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Lipid peroxidation in vitro was tested by malonaldehyde production in gastrointestinal mucosa and compared 
with other tissues. It was observed that gastrointestinal mucosa was resistant to both non-enzymatic and 
enzymatic lipid peroxidation. This was due to the presence of an inhibitor of lipid peroxidation in the 
membranous fractions of intestinal mucosa. This inhibitor was capable of inhibiting other recognised 
peroxidation systems, such as liver mitochondria. This effect was confirmed by measurement of diene 
conjugation and utilisation of arachidonic acid as other markers of peroxidation, in addition to malonalde- 
hyde production. Preliminary characterisation of this inhibitor revealed that it is resistant to proteolysis, 
non-diffusable and extractable from membranes by organic solvents. It was partially purified by methanol 
extraction of the mucosa and by three successive preparative thin-layer chromatography steps. The purified 
material gave a single spot on thin-layer chromatography, using a number of different solvent systems. 
Mobility of the inhibitor on thin-layer chromatography was different from that of authentic tocopherol, and 
it was present in the intestine of vitamin-E-deficient animals. These results suggest that the resistance of 
intestinal mucosa to lipid peroxidation is due to the presence of a novel inhibitor which is lipidic in nature. 

Introduction 

Lipid peroxidation is a complex process in 
which oxidation of polyunsaturated fatty acids of 
membrane lipids leads to membrane damage and 
cell death [1,2]. Although much work has been 
carried out on damage due to lipid peroxidation in 

several tissues, very little information is available 
on peroxidation as a mechanism of gastrointesti- 
nal mucosal damage. The intestinal mucosal epi- 

thelium may be considered particularly vulnerable 
to peroxidation, compared to other tissues. It is 
exposed to lipid peroxides originating from oxida- 
tive rancidity of foods [3] and to inducers of 
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peroxidation, such as ascorbic acid and iron pre- 
sent in the diet. It is also in constant contact with 
the luminal contents, which contain bacterial 

metabolites which may promote lipid peroxidation 
[4]. In certain pathological conditions, such as 
tropical sprue, the enterocyte membrane is 

damaged and transport of lipids across the entero- 

cyte is blocked, resulting in accumulation of fat 
droplets inside the cells [5]. Lipid peroxidation of 
these accumulated fat droplets might bring about 

further damage to enterocytes. In view of this, we 
studied the process of lipid peroxidation as a 
possible cause of damage to enterocytes. We found 
that the gastrointestinal mucosa is resistant to 
lipid peroxidation in vitro as measured by 
malonaldehyde production, diene conjugation and 
utilisation of arachidonic acid, and that addition 
of intestinal mucosal homogenates to other tissue 
peroxidation systems inhibited their peroxidation. 
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A detailed study of this phenomenon with partial 
purification of the inhibitor is reported in this 

paper. 

Materials and Methods 

Chemicals. NADPH, 2-thiobarbituric acid, 

bovine serum albumin, papain and ascorbic acid 
were obtained from Sigma, U.S.A. a-Tocopherol, 
which was used as standard, was a gift from Mr. 

Korman of Hoffman La Roche, Base]. All other 

chemicals were of analytical grade. All the solvents 
were redistilled before use. 

Preparation of tissue homogenates and suhcellu- 

lur fractions. Intestine was obtained from 48-h 

fasted adult Wistar rats and washed with cold 
1.15% KC1 before scraping the mucosa. In ad- 

dition, brain, kidney, testes, liver, lung and heart 
were removed from rats, and a 10% homogenate 
of all tissues was prepared in 1.15% KCl. Subcellu- 
lar fractions from intestinal mucosa were prepared 

as described [6], except that 1.15% KC1 was used 
as a homogenising medium, since sucrose inter- 
fered in the lipid peroxidation assay. Partially 

purified liver mitochondrial and microsomal pre- 
parations used as substrates for peroxidation were 

obtained from a 10% homogenate in 1.15% KC1 
by successively centrifuging at 1500 x g for 10 
min, 12 000 x g for 15 min and 105 000 x g for 60 

min. 
Mucosa from different regions of the rat gut, 

from rats of different age groups, and from vita- 
min-E-deficient and germ-free rats (Charles River 
Laboratory, Kent, U.K.) were obtained and as- 
sayed for lipid peroxidation. Vitamin-E-deficient 

rats were produced as described [7], with a diet 

based on Torula Yeast as the protein source. The 
inhibitor of peroxidation was assayed also in 10% 

homogenates of intestine from Rhesus monkeys, 
guinea pigs and rabbits. Mucosal scrapings from a 
segment of morphologically normal human small 
intestine removed at surgery were also tested. 

In vitro lipid peroxidation assay. Lipid peroxida- 
tion of tissue homogenates in vitro was measured 
by malonaldehyde production using thiobarbituric 
acid [8,9]. For non-enzymatic peroxidation, ap- 
prox. 400 pg of protein from 10% homogenates of 
different tissues were separately incubated at 37 o C 
for 60 min with 200 mM Tris-HCl buffer (pH 

7.1)/0.3 mM ascorbic acid/O.8 mM ferrous 
sulphate (final concentrations) in a total volume 
of 0.5 ml. The reaction was stopped by the ad- 

dition of 1 ml of 20% (w/v) trichloroacetic acid. 2 

ml of 0.67% (w/v) thiobarbituric acid was added 
and the samples were heated in a boiling water 
bath for 15 min. The tubes were cooled and 
centrifuged at 3000 rpm for 15 min, and the 

colour of the supernatant was read at 532 nm. 
Enzymatic peroxidation was tested in the same 
manner, except that 0.2 mM NADPH was used 

instead of ascorbic acid [lo]. In subsequent experi- 
ments, 0.05 mM FeSO, (final concentration) in- 

stead of 0.8 mM was used, and 2 mM ADP was 
included inthe enzymatic peroxidation assay. Per- 

oxidation was also measured by the production of 
diene conjugation and utilisation of arachidonic 
acid. After peroxidation at 37” C for 60 min, the 
incubation mixture was extracted with 20 vol. 
chloroform/methanol (2 : l), followed by addition 
of 5 vol. 0.15 M NaCl and vortexing. The aqueous 
layer and insoluble material was discarded, and 

the organic phase was evaporated using nitrogen: 
this was dissolved in 1 ml methanol and read at 
233 nm for diene conjugation. This lipid extract 
was also used for total arachidonic acid estima- 

tion. To this total lipid extract in 1 ml methanol, 
0.05 ml HCl was added and kept at 70 o C for 4 h. 
Methylated fatty acids were extracted with hexane 

and separated, and quantitated using gas chro- 
matography. Controls were prepared by extracting 

total lipids without incubation. 
Test for inhibitor of peroxidation in vitro. To 

check whether any of the tissues could inhibit 
peroxidation, 300 pg protein from various tissues, 
as 10% homogenate, was added to a standard (400 
pg protein) liver homogenate peroxidation assay 

system. 
Further experiments were carried out using liver 

mitochondria as substrate for non-enzymatic per- 
oxidation and liver microsomes as substrate for 
enzymatic peroxidation. Intestinal mucosal homo- 
genates and subcellular fractions were added to 
these systems to test their capacity to inhibit per- 

oxidation. 
Protein was estimated using crystalline bovine 

serum albumin as standard [ll]. The inhibitor was 
quantitated in units and 1 unit was defined as the 
amount of tissue protein added to the liver 
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mitochondrial peroxidation system that brought 

about 50% inhibition. 
Fatty acid analysis of total lipids. 10% homo- 

genates of intestinal mucosa, liver and kidney 
were prepared in 0.3 M sucrose (pH 7.4) and 2 ml 
of this homogenate was used for total lipid extrac- 
tion by the method of Bligh and Dyer [12]. Total 

lipids were methylated using methanolic HCl and 
the fatty acid methyl esters were quantitated by 
gas chromatography (Pye Unicam PU 4550 with 
Spectra Physics 4290 computing integrator). 

Effect of various treatments on the inhibition of 
peroxidation in vitro by intestinal mucosa. A SUS- 

pension of intestinal mitochondria at 1 mg/ml 
protein was subjected to various treatments. 

Papain treatment was carried out for 4 h at 37°C 

in the presence of 0.8 mg/ml cysteine and the 
residual membrane was washed twice and sus- 
pended in 0.01 M Tris HCl buffer (pH 7.0). Simi- 

larly, intestinal mitochondria were treated with 
ferric chloride or hydrogen peroxide (2 mM final 
concentration) at 37 o C for 30 min, and washed 
and suspended as described above. Lipid per- 
oxidation-inhibitory activity of the intestinal 
mitochondria was tested in the presence and ab- 

sence of 2 mM glutathione. Heat treatment of the 

intestinal mitochondria (5 mg/ml protein) was 
performed at 75’C for 10 min and the heated 
material was tested for inhibitor activity. Intesti- 
nal mitochondria were also extracted with chloro- 

form/methanol (2 : 1) or methanol, and the ex- 
tract as well as the resuspended residue was tested 
for inhibitor activity. 

Isolation of the inhibitor. Preparative thin-layer 
chromatography was used for the isolation of the 
inhibitor. A methanol extract of the mucosa was 

first partitioned with an equal volume of hexane, 
and the hexane extract was concentrated using 
nitrogen. This was subjected to three successive 
rounds of thin-layer chromatography using silica 

gel G plates. In the first round of chromatogra- 
phy, benzene/ethanol (9 : 1) was used as solvent 

and the sample was applied as a streak. It was 
observed that after separation, exposing the thin- 
layer plates to iodine vapour destroyed the inhibi- 
tor activity. Thus, a side portion of the plate was 
sprayed with 10% phosphomolybdic acid in 
ethanol, and the spot corresponding to the inhibi- 
tor appeared as a faint spot without heating. This 

was scraped, eluted with methanol, concentrated 

and subjected to the second round of thin-layer 
chromatography using the solvent system chloro- 
form/methanol/water (70 : 30 : 5). The inhibitor 

was visualised, eluted and concentrated as de- 
scribed above. The third round of thin-layer chro- 
matography was performed using chloroform alone 

as the solvent, in which the inhibitor remained at 
the origin. This was eluted with methanol and 

concentrated, and the purity was checked with ten 
different solvent systems on a single dimension 
and three different solvent systems in two-dimen- 

sional thin-layer chromatography. 

Results 

Homogenates of gastrointestinal mucosa do not per- 
oxidise in vitro 

Significant peroxidation, both enzymatic and 

non-enzymatic, was found in liver, brain, kidney 

Liver + 

Kidney 

Testis 

Lung 

Heart 

Stomach 

COlOll 

Small 

intestine 

I 50 

nmol MDA formed / mg protein 

Fig. 1. Lipid peroxidation in various tissues. Preparation of the 

tissue homogenates and the lipid peroxidation assay are as 

described in Materials and Methods. Values represent means 

of triplicate determination. The bars indicate one SD. 0, 

Non-enzymatic (mitochondrial); q , enzymatic (microsomal). 
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TABLE I 

FAl-IY ACID COMPOSITION OF TOTAL LIPIDS 

nd., not detected. Values are means * SD. (n = 3). 

Tissue Total fatty 

acids (nmol/ 

Fatty acid (% total) 

12:o 14:o 16:O 
mg protein) 

Liver 

Intestine 

Kidney 

305.8 0.06 0.75 29.7 

551.5 + 0.06 * 0.91 kO.1 

207.1 0.29 0.9 26.1 

*6.0 + 0.26 * 0.3 kO.7 

252.9 0.9 1.9 35.7 

f 12.3 +0.5 5 0.6 *1.7 

and testes, while it was less significant in lung and 
heart. In homogenates of stomach, small intestine 
and colon, there was very little or virtually no 

peroxidation (Fig. 1). Analysis of the fatty acid 
content of total lipids from intestinal mucosa, 
liver and kidney showed that all these tissues had 
a similar distribution of polyunsaturated fatty 

acids (Table I). 

An inhibitor of in vitro peroxidation is present in the 

gastrointestinal mucosa 

The addition of mucosal homogenates from the 
small intestine, colon and stomach inhibited the 
peroxidation of liver mitochondrial and micro- 
somal fractions (Fig. 2). Other tissue homo- 
genates, including lung and heart, with low per- 

oxidation, produced only minimal inhibition (Fig. 
2). Both enzymatic and non-enzymatic lipid per- 

oxidation was inhibited by intestinal homo- 
genates. It was confirmed that the inhibitory effect 
of intestinal mucosal homogenates was not just on 
thiobarbituric acid colour reaction by experiments 

in which intestinal homogenate was added to the 
reaction mixture at the end of incubation, just 

prior to stopping the reaction with trichloroacetic 

acid. 
The peroxidation of the liver mitochondrial 

fraction in vitro was inhibited by crude nuclear, 
mitochondrial and microsomal fractions from in- 
testinal mucosa, but the cytosolic fraction had no 
such effect (Fig. 3). Inhibition of liver mitochon- 
drial peroxidation by intestinal mitochondria was 
confirmed by measurement of diene conjugation 
and utilisation of arachidonic acid, in addition to 
malonaldehyde production (Table II). 

16:l 18:O 18:l 18:2 18:3 20:4 

2.7 15.1 15.9 18.4 0.2 16.7 
*0.2 * 0.4 i_ 0.2 kO.1 kO.1 *0.1 
1.9 16.9 11.9 13.7 0.6 27.8 
+0.2 * 0.4 *0.3 kO.6 +0.2 If-l.3 
nd. 14.0 16.5 11.7 nd. 19.3 

+1.1 kO.9 f 0.3 + 2.5 

Regional distribution studies showed that the 
inhibitor was equally distributed in all regions of 
the gastrointestinal tract. The inhibitor was also 

Bran + liver 

Lung + liver 

Heart + ltver 

Kidney + Ihi/er 

Stomach+ IIVW 

Colon + itver 

Small 
intestine + liver 

at the end of 
lncubotlon 

_ ---L_...__ 1 I I 

10 20 30 40 50 

nmol MDA formed / mg protein 

Fig. 2. Effect of various tissue homogenates on liver lipid 

peroxidation. Values represent means of triplicate determina- 

tions. The bars indicate one SD. 0. non-enzymatic: 8. en- 
zymatic. 
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Fig. 3. Effect of intestinal subcellular fractions on liver peroxidation. Values represent means of triplicate determinations. The bars 
indicate one SD. 0, non-enzymatic; Q enzymatic. 

present in the intestine of all age groups in more- The lipid nature of the inhibitor 
or-less similar concentrations and in the intestine The above experiments suggest that the inhibi- 
of monkeys, guinea pigs, rabbits and humans (Ta- tor of peroxidation is present in the membranous 
ble III). The inhibitor was present in similar fractions of the intestinal epithelial cells. To ex- 
amounts in the intestines of germ-free and vita- plore the nature of the inhibitor, the intestinal 
r&-E-deficient rats, the latter having the highest mitochondrial fraction was subjected to various 
levels detected. treatments and checked for the inhibitory activity 

TABLE II 

LIPID PEROXIDATION INHIBITORY ACTIVITY OF INTESTINAL MITOCHONDRIA: COMPARISON WITH DIFFER- 

ENT METHODS OF ESTIMATING PEROXIDATION 

Lipid peroxidation assay and measurement were carried out as described in Materials and Methods. 463 ug of liver mitochondrial 

protein and 555 ng of intestinal mitochondrial protein were used. The values represent means of triplicate assays. 

Peroxidation system 

Intestinal mitochondria (control) 

Intestinal mitochondtia (peroxidised) 

Liver mitochondria (control) 

Liver mitochondria (peroxidised) 

Liver + intestinal mitochondria (control) 

Liver + intestinal mitochondria (peroxidised) 

Malonaldehyde Diene 

(mnol/mg protein) absorbance at 233 nm 

0.50 0.388 

0.54 0.388 

1.30 0.536 

32.30 1.073 

2.60 0.498 

8.10 0.544 

Arachidonic acid 

(nmol/mg protein) 

153.06 

163.59 

296.06 

55.18 

252.93 

196.39 



56 

TABLE III TABLE IV 

CONCENTRATION OF INHIBITOR IN SMALL INTESTI- 

NAL MUCOSA OF RATS OF DIFFERENT AGES, 

VITAMIN-E-DEFICIENT RATS, GERM-FREE RATS AND 

OTHER ANIMAL SPECIES 

EFFECT OF VARIOUS TREATMENTS ON THE LIPID 

PEROXIDATION INHIBITOR FROM INTESTINAL 

MUCOSA 

The values represent means of two determinations. 
The lipid peroxidation assay and the various treatments of the 

intestinal mitochondria were carried out as described in 

Materials and Methods. All assays contained approx. 400 pg 

of liver mitochondrial protein. 300 pg of intestinal 
mitochondrial protein or 0.1 ml of concentrated methanol 

extract was used as the inhibitor. The values represent means 

of triplicate assays. S.D. is given in parentheses. MDA, 

malondialdehyde. GSH, glutathione. 

Animal Concentration 

of inhibitor 

(Units/mg protein) 

Rats 

Foetal 

New born 

10 days old 

20 days old 

30 days old 

40 days old 

50 days old 

Adults 

Germ-free 

Vitamin-E-deficient 

Guinea pigs 

Rabbits 

Monkey 

Human 

0.76 

0.64 

2.06 

1.98 

2.55 

2.63 

2.74 

3.06 

1.40 

3.85 

0.63 

0.34 

1.03 

0.49 

Treatment nmol MDA 

formed/mg 

protein 

Liver mitochondria alone 35.0 (0.19) 
Liver + intestinal mitochondria 14.1 (0.18) 
Liver + intestinal mitochondria + GSH 15.15 (0.63) 
Liver + papain-treated intestinal mitochondria 10.0 (0.03) 

Liver + heat-treated intestinal mitochondria 20.8 (0.78) 

Liver + dialysed intestinal mitochondria 15.35 (0.07) 

Liver + FeCl ?-treated intestinal mitochondria 34.11 (0.85) 
Liver + H,O,-treated intestinal mitochondria 30.51 (0.63) 

Liver + methanol extract of intestine 4.82 (0.38) 

Liver + residue after methanol extraction 31.5 (1.4) 

Fig. 4. (A) Thin-layer chromatography of methanol extract of various rat tissues using the solvent system chloroform/methanol/water 

(70: 30: 5, v/v). Identification of the spots was carried out as described in Materials and Methods. 1, brain: 2, liver: 3, small 

intestine; 4, heart; 5, lung; 6, kidney. Arrow indicates the inhibitor spot. (B) Thin-layer chromatography of the methanol extract of 

various subcellular fractions from the rat intestine. The conditions are same as for (A). 1, cu-tocopherol; 2, partially purified inhibitor: 
3, nuclear fraction; 4, mitochondria; 5, microsomes; 6, cytosol. Arrow indicates the inhibitor spot. 
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(Table IV). Dialysis of the mitochondrial prepara- 
tion did not remove the inhibitor. Similarly, 
papain-treated mitochondria retained the inhibi- 

tory activity. On the other hand, treatment with 
FeCl 3, H,O, or iodine vapour resulted in com- 

plete loss of the inhibitory activity. The inhibitory 
activity was slightly reduced by heating at 75’C 
for 10 min and it was not enhanced by the pres- 

ence of reduced glutathione. It was observed that 
the inhibitory activity could be completely re- 
moved from the membranous fractions by organic 

solvent extraction, and the residue did not show 
inhibition. 

Methanol was found to extract the inhibitor 

completely from the mucosa. Concentrated 
methanol extracts of intestinal mucosa along with 
other tissue methanol extracts, when separated on 
thin-layer plates, showed large amounts of a spot 
capable of inhibition of peroxidation in the in- 
testine (Fig. 4A) and very small amounts of a 
similar substance in heart and lung. Methanol 
extracts of intestinal subcellular fractions also 

contained the inhibitor, demonstrable by thin-layer 
chromatography (Fig. 4B). The mobility of this 
spot was different from that of a-tocopherol. 

Partial purification of the inhibitor 
The inhibitor was partially purified by methanol 

extraction of the mucosa followed by preparative 
thin-layer chromatography using three different 
solvent systems. The steps involved in the isola- 

TABLE V 

PARTIAL PURIFICATION OF INHIBITOR FROM RAT 

INTESTINAL MUCOSA 

1 unit of inhibitor activity is defined as the amount of material 

that is required to give 50% inhibition of liver mitochondrial 

peroxidation in vitro as described in Materials and Methods. 

Steps Total Recovery 

units (W) 

Methanol extraction 

Hexane extraction 
TLC 

Benzene/alcohol 

(90 : 10, v/v) 
CHCl,/CH,OH/H,O 

(70 : 30 : 5, v/v) 
CHCI, 

360.00 100.00 

163.20 45.33 

144.00 39.96 

128.00 35.52 

120.00 33.33 

tion of the inhibitor are given in Table V. The 
purity of the isolated material was confirmed by a 
single spot in both single and two-dimensional 

thin-layer chromatography using a variety of 

solvent systems. Starting with 8 g of intestinal 
mucosa, the yield was 3-4 mg of the inhibitor. 

Discussion 

The extent of lipid peroxidation in vitro, as 

indicated by the production of malonaldehyde, 
was different in homogenates of different tissues 

and virtually absent in homogenates of the gastro- 
intestinal mucosa (Fig. 1). Comparison of the con- 
centration of various fatty acids of total lipids 

from intestinal mucosa and other peroxidizing tis- 
sues, such as liver and kidney, showed no signifi- 

cant difference, suggesting that failure of per- 
oxidation by intestinal mucosa is not due to alter- 
ation in the content of polyunsaturated fatty acids. 
Gastrointestinal mucosal homogenates were al- 
most alone in being capable of inhibiting the 

peroxidation of other tissues (Fig. 2). The pre- 
scence of an inhibitor of enzymatic and non-en- 
zymatic lipid peroxidation in vitro in the intestinal 
mucosal homogenates was confirmed by the ex- 

periments reported in this paper. This inhibitor 

was associated with the membranous fraction of 
the gastrointestinal mucosa. Peroxidation inhibi- 

tory activity of the intestinal membrane fraction 
was confirmed by measurements of diene conjuga- 
tion and utilisation of arachidonic acid. 

It has been shown previously [13] that tissues 
with a high mitotic activity, like gastrointestinal 
mucosa, are less susceptible to peroxidation in 
vitro, and that this phenomenon correlated with 
the phospholipase A content of the tissues [14]. 

Feeding experiments with lipid peroxides failed to 
initiate peroxidation in the gastrointestinal tract 

[15]. Recently, it has been suggested that the mucus 
lining of the respiratory and gastrointestinal tracts 

protect these tissues from peroxidation [16]. The 
results presented in this paper suggest that all 

these phenomena are the effects of an inhibitor of 
peroxidation present in the mucosal epithelium. 

Preliminary studies on the nature of the inhibi- 
tor of peroxidation in the intestinal mucosa indi- 
cated that it was proteinase resistant, nondiffusa- 
ble and could be extracted by lipid solvents. 
Methanol extracts of various tissues showed on 
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thin-layer chromatography, that a spot capable of 
inhibiting lipid peroxidation was present only in 
the intestinal mucosa and that its mobility was 
different from the known natural lipid-soluble an- 
tioxidant, a-tocopherol. Using standard methods 
of purifying lipids by thin-layer chromatography, 

it was possible to purify the inhibitor until it gave 
a single spot on two-dimensional thin-layer chro- 

matography. 
There are several known biological antioxidants 

which might be expected to inhibit lipid peroxida- 
tion in vitro. The inhibitor reported here was not 

a-tocopherol, because its chromatographic mobil- 

ity was different and it was present in the gastro- 
intestinal mucosa of tocopherol-deficient rats. 
Moreover, the concentration of tocopherol in the 

intestinal mucosa is the same as that in other 
tissues, and this concentration does not inhibit 
lipid peroxidation in vitro [17]. The presence of 
the inhibitor in the mucosa of foetal, new born 
and germ-free rat intestine indicates that it is not 
likely to be of bacterial origin. Enzymes like 

glutathione peroxidase, the glutathione-dependent 
factor of cytosol, catalase and superoxide dis- 

mutase, which have all been suggested as protec- 
tive factors against lipid peroxidation [18-211, may 
be destroyed by proteinase digestion and are un- 
likely to be extracted by lipid solvents, and there- 
fore are different from the inhibitor that is de- 

scribed here. Moreover, the factor present in the 
intestinal mucosa does not require glutathione for 

its action. 
The intestinal epithelial membrane would ap- 

pear to be in an ideal location for cellular damage 
by lipid peroxidation. Teleologically, therefore, it 
is appropriate to have a specific inhibitor of lipid 
peroxidation present in the intestinal mucosa. The 
present work has shown that a unique inhibitor of 
lipid peroxidation is present in the mucosal mem- 
branes, which is not tocopherol or any of the other 
recognised systems which are known to protect 
against lipid peroxidation. The accompanying 
paper describes further purification and chemical 
characterisation of this inhibitor. 
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