18:2 n-6 supplementation (AR42J-
L cells) of the culture produced a significant increase in the
18:2 n-6 content.

A number of techniques have been developed for
modifying the fatty acid composition of cells in culture.
Fatty acids are toxic in the unbound form and are also very
poorly soluble in water, so they are usually provided in the
bound form (either to albumin or other protein) or in the
form of liposomes. The most widely used method consists
of the preparation of a fatty acid-BSA complex that is then
added to serum-free (30) or serum-containing (31) media.
Given that our protocol did not consider removing serum
from the culture medium, we bound fatty acids directly to
serum proteins. The method is simple and rapid, and did not
appear to alter the main characteristics of the culture. Fatty
acid—supplemented and unsupplemented AR42J cells had
similar growth patterns and degrees of differentiation. Our
data in AR42J cells also indicate that the fatty acid delivery
system, which was chosen to mimic physiological con-
ditions and to avoid damaging effects of free fatty acids or
solvents, is very effective in modifying membrane fatty
acids in this cell model, since extensive changes were
produced in 72-hr exposure. Moreover, the concentration of
added fatty acids in the culture medium (50 pM) was
selected to approximate physiological concentrations. The
total plasma free fatty acid concentration in the fed state is
approximately 0.3 mM, so concentrations of individual fatty
acids are expected to be in the range of 30-130 pM (32).

Until now, no study has existed about the influence of
changes in the extracellular lipid composition on membrane
fatty acid profile of AR42J cells. Our results show that this
cell line is very responsive to such changes and this has a
first obvious implication. Given that the fatty acid
composition of different kinds of commercially available
serum differs widely (33), the fact that the membrane profile
is likely to change should be taken into account when
changes are contemplated in the serum used to grow AR42]J
pancreatic cells.

In the current study, the addition of 18:1 n-9 or 18:2 n-6
to the culture medium for 72 hrs profoundly influenced the
fatty acid composition of AR42J cell membranes. Impor-
tantly, despite some differences in magnitude, the pattern
and direction of changes was parallel to that found in rats
fed virgin olive oil or sunflower oil (best illustrated in Figs.
3 and 4). For example, compared with baseline situation (C
rats and AR42J-C cells) both virgin olive oil in rats and 18:1
n-9 in cells evoked a significant increase in membrane
MUFA (due to 18:1 n-9) at the expense of SFA and PUFA.
We also observed that both sunflower oil in rats and 18:2 n-
6 in AR42]J cells produced significant increases in total and
n-6 PUFA at the expense of SFA and MUFA. Variations in
the other fatty acid indices, including the SFA/UFA ratio,
followed the same trend after feeding oils in vivo or growing
the cells with the respective major fatty acid.

There is only one remarkable difference between rat
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pancreas and AR42J cells in their ability to adapt to
environmental fatty acids and it concerns 20:4 n-6. The
enrichment of standard serum with 18:2 n-6 did not produce
the expected increase in the 20:4 n-6 content of AR42J
phospholipids. It is unknown whether the failure of these
cells to accumulate 20:4 n-6 under our experimental
conditions is due to an intrinsic inability of the cell to store
an increased amount of 20:4 or, more likely, if these cells
express a low desaturase activity, as shown by some
continuously cultured cell lines (34, 35). Not only 20:4 n-6
did not increase, but it actually decreased in AR42J-L cells
compared with those cultured with standard serum. Two
factors may be responsible for this decrease and both could
operate concurrently. One is that the cell has a limited
capacity to convert 18:2 n-6 to 20:4 n-6. The other is that the
incorporation of 20:4 n-6 into membrane phospholipids is
reduced as the availability of 18:2 n-6 increases, presumably
through competitive inhibition. Studies are being conducted
in our laboratory to make clear this fundamental point.
Preliminary results of time-course experiments' show that
the membrane levels of 20:4 n-6 in AR42J cells are
similarly low regardless of whether 18:2 n-6 is added to the
medium for 72 hrs or 144 hrs. Nevertheless, the results of
the present work indicate that this characteristic of AR42J
cells should be taken into account, especially when using
this line as a cellular model for pancreatitis studies, given
the role of 20:4 n-6 in eicosanoid synthesis.

To summarize, the present work reveals the existence of
significant differences between the membrane fatty acid
profile of AR42]J cells cultured with intact fetal calf serum
and that of pancreas from rats fed a standard chow for this
species. Supplementation of culture media with 18:1 n-9 or
18:2 n-6 changed in 72 hrs the fatty acid spectrum of AR42J
cells and, despite some differences in magnitude, the pattern
and direction of changes was parallel to that found in rats
fed diets enriched in virgin olive oil or sunflower oil. A
largely different content in 20:4 n-6 observed in membranes
from rat pancreas and AR42J cells upon enrichment of diet
and culture medium, respectively, with 18:2 n-6 might
account for the role played by the liver in the rat.

Overall, our results suggest that the AR42J cell line can
be a useful tool to assess the effects of specific membrane
compositional changes on acinar cell function and signal-
ling. However, because of differences in baseline character-
istics, and perhaps fatty acid metabolism, we believe that in
vitro work with this cell line is no substitute for in vivo
studies. Thus, although research with AR42J cells can
possibly save time, money and, more importantly, animals,
we encourage other scientists to confirm results obtained in
AR42]J cells with experiments in vivo, because there can be
no doubt that the whole animal is the “gold standard” to
corroborate the events described at the cellular level.

'N. Audi, unpublished data, 2006.

We thank the Junta de Andalucia for personal support of N. Audi and
M. D. Yago, and the University of Granada for personal support of M. D.
Mesa and M. A. Martinez.

1. Clandinin MT, Cheema S, Field CJ, Garg ML, Venkatraman J,
Clandinin TR. Dietary fat: exogenous determination of membrane
structure and cell function. FASEB J 5:2761-2769, 1991.

2. Vajreswari A, Narayanareddy K. Effect of dietary fats on some
membrane-bound enzyme activities, membrane lipid composition and
fatty acid profiles of rat heart sarcolemma. Lipids 27:339-343, 1992.

3. Quiles JL, Huertas JR, Maifias M, Ochoa JJ, Battino M, Mataix J.
Dietary fat type and regular exercise affect mitochondrial composition
and function depending on specific tissue in the rat. J Bioenerg
Biomembr 33:127-134, 2001.

4. Chapkin RS, Hong MY, Fan YY, Davidson LA, Sanders LM,
Henderson CE, Barhoumi R, Burghardt RC, Turner ND, Lupton JR.
Dietary n-3 PUFA alter colonocyte mitochondrial membrane compo-
sition and function. Lipids 37:193-199, 2002.

5. Yago MD, Diaz RJ, Ramirez R, Martinez MA, Mafias M, Martinez-
Victoria E. Dietary-induced changes in the fatty acid profile of rat
pancreatic membranes are associated with modifications in acinar cell
function and signalling. Br J Nutr 91:227-234, 2004.

6. Martinez MA, Yago MD, Lajas Al, Pariente JA, Martinez-Victoria E,
Maias M. Dietary fatty acids modify membrane lipid composition in
rabbits with experimental atherosclerosis. Is this fact involved in the
enzymatic secretion pattern? J Physiol 548:3P—4P, 2003.

7. Martinez MA, Lajas Al, Yago MD, Redondo PC, Granados MP,
Gonzalez A, Rosado JA, Martinez-Victoria E, Maiias M, Pariente JA.
Dietary virgin olive oil enhances secretagogue-evoked signalling in rat
pancreatic acinar cells. Nutrition 20:536-541, 2004.

8. Diaz RJ, Yago MD, Martinez-Victoria E, Naranjo JA, Martinez MA,
Maias M. Comparison of the effects of dietary sunflower oil and virgin
olive oil on rat exocrine pancreatic secretion in vivo. Lipids 38:1119—
1126, 2003.

9. Yago MD, Diaz RJ, Martinez MA, Audi N, Naranjo JA, Martinez-
Victoria E, Mafias M. Effects of the type of dietary fat on acetylcholine-
evoked amylase secretion and calcium mobilization in isolated rat
pancreatic acinar cells. J Nutr Biochem 17:242-249, 2006.

10. Dietrich JB. AR4-2J cells: a model to study polypeptide hormone
receptors. Biosci Rep 16:273-288, 1996.

11. Simeone DM, Yule DI, Logsdon CD, Williams JA. Ca*t signalling
through secretagogue and growth factor receptors on pancreatic AR42J
cells. Regul Pept 55:197-206, 1995.

12. Feick P, Gilhaus S, Blum R, Hofmann F, Just I, Schulz I. Inhibition of
amylase secretion from differentiated AR4-2J pancreatic acinar cells by
an actin cytoskeleton controlled protein tyrosine phosphatase activity.
FEBS Lett 451:269-274, 1999.

13. Bozem M, Kuhlmann S, Blum R, Feick P, Schulz I. Hormone-
stimulated calcium release is inhibited by cytoskeleton-disrupting
toxins in AR4-2J cells. Cell Calcium 28:73-82, 2000.

14. Hsu S, Schmid A, Sternfeld L, Anderie I, Solis G, Hofer HW, Schulz 1.
Tyrosine phosphatase PTP1B modulates store-operated calcium influx.
Cell Signal 15:1149-1156, 2003.

15. Ikeda Y, Fukuoka S. Phosphatidic acid production, required for
cholecystokinin octapeptide-stimulated amylase secretion from pancre-
atic acinar AR42J cells, is regulated by a wortmannin-sensitive process.
Biochem Biophys Res Commun 306:943-947, 2003.

16. Song JY, Lim JW, Kim H, Morio T, Kim KH. Oxidative stress induces
nuclear loss of DNA repair proteins Ku70 and Ku80 and apoptosis in
pancreatic acinar AR42J cells. J Biol Chem 278:36676-36687, 2003.

17. Satoh A, Gukovskaya AS, Edderkaoui M, Daghighian MS, Reeve JR
Jr, Shimosegawa T, Pandol SJ. Tumor necrosis factor-alpha mediates
pancreatitis responses in acinar cells via protein kinase C and proline-
rich tyrosine kinase 2. Gastroenterology 129:639-651, 2005.



18.

19.

20.

21.

22.

23.

24.

25.

26.

MEMBRANE FATTY ACID PROFILE OF AR42J CELLS

Yu JH, Lim JW, Kim H, Kim KH. NADPH oxidase mediates
interleukin-6 expression in cerulein-stimulated pancreatic acinar cells.
Int J Biochem Cell Biol 37:1458-1469, 2005.

Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 purified diets for
laboratory rodents: final report of the American Institute of Nutrition ad
hoc writing committee on the reformulation of the AIN-76A rodent
diet. J Nutr 123:1939-1951, 1993.

Chow SC, Sisfontes L, Jondal M, Bjorkhem I. Modification of
membrane phospholipid fatty acyl composition in a leukemic T cell
line: effects on receptor mediated intracellular Ca®" increase. Biochim
Biophys Acta 1092:358-366, 1991.

Ferreira L, Perez-Gonzalez N, Llanillo M, Calvo JJ, Sanchez-Bernal C.
Acute pancreatitis decreases pancreas phospholipid levels and increases
susceptibility to lipid peroxidation in rat pancreas. Lipids 37:167-171,
2002.

Lepage G, Roy CC. Direct transesterification of all classes of lipids in a
one-step reaction. J Lipid Res 27:114-120, 1986.

Renau J, Megias L. Manual de técnicas de microscopia electrénica
(M.E.T.). Aplicaciones bioldgicas. Granada, Spain: Editorial Universi-
dad de Granada, 1998.

Martinez-Burgos MA, Granados MP, Gonzalez A, Rosado JA, Yago
MD, Salido GM, Martinez-Victoria E, Manas M, Pariente JA.
Involvement of ryanodine-operated channels in tert-butylhydroperox-
ide-evoked Ca®" mobilisation in pancreatic acinar cells. J Exp Biol 209:
2156-2164, 2006.

Spector AA, Mathur SN, Kaduce TL, Hyman BT. Lipid nutrition and
metabolism of cultured mammalian cells. Prog Lipid Res 19:155-186,
1980.

Mataix J, Quiles JL, Huertas JR, Battino M, Mafias M. Tissue specific
interactions of exercise, dietary fatty acids, and vitamin E in lipid
peroxidation. Free Radic Biol Med 24:511-521, 1998.

217.

28.

29.

30.

31.

32.

541

Soriguer FJ, Tinahones FJ, Monzon A, Pareja A, Rojo-Martinez G,
Moreno F, Esteva I, Gomez-Zumaquero JM. Varying incorporation of
fatty acids into phospholipids from muscle, adipose and pancreatic
exocrine tissues and thymocytes in adult rats fed with diets rich in
different fatty acids. Eur J Epidemiol 16:585-594, 2000.

Thewke D, Kramer M, Sinensky MS. Transcriptional homeostatic
control of membrane lipid composition. Biochem Biophys Res
Commun 273:1-4, 2000.

Ntambi JM. Regulation of stearoyl-CoA desaturase by polyunsaturated
fatty acids and cholesterol. J Lipid Res 40:1549-1558, 1999.

Ding S, Mersmann HJ. Fatty acids modulate porcine adipocyte
differentiation and transcripts for transcription factors and adipocyte-
characteristic proteins. J Nutr Biochem 12:101-108, 2001.

Mishra R, Simonson MS. Saturated free fatty acids and apoptosis in
microvascular mesangial cells: palmitate activates pro-apoptotic signal-
ing involving caspase 9 and mitochondrial release of endonuclease G.
Cardiovasc Diabetol 4:2, 2005.

Calder PC, Bond JA, Harvey DJ, Gordon S, Newsholme EA. Uptake
and incorporation of saturated and unsaturated fatty acids into
macrophage lipids and their effect upon macrophage adhesion and
phagocytosis. Biochem J 269:807-814, 1990.

. Stoll LL, Spector AA. Changes in seru influence the fatty acid

composition of established cell lines. In Vitro 20:732-738, 1984.

. Yoo TJ, Chiu HC, Spector AA, Whiteaker RS, Denning GM, Lee NF.

Effect of fatty acid modifications of cultured hepatoma cells on
susceptibility to complement-mediated cytolysis. Cancer Res 40:1084—
1090, 1980.

. Kaduce TL, Spector AA, Bar RS. Linoleic acid metabolism and

prostaglandin production by cultured bovine pulmonary artery
endothelial cells. Arteriosclerosis 2:380-389, 1982.



