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It is now generally accepted that dietary lipids permeate through the chelesterol-phospholipid bilayer of the
intestinal microvillus membrane during the process of intestinal absorption. Therefore, it has been assumed
that rates of lipid permeation depend upon the physical properties of the microvilivs membrane. In this study
the lipid permeability properties of the microvillus membrane were compared in two regions of the intestine,
jejunum and ilewn. Since the jejunum is exposed io e majeiity of dictary lipid it would he reasonabie to
suppose ihat it would be more efficient at lipid absorption. The ileum was found to be less permeable to all
fatty acids examined and this could be correlated with increased rigidity of ileal microvillus membrane
vesicles measured with multiple fluoreseent probes. Differences in membrane fuidity were found in both the
outer third and central regions & the bilayer. When measurements of membrane fluidity were performed
¢ither in the presence or the absence of fatty acids, it could be demonstrated that these acids perturb the
physical properties of the outer region or the membrane. Therefore, this suggests that the rate-limiting step
in fatty acid pesrmeation may be localized to the outer third eof the bilayer. Pharmacolegic or dietary
manipulations ;itempting to alter rates of lipid permeabiiity should, thereiore, be direcied ivwards aitering
the physical properties of this region of the microvillus membrane.

Introduction

It has become clear that in order for lipids to
enter the intestinal epithelial czll two barriers must
be crossed., First, the aqueous diffusion barrier
that lies external to the microvillus membrane and
secondly, the microvillus membrane itself [1,2).
Depending upon experimental conditions either
barrier may become rate limiting for intestinal
lipid absorption. The majority of lipids cross cetl
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membranes by a process of simple diffusion
without the aid of a protein carrier. The most
important points suggesting this are: (a) rates of
lipid absorption are a linear function of con-
centration in most studies, (b} competition be-
tween lipids for absorptive sites has not been
convincingly demonstrated and (c) for »ny given
membrane, the membrane permeability coefficient
for a serigs of lipid probes predictably increases
with the hydrophobicity of the probe [1,3-7]. Al-
though lipid binding proteins do exist in the eater-
ocyte [B] it is difficult to reconcile the zbove
observations with the suggestion that these pro-
teins mediate the transmembrane movement of
lipids, 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 membrane. Puring the normal progess of di-
gestion the jegjunum 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-
fated with the physicochemical properties of mi-
crovillus membrane isolated from these intestinal
regions. It is demonsirated, 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 microvillus membrane
vesicles, in vitro, it is shown that they perturb the
physical properties of a specific region of the
membrane,

Materials and Methods

Chemicals. Unilabelled fatty acids were ob-
tained from either Sigma (St. Louis, MO) or Nu
Chek (Elysian, MNY and their purity cstablished
by gas-liquid chramatography (GLC). Any lots
found to be less than 99% pure were discarded.
[*H]Polyethytene glycol and [**C)dodecanoic acid
(12:0) were obtained from New England Nuclear
{Boston, MA) and used as supplied. The fluores-
cence probes 1,6-diphenyl-1,3,5-hexatriene (DPH)
and seven isomers of anthroyloxy stearic acid were
purchased from Molecular Probes (Juncrion 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-
bital (65 mg/kg intraperitoneally) a 10-15 cm
loop of intestine was fashioned either just distal 1o
the ligament of Treitz or just proximal to the
ileacecal valve in female Sprague Dawley rats
(200-225 g). The ends of the loop were cannulated
with teflon tubing and returned to the abdominal
cavily. During an equilibration period of 20
minutes, the loop was perfused in a closed reper-
fusion system with buffer alone, (mM) NaCl (150),
KCl (5), Hepes (50), pH 7.5. The infusate was

then changed to a solution identical to the buffer
but containing eight fatty acids (uM), 5:0 (800),
7:0 (400), 8:0 (400), 9:0 (200), 10:0 (180), 11:0
{100), 13: 0 (60), and trace quantities of [“Cj12:0.
The perfusion continued for 48 min at a rate of 5
ml/min and aliguots of the perfusate were regu-
larly obtained for the determination of fatiy acid
concentrations as well as of the nonabsorbable
marker, [*H]polyethylene glycol. Rates of fatty
acid absorption for each probe were calculated
from the linear fall in concentratinon of each fatty
acid during the course of the perfusion. Absorp-
tion rates were normalized to both the length of
the perfused loop 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 nmoles of
probe :bsorbed per min per em length of intestine
per mM concentration gradient.

Diffusion barrier resistsnce was measured by
the diffusion limiied probe methca jif-12]. This
value, established in each animal, aiicwed deriva-
tivii of the true membrane permicability coeffi-
cient, P, for fatty acid probes 5:0 through 10:0
which were then used to characterize the lipid
permeability properties of the microvillus mem-
brane. The interfacial concentration, C,, of each
probe during the course of the perfusion was
calculated and assumed tc approximate the trans-
membrane conceniration gradient [12,13].

Jd
C=C~ s (1
A

In this expression C, represents the concentration
of probe in the bulk phase, J represents the
absorpiion rate of the probe, D its aqueous diffu-
sion coefficient, 4 the thickness of the diffusion
barrier and S, its surface area. The ratio d/S,, is
a measure of the resistance of this barrier. The
concentration of unfabelled fatty acids were de-
termined by pas-liquid chromatography (GLC)
while [*C]12:0 and [*H]polyethylene glycol con-
centrations were quantitated by standard liguid
scintillation techniques. Free fatly acids were ex-
tracted into ¢chloroform from aliquots of purfusate
following acidification with hydrochloric acid and



saturation of the aqueous phase with sodium
sulfate. Extraction rates varied between 95-100%
with this techrique and the inclusion of two inter-
nal standards, fatty acids 6:0 and 12:9, allowed
determination of all fatty acid concentrations with
a precision of +2% 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-
fusate containing a single fatty acid, thereby cx-
cluding significant interactions between these sub-
strates either at the level of the membrane or
within the perfusate. All GLC analyses were per-
formed using a Hewlett-Packard 5890 GLC sys-
tem (Hewlett-Packard, Avondale PN) and quanti-
tated with a Hewlett-Packard 3390 integrater cou-
pled to a FID detector. Free fatty acids from the
perfusion were separated on a packed column
containing GP 10% SP-216-PS (Supelco, Be-
llafonte PA). Two internal standards, fatty acids
6:0 and 12:0, were used to correct for extraction
variability.

Besides quansitating the permeability proper-
ties of the microvillus membrane to faity acids
these data can alsc be used to calculate the rela-
tive hydrophobicity of the microvillus membrane.
There exists a log-linear relationship between the
membrane permeability coefficients of a series of
lipid probes and the hydrophobicity of the probe,
i.e. chain length for a series of faity acids [3,11-13).
This relationship holds true for the longer chain
length members of the fatty acid series. However,
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 permeat e so that the permeabil-
ity 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, §AF, ,, [11,12].

r
6AF,,__|=-RT1I|(P—') 2

In this eguation R represents the gas constant, T
the absolute temperature, and £, or P_ the per-
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meability of the probe with and without the ad-
ditional methylene group, respectively. The uniis
become cal/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 isolgtion. Microvillus membrane
vesicles were prepared from both jejunal and ileal
mucosal scrapings using a previously published
method [14]. Purification was assessed by the con-
ceniration of sucrase specific activity [15] and for
all preparations was similar, ranging from 15- to
20-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 lipids
were extracted by the method of Folch. Cholesterol
content was quantitated by GLC using a Supelco
SP-2250 packed column with stigmasterol as the
internal standard. Membrane lipids were saponi-
fied prior to extraction to facilitate analysis of
total cholesterol. Total phospholipids were as-
sayed by the methoed of Ames and Dubin [17].
Brush-border membrane fatty acid methyl esters
were prepared from lipid extracts of the vesicle
preparation by the method of Morrison and Smith
[18]. These were separated and quantitated by
GLC on a Supelcowax 10 capillary column using a
temperature programmed mun from 170°C to
240°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,

Filuorescence polarization studies. Eight fluo-
rescent probes were used; 1,6-diphenyl-1,3.5-
hexatriene (DPH), and seven isomers of steari¢
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, Urbana, IL). Previously published meth-
ods [19] were used 1o load the vesicles with the
fluorescent probe. The final molar probe: lipid
ratio approximated 1:1000. Corrections for light
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 gxceeded 5% for DPH or 13% for the an-
throyloxy 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 tiot 1o have changed since the
total fluorescence bstween 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, 7., 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 in determining
the motional freedom of DPH, The order parame-
ter can be calculated as:

()"

]

where r, represents the maximal hindered ani-
sotropy of the probe, taken as 0.362 for DPH [19].

Flucrescent prokes with relatively low values of
., Such as the anthroyloxy derivatives of stearic
acid, are less influenced by membrane order and
the anisotropy parameter for these probes reflects
primarily their rotational movement, ic.; a ‘dy-
namic component” of membyrane fluidity [21]. Since
this varies as a function of depth in the bilayer
this parameter was determined with seven isomers
of anthroyloxy stearic acid that differed in the
carbon labelled with the fluorescent group. The
use of #-(9-anthroyloxystearic! fatty acids to mea-
sure fluidity gradients in membranes has been
extensively reviewed [22,23). These probes orient
icmselves in a vertical direction in the bilayer
with the labelled group placed progressively de-
eper in the membrane in a graded fashion. Tt is
important to note that fluorescent lifetime and
relative quantum yield increase as the fluorescent
group is moved further into the merbrare interior
[24]. Furthermore, the rotational movement of
these probes in liquids of well characterized
viscosily are not identical [23] and, therefore, the
interpretation of data obtained from such experi-
ments must be made with caution. However, these
probes are useful in determining relative fluidity

gradients in a variety of membrane preparations
122-26].

Statistical analysis. Unless stated otherwise all
data are presented as the mean + S.E. Compari-
sons between groups were assessed by the
Man-Whitney test with the level of significance set
at p < 0.05,

Results

Fatty acid absorption railes

Table 1 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. #*, 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 lenpth [11,12] it would be
expecied 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 ahility of
cach 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 limited state. It can be seen that this
value is greater in the ileum than the jejunum
signifying that the ileurn has a lower value for
diffusion barrier resistance than the jejunum, Dif-
fusion barsier resistance, d/S,, caleulated from
all diffusion limited probes (n=18 for ileum,
n=26 for jejunum), is significantly lower in the
ileum than the jejunum (0.036 +0.001 vs. 0.03% +
0.001).

An accurate value for diffusion barrier resis-
tance in each group allows calculation of the
interfacial concentration, C,, for each probe. These
are presented in Table I with the assumption that
the bulk phase concentration of each probe was 1
mM for the sake of convenience. Since intraceliu-



TABLE |
FATTY ACID TRANSPORT DATA

Data are presented as the mean +$.E. from ten separate perfusions of either jejunum or ileum. Absorplion rates for mdividual fany

acids are piven as the apparent permeability coeflicients. The derivation of subseg

L.

daia is

d in the text. [t shonld be

noted that true membrane permeability coeffisients, P, cannot be ealeulated for probes that are difiusion limiied (12:0 and 130 for

ileumn, 13:0, 12:0, and 13:0 for jejunum).

Sour:e Probe Apparent P*/D Interfacial Membrane
permeabilily probe permeability
coefficient P* concentration € coefficient P
{nmol /min per (mM) {nmol/min per
cm per mM) cm per mM)
Heum
{n=10) 5:0 6621015 10.38+1.02° .62 11.00+ 0 *
7:0 8.10+047° 13.60+1.06 " 0.51 1588+ t92°
8:0 9.33 £ 0.41 16.45+1.04 0.40 2345+ 2.74°
9:0 10124049 18.92+1.05 0.31 3265+ 420°
16:0¢ 10661049 2112+ 1.05 .23 4635+ 9.80¢
11:0 11.834+0.52 24.53+1.05 011 10755+ 8.22
12:0 12.50+0.50 * 27.94+£104* - -
13:0 12.00 £ 0.58 282211405 - -
Jejunum
(n=10) 5:0 8.43+0.50 12.94+1.06 0.49 17.20+ 217
T:0 9.2010.36 15491+ 1.04 019 23.59+ 2.43
8:0 10.24 4+ 033 17.99+1.03 0.30 3413+ 4.00
9:0 10694020 20,08 1.01 0.2% 5091+ 452
10:0 11321024 2242+ 1.02 0.12 9433+ 1245
11:0 1187 +0.33 2543+1.03 - -
12:0 11.76 £ 047 25534110 - -
13:0 11.20+0.49 2531+1.04 - -

1 p < 0.05 ileur: vs. jejunum.

lar coneentrations of these probes appear 1o ap-
proach zero [12,13] this value approximates the
transmembrane concentration gradient and allows
calculation of the membrane permeability coeffi-
cient, P, for each probe.
P @
It is apparent that the ileal microvillus membrane
is much less permeable than jejunal microvillus
membrane to all fatty acid probes, The differences
seen here are much greater than first appreciated
by examining the apparent permeability coeffi-
cients of the fatty acid probes. This iz simply
because diffusion barrier resistance is higher in the
jejunum and therefore the apparent lipid permea-
bility of the jejunum underestimates the true lipid
permeability of the jejunal microvillus membrane
to a greater extent than in the ileum.

There are two potential explanations for thz

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 ileom may have less mem-
brane surface area per cm availahle for fatty acid
permeation. Secandly, the physical properties of
ileal microvillus membrane may differ from those
of jejunum. Either or both explanations may be
tree, That membrane physical properties do differ
between these intestinal repions is evidenced by
the calculated hydrophobicity of the microvillus
membrane obtained from these data. The jejunal
microvillus membrane is significantly more hydro-
phobic than ileal microvilius membrane, implying
a steeper relationship between increasing mem-
brane permeability and increasing hydrophobicity
of the probe molecute {11,131 For a methylene
group 8AF, ,, approximates 215 + 58 cal/mol
in the ileum vs. —463 £ 50 in the jejunum { p <
0.05).
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TABLEH
LIPID COMPOSITION OF MICROVILLUS MEMBRANE

Pata are presented as the mean +5.E. from either four or five

preparati Each b prep was ob-

tained by pooling mucosal scapings from four rats. Ileum was

defined as the distal half of the small inlestine and the
der was td e

R

Micravillus membrane source

ifeom Jejunum
(n=4) {(n=3)
Cholesterol
(nriof /mg protein) B3 16" 289 425
Phospholipid
(nmol /mg protein) 802 F34°* 583 359
Cholesterol; phespholipid 048+ 0.3 0.52+ 009
{mol: mol}
Total phospholipid
fatty acids
(mal%) 14:0 10 + 01 09 1 03
16:0 284 + 0.7 241 & 42
16:1 09 1 01 15 & 0.2
18:0 274 + 1.7° 183 + 05
18:1 149 £ 09° 206 + 2.3
18:2 167 + 1.2°¢ 77+ L&
20:0 06 + 0.1 06 + 01
20:4 101 £ 117 6.3 + 0.2

2 p <005 ileum vs. jejunum.

Membrane composition

The lipid composition of microvillus membrane
isolated from both intestinal regions is presented
in Table II. Ileal microvillus membrare has a
greater concentration of both cholesternl and
phasnholipid whent exprosied per mg of men-
brane protein. Alternatively, the protein content
of ileal microvillus memhbrane moy ke lozs ihan
that of the jejunum. The cholesterol: phospholipid
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 pronounced in the refative amounts of
the eighteen and twenty carbon families. In the
jejunum finoleic acid predominates with a corre-
sponding decrease in arachidonic acid whereas the
ileum contained greater amounts of stearic acid
and proporsionally more arachidonate and less
lincieate.

Fluorescence polarization studies

Physical properties of the microvillus 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 deterrmined by the degree of mem-
brane order, and from which the membrane order
parameter, S, can be calculated. When assessed
with DPH ileal microvillus membrane is signifi-
cantly more rigid than microvillus membrane iso-
lated from the jejunum (Table III). This translates
into a higher value for S, calealated 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
anifiroyloxy labelled stearic acid derivatives, which
measure the ‘dynamic component’ of membrane
fluidity, also find ileal microvillus 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 111, the differences between ileum and
Jjejunum are not constant as the labelled group is
placed deeper and deeper within the bilayer. With
the fluorescent group placed in a superficial posi-
tion in the bilayer, differences between the two
groups are maximal. By the time the label reaches
the tenth carbon of stearic acid there is no dif-
ference in the lipid environment experienced by
the prabe. At the twelfth carbon differences once
again become evident with the ileum being more
rigid than the jejupum.

I is unclear whether these differences relate in
any way to the permeation of lipids across the
bilayer and therefore a final experiment was per-
forraed. Ueal microvillus membrane labelied wath
the same probes underwent steady state polariza-
tion determinations in the presence or absence of
8§ mM octanoic acid in an attempt to see which
portion of the bilayer was perturbed by movement
of this lipid across the membrane. During these
studi¢s microvillus membrane vesicles were in-
cubated with the fatty acid for 2 hours and, there-
fore, it is unlikely that net movement of the fatty
acid occurred but equivalent bidirectional move-
ment was almost certainly present. Incubaiion of
the microvillus membrane with octanoic acid re-
sulted in an increase of the anisotropy parameter



TABLE 11t

1

FLUOR.ESCENCE POLARIZATION STUDIES OF MICROVILLUS MEMBRANES AT 25°C

Data are presented as the mean + 3.E. obtained from the same membrane preparations used in Table il. At least seven individual

with the pr g
bilayer the label is located,

were oblained for every probe in each membrane preparation. The anihroyloxy stearic acid probes are denotled ‘A%
i t P ing the carbon to which the label is attached. The higher the number the deeper within ke

Probe Microvillus Anisolropy r, Limiting hindered Order
membrane anisotropy r,, parameter §
DPPH ilenm 0.281+0004 * 0375+ 0005 " 0.872+0.008"°
Jjejunum 0.267 4+ 0.003 0,256 4:0.004 0.841 + 0.007
2-AS ileum 0.158+ 0.002 * - -
jejunum 0.146 +0.003 - -
3-AS ileum 0.153+ 0.004 * - -
jejunum 0,144 + 0.003 - -
6-AS ileum 0.150+0.005 * - -
jejunum 0141 + 0002 - -
T-AS ileum 0.154+£0004 " - -
jejunum 0.147 +0.002 - -
9-AS ilenm 0129+ 0.004 - -
jejunum 0.121 +£0.004 - -
10-AS ileum 0078 £0.007 - -
jejunum 0077 £ 0.006 - -
12-A8 ileum 0.11240.005 * - -
jejunum 0.099 4 0.006 - -

" p <005 ileum vs, jejunum.

for probes with the fluorescent group located in
the superficial portion of the bilayer (Table 1V), a
pattern similar to the differences between jejunal

TABLE Iv

FLUCRESCENCE POLARIZATION STUDIES OF ILEAL
MICROVILLUS MEMBRANES AT 25°C WITH AND
WITHOUT ADDED OCTANOIC ACID (3 mM)

The data represent the mean+ S.E. for five sepasate determina-
tions performed ia two membrane preparations dilicrent Hom
those reporied in Table I1I. Membranes were incubated wi

five separaic aliquots of « ic acid and studied sep tv.
Probe £ added fatty acid
none 8:0

2-AS 0.150 1 0.004 0.152 £ 0.003

3AS 0.14310.003 0.153£0.004 *

6-AS 0.142 % 0.002 0.153+£0.002 *

7-AS 0.144 4-0.004 0.148 +0.003

9-AS 0.118 10,002 0.121 £0.005
10-AS 047540003 0.068 +0.008
12-AS 0.104 4-0.002 0.198 +0.004

* p <005 ileum vs. jejunum.

and ileal microvillus membrane presented in Table
111

Di .

Following a meal the majority of dietary tri-
acylglycerol is absorbed in the jejunum; under
normal circumstances the ileum is rarely exposed
1o large quantities of fat, Therefore, it would not
be surpiising if jejunal nocrovilius membrane was
more lipid permeabi¢ than ileal microvillus mem-
brane. During the normal process of lipid absorp-
tion dietary lipid must diffuse across both an
aqueous diffusion barrier that lies external to the
microvitlus membrane and the microvillus mem-
brane itself. Therefore, lipid transport rates are
determined by the resistance of two barriers
aligned in series. Several conciusions can be re-
ached from data obtained in this study. First,
diffusion barrier resistance measured in the ileum
and jejunum, under identical perfusion canditions,
is significantly lower in the ileum. Secondly, lipid
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permeability coefficients for ileal microvillus
membrane, determined in vivo, were much lower
than those found in the jejunum. Thirdly, de-
creased lipid permeability of the ileal microvillus
membrane correlated with 1 more rigid lipid en-
vironment in this membrane, as assessed by
numerous fluorescent probes. The increased lipid
rigidity of ileal microvilius membrane can be at
least partially localized to the superficial region of
the bilayer (ie. proximal to the teath carbon of
stearic acid). Finally, when fatty acids are allowed
to permeate through microvillus membrane vesicles
in vitro, they affect the lipid fluidity of the mem-
brane in regions similar to those that exhibit 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 lipid per-
meability 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 all faity actds were much lower across ileal
microvillus membrane than jejunal microvillus
membrane. There are two possible explanations
for this observation. Firstly, since absorption rates
are normalized to the length of the perfused loop
rather than the uiaknown quantity of membrane
surface area, it is possible that the ileum had less
membranc surface arep per em of intestine than
Jejunum. It is important to recognize that func-
tional membrane surface area available for lipid
permeation may have litile relationship to that
measured microscopically. Secondly, even if func-
tional memhbrane surface area were eguivalent in
the two regions of intestine, ileal microvillus mem-
brane may be intrinsically less permeable to lipids
than jejunal microvillus membrane. From the data
presented in this study it appears that both ex-
planations are correct. Ileal microvillus membrane
appears intrinsically less permeable than jejunal
microvillus membrans since the measured hydro-
phobicity, AF, _,,, of the ileum is less than that
found for jejunal microvillus membranes. This
means that the increment in membrane permea-
bility for a unit increase in the hydrophobicity of
the probe molecule is less in the ileum than in the

jejunum. Given that membrane permeability for
short chain fatty acids is lower in the ileum (Table
I} ileal membrane lipi¢ 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 comes from the permeability coefficients
of those lipid probes thai are anomalously per-
meable, in this system fatty acids 5:0 and 7:0.
The relationship between membrane permeability
and probe hydrophobicity does not hold for these
compounds and this has led some authors to sug-
gest that these molecules cross the membrane both
by permeating ihrough 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 functional membrane
swrface arca available for fatty acid 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
less in the ileum than jejunum [27]. However, as
stated above, total membrane surface aren may
not be directly related to the functional membrane
surface area involved in lipid absorption.

Since lipid permeability reflects one aspect of
the physical properties of the microvillus mem-
brane it was of interest to correlate these measure-
ments with more conventional methods that assess
the physical properties of a membrane. It has been
recognized for some time that ileal microvillus
membranes are less ‘fluid® than their jejunal coun-
terparts {13,28,29]. This bas been demonstrated
using probes that measure both the “static’ and
‘dynamic’ component of membrane fluidity [19],
Results similar to previously published values were
obtained in this study. However, since a large
number of fluorescent probes that measure the
dynamic component of fluidity were used in this
study il was possible to better characterize lipid
fluidity as a function of depth within the bilayer.
Analysis of the present daia reveal that lipid fluid-
ity remains almost constant for labels attached to
stearic acid carbons iwo through seven both in



ilea! and jejunal microvillus membrane. As the
lahel is placed on carbons nine or ten its motional
freedom greatly increases suggesting a more fluid
environment in this region of the bilayer. This
environment is similar in both jejunal and ileal
membranes. Upon reaching the twelfth carbon
fluidity once again decreases but not o the extent
seen in the superficial regions of the bilayer {.e.
proximal to carbon seven).

Correlating this change in fluidity with the
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 ileat
membranes was Iess than that fouad in jejunal
membranes, a difference that would tend to in-
crease fuidity rather than rigidity of the ileal
microvillus membrane. Individual phospholipids
were not quantitated in this stady howaver 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 linoleic acid. The
content of arachidonate varied inversely with the
linoleate composition, an observation that has been
previously reported [30). It is difficull 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
[31] 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 H this has a valie of
0.64 + 0.006 in the ileum vs. (.43 £ 0.04 in the
jejunum, a difference that is statistically signifi-
cant ( p < 0.05). This suggests that the fatty acids
of ileal microvillus membrane are, in general, more
saturated than their counternarts in the jejunum.
The converse of this measurement is double bond

3

index which represents the sum of cach un-
saturated chain multiplied by the number of dou-
ble bonds and divided by 100, The double bond
index is 0.8% + 0.05 vs. 1.03 4 0.06 { p <005}, in
ileal and jejunal membrane, respectively. There-
fore, on the basis of these measurements it would
be expected that ileal microvillus 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 outer
third of the bilayer, proximal to the first double
bonds in the acyl chains. This is indeed where
major differences in fluidity were found in this
study but this may be fortuitous. Although the
anthroylony labelled stearic acid devivatives ate
derived from a fatty acid there is no proof that
they localize in a biological membrane within the
‘microdomain’ through which other fatty acids
permeate. If faity 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 final experiment reported here,
lipid fluidity was assessed by all stearic acid probes
both in the presence and absence of 8 mM oe-
tanoic acid. Under these conditions of bidirec-
tional octanoic acid fluxes it 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 presence or absence of octanoic acid.

The data derived from the present study would
support the hypothesis that the physical properties
of the ouer third of the bilayer determine rates of
lipid permeation across the bilayer. It should be
mentioned that similar studics have been recently
performed ¢xamining the physical effects of longer
chain fatty acids on the platelet plasma membrane
{33]. In these studies, myristic acid (14:0) had no
effect on thie observed lipid fluidity either superfi-
cially or decip in the bilayer, However, this study
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differs from the present work in that a low con-
centration, 30 M, or myristic acid was used.

If the hypothesis presented here is correct, then
attempts io change the fatty acyl groups of ihe
phospholipids {e.g. by dietary manipulations) may
not be the most efficient means of altering the
lipid permeability properties of the microvillus
membrane. Although these have 2 demonstrable
influence on lipid fluidity and permeability, as
shown in the present study, it is the sterol ring
structure that would be expected to have the
greatest influence on the physical properties of
this region of the membrane. Drugs are now avail-
able that can alter the structure of this region of
the bilayer and studies examining the effect of this
manipulation both on Epid permeability and lipid
fluidity are underway.
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