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It is now generally aceep4cd that dietary lip|ds permette threegh the chelesterol.phespholi#d bllayer of the 
intestinal mlcrovillus memlmme during the process of intestinal absorplion. Therefore, it ha3 been assumed 
that rates of lipid pe r me~on  depend ~ the physical properties 04 tim mkrevlllus memlmme. In this study 
the lipid permeability pt'opeNies of the mierovillus membrane were compared in two regions of the inteslina, 
jejtmum and ileum. Since rite jejeaum is exposed io Llte ,na~i ' i~ of dicta.we l-;pld it w~Od he remonabie to 
suppose that it would be more ell |cleat at Upld absorp4ion. The ileum w*.q found to be I~s  permeable to all 
fatty acids examined and this could be ¢orrelaled wilh ire 'eased rigidity of ileal mlerovillus membrane 
vesk.les m e a s m ~  with m d f l # e  Ihmreseent probes. Differences in memhram fluM[ty were found in both the 
outer third and ~enlral regions bt the bilayer. When meast~ments  of membfa~  fluidity were performed 
either ia the lwesenoe or lira absence M fatty acids, it could be demons~ ted  t im  these acids ~ r tu rb  the 
physical p m p e ~ e s  o41" the outer region or the mendmme. Therefore, this suggests that the rate-limiting step 
in fatty aeld lUSmaeatloa m y  be Ioeallzed to the outer third of the bilayer. Plmrmacologk or dietary 
manipelalions ,~¢tem~ng to alter tales ol lipHI permeabi|tty snout0, thereiere, be directed iowards aiierinlg 
the physical ix,~ertles of this region of the mica~villus membrane. 

Introduction 

It has become clear that :.n order for lipids to 
enter the intestinal epithelial cell two barriers must 
be crossed. First, the aqueous diffusion barrier 
that lies external to the microvilIus membrane and 
secondly, the microvilius membrane itself [1,2]. 
Depending upon exFerimental conditions either 
barrier may become rate limiting for intestinal 
lipid absorption, ' ihe majority of lipids cross cell 

Curvcsp~ad©ncm &B. Mcddinss. Oastrointe.$tined Research 
Group, Department of Internal Medicine, University of 
Calsa~, 1403-29 Street N.W. Calgary. AIImrta, Canada "V2N 
2"1"9. 

mcmbran~ by a process of simple diffusion 
without the aid of a protein carrier. The most 
important points suggesting thJs are: (a) rates of 
lipid absorption are a linear function of con- 
centration in most studies, (b) competition be* 
tween llpids for a~aw! ive  sites has not been 
convincingly demonstrated and (c) for ~ny given 
membrane, the membrane permeability coefficient 
for a series of lipid probes predictably increases 
with the hydrophobieity of the probe [1,3-7]. Al- 
though lipid bit, cling proteins do exist in the enter- 
oeyte [8] it is difficult to reconcile the above 
observations with the suggestion that th~.~e pro- 
teins mediate the transmembrane movement of 
lipid~ especially for fatty acids and cholesterol, 
Therefore, the rate of lipid movement across the 
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microvillus membrane should be dictated by the 
physical properties of the cholesterol-phospholipid 
bilayer which represents a significant fraction of 
the ~aembra~e. During the norma] process of di- 
gestion the jejunum absorbs the majority of di- 
etary lipid and would, therefore, be expected to be 
more efficient at lipid absorption than the ileum. 
In this study rates of jejunal and ileal fatty acid 
absorption are quantitated in the rat and COrre- 
lated with the physicoohcmical properties of mi- 
crovillus membrane isolated from these intestinal 
regions. It is demonstrated, in agreement with 
other studies, that the physical properties of  the 
microvillus membrane differ between these re- 
gions of the intestine. Furthermore, when fatty 
acids permeate through micro~,'illas membrane 
vesicles, in vitro, it is shown that they perturb the 
physical properties of a specific region of the 
membrane. 

Materials anti Methods 

Chemicai~. Unlabe]led fatty acids were ob- 
tained from either Sigma (St. Louis, MO) or Nu 
Chek (~lysian, MN) and the.~r purity c~tablished 
by gas-liquid chromatography (GLC). Any lots 
found to be less than 99% pure were discarded. 
[~H]Polycthytene glycol and [a4CIdodecanoic acid 
( t2 :0 )  were obtained from New England Nuclear 
(Boston, MA) and used as supplied. The fluores- 
cence probes 1,6-diphenyl-l,3,5-hexalriene (DPH) 
and seven isomers of anthroyloxy steaxic acid were 
purchased from Molecular Probes (Ju~c.'ion City, 
OR) and also used as supplied. All other reagents 
and chemicals were of the highest grade available. 

Perfusion studies. Rates of fatty acid absorption 
were measured by a recently established tech- 
nique, based upon a previous perfusion system 
[12]. Briefly, following anesthesia with pentobar- 
bitat (65 mg/kg intraperitoneally) a 10-15 cm 
loop of intestine was fashioned either just distal to 
the ligament of Treitz or just prordmal to the 
ilex~eeal valve in female Sprague-Dawley rats 
(200-225 g). The ends of the loop were cannnlated 
with ~eflon tubing and returned to the abdominal 
cavity. During an equilibration period of 20 
minutes, the loop was perfused in a closed reper- 
fusion system with buffer alone, (raM) NaCI (150), 
KCI (5}, Hepes (S0). pH 7.5, The infusate was 

then changed to a solution identical to the buffer 
but contaird.ng eight fatty acids (#M), 5 : 0 (800), 
7 :0  (400), 8 : 0  (400), 9 :0  (200), 10:0 (lg0), 11:0 
(i00), i3 : 0 (60), and trace quantities of  [t4C|12 : 0. 
The perfusion continued for 48 rain at a rate of 5 
ml /min  and aliquots of the perfusate were regu- 
larly obtained for the determination of fatty acid 
concentrations as well as of the nonabsorbable 
marker, [3Hlpolyethylene glycol. Rates of fatty 
acid absorption for each probe were calculated 
from the linear fall in concentration of  each fatty 
acid during the course of =h~ perfusion. Absorp- 
tion rates were normalized to both the length of 
the peffused 10op and the driving concentration 
gradient, assumed to be the geometric mean con- 
centration of the probe during the perfusion, as 
described by Winne and Markgraf [9]. The re- 
sultant value is defined as the apparent permeabil- 
ity coefficient, P * ,  and represents the ninnies of 
probe f~bsorbed per rain per cm length of intestine 
per mM concentration gradient. 

Diffusion battier resistvr, ce waz measured by 
~he diffusion limited probe m~'th¢,o iiO-12]. This 
value, established in each animal, ~.~i~wed dcriva- 
tio~z of the true membrane ~emtt,~b.;Aity coeffi- 
cient, P,  for fatty acid probes 5 : U tmough 10 : 0 
which were then used to characterize the lipid 
permeability properties of  the mierovillus mem- 
brane. The interracial concentration, (:2, of each 
probe during the course of  the perfusion was 
calculated and assumed to approximate the trans- 
membrane concentration gradient [12,13]. 

Jd 
c2 ~Ci - ~  (t) 

In this expression C 1 represents the concentration 
c,f probe in the b ~ k  phase, J represents the 
absorption rate of  the probe, D its aqueous diffu- 
sion coefficient, d the thickness of  the diffusion 
barrier and S~ its surface area. The ratio d / S  W is 
a measure of the resistance of this barrier. The 
concentration of unlabelled fatty acids were de- 
termined by gas-liquid chromatography (GLC) 
while [14C]12:0 and [3H]polyethylene glycol con- 
centrations were quantitated by standard liquid 
scintillation techniques. Free fatty acids were ex- 
tracted into chloroform from aliqunts of lr=rfusate 
following acidification with hydrochloric acid and 
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saturation of the aqueous phase with sodium 
sulfate. Extraction rates varied between 95-100% 
with this techr, ique and the inclusion of two inter- 
hal standards, fatty acids 6 : 0  and 12:0, allowed 
determination of all fatty acid concentrations with 
a precision of 4-270 over the concentration range 
used (data not shown). Furthermore, rates of ab- 
sorption for all fatty acids were identical whether 
determined from this perfusate or from a per- 
fnsate containing a single fatty acid, theseby ex- 
cluding significant interactions between these sub- 
strafes either at the level of  the membrane or 
within the perfnsate. All GLC analyses were per- 
formed using a Hewlett-Packard 5890 GLC sys- 
tem (Hewlett-Packard, Avondale PN) and quanti- 
tared g~ith a Hewlett-Packard 3390 integrater cou- 
pled to a FID detector. Free fatty acids from the 
perfnsion were separated on a packed column 
containing GP 10~ SP-216-PS (Supelco, Be- 
Ilafonte PA). Two internal standards, fatty acids 
6 : 0 and 12 : 0, were used to correct for extraction 
variability. 

Besides quamitating the permeability proper- 
ties of the microvillus membrane to fatty acids 
these data can also be used to calculate the rela- 
tive hydrophobicity of  the mierovillus membrane. 
There exists a log-linear relationship between the 
membrane permeability coeffici~ts of a series of 
lipid probes and the hydropliobicity of the probe, 
i.e. chain length for a series of fatty acids |3,11-13]. 
This relationship holds true for the longer chain 
length members of  the fatty acid series. Itowever, 
in most studies the shorter chain length members 
appear to be anomalously permeable suggesting 
the presence of accessory transmembrane path- 
ways. In the present system it has previously been 
shown that fatty acid probes 9: 0 and 10:0 are 
not anomalously permea~'~e so that the permeabil- 
it3, coefficients for these probes can be used to 
define the change in incremental free energy that 
occurs when a methylene group partitions from 
the aqueous luminal environment into the mem- 
brane, &~F~.~l [11,12]. 

o,t F . . ,  = - . T  ,.(p~-~) (2, 

In this equation R represents the gas constant, T 
the absolute temperature, and P+ or P_ the per- 

meability of the pro.he with and without the ad- 
ditlonal methylene group, respectively. The units 
become cai/mole and a more hydrophobic mem- 
brane, i.e. one having a steeper relationship be- 
tween permeability and chain length, would have 
a more negative value for this term. 

Membrane isolation. Microviltus membrane 
vesicles were prepared from both jejunal and ileal 
mucosal scrapings using a previously published 
method [14]. Purification was assessed by the con- 
centration of suerase specific activity [15] and for 
all preparations was similar, ranging from t5- to 
2O-fold. Basolateral contamination, assessed by 
the marker enzyme Na+/K+-ATPase was not de- 
tected. Compositional analysis was normalized to 
the protein content of the vesicles determined by 
the method of Bradford [16]. Membrane Iipids 
were extracted by the method of Folch. Cholesterol 
content was quantitated by GLC using a Supetco 
SP-2250 packed column with stigmasterol as the 
internal standard. Membrane lipids were saponi- 
fled prior to extraction to facilitate analysis of 
total cholesterol. Total phospholipids were as- 
sayed by the method of Ames and Dubin [17]. 
Brash-border membrane fatty acid methyl esters 
were prepared from fipid extracts of the vesicle 
preparation by the method of Morrison and Smith 
[18]. These were separated and quantitated by 
GLC on a Supdcowax 10 capillary column using a 
temperature programmed run from 170°C to 
24o°c .  Under these conditions fatty acid methyl 
esters identified from standard mixtures ranged 
from 14:0 to 22:0. Authentic standards were 
used to identify all compounds quantified by GLC. 

Fluorescence polarization $tudieg Eight fluo- 
rescent probes were used; 1,6-diphenyl-l,3,5- 
hexatdene (DPH), and seven isomers of stearie 
acid labelled with 9-anthroyloxy groups at either 
carbon numbers 2, 3, 6, 7, 9, 10 or 12. Steady-state 
polarization measurements were performed using 
a SLM polarization spectrofluorometer (SLM- 
Aminco, Urhana, IL). Previously published meth- 
ods [19] were used to load the vesicles with the 
fluorescent probe. The final molar probe:l ipid 
ratio approximated 1 : 10430. Corrections for lisht 
scattering and intrinsic fluorescence were routinely 
made by subtracting the signal obtained from 
identical but unlabelled samples and the .fluo- 
rescence of the buffer plus label alone, These 
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never exceeded 5% for DPH or 13~ for the an- 
throy]oxy probes. Furthermore, 2 :1  dilutions of 
all samples were obtained and the anisotropy of 
these solutions were identical with the originals. 
The absorbance of vesicle plus buffer at the exci- 
tation wavelength (360 nm) varied from 0.020 to 
0.030. Although not measured, fluorescent life- 
times were assumed not to have changed since the 
total fluorescence between samples did not vary. 
Data are reported as the steady-state anisotropy 
parameter, r~. It has been shown by Van Blitters- 
wijk et al. [20] that the limiting hindered ani- 
sotropy, r~, can be calculated from this measure- 
ment using an empirical relationship. For DPH 
this value is relatively high suggesting that mem- 
brane order plays a prominent role ha determining 
the motional freedom of DPH. The orde¢ parame- 
ter can Ix: calculated ~ :  

x r ~ l  

where r o rep:esems the maximM hindered ard- 
sotropy of the probe, taken as 0.362 for DPH [19]. 

Fluorescent probes with ~'elafively low values of 
r~, such as the anthroyfoxy derivatives of stearic 
acid, are less influenced by membrane order and 
the anisotropy parameter for these probes reflects 
primarily their rotational movement, i.e.; a 'dy- 
namic component" of membrane fluidity [2]]. Since 
this varies as a function of depth in the bilay~:r 
this par~neter waS determined with seven isomers 
of anthroyloxy stearie acid that differed irz the 
carbon labelled with the fluorescent group. The 
use of  n-(9-ant~oylox3"stearie~ fatty acids to mea- 
sure fluidity gradients in membranes has been 
e.xtensiv¢ly reviewed [22,23]. These probes odent 
thcn'k~clves in a vertical direction in the bilayer 
with the labelled group placed progressively de- 
eper in the membrane in a graded fasMon. !t is 
important to note that fluorescent lifetime and 
relative quantum yield increase ~s the fluorescent 
group is moved further into the mexabraa'.e interior 
[2@ Furthermore, the rotational movement of 
these probes in liquids of web characterized 
viscosity are not idcutical [23] and, therefore, the 
interpretation of data obtained from such experi- 
ments must be made with caution. However, these 
probes are useful ha determining relative fluidity 

gradients in a variety of membrane preparations 
[22-261. 

Statistical analysis. Unless stated otherwise all 
data are presented as the mean ~: gE .  Compari- 
sons between groups were assessed by the 
Man-Whitney test with the level of significance sot 
at p < 0.05. 

Results 

Fatty acid absorption rates 
Table I illustrates fatty acid absorption rates 

obtained in the ileum and jejunum with these fatty 
acid probes. The data are presented first as ap- 
parent permeability coefficients. P * ,  the form in 
which the measurement is originally obtained. In 
this format the data are uncorrected for diffusion 
barrier effects. Therefore, the differences observed 
may reflect changes in either diffusion barrier 
resistance or intrinsic differences in the permeabil- 
ity properties of the microvillus membrane that 
line these two areas of the intestine. Since these 
fatty acid probes represent a homologous series 
and the membrane permeability, P, for each probe 
increases with chain length [11,12| it would be 
expected that a diffusion limited situation will 
arise as chain length increases beyond a certain 
point. This is illustrated in the second column 
where the data is now corrected for the ability of  
each probe to diffuse in an aqueous environment 
by dividing P *  for each probe by its diffusion 
coefficient, D. For both ileum and jejunum a 
constant value for P * / D  is achieved representing 
the diffusion fimited state. It e~,.n be s ~ n  that this 
value is greater in the ileum than the jejunum 
signifying that the ileum has a lower value for 
diffusion barrier resistance than the jejunum. Dif- 
fusion barrier resistance, d / S ~ ,  calculated from 
all diffusion limited probes (n = 18 for ileum, 
n ~-26 for jejunum), is significantly lower in the 
ileum than the jejunum (0.036 :i: 0.001 vs. 0.039 ± 
O.OOD. 

An accurate value for diffusion barrier sesis- 
tanee in each grgu p allows calculation of the 
intexfacial COncentration, C 2, for each probe. These 
are presented in Table ! with the assumption that 
the bulk phase concentration of  each probe was 1 
mM for the sake of convenience. Since intra0ellu- 
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T A B L E  i 

F A T I ' Y  A C I D  T R A N S P O R T  D A T A  

D a t a  are presented as the mean  + $ . ~ .  f rom ten separate  perfusions of ei ther  j e j u n u m  or  i leum. Abso fp t i oa  rates for  iedi ,ddual  fatty 
acids are given a~ the apparen t  p e rmeab i f t y  ¢oeffb:ients. The derivat ion of  subsequent  da ta  is discussed in the text. It  should  be 
noted that true membra:a¢ permeahg i ly  coefficients, P, cannot be calculated toe probes thai a~ diffusion l i ~ . h e d  (12:0 and 13:0 for 
ilcarn~ 1 1 : 0 , 1 2 : 0 ,  and  1 3 : 0  for j e junum) .  

Source Probe Apparent P*/D lnterfa¢ial Membrane 
pennenbility probe permeability 
coef[i~i¢lit P *  concent ra t ion  C 2 coefficient P 

( n m o l / m i n  per  ( m M I  ( n m o l / m i n  per  
cm per raM) cm per raM) 

I leum 
(n =10) 

$¢j IlIllllm 
(n 110) 

5:0 6.82~0,15 ' 10-38 ± 1.02 " 0,62 
7:0 8.10+0.47 " 13.60.1.06 " 0.51 
8 : 0 9.38 ± 0.4I 16,65 _+ 1.04 OAO 
9:0 t0,t 2:t: 0,49 t8.92:i: i,05 0~31 

10:0 10.66 :I:0A9 21.124.1.05 0.23 

11:0 11.83+0.$2 24..53-1-1.05 0.1 [ 
12:0 12.904-0.50 " 27.94 -.t: 1.04 * 

13:0 12.00+0,$g 2g.22 + 1.05 

$:0 8.43+0.50 I2.94 + 1.06 0.49 
7: 0 9.20 + 0.36 l 5.49 + 1.04 O. 39 

8: 0 10.244- 0.33 ] 7.99 ± 1.03 0.30 
9: 0 L0~69 4- 0.20 20,69 ± 1,0] 0,2I 

10:0 11.324-0.24 22.42:1:t.02 0.12 
11:0 11374-0.33 7..5.43 -I- L 0 3  - 
12 : 0 11.76 4-0.47 25.$3 ~: t.lO - 
13:0 !1.204.0.49 26.31 4.1.04 - 

H .t:eO 4- 0. , ;0  ~ 

15 .88_  1.92 a 

23,45-- 2.74 ~ 
32_65 ± 4.20 ~ 
46.35 ~: 9.80 " 

107.55 +_ 8.22 

lZ20:i: 2.]7 
23.59+ 2.43 
34 134- 4.1.~ 

50,91 ~ 4+52 
94.33 ! t2.45 

' p < 0.05 ileum vs. je.iunu'm. 

lea eoneentratiom of these probes appear to ap- 
proach zero [1.2,13] this value approximates the 
trausmembrane concentration gradient and allows 
calculation of the meanbrane permeability coeffi- 
dent ,  P, for each probe. 

pm 

It is apparent that the ileal nficrovillus membrane 
is much less permeable than jejunal microvillus 
membrane to all fatty acid probes. The differences 
seen here are much greater the."- ~ir~t appreciated 
by examining the apparent permeability coeffi° 
ciems of the fatty acid probes. This is simply 
because diffusion barrier resistance is higher in the 
jejunum and therefore the apparent lipid permea- 
bility of the j q u n u m  underestimates the true lipid 
permeability of the jejunal microvifius membreme 
to a greater extent than in the ileum, 

There are two potential explanations for the 

differences in membrane lipid permeability of 
these different regions of the intestine, Firstly, 
since the data are normalized to the length of 
perfused intestine, the ileum may have less mem- 
brane surface area per cm available for fatty acid 
permeation. Secondly, the physical properties of 
ileal microviUus membrane may differ from those 
of jejunmn. Either or both explanations may be 
tree, That membrane physical properties do differ 
between these intestinal regions is evidenced by 
the calculated hydropliobieity of the microvillus 
membrane obtained from these data. The jejunal 
microvillus membrane is significantly more hydro- 
phobic than iieat microvillus membrane, implying 
a steeper relationship between increasing mem- 
brane permeability and increasing hydrophobieity 
of the probe molecule [1133]. For a methylene 
group ~ F w ~ t  appros, imatcs - 2 1 5  4-58 ea t / tool  
in the ileum vs. - 4 6 3  + 50 in the jejunum ( p < 
0,05). 
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TABLE lI 
LIPID COMPOSITION OF MICROVILLUS MEMBRANE 
Data are presenled aS the mean:~S,E. [rom either four or live 
membrar~e prepm'ations, E~ch membmn~ preparalion was ob- 
tained by pooling mllcosalE scaping, s from four rats. Ileum wits 
defined as the distal half of tl;e small inle,*tine and the 
remainder was considered jejunum. 

Micfovillag membrane stmree 

i+cum jejtm.m 
(n ~ 4) (n = s) 

Cholesterol 
(nraoi/mg protein) 383 :i: 16 • 289 ± 25 

Pho~holipid 
(ritual/rag protein) 802 5:~4 " 563 + 59 

Chdesteroh pho*t~hdipid 3A8± 0.3 0..52± 0,09 
(mol: reel) 

Total phmphulipid 
fatty adds 
(mol~) 14:0 1.0 ± 0.l 0.9 + 0.3 

16:0 2g.4 :~ 0.7 24.1 :~ 4.3 
16:1 0.9 + 0.I 1.5 i 0.3 
18:0 27.4 ± 1.7 a 18.3 + 0.5 
1 8 : 1  14.9:1:0.9" 20.6 ~_ 2.3 
18:2 16.7 ± 1.2' 27.7 ± 2£ 
20:0 0,6 5:0.1 0.6 + 0"1 
20:4 I0.1 4- LI* 6.3 :t: 0"2 

p < 0.05 ileu~ vs, jejunum. 

~tembrane composition 
The lipid composition of mierovillus membrane 

isolated from both intestinal regions is presented 
in Table II. Ileal microvillus membrane has a 
greater concentration of both cholesterol and 
p~.~.~F:holipid wh~-n expr~sed per mg of mule- 
brahe protein. Alternatively, the protein content 
of ileal mierovilhts memhr~ne .m_zy ~e le~ ~han 
that of the jejunum. The eholesleml: phosphotipid 
ratio is not significantly different, 

Membrane composition in terms of total phos- 
pholipid fatty acids are quite different between 
these regions of the intestine. These differences 
are most oronounced in the relative amounts of 
the eighteen and twenty carbon families. In the 
jejunum linoleie acid predominates with a corre- 
sponding deorease in arachidonic acid whereas the 
ileum contained greater amounts of stearie acid 
and proportionally more arachidonate and less 
linoieate. 

Fluorescence polarization studies 
Physical properties of the mierovilhis mem- 

brane extracted from these two regions of the 
intestine were evaluated by steady-state polariza- 
tion properties for two classes of fluorescent 
probes. The first of these, of which DPH is an 
example, are probes whose motion in the mem- 
brane is largely determined by the degree of mem- 
brane order, and from which the membrane order 
parameter, & can be calculated. When assessed 
with DPH ileal miorovillus membrane is slgnifi- 
candy more rigid than microvillus membrane iso- 
lated from the jejunum (Table III). This translams 
into a higher value for S, ealeulateA by the method 
of van Blitterswijk [20], 0.872 + 0.008 vs. 0.841 + 
0,007 (p  < 0,05). In addition probes such as the 
anthroyloxy labelled stearic acid derivatives, which 
measure the "dynamic component' of membrane 
fluidity, also find ileal mierovillus membrane more 
rigid than the jejunum. However, this component 
of membrane fluidity can be measured as a func- 
tion of depth in the bilayer and, as illustrated in 
Table III, the differences between ileum and 
jejunum are not constant as the labelled group is 
placed deeper and deeper within the bilayer. With 
the fluoresemlt group placed in a supert~eial posi- 
tion in the bilayer, differene~ between the two 
groups are maximal, By the time the label reaches 
the tenth carbon of stearic acid there is no dif- 
ferene¢ in the fipid environment experienced by 
the probe. At the twelfth carbon diffea'enees once 
again become evident with the ileum being more 
rigid than thcje ju ,um.  

It is unclear whether these differences relate in 
any way to the permeation of lipids across the 
bilayer and therefore a final experiment was per- 
formed, ll~ai ~rfiero~illos membrane labehe~_ wtth 
the same probes underwent steady state polariza- 
tion determinations in the presence or absence of 
8 mM octanoi¢ acid in an attempt to see which 
portion of the bilayer was perturbed by movement 
of this lipid across the membrane. During these 
studies mierovillus membrane vesicles were in- 
cubated with the fatty acid for 2 hours and, there- 
fore, it is un2Jkely that net movement of the fatty 
acid occurred but equivalent bidirectional move- 
ment was almost certainly present, Incubation of 
the mierovilhis membrane with oetanoie acid re- 
suited in an increase of the anisotropy parameter 
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TAIILE 111 

FLUORESCENCE POLARIZATIDN STUDIES OF MICROVILLUS MEMBRAN ES AT 25 e C 

Data are presenled as the meau4-S.E, obtained from the same membrane pz¢'p~ations u~.~:d in Table 11. At least s~'en i~div~daal 
measutemenLs wez'e oblai~ed fo r  e'/ety probe in each membrane preparation. The anlhroyloxy ~de.~r~¢ ~ d  probes are de1"lole.~ 'AS" 
with the preceedin8 number r~prese~t~.8, the caxbeu ~o which the label is attached. The higher the number lhe deeper w~thin the 
bilayer the label is located. 

Probe Mi~rovillus Anir~01ropy r, Limiting Eindcz~ order 
membrane anisotropy r~, parameter 5 

DPlt 

2-AS 

3-AS 

6-AS 

"/-AS 

9-AS 

10-AS 

12-AS 

ileum 
jejunum 
ileum 
jejunom 
ileum 
j~unum 
ileum 
j e j unum 
i leum 
jejunum 
ileum 
je'juaum 
ileum 
jejumum 
iteum 
jejunum 

0.281-4- 0_004 " 
0.267 -4- 0,003 
0.158 ± 0.002 " 
0.146-4-0.003 
0.153 4. 0.004 * 
0.1,:14:1:0.~3 
0-150±0.(~5 ~ 
0-1dl + 0.002 
0 . 1 ~  0.004 ' 
0.147 4- 0.002 
0.129+ 0.e04 
0.121 ± 0.004 
0.078 4. 0,007 
0.077 -4- 0.006 
0.112-4-0.005 ¢ 
O,O~±OJ}06 

O.'~TS':E a.oo5 e, 0.872::ko_Dog = 
0~2~64-0.004 0.g41 ± 0,00'7 

• p < 0.05 ileum vs. jejuz~um. 

f o r  p robes  w i th  the  f luorescent  g r o u p  loca ted  in  
the  super f ic ia l  p o r t i o n  o f  the  b i l aye r  (Table  IV), a 
p a t t e r n  s imi lar  to the  di f ferences  be tween  j e juna l  

TABLE IV 

FLUO.t~_SCENCF ' PCLARIZAT[O~:i ~]'UDIES OF ILEAL 
MICROVILLUS MEMilRANES AT 25oC W[TH AND 
WITHOUT ADDED OU-'TANOIC ACID (8 raM) 

The dam represent the mean:i: S.E. for r iYe sep~ale delermina. 
tions p~ffo.,'med _;n two ~embr~n,~ preparations ~!f~t ~m 
those reported in TaMe IlL Membrane~ were incubated with 
five ~ r # l ©  aliquots of octtnoi¢ acid mid sludhuJ sepaxately. 

Probe r,, added fatty acid 

none 8:0 

2-AS 0.150 4- 0.(}04 0.152 + 0.003 
3oAS 0,143 + 0.003 0,153 ± 0.004" 
6-AS 0.142.4- 0.002 0,153 ± 0.002 • 
7-AS 0.1444.0-004 0.148 :t: 0.003 
9-AS 0.118 +0.002 0.121 +0.005 

1 O-AS 0.0754- 0.003 0.068 4- 0.OOS 
12-AS 0.1044- 0.002 0.103 4- 0.{)04 

• p < 0-05 ileum vs. ,~ejunum. 

a n d  flea[ microvi l lus  m e m b r a n e  p re sen led  in T a b l e  
I lL  

D i s e m s i o n  

Fo l lowing  a mea l  the  m a j o r i t y  o f  d i e t a ry  tri-  
a ty lg lyce ro l  is a b s o r b e d  in the  j e j u n u m :  u n d e r  
n o r m a l  c i r cums tances  the i l eum is r a re ly  exposed  

to la rge  quan t i t i e s  o f  fat,  There fo re ,  it  wou ld  n o t  
be  s 'az 'pf ish~ if  j e j una l  of i~ovi l l t t s  ~nemb~an¢ ~ a s  
m o r e  l ip id  p e r m e a b l e  t han  ileal microvi l lus  mem-  
b rane .  D u r i n g  the  n o r m a l  p rocess  o f  f ipid abso rp -  
t ion  d i e t a ry  l ip id  m u s t  d i f fuse  ac ross  bo th  a n  

a q u e o u s  d i f fus ion  ba r r i e r  tha t  lies ex te rna l  to  the 
microvi t lus  m e m b r a n e  a n d  the  microvi l lus  m e m -  

b r a n e  itself. There fore ,  l ipid U r ~ r t  ra tes  a r t  
de t e rmined  b y  the  res i s tance  o f  t w o  ba r r i e r s  
a l i3ned  in series. Several  conc ius lons  c a n  be  re- 
a c h e d  f r o m  d a t a  o b t a i n e d  in  this s tudy .  F i ~ t ,  
d i f fus ion  ba r r i e r  res is tance  m e a s u r e d  in  the  i leum 
a n d  j e j u n u m ,  u n d e r  ident ica l  pe r fus ion  condi t ions ,  
is s~pnificantly lower in the ileum. Secondly ,  ~p id  
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permeability coefficients for ileal mlcrovillus 
membrane, determined in rico, were much lower 
than those found in the jejunum. Thirdly, de- 
creased lipid permeability of the ileal microvillns 
membrane correlated with a more rigid lipid ea- 
viroament in this membrane, as assessed by 
numerous fluorescent probes. The increased lipid 
rigidity of ileal microvillus membrane can be at 
least partially localized to the superficial region of 
the bilayer (i.¢, proximal to the tenth carbon of 
stearic acid). Finally, when fatty acids are allowed 
to permeate through microvillus membrane vesic.|e.~ 
in vitro, they affect the lipid fluidity of the mem- 
brane in regions similar to those that ugh/bit the 
greatest differences between jejunum and ileum. 
This suggests that the increased rigidity found in 
superficial regions of ileal microvillus membrane 
compared to jejunal microvillus membrane may 
be important in determining the lower fipid per- 
mcab~ty  properties of this membrane. 

The purpose of the present study was to evaluate 
rates of transmembrane lipid absorption across 
two membranes where these rates could reasona- 
bly be expected to differ. Permeability coefficients 
for alt fatty acids were much lower across ileal 
microvillus membrane than jejunal mierovillus 
membrane. There are two possible explanations 
for this observation. Firstly, since absorption rates 
are normalized to the length of the per'fused loop 
rather than the uah3own quantity of membrane 
surface area, it is possible that the ileum had less 
membrane surface area per em of intestine than 
jejunum. It is important to recognize that func- 
tional membrane surface area available for lipid 
permeation may have little relationship to that 
measured microscopieafiy, Secondly, even if func- 
tlonal membrane ~nrfaee area were equivalent in 
the two regions of intestine, ileal microvillus mere. 
brane may be intrinsically less permeable to lipids 
than jejunal microvillus membran~ From tho data 
presented in this study it appears that both ex- 
planations are correct. Ileal microvillus membrane 
appears intrinsically less permeable than jejunal 
microvillus membrane since ~ e  measured hydrc~ 
phobicity, O~Fw-t, of the ileum is less than that 
found for jejunal mierovilhis membranes. This 
means that the ineremcnt in membrane permea- 
bility for a malt/ncrease in the hydrophobicity of 
the probe molecule is less in the ileum than in tho 

jejunum. Given that membrane permeability for 
short chain fatty acids is lower in the ileum (Table 
I) ileal membrane lipid permeability, for lipids 
where this relationship holds, must always be less 
than found in the jejunum. Since this value is 
independent of membrane surface area [11,13] it 
implies a fundamental difference in the physical 
properties of these two membranes. However, it 
also appears that functional membrane surface 
area available for fatty acid absorption may be 
less in the ileum than the jejunum. The evidence 
for this comus from the permeability coefficients 
of those fipid probes that are anomalously per- 
meable, in this system fatty acids 5 : 0  and 7:0.  
The relationship between membrane permeability 
and probe hydrophobieity does not hold for these 
compounds and this has led some authors to sug- 
gest that these molecules cross the membrane both 
by permeating through the lipid bilayer and by an 
accessory route [11-13]. To the extent that this 
accessory route reflects membrane surface area it 
would appear that the funetionai membrane 
surface area available for fatty ark! transport is 
less in ileum than jejunum. This data is in agree- 
ment with previous work demonstrating that total 
mucosal weight per unit of  serosal surface area is 
l~ss in the ileum than jejunum [27]. However, as 
stated above, total membrane surface area may 
not be directly related to the fimotionai membrane 
surface area involved in lipid absorption. 

Since lipid permeability reflects one aspect of 
the physicaI properties of the microvillus mem- 
brane it was of interest to correlate these measure- 
ments with raore conventional methods that assess 
the physical properties of a membrane. It has been 
recognized for some time that ileal microvillus 
membranes are less 'fluid' 1ban their jejunal coun- 
terparts [x~,2g,29]. This has been demonstrated 
using probes that measure both the 'static'  and 
'dynamic' component of membrane fluidity [19]. 
Results similar 1o previously published values were 
obtained in this study. However, since a large 
number of fluore~mnt probes that measure the 
dynamic component of fluidity were used in this 
study it was possible to better characterize lipid 
fluidity as a function of depth within the bilayer. 
Analysis of the present data reveal that l~.pid fluid- 
ity remains almost constant for labds attached 1o 
stcaric acid carbons two through seven both in 
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lieu- ) and jejunal mierovillus membrane. As the 
label is placed on carbons nine or ten its motional 
freedom greatly increases suggesting a more fluid 
environment in this region of the bilayer. This 
enviromnent is similar in both jejunal and ileal 
membranes. Upon re.aching the twelfth carbon 
fluidity once again decreases but not to the extent 
seen in the superficial regions of the bilayer (i.e. 
proximal to carbon seven), 

Correlating this change in fluidity with [he 
chemical composition of the membrane is difficult 
since these probes may localize in "microdomains' 
of  the membrane where the lipid composition may 
be different from that of the membrane as a whole 
[21]. Despite this problem though, several general 
rules appear to hold. Increasing the molar ratio of  
cholesterol, sphingomyelin, protein, or saturated 
fatty acids generally decreases lipid fluidity as 
assessed by these probes [20,21]. In this study 
three of these four parameters were measured. No 
difference in the cholesterol:phospholipid molar 
ratio was detected and protein content of the ileal 
membr0aes was Iess than that found in jejunal 
membranes, a difference that would tend to in- 
crease fluidity rather than rigidity of the Heal 
microvillus membrane. Individual phosphofipids 
were not quaniitated in this study however their 
fatty acid content was examined. Major dif- 
ferences exist in this parameter between these 
intestinal regions. The ileum had a much higher 
content of saturated stearic acid and a lower con- 
tent of the doubly unsaturated linolci,- acid. The 
content of arachidonate varied inversely with the 
linoleato composition, an observation that has been 
previously reported [30]. It is difficult to quantify 
the effect that these compositional changes may 
have on the physical properties of the membrane 
but several methods have been proposed. A 
saturation index for membranes has been used 
[311 that represents the number of saturated acyl 
chains divided by the sum of each unsaturated 
chain multiplied by the number of double bonds. 
From the data in Table I! this has a value of  
0.64 4-0 .006  in the ileum vs. 0.03 + 0 .04  in the 
jejunum, a difference that is statistically siguifi- 
c~mt ( p  < 0.05). Thh, suggests that the fatty acids 
of  ileal microvillus membrane are, in general, more 
saturated than their coenterparts in the jejunum. 
The converse of this measurement i~ double bond 

index ~|fi~.h represents the sum of each un- 
saturated chain multiplied by the number of dou- 
ble bonds and divided by 100. The double bond 
index is 0.89 4- 0.05 vs. 1.03 ± 0.06 ( p  < 0.05), m 
ileal and jejunal membrane, respcctivdy. There- 
fore, on the basis of thc-se measurements it would 
be ¢xpeoted that ileal mlcrov~us membrane would 
be less fluid than jejunal microvillus membrane as 
found in this study. 

The final problem is whether these altered 
physical properties of ileal microvillus membrane 
have anything to do with the decreased lipid per- 
meability of this membrane. On purely theoretical 
grounds it has been suggested by Stein [32] that 
the rate-limiting step for lipid permeation across a 
bilayer would be found in the highly ordered ooter 
third of the bilayer, proximal to the first double 
bonds in the acy] chains. This is indeed where 
major differences in fluidity were found in this 
study but this may be fortuitous. Although the 
anthroyloxy labelled sterile acid detiv~ti~,e~ are 
derived from a fatty acid there is no proof that 
they localize in a biological membrane within 
'microdomain" through which other fatty acids 
permeate. If fatty acids permeate across a specific 
domain of the membrane it would be reasonable 
to assume that they would affect the fluidity prop- 
erties of that portion of the membrane as they 
crossed. In the fmal exl~eriment reported here, 
lipid flu/dity was assessed by all stearic acid probes 
both in tl, w presence and absence of 8 mM oc- 
tanoic acid. Under these conditions of bidi~ec= 
tlonal octanoic acid fluxes R was apparent that the 
local fluidity properties experienced by some of  
the probes were altered. Those affected were stearic 
acid probes (Table IV) labelled on carbons likely 
to be in the outer third of  the bilayer. Conditions 
deep within the membrane were identical either in 
the pres~mce or absence of octanoic acid. 

The data derived from the present study would 
support the hypothesis that the physical properties 
of the ot~(er third of the bilayer determine rates of  
lipid permeation across the bilayer. It should be 
mentioned that similar studies have been recently 
performed examining the physical effects of  longer 
chain fatty adds on the platelet plasma membrane 
[33]. In these studies, myfistic acid (14: 0) had no 
effect on th~ observed lipid fluidity either superfi. 
ciatly or deep in the bilayer, However, this study 
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differs from the present  work in that  a low con- 
centrat ion,  30 .aM, or  myris t ic  acid was used. 

If  the hypothesis  presented here is correct,  then 
a t t empts  to  change the fa t ty  acyl  group~ of the 
phospho~p ids  (e.g. by  die tary  manipu la t ions )  may  
no t  be the most  efficient means  of a l ter ing the 
l ip id  permeabi l i ty  propert ies  of  the micro,~illu~ 
membrane .  Al though  the~e have a demons t rab le  
inf luence on  l ipid f luidi ty and  permeabi l i ty ,  as 
shown in the present  study, it is the sterol  r ing 
s t ructure  tha l  would  be  expected to have the 
~reate~t inf luence oo the physical  proper t ies  of 
this  region of  the membrane .  Drugs  are  now avail-  
able that  can  a l ter  the structure of  this region of 
the bi layer  and  s tudies  examin ing  the effect of  this  
manipu la t ion  bo th  on l ipid permeabi l i ty  and  l ipid 
f luidi ty are underway.  
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