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This study looks at the effect of oxidant exposure on changes in structural components and functional properties of monkey
intestinal brush-border membrane vesicles (BBMV). These membranes were found resistant to iron-dependent lipid peroxidation
as judged by measurement of various parameters such as formation of malonaldehyde (MDA) and conjugated diene and
depletion of total arachidonic acid, tocopherol and membrane-associated protein thiol groups. Free radicals generated by
thermal decomposition of 2,2'-azobis(2-amidinopropane) dihydrochloride (ABAP) which does not require iron, were capable of
inducing lipid peroxidation in this membrane. Fluorescence polarisation studies used to assess the physical state of the
membrane lipids after exposure to various free radical generating systems showed that ABAP could decrease the fluidity of
BBMYV whereas other systems had no effect. Exposure of BBMV to ABAP or cumene hydroperoxide decreased the glucose and
amino acid transport. BBMV had a high content of nonesterified fatty acids as part of the total lipids and removal of these free
fatty acids by treatment with fatty acid free albumin made the membranes susceptible to iron-dependent peroxidation. These
studies suggest that intestinal epithelial cell membranes are resistant to iron-dependent lipid peroxidation due to the presence of

membrane-associated free fatty acids. Possibly lipid peroxidation may play a less significant role in damage to these cells.

Introduction

Nutrient absorption is the major function of intesti-
nal mucosa and any damage to the epithelial cell
membrane might lead to malabsorption. Oxygen-de-
rived free radical mediated damage has been impli-
cated in the pathophysiology of certain gastrointestinal
diseases. Gastrointestinal epithelial cells are likely to
be exposed to these active species generated both in
the mucosa and in the lumen [1,2]. Sources of free
radicals in the mucosa include activated neutrophils,
high activity of the enzyme xanthine oxidase and the
normal mitochondrial oxidation. In the lumen, dietary
materials such as ascorbic acid, transition metals, per-
oxidized lipids and bacterial metabolites form the
source of free radicals.

Membrane lipids and proteins are the targets of free
radicals and one of the mechanisms by which these
active species damage cells is through lipid peroxida-
tion. Biological membranes are readily susceptible to
peroxidation damage since they are rich in polyunsatu-
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rated fatty acids as constituents of lipids. Our earlier
work has shown that rat intestinal epithelial cell mem-
branes are resistant to lipid peroxidation as judged by
malonaldehyde production [3-5].

Intestinal microvillus membrane is highly specialized
to perform transport and enzymatic functions essential
for normal digestion and absorption. Since it is be-
lieved that lipid-lipid and lipid—protein interactions in
the membrane play a major role in their function, it is
important to study the effect of free radicals on these
dynamic features in membrane components in order to
understand the molecular mechanism mediating the
modifications of the membrane functions induced by
free radical damage. Earlier studies using fluorescent
probes have shown that lipid peroxidation alter the
fluidity of rat liver plasma membrane and certain tu-
mour cell membranes [6]. Studies on porcine intestinal
brush-border membrane vesicles have shown an in-
crease in molecular rigidity of the protein conforma-
tion by lipid peroxidation [7]. The present study looks
at the effect of in vitro exposure of monkey intestinal
brush-border membranes to variety of oxidants by
quantitating products of lipid peroxidation, assessing
physical changes in the membrane by fluidity measure-
ments and functional changes by studying transport of
glucose and amino acids.
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Materials and Methods

Hepes, 2-thiobarbituric acid, bovine serum albumin
(BSA), ascorbic acid, Tris, a-tocopherol, standard fatty
acids, xanthine, xanthine oxidase, 5,5'-dithiobis(2-nitro-
benzoic acid) (DTNB), pyrene and 1,6-diphenyl-1,3,5-
hexatriene (DPH) were all purchased from Sigma.
2,2'-Azobis(2-amidinopropane) dihydrochioride
(ABAP) was obtained from Polysciences, USA, b-
["“Clglucose and i-[*HJleucine were obtained from
Bhabha Atomic Research Centre, Bombay. All other
chemicals used were of analytical grade.

Isolation of brush-border membrane vesicles

A modified Kessler’s method [8] was used to pre-
pare BBMYV from monkey intestinal mucosa. Overnight
fasted monkeys (Macacca radiata) were killed by Nem-
butal injection and contents of the small intestine were
washed thoroughly with ice-cold saline. Mucosa was
scraped using a glass slide and stored at —20°C in
aliquots of 5 g. Approximately 2-3% homogenate of
mucosa was prepared in 6 mM Tris buffer (pH 7.5)
containing 150 mM mannitol by homogenising in a
Waring blender for 2 min at full speed. This was
allowed to stand for 10-15 min and filtered through
nylon mesh. 1 M MgCl, was added to a final concen-
tration of 10 mM to the above homogenate, stirred for
1 min and allowed to stand for 15 min. This was
centrifuged at 3000 X g for 15 min, the pellet discarded
and the supernatant was spun at 27000 X g for 30 min.
To the pellet, 0.5 ml preloading buffer (10 mM Hepes-
Tris, 300 mM mannitol (pH 7.5)) was added and sus-
pended gently using 1 ml syringe fitted with 26 gauge
needle, five to six times. The suspension was diluted to
30 ml with the same buffer and spun down at 27000 X g
for 30 min. The above step was repeated once more
and the final pellet was suspended in preloading buffer
and used for further studies. Purity of isolated BBMV
was checked by enrichment of the marker enzyme
alkaline phosphatase [9] and vesicle formation using
electron microscopy. Protein was measured using BSA
as standard [10].

Remouval of free fatty acids from BBMV

Isolated BBMV were divided into two portions and
one portion was treated with fatty acid free albumin
corresponding to 12 times the protein concentration of
BBMYV protein. The other untreated portion was taken
as control. They were incubated at 4°C for 30 min
followed by centrifugation at 27000 X g for 30 min.
The pellet was washed twice with the buffer, the final
BBMYV was suspended in the pre-loading buffer.

Peroxidation of BBMV
Peroxidation was induced by exposing BBMV to
various free radical generating systems. BBMV corre-

sponding to 1 mg protein in a total volume of 1 mi
pre-loading buffer were incubated at 37°C for 30 min
separately with the following radical generating sys-
tems. (a) Ascorbate 500 uM + ferrous sulfate 5 uM,
(b) cumene hydroperoxide 100 uM, (¢) H,0, 10 uM +
ferrous sulfate 10 uM, (d) xanthine 1 mM + xanthine
oxidase 10 milliunits, (¢) ABAP 50 mM (all final con-
centrations). Control incubation had only membrane
and buffer. Osmolality of the incubation buffer after
addition of various components was measured using
Wescor osmometer and maintained around 300
mosmol /kg by varying the mannitol content. Concen-
tration of mannitol used in the incubation buffer did
not inhibit peroxidation as confirmed by measurement
of MDA production from liver microsomes in presence
of mannitol.

Peroxidation parameters studied

(a) MDA production. After incubation of BBMV
with the above systems, reaction was stopped with
trichloroacetic acid and MDA in the protein free su-
pernatant was measured using thiobarbituric acid [11].
Amount of MDA formed was calculated from standard
curve prepared using 1,1',3,3'-tetramethoxypropane and
values expressed as nmol per mg protein.

(b) Conjugated diene. Total lipids from incubated
BBMYV were extracted as described [12], dissolved in 1
ml heptane and read at 233 nm. The amount of conju-
gated diene formed was calculated using a molar ab-
sorption coefficient of 2.52-10% and expressed as
nmol /mg protein.

(c) Total arachidonic acid. Total lipids obtained from
control and various peroxidized BBMV preparations
were hydrolysed and methylated using methanolic HCI.
Fatty acid methyl esters were quantitated after separa-
tion using Pye Unicam gas chromatograph fitted with
5% EGSS-X column and Spectraphysics integrator.
Heptadecanoic acid was used as internal standard.

(d) Protein thiol group estimation. Thiol groups of
the membrane protein in control and peroxidized
BBMYV were measured using DTNB after precipitation
with trichloroacetic acid as described [13] and ex-
pressed as nmol /mg protein.

(e) Tocopherol estimation. a-Tocopherol content of
control and peroxidized BBMV was measured using
HPLC. Membrane tocopherol was extracted as de-
scribed for liver microsomes [14} and quantitated using
Shimadzu 6A HPLC as described [15]. Separation was
achieved with silica column using the solvent system
hexane / methanol 98:2 with a flow rate of 1 ml/min
and the tocopherol was detected at 294 nm using UV
detector. Extracted total lipids from control and perox-
idized BBMV were used to measure total cholesterol
[16] and total phospholipids were quantitated after acid
digestion and phosphate estimation [17].



Measurement of sugar and amino acid transport
Control and oxidant exposed BBMV were tested for
their ability to transport sugars and amino acids.
Transport studies were carried out using labelled glu-
cose and leucine. Uptake measurements were carried
out by rapid filtration technique using Millipore filters
(pore size 0.45 pm) [18]. Uptake was initiated using 50
w1 of control and peroxidized BBMV suspension corre-
sponding to 100 ug protein. This was incubated with
150 wl uptake buffer (150 mM NaSCN, 10 mM Hepes-
Tris (pH 7.5) containing either 50 uM ["*Clglucose or
0.5 uM [*H]leucine). At 20 s uptake was stopped by
adding 3 ml ice-cold stop buffer (10 mM Hepes-Tris,
150 mM NaCl (pH 7.5)) and filtered rapidly through
membrane filter. The filter was washed three times
with 5 ml of stop buffer and counted using LKB
Rackbeta scintillation counter. Experiments were also
done by inclusion of 1000 units of superoxide dismu-
tase in the incubation mixture prior to transport mea-
surements. Equilibrium uptake was performed after 30
min incubation with uptake buffer. Specificity of
sodium-dependent transport was confirmed by inclu-
sion of 1 mM phlorizin, a specific inhibitor of sodium
dependent transport in the incubation mixture.

Fluorescence polarization studies

Fluorescence measurements were performed on
both control and peroxidized BBMV using Shimadzu
RF-5000 spectrofluorometer. Both steady-state fluores-
cence polarization using DPH and excimer fluores-
cence intensity using pyrene were used to estimate
relative membrane fluldity [19]. For steady state fluo-
rescence a 2 mM stock solution of DPH in tetrahydro-
furan was prepared and stored protected from light at
—20°C. Just prior to use, an aqueous suspension of the
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probe was prepared by diluting DPH stock solution in
2000 volume of 0.02 M phosphate buffered saline (pH
7.4) and stirred vigorously for 2-3 h at 25°C until no
odour of tetrahydrofuran could be detected. The re-
sulting dispersion of 2 M DPH was clear and devoid
of fluorescence. Control and peroxidized membranes,
equivalent to 100 ug protein were incubated in 3 ml of
DPH suspension at 37°C for 1 h. Fluorescence emis-
sion intensities (excitation wavelength 360 nm, emis-
sion wavelength 430 nm) were recorded parallel and
perpendicular to excitation plane. Fluorescence polar-
ization was expressed as fluorescence anisotropy, r,
determined from the equation r = (I, —1,)/(I, + 21)),
where I, and I, are fluorescence intensities parallel
and perpendicular to the excitation plane. The
anisotropy parameter (ro/r —1)”! was calculated us-
ing the value of r, =0.362 for DPH [20]. According to
the Perrin equation, a form of which can be written as
ro/r=1+3t/p where ¢ is the excited state life time
and p is the rotational relaxation time of the probe.
These values vary directly with p under conditions of
constant ¢ and are therefore considered to be inversely
related to fluidity [21-23].

Excimer fluorescence intensity was studied using
pyrene as the probe. Pyrene 100 pm (final concentra-
tion) was incubated with BBMYV corresponding to 2 mg
protein (control and peroxidized) in 0.1 M Tris-HCl
buffer pH 7.1 for 2 h at 37°C. After incubation, it was
centrifuged at 25000 X g for 20 min and the pellet was
washed twice with 10 mM Tris-HClI buffer (pH 7.1) and
resuspended in the same buffer. An aliquot corre-
sponding to 100 wg protein in a total volume of 2 ml of
0.1 M Tris-HCl (pH 7.1) was used for fluorescence
measurements. Fluorescence intensity of the incorpo-
rated pyrene was measured at an excitation wavelength
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Fig. 1. Effect of oxidants on lipid peroxidation of monkey intestinal brush-border membranes. Each value represents mean + S.D of six separate
experiments. Experimental details are given in the text.
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of 340 nm, the monomer fluorescence was measured at
390 nm and the excited dimer or excimer fluorescence
at 465 nm. Estimation of excimer/monomer fluores-
cence intensity ratio provides a convenient index of
fluidity.

Results

BBMV isolation

Nearly 15-fold purification was achieved on the
brush-border membrane vesicles prepared from mon-
key small intestinal mucosa as judged by marker en-
zyme, alkaline phosphatase (specific activity 0.061 +
0.011 and 0.922 + 0.071 pmol/min per mg protein in
homogenate and BBMV, respectively). Representative
samples were found to be free of contamination with
basolateral membranes as assessed by the absence of
Na®/K*-ATPase. Examination under electron micro-
scope showed that the membrane preparation was ho-
mogeneous and vesicular.

Peroxidation parameters

The extent of lipid peroxidation in BBMV which
were exposed to different free radical generating sys-
tems was assessed by measuring parameters such as
MDA, conjugated diene and arachidonic acid content
and are shown in Fig. 1. Exposure to free radicals
generated from ABAP showed significant increase in
the formation of MDA and conjugated diene and de-
crease in total arachidonic acid. All other systems used
did not show significant alteration in any of the per-
oxidation products as compared to control BBMV.
Similar observation was made regarding the loss of
protein thiol groups and a-tocopherol in the BBMV
exposed to various oxidants (Fig. 2). Only ABAP was
able to decrease protein thiol groups and it completely
eliminated a-tocopherol content of the membrane.
None of the other systems were capable of significantly
altering these constituents of the membrane. Lipid
composition of BBMV was analysed in order to assess
the fatty acid composition and alteration in lipid con-
stituents. This membrane had considerable amount of
polyunsaturated fatty acids including arachidonic acid
and in addition it had a high content of nonesterified
fatty acids, about 120 nmoles of free fatty acids per mg
protein. Composition of various fatty acids in total and
nonesterified fatty acid fraction are shown in Fig. 3. It
was observed that oxidant exposure did not alter the
content of total cholesterol or phospholipids of the
membrane (data not shown).

Membrane transport studies

Transport of glucose and amino acid were compared
with control and oxidant exposed BBMV. Uptake of
D-glucose and r-leucine measured at 20 s was de-
creased in ABAP and cumene hydroperoxide exposed
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Fig. 2. Effect of oxidants on the protein thiol levels and tocopherol

content of monkey intestinal brush-border membranes. Each value

represents mean+S.D of four separate experiments. Experimental
details are given in the text.

BBMYV as compared to control and inclusion of super-
oxide dismutase in the incubation system did not pre-
vent the loss of glucose and amino acid uptake (Fig. 4a
and b). The equilibrium uptake after exposure to
cumene hydroperoxide was 0.24 + 0.07 nmol /mg pro-
tein and 1.87 + 0.11 pmol /mg protein compared to the
control values of 0.21 + 0.05 nmol /mg protein and 2.98
pmol /mg protein for ["Clglucose and [*H]leucine, re-
spectively. But the same values after exposure to ABAP
was 0.023 + 0.004 nmol /mg protein and 0.099 + 0.017
pmol/mg protein, suggesting a complete damage to
the membrane vesicle. Comparison of kinetic constants
of p-glucose transport by control and cumene hydro-
peroxide exposed BBMV showed a similar K, of 67.9
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Fig. 3. Total and non-esterified fatty acid composition of the brush
border membrane vesicles. Each value represents mean + S.D of four

separate experiments.
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Fig. 4. p-Glucose (a) and L-leucine (b) uptake by control and oxidant exposed intestinal BBMV. Experimental details are given in the text. Each
value represents mean+ S.D of three separate experiments. Equilibrium values of p-glucose uptake at 30 min range from 210 to 230 pmoles
p-glucose /mg protein and for L-leucine from 2 to 3 pmoles L-leucine /mg protein under experimental conditions.

TABLE I

Fluorescence polarization studies on monkey intestinal brush-border
membrane vesicles using DPH and pyrene

7o, the limiting anisotropy for the probe. r, for DPH is 0.362.

DPH Pyrene
. ro excimer /monomer

Anisotropy (r) ( - 1) ratio
Control 0.251 £0.005 2.256+0.14  0.354+0.09
Asc-Fe?*  0.255+0.002 23744008 0.345+0.08
ABAP 0.277 +0.005 3251+£0.25 0.31340.06
X-XO 0.253+0.003 23144011 0.34710.11
H,0, 0.254 +0.003 2.3704+0.08 0.31740.08

+0.11 uM whereas the V_,,

was reduced from 480

pmol /mg protein for control to 165 pmol/mg protein

for the cumene hydroperoxide exposed BBMV.

Membrane fluidity
To evaluate the effect of free radical exposure on
the physical state of BBMYV lipids, fluorescence

MALONDIALDEHYDE
nmoles / mg protein

L]
CONT ASC ABAP CuH
Fe**

D CONTROL

B ALBUMIN TREATED

X-XO H202

anisotropy was measured using lipid soluble fluoro-
phores DPH and pyrene. As shown in Table I there
was a decrease in fluidity (increased molecular order)
when BBMV were exposed to ABAP. Studies with
DPH, which is a probe for rotational mobility, showed
that only ABAP exposure could alter fluorescence
anisotropy while with pyrene, which is a probe for
lateral mobility, both ABAP and H,O, exposure could
decrease fluidity.

Peroxidation of free fatty acid depleted BBMV
Treatment of BBMV with fatty acid free albumin
removed nearly 80% of free fatty acids associated with
the membrane. Albumin treatment reduced the free
fatty acid concentration from 127 + 32 nmol /mg pro-
tein for normal membranes to 25 + 6 nmol /mg protein
for albumin-treated membranes. No significant de-
crease in the cholesterol and phospholipid concentra-
tions were observed after albumin treatment. These
membranes showed peroxidation when exposed to iron
dependent and independent peroxidation systems as

CONJUGATED DIENE
umoles / mg protein

0
CONT ASC ABAP CuH
Fe**

X-XO H202

Fig. 5. Effect of oxidant exposure on formation of malonaldehyde and conjugated diene by free fatty acid depleted BBMV. Each value represents
mean + S.D of three separate experiments. Experimental details are given in the text.
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judged by malonaldehyde production and conjugated
diene formation (Fig. 5). This was quite apparent with
iron /ascorbate system which showed negligible per-
oxidation with native membranes.

Discussion

Cellular membranes are the main targets of oxygen-
derived free radicals which results in peroxidation of
their lipids. Biologically important oxygen-derived free
radicals are superoxide anion and hydroxyl radicals of
which the latter species is very reactive and unstable.
Transition metals such as iron, facilitate the formation
of hydroxyl radical through Fenton reaction. Iron com-
plex with protein such as ferritin or transferrin is
unable to participate in Fenton reaction and very little
free iron is normally present in tissues. An exception to
this is the lumen and possibly mucosa of the gastro-
intestinal tract where dietary iron is present in free
form which might facilitate the formation of these
reactive species.

Earlier studies using rat intestinal microsomes and
mitochondria have shown that these organelles are
resistant to in vitro lipid peroxidation as measured by
malonaldehyde production [3-5). In the present work,
a detailed study was undertaken to assess the extent of
peroxidation of BBMYV isolated from monkey intestine
after exposure to various oxidants by studying different
parameters. Free radicals were generated using differ-
ent oxidants which included iron dependent and inde-
pendent systems. Among the oxidants used, ABAP
generates free radicals by thermal decomposition and
does not require iron [24]. X-Xo generates superoxide
and possibly hydroxyl radicals and controversy exists
regarding the requirement of iron for this reaction
[25,26]. All other systems used in the present experi-
ment require iron as an essential component for free
radical generation. This study has shown that only
ABAP is capable of inducing lipid peroxidation on
monkey intestinal BBMV as judged by production of
MDA, conjugated diene and depletion of arachidonic
acid. BBMV was resistant to peroxidation using all
other iron-dependent systems.

Tocopherol can scavenge free radicals and during
this process it is depleted in the membrane. Toco-
pherol content of BBMV was decreased considerably
only after exposure to ABAP whereas other oxidants
did not alter its content in the membrane. Cellular
proteins contain thiol groups which are known to be
oxidized when exposed to free radicals [27]. A measure
of the content of protein thiol group is an indication of
damage to the system on exposure to free radicals. In
the present study, BBMV associated protein thiol
groups were decreased after exposure to ABAP and to
a lesser extent with cumene hydroperoxide whereas
none of the other oxidants had any significant effect.

This once again supports the observation that BBMV
only susceptible to iron-independent free radical dam-
age. Earlier studies on the interaction of flurogenic
thiol reagents to BBMV proteins showed that the
binding was decreased in peroxidized membranes which
was attributed to changes in protein conformation due
to peroxidation leading to masking of protein thiol
groups rather than decrease in total thiol groups in the
membrane proteins [7). These studies have used ascor-
bic acid/Fe?* /tBuOOH to peroxidize the porcine in-
testinal BBMV. Our results also show that iron-depen-
dent peroxidation did not alter protein associated thiol
groups.

Peroxidation of membrane lipids might result in
structural and functional alteration of the membrane
and decrease in membrane fluidity has been shown. In
the present study, fluorescence polarization was used
to measure the fluidity of the membrane after exposure
to free radicals. Fluorescence anisotropy measure-
ments were made using two different lipid soluble
probes, DPH and pyrene. In bilayer membranes, mea-
surement of fluorescence polarization of DPH provides
an estimate of environmental resistance to the rota-
tional mobility of this probe, whereas the intensity of
the excimer fluorescence of pyrene molecule is depen-
dent on the rate constant for formation of dimer. The
rate constant is diffusion controlled which is limited by
the rate of the lateral diffusion of the pyrene molecules
and therefore the fluidity of the membrane lipid. Hence
the measurement of fluorescence with these probes is a
direct measure of the fluidity of the membrane. ABAP
exposure resulted in decrease in fluidity of BBMV
using both these probes and H,O, treatment with
pyrene as probe revealed a decrease in fluidity whereas
other systems did not have any effect. This suggests
that free radicals alter the physical state of the mem-
brane lipid and only iron-independent free radical gen-
eration can alter BBMYV fluidity. It has been previously
demonstrated that lipid peroxidation of the porcine
intestinal brush-border membrane is dependent on the
membrane surface charge [28] and the inhibitory effect
of a-tocopherol on lipid peroxidation is closely related
to its stabilizing effect on membrane lipids [29].

Alteration in the physical state of the lipids and
proteins can alter the absorptive function of the mem-
brane. To test this, transport of sugars and amino acids
were studied using BBMV after exposure to different
free radical generating systems. Incubation with ABAP
or cumene hydroperoxide resulted in alteration of glu-
cose and amino acid transport by BBMV whereas
other treatments had no effect. Inclusion of superoxide
dismutase along with the oxidants failed to protect the
membranes. Equilibrium uptake studies using ABAP
exposed BBMV showed a complete loss of uptake
suggesting that the decrease in transport is not due to
inhibition of the Na* /p-glucose cotransporter but may



be due to the complete damage to the membrane. This
reveal the role of iron-independent peroxidation in
damaging BBMV. Even though a decrease in transport
by cumene hydroperoxide exposed BBMV was ob-
served, equilibrium uptake studies suggested no dam-
age to the membrane and kinetic analysis showed no
alteration in K, but a decrease in V. . This observa-
tion may be due to alteration of membrane associated
thiol groups, since thiol groups have been shown to be
important for transport [30,31]. It has been shown that
cyclosporin A, a nephrotoxic agent can induce lipid
peroxidation in kidney BBMV resulting in increased
permeability and altered glucose transport [32]. Mito-
mycin C, an antitumour drug also induces lipid per-
oxidation and decrease glucose and alanine transport
across the rat intestinal BBMV [33].

The present study has clearly shown that the intesti-
nal BBMV are resistant to iron-dependent lipid per-
oxidation as assessed by quantitation of various prod-
ucts of lipid peroxidation after exposure to different
oxidants. This was not due to lack of polyunsaturated
fatty acids in the membrane lipids since enterocyte
membranes had similar PUFA content as other known
peroxidising tissues such as liver. BBMV had high
levels of NEFA as part of total membrane lipids and
similar observation had been reported by others [34].
The resistance of BBMV to peroxidation may be due
to the presence of high levels of NEFA and possibly
free fatty acids forms a complex with iron which is
incapable of inducing peroxidation. A role for fatty
acid-iron complex in iron transport into epithelial cells
has been suggested [35,36]. Formation of fatty acid-iron
complex has been observed by us (unpublished obser-
vation) and a similar observation has been reported
recently on the complex formation between free fatty
acid associated with cigarette smoke and iron [37].
Further it was shown in the present study that free
fatty acid depleted BBMV was susceptible to iron
induced peroxidation supporting the hypothesis that
the formation of free fatty acid-iron complex is respon-
sible for the resistance of BBMV to peroxidation. This
observation is significant since in vivo epithelial cells
lining the gastrointestinal tract are continuously ex-
posed to dietary free iron and presence of protective
mechanisms in these cells might prevent their damage
due to lipid peroxidation.

Acknowledgements

The Wellcome Research Unit is supported by The
Wellcome Trust, London. Financial assistance from the
Department of Science and Technology and Indian
Council of Medical Research, Government of India is
acknowledged. S.N. is a Senior Research Fellow of the
Council of Scientific and Industrial Research, Govern-

175

ment of India. The authors thank Prof. V.I. Mathan for
his keen interest in this work and Dr. Sunil David for
helping in fluorescence polarization studies.

References

1 Parks, D.A. (1989) Gut 30, 293-298.

2 Koningsberger, J.J.M., Mark, J.J.M. and Vanhuttum, J. (1988)
Scand. J. Gastroenterol. 23, 30-40.

3 Balasubramanian, K.A., Manohar, M. and Mathan, V.I. (1988)
Biochim. Biophys. Acta 962, 51-58.

4 Diplock, A.T., Balasubramanian, K.A., Manohar, M., Mathan,
V.1. and Ashton, D. (1988) Biochim. Biophys. Acta 962, 42-50.

S Balasubramanian, K.A., Nalini, S., Cheeseman, K.H and Slater,
T.F. (1989) Biochim. Biophys. Acta 1003, 232-237.

6 Galeotti, T., Borrello, S., Palombini, G., Masotti, L., Ferrani,
M.B,, Cavatorta, P., Arcioni, A., Stremmenos, C. and Zannoni, C.
(1984) FEBS Lett. 169, 169-173.

7 Ohyashiki, T., Ohtsaka, T. and Mohri, T. (1988) Biochim. Bio-
phys. Acta 939, 383-392.

8 Kessler, M., Acuto, O., Storelli, C., Murer, H., Miller, M. and
Semenza, G. (1978) Biochim. Biophys. Acta 506, 136~154.

9 Thambidurai, D. and Bachhawat, B.K. (1977) J. Neurochem. 29,
503-512.

10 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.
(1951) J. Biol. Chem. 193, 265-275.

11 Slater, T.F. and Sawyer, B.C. (1979) Biochem. J. 123, 805-814.

12 Bligh, E.G. and Dyer, W.J. (1959) Can. J. Biochem. Physiol. 37,
911-917.

13 Habeeb, A.F.S.A. (1972) Methods Enzymol 25, 457-464.

14 Cheeseman, K.H., Davies, M.J., Emery, S., Maddix, S.P. and
Slater, T.F. (1987) Free Rad. Res. Commun. 3, 325-330.

15 Vatassery, G.T. (1989) Lipids 24, 299-304.

16 Zlatkis, A., Zak, B. and Boyle, A.J. (1953) J. Lab. Clin. Med. 41,
486-492.

17 Bartlett, G.R. (1959) J. Biol. Chem. 234, 466-468.

18 Tiruppathi, C., Miyamoto, Y., Ganapathi, V. and Leibach, F.H.
(1988) Biochem. Pharmacol. 37, 1399-1405.

19 Schachter, D. and Shinitzky, M. (1977) J. Clin. Invest. 59, 536-548.

20 Schinitzky, M. and Barenholz, Y. (1974) J. Biol. Chem. 249,
2652-2657.

21 Brasitus, T.A., Tall, AR and Schachter, D. (1980) Biochemistry
19, 1256-1261.

22 Brasitus, T.A., Schachter, D. and Mamouneas, T.G. (1979) Bio-
chemistry 18, 4136-4144.

23 Schwartz, S.M.,, Ling, S., Hostetler, B., Draper, J.P. and Watkins,
J.B. (1984) Gastroenterology 86, 1544-1551.

24 Barclay, L.R.C. and Ingold, K.U. (1981) J. Am. Chem. Soc. 1031,
6478-6485.

25 Kuppusamy, P. and Zweier, J.L. (1989) J. Biol. Chem. 264,
9880-9884.

26 Lyod, R.V. and Mason, R.P. (1980) J. Biol. Chem. 265, 16733-
16736.

27 Kyle, M.E., Nakae, D., Sakaida, I., Serroni, A. and Farber, J.L.
(1989) Biochem. Pharmacol. 38, 3797-3805.

28 Ohyashiki, T., Koshino, M., Ohta, A. and Mobhri, T. (1985)
Biochim. Biophys. Acta 812, 84-90.

29 Ohyashiki, T., Ushiro, H. and Mohri, T. (1986) Biochim. Biophys.
Acta 858, 294-300.

30 Lemaire, J. and Maestracci, D. (1978) Can. J. Physiol. Pharmacol.
56, 760-770.

31 Klip, A., Grinstein, S. and Semenza, G. (1979) Biochim. Biophys.
Acta 558, 233-245,

32 Inselmann, G., Blank, M. and Baumann, K. (1988) Res. Commun.
Chem. Pathol. Pharmacol., 62, 207-20.



176

33 Mizuno, M., Yoshini, H., Hashida, M. and Sezaki, H. (1987) 36 Simpson, R.J. and Peters, T.J. (1987) Biochim. Biophys. Acta 898,
Biochim. Biophys. Acta 902, 93-100. 181-186.
34 Walters, J.LF.R., Horworth, P.J. and Weiser, M.M. (1986) Gastro- 37 Qian, H. and Eaton, J.W. (1991) Am. J. Pathol. 139, 1425-1434.

enterology 91, 34-40.
35 Simpson, R.J. and Peters, T.J. (1987) Biochim. Biophys. Acta 898,
187-195.



