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The effect of dhtary essential fatty acid 0EFA) deficiency on the dynamic molecular organization of pig intestinal 
brush-border membrane (BBM) was studied using purified BBM vesicles. A 6 week dietary treatment of weaning piglets 
induced a typical EFA-deFmkmt pattern in the lipid composition of both plasma and epithelial membranes, in pigs fed on 
the EFA-deficlem diet, the l/lasma 20: 3 ( n -  9 ) / 2 0 :  4 ( n -  6) ratio progressively increased and reached a stable value 
utter 3 weeks of experiment, whereas it remained low 0ess than 0.2) in controls. In the intestinal BBM, the 
cholestesoi/woteln, phosphoUpld/protein and consequently the eholesterol/phospbolipid ratios, as welt as the 
phuspholipid class distribution, were unchanged, in  particular, the sphingomyelin /phosphatidylcholine (SM / P C )  molar 
ratio was not affected. However, the fatty acid composition of phosp.holipld main classes was markedly modified, leading 
to decreased lipid fluidity, and to a large change in membrane protein behaviour with EFA deficiency. These findings 
could be interpreted in terms of reduced lipid-l.ro~ein inte~e~e.~..M~r_,~over, the increasing gradient of fluidity, which 
took place witlfin the lipidic matrix from its surface was modified by the dietary treatment, as fluidity was lowered by 
EFA deficiency at different del~hs of the layer. 

Introduction 

Dietary fats are recognized to influence lipid com- 
position and several specific functions of cell mem- 
branes, depending on their unsaturated or saturated 
fat'.:," acid content [1]. Many of the changes in the 
cellulax functional responses following a dietary mani- 
pulation are probably caused directly by membrane 
lipid structural changes, which affect lipid fluidity [2,3]. 

It has reccmly been shown that EFA deficien~ can 
modify fatty acid composition, reducing fluidity and 

Abbreviations: BBM. brush-border membrane; DPG, diphosphati- 
dylglycerel; LPC. iysophosphadd~,h~holine: LPE. lysophosphatidyl- 
ethanolamine; PC, phosphatidykholin¢; PE, phosphatidylethanola- 
mine: Pl. phosphaddylinositol: !~. phosphatidylserine: PUFA, poly- 
unsaturated fatty acid: SFA. saturated fatty add; SM. sphin~omyelin: 
EFA. essential fatty acid; DBI. double bond index. 

Conespondcace: IL Christon. Station de Rechercke~ de Nutrition, 
INRA, Centre de Recherches de Jouy-en-Josas. 78350 Jouy-en-Josas, 
France. 

altering enzyme activities and Ca :+ uptake in rat liver 
microsomal membranes [4]. Variations in dietary tri- 
acyiglycerol saturation markedly change the lipid com- 
position and fluidity as well as the intrinsic protein 
activities, namely the transport properties of rat intesti- 
nal plasma membranes [5.6]. 

However, little is known about the mechanism of the 
processes involved in the above observations. Changes 
in the activity of certain membrane carriers, receptors 
and enzymes can probably be related to changes in the 
structure of their lipid microenvironment, leading to 
modified conformation or quaternary structure of the 
proteins embedded in ',he membrane [3,7]. 

Information regarding BBM composition and associ- 
ated physical properties is essential for a full under- 
standing of the relationship between the lipid environ- 
ment and intrinsic membrane enzymatic or transport 
processes. As we have recently seen that fatty acid 
composition and lipid-protein interactions in rat BBM 
were influenced by the diet [8], the present experiments 
have been carried out in order to examine the effects of 
dietary EFA deficiency on brush-border membrane 
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TABLE l 
Fatty acid composition of the diel 
Fatty acids were designated by the number of carbon atoms followed 
by the number of double bondz. The position of the first double bond 
relative to the meth:,-! { o) end of the molecule ~'as also indicated. 
Fatty acids contributing less than 1~ were omitted. 

the BLM marker enzyme Na + /K +-ATPase [13]. Protein 
was determined using the method of Lowry et al. [14] 
with bovine serum albumin as standard. No difference 
in relative BBM purity was noted between control and 
EFA-deficient pipets, 

Fatty acids (~. w/v,-) Control EFA-deficient 

8:0 
10:0 
12:0 
14:0 
16:0 15.0 
18:0 
18: l(n -9) 33.3 
18: 2(n -6) 48.7 
18:~n-61 12 
!8:3,tn-3) 0.6 
20: l(n -9) 02 

Saturated 15.0 
Monounsaturated 33.5 
Pob~ane.aturated 51.5 

9_6 
9_5 

43.2 
13.5 
9.6 
6.4 
3-6 
4.5 

91.9 
3.6 
4.5 

properties in the pig- In particular, membrane lipid 
composition as well as physical aspects of lipid and 
protein behaviour within the bilayer, were investigated. 

Materials andMethods 

Animals and diets 
Male large, white pipets were divided into two groups 

just after weaning (35 days old, 5.8 kg live weight). They 
were fed ad libitum a semipurified diet containing either 
7% corn oil (control), or 7% hydrogenated coconut oil 
(EFA-deficient). The lipid compositien of the diets is 
shown in Table I. After 6 weeks of dietary treatment, 
the animals were fasted for 18 h and killed. Blood was 
collated and the small intestine was rapidly removed, 
erected, washed with cold saline and frozen in liquid 
nitrogen prior to storage at - 8 0 ° C .  Blood was also 
sampled during the experimental period on weeks 1, 3, 4 
and 5. In all cases it was immediately centrifuged and 
the plasma was stored at - 8 0 ° C .  

Preparation o] brush.border membrane vesicles 
The brush-border membrane vesicles were prepared 

from pig jejunum by an Mg2"-precipitation method as 
described by Hauser et ai. [9], slightly modified [10]. 
Aliquots of 200 /tl were stored under liquid nitrogen 
[11] until use. The purity of BBM vesicles was routinely 
checked by determination of the specific activity of 
BBM marker enzyme sucrase [12]. 3.he final BBM frac- 
tion showed a 14-fold enrichment in sucrase activity 
with respect to the original homogenate. Cross-con- 
tamination of BBM with basolaieral membrane (BLM) 
was negligible, as shown by the 0.97-fold enrichment of 

Determination o] the membrane lipid composition 
Total lipids were extracted according to Foleh et al. 

[15]. Neutral lipids, glycolipids and phospholipids were 
separated on Sep-Pak sil/ca cartridges (Waters, Milford, 
MA) by succegsive elufion with chloroform, acetone and 
methanol [16,17]. Cholesterol was assessed from the 
neutral lipid fraction by an enzymatic method [18]. 
Pho~holipids were separated by HPLC, following the 
method of Geurts van Kessel et al. [19]. A Beckman 332 
gradient liquid chromatograph (Beckman, Gagny, 
France) equipped with a LKB de:ector (Uvicord 2158 
SD) set at 206 nm was t, sed. The separation of phos- 
pholipid classes was ach/eved by an Ultrasphere-Si col- 
umn (10 x 250 mm) from Beckman at a flow rate of 2.5 
ml/m/n.  The chromatograp~Ac system was programmed 
for gradi_ent elution using mobile phases: solvent A, 
n-hexane/2-propanol/water  (6 : 8 : 0.75, v /v)  and 
solvent B, n-hexane/2-Fropanol/watcr (6: 8 : 1.4, v/v). 
A linear gradient of solvent B in solvent A was formed 
from 0 to 100,% in 10 rain, starting 10 rain after the 
beginning of the elution. At 60 rain, solvent A con- 
centration was increased up to 100% in 5 min, Under 
these conditions, individual phospholipids were all sep- 
arated within "/5 rain. The purity of  each phospholipid 
class was determined by TLC according to Gilfillan et 
al. [20] and quantitative estimation of phospholipids 
was done by determination of inorganic phosphorus 
(PI) using the Bartlett procedure [21]. 

The fatty ,~cid composition of phospholipids was 
determined after transmethylation [22]. Fatty acid 
methyl esters were analysed using a Packard model 427 
gas chromatograph (Rangis, France) equipped with a 
fl-~,~e ionization detector and a CP Wax 52 CB bonded 
fused silica capillary colunm (30 m × 0.2 nun internal 
diameter). Hydrogen was the carrier gas, with a flow 
rate of 1-2 ml/min.  The detector and the injector were 
set at 300 and 260°C, respectively, and the oven tem- 
perature programmed from 140 to 225°C at a heating 
rate of 6 C°/n'fin. The identification of peaks was made 
by comparison of equivalent chain lengths (ECL) with 
those of authentic fatty acid methyl esters. Peak areas 
were determined by a Delft (Enica 10) integrator (Delft, 
Suresnes, France). Automatic expression of peak areas 
as weight percentage in the fatty acid n~xture and ECL 
were .~btained with a fitted microcomputer. 

Spin.labeling 
[V~embrane iipids were probed with 5-, 7-, 10-, 12- 

and 16-nitroxide stearic acids (5-, 7-, 10-. 12- and 16-NS) 



with about 100 tzl of BBM vesicles (18 mg of protein/ml) 
which were incubated with 1/tl  of 10 mM stearic acid in 
dimethylsulphordde for 5-10 rain. Then, every solution 
was washed with 1 ml PBS buffer (pH 7.4) and centri- 
fuged at 4 8 0 0 0 × g  for 15 rain. The first pellet was 
re, dispersed in 100 ~tl buffer and kept in ice before 
analysis by ESR. 

For protein labding, BBM vesicles (150 #1) of con- 
trol and EFA-deficient pigs, with approximately the 
same protein level (18 mg/ml), were incubated in the 
same volume of buffer (PBS) (pH 7.4) with maleimido- 
T e m p o  [23]. After shaking, the suspended vesicles were 
kept at 4 °C  overnight. Then. membranes were diluted 
in 3 ml of buffer and centrifuged at 48000 × g for 15 
rain to remove unreaeted spin-label. Pellets were sus- 
pended in 100 ttl buffer and kept in ice before analysis 
by ESR. 

ESR measurements 
ESR spectra were recorded at 9.14 Gklz with an 

E-109 Varian-X Band spectrometer. The temperature 
was monitored with a thermocouple and measurements 
were made at increments of 2 C ° between 0 and 40°C.  
The microwave power was maintained at 40 mW and 
the magnetic field sweep was of 100 G. For spin labels 
undergoing anisotropic motion (5-, 7-, 10- and 12-NS), 
the 2A, parameter was measured between the outer 
hypeffme peaks of the spectrum. The 2A, parameter 
gave values similar to those of the order parameter. S, 
involving inner and outer hyperfine peaks. For 16- 
doxylstearlc acid undergoing rapid and essentially iso- 
tropic motion, the rotational correlation frequency, v. 
of the magnetic probe was calculated with the equation: 

. = 2. tVa~o(~/ho/h~: i ) 

with ho the height of the central peak, ht the height of 
the peak at the lowest magnetic field, Aho the width of 
the central peak. 

The w/s  parameter was used for maleimido-Tempo, 
w and s measurements corresponding to the amplitudes 
of the weakly and strongly immobilized spin-labels, 
respectively [23]. 

Chemicais 

All reagents were of analytical gr~'de. The following 
spin-labels were purchased from Molecular Probes 
(Eug,:ne, OR): stearic acids wil l  the 4-4-dimethyl-3- 
ogazdidinyloxy group (doxyl group) ;~ttaehed to either 
carbc,n atom 5 (5-doxylstearic acid or 5-NS), 7 (7- 
doxylstearic acid or 7-NS), t0  (10-doxylsteafic acid or 
10-NS), 12 (12-doxylste2~ric acid or 22-NS), 16 (16- 
doxylstearic acid or 16-NS) and maleimido-Tempo (3- 
maleimido-2,2'.5.5'-tetramethyi-l-pyrrolidinyloxyt). 
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Results 

Ltpid composition of plasma phospholipids and BBM 
vesicles 

The fatty acid composition of plasma phospholipids 
was greatly modified by EFA deficiency. In particular. 
linoleic and arachidonic acid levels were markedly de- 
pressed (Fig. 1), whereas the 5.8,11-eicosatrienoic acid 
(20 : 3(n - 9)) level (as well as the 20 : 3(n - 9)/20 : 4(n 
- 6 )  ratio) increased from the 3rd week and then re- 
mained constant until the end of the experiment. 

In the intestinal BBM. with respec,, to protein, the 
amount of cholesterol and pbospholipids as well as the 
molar ratio of cholesterol to pho:;pholipids were un- 
changed by EFA deficiency (Table 11). The phospholi- 
pid class distr ibution and, in particular, tile 
sphingomyelin/phosphatidylcholine (SM/PC) molar 
ratio, was also not di,~ferent in the two groups. The 
average percentages were as follows: PC: 33.9_+ 1.8: 
PE: 34.6 + 1.1; PS: 9.7 _+ 1.1: SM: 8.5 +_ 1.0; PI: 7.2+ 
1.0; LPC: 3.2 + 0.6: DPG: 1.3 + 0.3: LPE: 1.5 + 0.4 for 
1007~ total phospholipids corresponding to 353 + 82 
nmol /mg of protein (EFA-deficient) and 403+ 12 
nmol /mg of protein (control). respectively. However. 
there were many changes in the fatty acid composition 
of BBM phospholipid main classes (Tables I l i a  and 

0 ~ 2 .3 4 5 

10 

i!, 
0 1 2 3 4 5 

0 1 2 3 ,a 5 

Weeks 

Fig. l. Changes in !inoleic. arachidonic and eicosatrienoic acid levels 
in plasma phospholipid~ of EFA-deficient (~a) and control (ra) piglets. 

Data represent 'means + S.E. for three determinations. 
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TABLE 11 

Effect of EFA defiaenQ" on pfiosphohp;d and cholesterol coments of pig 
intestinal BBM cesicles 

Data are means_+ S.E. for three membrane preparations. 

Cholesterol/ Phospholipid/ Cholesterol/ 
protein protein phospholipid 
(w/w) (v,,/w) (tool/rooD 

Control 0.10_+0.01 0.34+0.01 0.65+0.05 
EFA-deficient 0.084- 0.00 0.29 _ 0.07 0.62 4- 0.08 

IIIB) of EFA-deficient pigs as compared to controls. 
Specific distribution of fatty acids within the different 
phosphol/pid classes was altered by the dietary treat- 
meat. A large decrease in linoleic acid ( 1 8 : 2 X n -  6) 
occurred in all membrane phospholipids, except the SM 
class, in which it was already very tow and remained 
unchanged. In contrast, the 5,8,11-eicosatrienoic acid 
level was increased in all the phosph-.lipid classes, as 

well as those of olcic (18: l ( n -  9)) and palmitoleic 
( 1 6 : l ( n - 7 ) )  adds, e ~ a l l y  in the two main classes 
(PC and PE). However, the arachido~dc acid (20:4(n - 
6)) level was unchanged in most of the phospholipid 
classes. The saturated fatty acid level was not signifi- 
cantly affected, but the total amolmt of monoun- 
saturated fatty acids was higher in EFA-deficient pig 
BBM. In contmsL the total n - 6 fauy acids decreased 
so that the PUFA/SFA ratio was markedly lower in the 
deficient animal membranes. Moreover, the double bond 
index (DBI} to saturated fatty acid ratio was un- 
changed, while 1 6 : 1 ( n - 7 ) / 1 6 : 0 ,  1 8 : 1 ( n - 9 ) / 1 8 : 0  
and 20:4(n-6)/18:2(n-6) ratios were higher with 
EFA def ic ient .  

Spin-labeling 
Figs. 2, 3 and 4 illustrate the results with the lipid 

spin-labels. The former clearly shows that, whatever the 
experimental temperature, the 2A,~ parameter was 

TABLE ilIA 

Fat~" acid composition of phospholipid mare classes of pzg BBM major classes 

Fatty a~ds arc designated as in Table I values(mol~) are meons4-S.E, for three membrane preparations per dietary group. DBI: double bond 
index=~:(molg each ~ t u r a t e d  f,'~tty acid×number of double bonds of the sosne fatty a~g'id}; SFA: saturated fatty adds; DBI/SFA: 
unsaturation index; PUFA: polymasaturated fatty acids. 

Fatty acid PC PE 

control EFA-dcficicn~, control EFA-defi~ent 

14: 0 0,60 + 0.26 2.96 + 2,02 0.494- 0.10 2.27 ± 0.11 
16: 0 35.28 ±0.63 29.83 +_ 4.06 10.624- 0.11 10.71 4-a.99 
16:1 {n - 9 )  1.774-0.40 0.454"0.08 
16:1 (n - 7 )  1.67-+0.31 3.92_+0.48 0.58+__0.23 7.78+_1.05 
18 ; 0 10.96 -+ 1.28 12.274-1.50 20.554- 3.05 17.34 ± 2.72 
18 : 1 (n - 9) 13.87+ 3.60 28.84+4.89 17.904-1.79 28.08+_0.90 
18:1 (n - 7 )  0.91 +-0,06 3.58-+0.95 ZI I  4"0.22 2.06+_0.03 
18 : 2 ( n - 6) 27.40 -+ 2.01 8.08 +_ 2.32 26.30 _ 0.57 8.0-'~ _+ 100 
18 : 3 ( n - 3) ('.18 + 0.08 1.17 + 0.05 0.62 + 0.26 1.79 +_ 0.41 
20: 0 b29 -+ 0.10 0.49 + 0.02 0.31 ± 0.'39 0.42 4" 0.11 
20: l {n -9 )  f~.2l ___0.08 0.224"0,04 0,24+0,01 0.294-0.01 
20:2 (n - 6 )  0.93+0_33 
20:3 (n - 9 )  1.59+-0.44 0.06+0.00 4.26+0.41 
20:3 (n - 1) 0.26-+0.02 0.20_+0.07 0.4-14- 0.03 0,53±0.04 
20: 4 ( n - 6) 3.28 + 0,06 3,97 + 0,91 10.03 +- 0.37 10.55 4- 0.49 
20: 3 ( n - 3) 0.13 ~ 0.03 0.34 4- 0.01 6.42 _+ 0.2.4 0.73 + 0.06 
22 : 0 0.32-+ 0.02 0.41 -+0.16 02.5 +0.06 0.2.54-0.06 
22: l ( n - 9) 0.11 ~ 0.05 0.10 4- 0.01 0.16 4- 0,05 0.37 4- 0.11 
22:4(n  - 6 )  0.52±0.!0 0.60+0.11 3.69+0.48 1.53_+0.27 
22 : 3 (n - 6 )  0.54 :k 0.02 1.315":0.80 1.64±0A9 2.25 4-0.69 
22:3 (n - 3 )  0.21 ±0.00 0.554.0.10 1.264.0.00 1.36-+0.11 
22: 6 ( n - 3) 0.42 -i- 0.06 1-03 4- 0.17 0.37 4- 0.12 0.37 4- 0.10 
24 : 0 0,38 +- 0.05 0.92 + 0.15 0.34 +- 0.11 0.42 +- 0.03 
24:1 t n - 9) 0.71 ± 0.01 0.88 4- 0.15 0.354- 0.04 0.21, 4- 0.01 

20: 3/20: 4 0.00 + 0.00 0.39 5:0.02 0.01 4" 0.00 0.41 ± 0.06 
D B! ] 41.58 -+ 0.13 i32.14 + 6.98 181.99 4" 22.2 163.89 + 5.47 
D BI/SFA 2.96 4- 0.09 2,90 ± 0.42 5,64 +- 0.55 5.42:  0.35 
Pl. FA/SFA 0.69 ± 0.01 0.40 4. 0.09 1.424- 0.15 1.O24- 0.07 
~'( ,-~ - 6) 32.34 + 1.66 13.96 5:2.71 43.03 ± 0.l 6 22.89 ~ 1.09 
~( r. - 3) 0.86 + 0.19 2.97 -+ 0.10 2.67 + 0.62 3.67 4- 0.73 
~:( n - 9) + ( n - 7) 18.98 + 2.95 35.84 + 3.41 21.44 +- 1.70 4163 .k !.65 
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Fanyzzid PS P! SM 

control EFA-deficient control EFA-deficient c o n t r o l  EFA-deficient 

14:0 1.494- 0 . 1 2  3.46±2.21 2.69+0.81 1.32±0.12 3,824-3.00 5,184-0.42 
16:0 15.924- 1 . O 3  9.81±1.27 1 6 . 6 4 , + 0 . 6 0  1 5 . 4 9 ± 2 . 7 5  6 9 . 3 8 , + 7 . 5 7  43.77+0.82 
16: l (n -9)  2.91 ,+ 0 . 0 5  1.384-0.99 5.12± 1 . 7 8  2,934-1.05 0.61 ±0.20 
16:1 (n -7 )  5.13+- 1 . 8 2  2.31+0.28 4.25+-1.63 ?.80±0.07 2.34±0.03 5.39±1.82 
18:0 35.76+ 3 . 3 1  35 .41 -+3 .39  23 .08-+1 .11  21.85+1.90 1 0 . 0 3 + 3 . 9 7  18.87+1.54 
lS: 1 ( n - 9) 15.11 4- 5.57 24.55 ± 3.35 12.86,+ 0.50 22.82 ± 1.17 4.75 ± 2.75 15.47 4-1.65 
lS:l  tn -7}  0.64± 0 . 0 3  1.11±0.08 0.84,+0.00 0.20+-0.08 
18:2(n-61 13.41± 0 . 1 4  7.30±1.85 18.56±6.14 5.80±2,19 2.16+1.52 3.56 + 1,80 
18:3~n-3) 2.26± 1 . 8 8  1 . 4 6 4 - 0 . 5 1  12.77+0.99 1.57+0.07 0.54,+0.06 0.60:t:0.08 
20:0 1.27± 0 . 7 6  0.684-0.13 0.75+-0.01 0.48+0.20 0.49+0.37 1.50+0.42 
20:1 (n -9 )  2.41 +- 0 . 9 5  0.25,+0.06 0.25 4-0.09 
20:2 (n -6 )  0.46,+0.13 0.27:t:0.10 
20:3 (n -9)  i.15__.0.26 ,L58 x 1.53 0.18:t:0.05 0.59+0.20 
20:3(n-61 2.42± 2 . 2 1  036,+0.10 0.59,+0.02 0.78±0.30 0.154-0.03 0.32+0.07 
20:4(n-61 1.98+ 031 4.05+0.80 9334-0.32 1107±0,01 3.69 +_0,51 2,74±0,55 
20:5 ( n - 3 )  0.86+ 0 . 1 3  0.29,+0.05 1,07 +0.36 0,434-0.05 
27.:0 1.48+ 0 _ 6 1  0.59±0.14 0,31 +0,09 0.39_+0.07 
22: ! (n -9)  0.29+- 0 . 0 4  0.43,+0.22 2.51 ±0,81 0..50±0,05 
22:4(n-6)  0.82,+ 0 . 1 9  0.78+-0.09 1.15±0,06 1,11 ±0,21 0.13,+0.06 0.24±0.04 
22: 5 (n -6)  4.39± 2.40 !.50,+ !.05 2.06 ± 1.18 4.21 ± 0.33 
22:5(n-3) 1.35± 1 . 0 3  1.39±0.19 0.544-0.11 1.21+0.48 
22:6(n-3) 1.32+- 0 . 7 4  0.71+-0.15 0.46+-0.21 0.99±0.17 
24:0 1.184- 0 . 6 6  0.634-0.13 0.41 ±0.19 0.884-0.15 0.31 ±0.06 0.31 4-0.05 
24:1 (n -9 )  1.19,+ 0 2 . 2  0.26,+0.08 0_13±0.09 0.17±0.02 0.454-0.04 0.39+0.06 

20:3/20:4 0.00,+ 0 . 0 0  0.28,+0.03 0.00,+0.00 0.41+0.14 0.02±0.02 0.24:1:0.12 
DB! 155.924-11.04 135.19+3.63 159.07+0.97 178.07:1:5.43 107.634-7.19 104.734-4.72 
DBI/SFA 3.33-1- 0 . 8 4  2.69+-0.16 ~~ 3.69+-0.24 4.40 -I- 0.26 1.29+0.18 1.50+0.04 
PUFA/SFA 063:± 0 . 2 1  0.37+0.02 0.82-+0.18 0.774-0.11 0.08+-0.04 0.124-0.03 
E.(n-6) 23.73,+ 0.~ 13.99,+Z10 32.25,+6.16 22.96±3.04 6.12+2.17 6.744-2.30 
~Y,,t ~ -- 3) 5.36+- 4 . 0 7  3.75+-0.49 2.774-1.08 3.47±0.97 0.274-0.27 0.814-0.13 
~{n - 9 ) + ( n - 7 )  21.54± 4 . 7 9  3 0 . 6 1 + - 4 . 1 4  2 0 . 5 7 , + 1 . 3 7  32.30±0.64 9.3"/+-3.99 22.404-3.33 

higher in EFA-deficient than in control pig intestinal 
BBM. This means that EFA deficiency causes an in- 
creased membrane 6rganiTation near the polar head 
(5-NS and 7-NS labels) as well as deeper in the mem- 
brane phospholipid leaflet (10-NS and 12-NS labels). 
Furthermore, the difference in the 2A, values became 
greater as the position of the nitroxide probe was deeper 
in the brayer, at least until the 12th carbon atom of the 
acyl chains (Fig- 3). In contrast, the rotational correla- 
tion parameter measured for the 16-NS label was not 
modified by *.he dietary treatment, as shown in Fig. 4. 

EFA deficiency led to a higher w/s ratio whatever 
the temperature (Fig. 5). In addition, variations in the 
w/s ratio with respect to temperature were similar for 
both dietary groups. Therefore, the variation in the 
difference between the w/s ratios measured on EFA- 
deficient and control pig BBM was also similar, both 
slightly increasing with temperature. The increase in the 
weakly immobilized label of the EFA-deficicnt pig 
membrane was more rapid as the temperature in- 
creased. 

Discussion 

Increasing attention has been paid in recent years to 
the interactions between membrane lipids and proteins, 
with the aim of better understanding membrane func- 
tion [24-26]. The present study shows that the struct- 
ural organization of lipids and proteins of pig enteroc- 
yte luminal membrane is markedly altered by an inade- 
quate dietary content of essential polyunsaturated fatty 
acids. 

Lower fluidity of rat intestinal membranes following 
an EFA-deficient dietary treatment has been shown to 
be related mainly to a higher cholesterol/phospholipid 
molar ratio than in the control animal membranes [5,27]. 
However, perhaps due to the lower lipid content of our 
experimental diet (7 vs. 37% in other experiments [51), 
no variations were observed in either cholesterol or 
phospholipid levels relative to proteins as well as in the 
phospholipid class distribution of porcine BBM. The 
cholesterol/phospho'ipid as well as the SM/PC molar 
ratios were aot affected by the dietary treatment and 
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In the EFA-deficient pig membrane, the dramatic 
decrease in Enoleic acid and other acids of the (n - 6) 
series was quantitatively corapensated by higher levels 

therefore cannot be used to explain the changes in the 
membrane physical properties of EFA-deficient piglets. 
These changes can thus ve~  likely only be ~mputed to 
the modifications induced in the fatty acid composition 
of BBM phospholipids by EFA deficiency. As the un- 
saturation index is not affected by the dietary treat- 
ment. the major change therefore concerns the individ- 
ual variations of fatty acids. 

o~ .~ 4 = , 

3~'~  ~ 6 1~ 
A c y I  t h o r n  pos:tton 

Fi$. 3. Variatio.~ of 2A, parameter with the position of the doxyl 
group attached to the spin-label stearyl chain in the intestinal BBM 
vesicles o f  El;A.deficient (m) and control (D) pigs. Data represent 

m ~  + 2 S.E. for three determinations at 37 o C. 

. 

I i 

4 
I 

i 

/ 
/ 

t / 
/J  

/ 
/ 

% 
/ 

/ 

f 
/ 

' 2 

, . i ' "  2 / 

0 TO 20 30 40 

Terr~eroture 9C 
Fig. 5. Tcmp~a[rc var~don~ of tim w/s rado measured on EFA~Je- 
ficiency ( - -  - -  - - )  and control ( ) pi 8 BBM vesicles l~t.,~Y.",d on 
their pro~'eins. Data represent m ~ s + 2  S,E for four de~erminatinas. 



83 

of oleic and palmitoleic acids and, although to a lesser 
extent, by the synthesis of 5,8,11-eicosatrienoic acid. 
This physiological rcspor~;e to EFA deficiency, like the 
increase in the 20: 3(n - 9)/20: 4{n - 6~ ratio [28,29], 
partially refl~ts the diet composition but also results 
from the stimulation of ,~s and Zi 6 desaturases, as wit- 
nessed by the higher 1 6 : 1 ( n - 7 ) / 1 6 : 0 ,  1g:1 ( n -  
9) /18:0 and 20:4(n - 6)/18 : 2(n - 6) ratios in most 
of the phospho!ipid das,~es. This leads to the nonsignifi- 
cant change observed ia the DBI/SFA ratio, but to a 
lower PUFA/SFA ratio in EFA-deficient pig BBM, as 
the level of SFA remained unchanged, while that of 
PUFA markedly decreased. Moreover, contrasting with 
the former, a BBI calculated only on PUFA (DBIptjFA) 
is modified with the diet and thereafter the 
DBIpura/SFA ratio is reduced by EFA deficiency. 
Physiological processes probably take place in the 
EFA-defi6.ent animaJ membrane in an attc:'npt to com- 
pensate the lower level of PUFA, even if the level of 
20: 4 ( n -  6) has b~.~n preserved. These involve, for ex- 
ample, the general appearance of eicosatrienoic acid in 
the phospholipids and perhaps also the trend of an 
increasing level of (n - 3) FUFA (up to 245% in PC). In 
particular, according to the well-known conformation of 
bilaver phospholipids and especially the parallel stack- 
ing of hydrocarbon chains [30], it can be assumed that 
the different nature of unsaturated fatty acids in EFA- 
deficient and control pig BBM leads to different distri- 
bution of double bonds in the depth of the layer. This 
structural change could indu~ significant modification 
in the physicuchemical properties of the membranes. 

The classical increase in membrane disorder ":A:h .'.he 
increasing membrane depth [31] was found again here. 
However, the order profile gradient was modified in 
EFA-deficient as compared to control pig BBM. As 
strongly suggested by Fig. 3, membrane orientational 
order was always greater in the former. Nevertheless, it 
can be noticed that results with 16-NS measurements 
show that the: rotational mobility was not affected at 
this depth by EFA deficiency. The increased order in 
~he EFA-deficient pig membrane F~pids at different de- 
pths of the layer is probably due to higher interactions 
between the acyl chains of the phospbolipids than in the 
control animal BBM. This could well be related to the 
depressed level of PUFA and the concomitant higher 
saturated and monounsaturated fatty acid levels. This 
leads to a higher degree of rigidification, due to a 
packing effect of saturated, acyl chains via magnified 
Van der Waals forces within the EFA-deficient pig 
membrane [3i]. Moreover, we also observed aa in- 
creased w/s ratio in the EFA<leficien t. pig BBM. As- 
sessment of the amplitudes of w and s peaks showed an 
er.hanced amount of the weakly irr, mobil/zed label in 
the EFA-deficient pig membrT_aes as compared to those 
of the controls, with no change in the strongly immobi- 
lized label. CI~sically, the ~aleimidc spin-label is used 

in analysis of structural changes around SH groups of 
biological membrane proteins. However, the reporter 
group of the spin label can be immobilized not only by 
the nature of the tridimensional structure of the binding 
site, but also by intra- and intermolecular protein fold- 
ing [32]. As the temperature-dependence of the w/s 
ratio is the same in both EFA-deficient and control pig 
BBM, protein conformational change [33] very likeiy 
does not occur in this temperature range. This is the 
mere fact we can conclude from the w/s experiments. A 
more complete explanation of this result, referring for 
instance to relationships with either protein glycosyla- 
tion or processing, new distribution of individual pro- 
teins or vertical displacement of some intrinsic proteins 
[34-36] needs further investigation Nevertheless, the 
increased level of weakly immobilized labels in EFA.de- 
ficient pig membrane could mean a decrease in 
lipid-protein interactions. Therefore, this could be re- 
lated to chanEes in functional properties of membrane 
proteins, as found in such cases [37-39] of modified 
fatty acid composition. 

Our results point out that EFA deficiency leads to a 
modified membrane lipid matrix. This observation could 
be related to both the increased interactions between 
the acyl chains and the different pattern of unsaturation 
in the EFA-defieient pig membrane. This could be 
responsible for the loss of some interactions between 
membrane constituents which are needed to maintain 
the normally active membrane protein structure. It seems 
that a higher cohesion of the lipid matrix leads here to a 
lower cohesion between lipids and some proteins. Thus, 
it could justifiably be speculated that the increased level 
of (n - 9) and (n - 7), as well as the loss of (n - 6) fatty 
acids, provided by EFA deficiency could interfere in 
protein function. Undoubtedly, these phenomena be- 
long to the regulatory mechanisms which remain to be 
clearly characterized but which very probably involve 
still unknown EFA properties in the membrane [40]. 
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