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The antioxidant previously isolated from intestinal mucosa has been subjected to further purification and 
identification. Although this inhibitor moved as a single spot on thin-layer chromatography in a number of 
different solvent systems, it proved to be a mixture of free carboxylic acids whose relative composition was 
similar in different batches. Detailed studies involving the use of high-pressure liquid chromatography, 
combined gas chromatography-mass spectrometry, high-field 360 MHz proton nuclear magnetic resonance 
spectroscopy, fast atom bombardment mass spectrometry and other techniques established that the inhibitor 
was a mixture of carboxylic acids of the following identity and relative composition (the major components 
comprising 92% of the total fatty acids): palmitic acid, 14.8%; palmitoleic acid, 3.6%; stearic acid, 7.0%; oleic 
acid, 21.0%; linoleic acid, 27.6% arachidonic acid, 18.0%. Mixtures of authentic fatty acids of the same 
relative concentration showed inhibition of peroxidation, comparable with the purified inhibitor from 
intestinal mucosa. A study of the inhibitory activity of the components of the mixture using malonaldehyde 
estimation, diene conjugation and arachidonic acid estimation showed that the inhibitory activity was due to 
palmitoleic and oleic acids only, the latter being the major component. 

Introduction 

Studies aimed at exploring the possibility that 
lipid peroxidation of cellular membranes was a 

mechanism involved in enterocyte damage in 
tropical sprue [l] showed that intestinal mucosal 
homogenates or membrane preparations were re- 
sistant to peroxidation in vitro [2]. It was further 
shown that the addition in vitro of intestinal 

mucosal homogenates or enterocyte membrane 
preparations to standard peroxidation systems, 

such as liver mitochondria, inhibited the peroxida- 
tion activity. The inhibitory activity of intestinal 
mucosal preparations was due to a substance that 
was lipidic in nature, since it was extractable by 
organic solvents, destroyed by oxidation and was 
resistant to proteinase digestion. It was purified to 
apparent homogeneity by several thin-layer chro- 
matography steps. Its further purification and 
chemical identification are described in this paper. 

Materials and Methods 

Chemicals 

Correspondence: K.A. Balasubramanian, The Wellcome Re- 

search Unit, Christian Medical College Hospital, Vellore 632 

004, India. 

NADPH, 2-thiobarbituric acid and fatty acids 
were purchased from Sigma, U.S.A. All the 
solvents used for the isolation were double-dis- 
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tilled and the solvents for HPLC and other chem- 

icals were of special grade. 

Methods 
Preparation of the rat intestinal mucosa, liver 

mitochondria, partial purification of the inhibitor 

of peroxidation and the assays of lipid peroxida- 

tion were all as described earlier [2]. 

Spectral studies 

Samples of the inhibitor, purified by prepara- 
tive thin-layer chromatography, were examined by 

nuclear magnetic resonance spectrometry, infrared 

spectroscopy and ultraviolet spectroscopy. High- 
field 360 MHz ‘H-NMR measurements were made 

in both deuterochloroform (C*HCl,) and deu- 
teromethanol (C*H,OH). The mass of the com- 
pound was measured using electron impact chem- 
ical ionization (NH,) and fast atom bombardment 

mass spectrometry. Infrared measurements were 
obtained by incorporating the material in KBr 
discs. For ultraviolet spectroscopy, the sample was 
dissolved in C*H,O*H solution. 

Combined gas chromatography-mass spectrometry 
The preliminary spectral studies indicated that 

the TLC-purified inhibitor was a mixture of com- 

ponents with structures characteristic of polyun- 
saturated carboxylic acids. For further analysis by 

combined gas chromatography-mass spectrometry, 
the sample was esterified and silylated to identify 
long chain carboxylic acids and hydroxycarboxylic 

acids. For esterification, a volume of sample 
equivalent to 1 mg was evaporated under nitrogen 
to near dryness, dissolved in 950 ~1 of dry 

methanol, and 50 ~1 cont. HCl was added and the 
mixture was warmed for 3 h at 70°C. The excess 
methanol, HCl and water remaining after esterifi- 
cation was removed under a stream of dry nitro- 
gen. The residue was redissolved in 200 ~1 of 

n-hexane and examined by capillary GC-MS. For 
silylation, the esterified material was again taken 

to dryness under nitrogen. 1 g of 99 : 1 
BSTFA/TMCS (N,O-bis(trimethylsilyl)trifluoro- 
acetamide/ trimethylchlorosilane) was added and 
the mixture was warmed for 4 h at 80” C. The 
excess silylating agent was removed by evapora- 
tion under a stream of dry nitrogen and the re- 

sidue was dissolved in 200 ~1 of hexane and 
examined by capillary GC-MS. Preliminary 
capillary gas chromatography was performed on a 
50 x 0.22 mm i.d. column with chrompack CP Sil 
88 coated to a thickness of 0.2 pm. Helium was 
used as a carrier gas at a flow rate of 1 ml/mm. A 

flame ionization detector at 250’ C was used and 
the oven temperature profile was 50 o C increasing 

to 240°C until no further peaks were eluted. The 

GC column was directly coupled to the mass 

spectrometer operating in the chemical ionization 

mode using ammonia as the ionising gas. 

High-pressure liquid chromatography (HPLC) 
The TLC-purified inhibitor, which was a rnix- 

ture of carboxylic acids, was further separated by 

high-pressure liquid chromatography. This was 
performed on a C8 reverse-phase column (Chrom- 

pack-Lichosorb RP8, 10 pm, 25 X 0.46 cm). The 
elution was carried out with acetonitrile/ 
methanol/water (65 : 10 : 25) at a flow rate of 1 

ml/mm. Approx. 30 pg of the sample was injected 
into the column and the absorbance was moni- 
tored at 220 nm. Peaks were separated by fraction 

collection, and individual peaks were concentrated 
by evaporation under nitrogen and tested for in- 

hibitor activity using the liver mitochondrial per- 
oxidation system. To obtain sufficient amounts of 

the individual fractions for further examination, 

preparative HPLC was performed under the same 
conditions as those described above. 

Spectral studies on HPLC fractions 
HPLC-separated individual fractions were sub- 

jected to NMR and mass spectrometry. High-field 
360 MHz ‘H-NMR measurements were made on 
HPLC-separated fractions in deuteromethanol and 

deuterochloroform. Fast atom bombardment mass 
spectrometry was carried out to determine the 
mass of the compounds in the active fractions. 

HPLC-separated individual fractions were con- 
centrated by evaporation under nitrogen, and de- 
rivatised for gas chromatography by methylation 
and silylation as described above. Gas chromatog- 
raphy-mass spectrometry was carried out under 
the same conditions as those described earlier for 
the thin-layer chromatography-purified inhibitor. 
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Testing the peroxidation inhibition activity of 
authentic samples of free fatty acids 

Effect of fatty acid mixtures. The percentage 

composition of major fatty acids present in the 

thin-layer chromatographically purified inhibitor 

(92% of total fatty acids) was used to prepare the 

mixture of fatty acids and tested for inhibition. 
This mixture had the following composition: 

palmitic acid, 14.8%; palmitoleic acid, 3.6%; stearic 
acid, 7.0%; oleic acid, 21%; linoleic acid, 27.6%; 
arachidonic acid, 18%. The inhibitory activity of 
this mixture of fatty acids was compared with that 
of partially purified inhibitor. 

Effect of individual free fatty acids. The per- 

oxidation-inhibiting effect of pure fatty acid sam- 

ples was tested in vitro with both rat liver 

mitochondria and phosphatidylcholine liposomes 
as substrate. The in vitro rat liver mitochondrial 
system was essentially the same as that described 

earlier [2], except pure fatty acids as methanolic 
solutions were dried, suspended in the buffer and 

the other components were added. 1 mg of phos- 
phatidylcholine in 0.1 ml chloroform was dried 

under nitrogen and liposomes were prepared by 
vortexing this in 0.1 ml of 1 M Tris-HCl buffer 

(pH 7.1). To test the activity of fatty acids, they 
were incorporated in the liposomes by adding 

them to the liposome preparation mixture. 
The peroxidation-inhibitory effects of pure fatty 

acids were also tested by measurement of diene 

conjugation and arachidonic acid content was 
measured using the rat liver mitochondrial system, 

as described [2]. 

Free fatty acid estimation 
Total lipids were extracted from intestinal 

mucosa and liver by the method of Bligh and 

Dyer [3]. Free fatty acids were separated from 
other lipids by thin-layer chromatography using 

the solvent system hexane/ diethyl ether/ acetic 
acid (60 : 30 : 1) and quantitated after methylation 

using gas chromatography (Pye Unicam PU4550 
with Spectra Physics 4290 computing integrator). 

Results 

Spectral studies on thin-layer-purified samples 
Preliminary spectroscopic studies indicated that 

the thin-layer chromatography-purified inhibitor, 

which gave a single spot on single- and two-di- 
mensional chromatographic systems, was not ho- 
mogeneous, but a mixture of compounds, and that 

the mixture had structures characteristic of poly- 

unsaturated aliphatic carboxylic acids. 

Separation and identification by combined gas chro- 

matography-mass spectrometry 

15 clearly discernable component peaks were 
identified by sequential derivatisation, esterifica- 
tion and silylation of the TLC-purified inhibitor. 

All of the peaks were of methyl esters of long-chain 
carboxylic acids (Fig. 1, Table I). No silylated 

methyl esters were detected, indicating that hy- 
droxycarboxylic acids, if present, were below the 

level of detection. From the gas chromatographic 
peaks, the percentage composition of individual 
fatty acids in the total isolated inhibitor was 

calculated (Table I). 

Separation by HPLC 
The TLC-purified inhibitor was further sep- 

arated by HPLC. This resolved the material into 
several components (Fig. 2). Inhibitor activity test- 

ing of the HPLC-separated fractions showed that 

1 80 

Retention time (mln) 

Fig. 1. Gas chromatography separation of TLC-isolated inhibi- 
tor. Identity of peaks: 1, 14:O; 2, 15:O; 3, 16:O; 4. 16:l; 5, 

18:O; 6, 18:l; 7, 18:2; 8, 18:3; 9, 20:2; 10, 20:3; 11, 20:4; 

12,20:5; 13.22:4; 14,22:5; 15,22:6. 



TABLE I 

GAS CHROMATOGRAPHY-MASS SPECTROMETRY OF 

THE PARTIALLY PURIFIED PEROXIDATIVE INHIBI- 

TOR FROM INTESTINAL MUCOSA 

Peak M+18 of M, of Identity of Composition 

No. derivatised carboxylic carboxylic (8) 
carboxylic acid acid 

acid 

1 260 228 14:o 0.60 

2 274 242 15:o 0.27 

3 288 256 16:0 14.73 

4 286 254 16:l 3.56 

5 316 284 18:O 7.09 

6 314 282 18:l 20.98 

7 312 280 18:2 27.58 

8 342 310 18:3 1.34 

9 340 308 20:2 0.27 

10 338 306 20:3 1.19 

11 336 304 20:4 17.92 

12 334 302 20:5 0.88 

13 364 332 22~4 0.98 

14 362 330 22:5 0.66 

15 360 328 22x6 2.05 

the major activity was associated with fraction 8, 
and that fraction 5 also showed a small amount of 
activity. Since combined gas chromatography-mass 
spectrometry indicated that the prepared sample 
was a mixture of fatty acids, authentic samples of 
various fatty acids were run on HPLC under the 
same conditions as those used for the unknown 

sample, and their retention times were de- 

Fractlo” no 3 4 5 6 7 6 

Fig. 2. HPLC separation of TLC-isolated inhibitor. The condi- 
tions of HPLC are as given in Materials and Methods. 
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TABLE II 

COMPARISON OF RETENTION TIMES IN HPLC OF 

AUTHENTIC UNSATURATED CARBOXYLIC ACIDS 

AND SAMPLE FRACTIONS 

Natural sample Authentic standard 

fraction retention time retention time fatty 

(tin) (min) acid 

3 9.50-10.20 10.5 20:5 

4 11.00-11.50 11.25 18:3 

5 12.80-13.50 13.00 16:l 

13.30 20:4 

6 14.00-14.50 14.25 18:2 

7 15.80-16.20 _ _ 

8 18.80-19.25 19.25 18:l 

termined. The retention time of fraction 8 was the 
same as that of standard oleic acid, and the reten- 
tion time of 5 was the same as those of palmitoleic 
acid and arachidonic acid (Table II), which dif- 

fered from one another by only 0.3 min, and were 
therefore not resolved in this system. 

Spectral identification of HPLC-active fractions 

Fractions 5, 6 and 8 from HPLC, which con- 

stituted about 70% of the total isolated material, 
were subjected to spectroscopic identification. 
High-field 360 MHz ‘H-NMR measurements were 

made on these three fractions in both deu- 
teromethanol and deuterochloroform. Fraction 5 

in deuterochloroform showed a spectrum of 11 
resonance signals characteristic of an unsaturated 

hydrocarbon chain. On standing, three of the sig- 
nals centered at 3.7 S increased in intensity, while 
the remaining eight signals decreased. The eight 
signals were identical with arachidonic acid 
(authentic sample). The other three signals were 

considered to be produced from an oxidation 
product of arachidonic acid. Similarly, in fraction 

6, resonances were found which were identical 
with those of linoleic acid, and in fraction 8, with 
oleic acid (Table III). 

Fast atom bombardment mass spectrometry was 
used to examine fractions 5, 6 and 8. The ions 
observed in each fraction are given in Table IV, 

The weak ions at m/z 305, 281 and 283 are 
indicative of A4 + 1 ions of arachidonic acid, linol- 
eic acid and oleic acid. The ions at m/z 349, 325 

and 327 are indicative of M + 23 ions of the 
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TABLE III 

NMR SPECTRUM MEASUREMENTS OF HPLC FRAC- 

TION 8 

0 
‘w=6w 

2 2 2 4 4 2 2 5 bH 

Oleic acid C,,H,,O, 

Assign- S 

ment 

Multi- 

plicity 

Group 

1 0.88 t 1x- CH, 

CH, 
/ 

2 1.30 m 10x- CH, 
\ 

CH, 

CH ,COOH 
/ 

3 1.66 m 

4 2.01 m 

5 2.36 t 

1x- CH, 
\ 

CH, 

11 

2 x--c/- --z 
\ 

CH, 

COOH 

IX- CH, EFFECT OF MIXTURE OF FATTY ACIDS AND PAR- 

\ TIALLY PURIFIED INHIBITOR ON LIVER MITOCHON- 

CH, DRIAL PEROXIDATION IN VITRO 

6 5.35 m 

sodium salts of arachidonic acid, linoleic acid and 
oleic acid. The sodium salts arise from the sodium 
sulphate used to dry the mucosal methanol extract 

TABLE IV 

FAB MASS SPECTROMETRY OF HPLC FRACTIONS 

Fraction number m/r 

5 349, 305 

6 325,281 

8 327, 283 

TABLE V 

GAS CHROMATOGRAPHY-MASS SPECTROMETRY OF 

HPLC-SEPARATED FRACTION 

Fraction 

number 

M+lSof 

derivatised 

acid 

M, of 

carboxylic 

acid 

Identity of 

carboxylic 

acid 

5 286 254 16:l 

336 304 20:4 

6 312 280 1x:2 

7 28X 256 16:O 

8 314 282 18:l 

injected into the HPLC system. Very small 

amounts of sodium are ready participants in fast 
atom bombardment mass spectrometry, and may 
be added deliberately for displacement checking 

of the molecular ion. Authentic samples of 
arachidonic acid, linoleic acid and oleic acid con- 
firmed these findings for fractions 5. 6 and 8, 

respectively. 

Gas chromatography-muss spectrometty of active 
fractions obtained by HPLC 

Samples of HPLC fractions 5, 6 and 8 were 
derivatised and subjected to combined GC-MS, 

TABLE VI 

The mixture of fatty acids was prepared according to the 

percentage of each fatty acid in the partially purified inhibitor 

(Table I). The fatty acids used were oleic, palmitoleic, stearic. 

palmitic, linoleic and arachidonic acids, which constituted 92% 

of the partially purified inhibitor. The conditions for peroxida- 

tion in vitro were as described in Materials and Methods. A 

liver mitochondrial suspension corresponding to 200 118 pro- 

tein was used as substrate. 

Mixture of fatty acids 

amount inhibition 

added (%) 

(PLP) 

Partially purified inhibitor 

amount inhibition 

added (%) 

(FLP) 

91 10.41 k 3.42 50 2.35+ 3.32 

182 24.96 f 7.13 100 11.40 + 8.55 

213 30.66 + 19.61 150 15.13* 9.10 

200 41.40+_15.44 

364 37.44k 8.21 250 41.90 f 37.44 

455 52.60 k 13.14 500 64.14 



47 

r 



48 

which showed the presence of arachidonic acid 
and palmitoleic acid in fraction 5, linoleic acid in 
fraction 6 and oleic acid in fraction 8 (Fig. 3 and 

Table V). 

Authentic monounsaturated fatty acids inhibit lipid 

peroxidation 

The mixture of fatty acids with a composition 
similar to the TLC partially purified inhibitor, 

when tested for peroxidation inhibition in vitro, 
showed an inhibition pattern which was similar to 

that observed for the partially purified inhibitor 

(Table VI). Peroxidation-inhibition activity mea- 
surements, made with authentic samples of vari- 
ous fatty acids and liver mitochondria, showed 

that only oleic and palmitoleic acids were inhibi- 
tors (Fig. 4). Corresponding saturated fatty acids, 

*sot 

t 0-B 
0 

Fig. 4. Effect of various fatty acids on liver mitochondrial 

peroxidation in vitro. Each point is a mean of triplicate experi- 
ments. 0, palmitic acid, 16 :O; o, palmitoleic acid 16: 1; A. 
steak acid 18 : 0; A, oleic acid 18 : 1; Cl, linoleic acid 18 : 2; n , 

arachidonic acid 20 : 4. 

OL 

Fig. 5. Effect of various fatty acids on phosphatidylcholine 
liposome peroxidation in vitro. Each point is a mean of tri- 

plicate experiments. 0, palmitic acid 16 : 0; o, palmitoleic acid 

16 : 1; A, stearic acid 18 : 0; a, oleic acid 18 : 1; 0, linoleic acid 

18 : 2; n , arachidonic acid 20 : 4 

stearic and palmitic acids, showed negligible in- 
hibition, whereas the polyunsaturated fatty acids, 
arachidonic and linoleic acids, stimulated per- 

oxidation. The effect of fatty acids on peroxida- 
tion of both liver mitochondria (Fig. 4) and phos- 

phatidylcholine liposomes (Fig. 5) were similar. 
Methyl esters of monounsaturated fatty acids were 

also found to inhibit peroxidation, but they were 
less effective than the free fatty acids. The effect 
of fatty acids on liver mitochondrial peroxidation 
by measuring diene conjugation (Fig. 6) and utili- 
sation of arachidonic acid (Fig. 7) also indicated 
that only oleic and palmitoleic acids are capable 
of inhibiting peroxidation. 



Nanomoles fatty acid 

Fig. 6. Fatty acid inhibition of liver mitochondrial lipid per- 
oxidation: diene conjugation method. The figure shows the 
changes in diene conjugation relative to control mitochondrial 

suspension. The points represent means of three separate ex- 
periments. The reduction of diene conjugation in the presence 

of oleic and pahnitoleic acids on comparison with steak acid 
confirms inhibition of peroxidation. 0, oleic acid, 18 : 1; 0, 

palmitoleic acid, 16 : 1; A, steak acid, 18:O. 

High concentration of free fatty acids in intestinal 
mucosa 

Lipid analysis of intestinal mucosa and liver 

showed that intestine has a higher concentration 

IC MP 50xX 
nano 
Olelc 

0 
:,I 

Fig. 7. Effect of fatty acids on arachidonic a lcic I depletion in 
liver mitochondrial peroxidation. The results represent means 
of three separate experiments. MC, mitochondrial control; MP, 

mitochondria peroxidised. The reduced utilisation of 
arachidonic acid with increasing concentrations of oleic and 

pahnitoleic acids compared to steak acid confirms inhibition 

50xX) 300 
“cl”0 moles 
Stearic acid 

of peroxidation. 
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of free fatty acids. Compared to liver, which had 
only 6.84 k 0.63 nmol free fatty acid/mg protein, 
intestinal mucosa had 61.5 &- 7.95 nmol free fatty 
acid/mg protein. Oleic acid constituted about 20% 
of these free fatty acids. 

Discussion 

The results presented above clearly establish 
that the substance, purified by thin-layer chro- 
matography from intestinal mucosa, which ap- 
peared as a single compound, was in fact a mix- 

ture of several fatty acids. This was shown by the 
initial spectral studies, which failed to identify any 

single compound, but indicated the presence of 

several unsaturated carboxylic acids. Esterification 

and silylation followed by gas chromatography- 

mass spectrometry showed that the TLC-purified 
compound contained at least 15 different fatty 

acids, several of them unsaturated, and did not 
contain any hydroxy fatty acids. 

Further separation of the TLC-purified com- 
pound by HPLC into several fractions enabled the 
detection of one fraction with major inhibitory 
activity (fraction 8) and another fraction with 

slight inhibitory activity (fraction (5). Identifica- 

tion of these HPLC-purified fractions by spec- 
troscopy and by derivatisation followed by GC-MS 

showed that fraction 8, the fraction with maximal 

inhibitory activity, was almost pure oleic acid. In 
fraction 5, there was a mixture of arachidonic acid 

and palmitoleic acid. 

Quantitation of the different fatty acids in the 

TLC-purified inhibitor (Table I) showed that 
21.0% of the total fatty acid detected was oleic 
acid; palmitoleic acid comprised only 3.5% while 
arachidonic acid comprised 17.9%. Tests with 
authentic pure fatty acids obtained from commer- 

cial sources showed that both oleic acid and 
palmitoleic acid were capable of inhibiting lipid 
peroxidation of liver mitochondria in vitro and of 

phosphatidylcholine liposomes. This was further 
substantiated by measurement of diene conjuga- 
tion and utilisation of arachidonic acid, which 
clearly showed that oleic and palmitoleic acids are 
the inhibitors present in the intestinal mucosa. 
Arachidonic acid enhanced peroxidation in vitro. 

The solvent system used in the present HPLC 
separation was unable to separate 16 : 1 and 20 : 4 
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carboxylic acids. The minimal inhibition of per- 
oxidation demonstrated by fraction 5 on HPLC 
separation would therefore appear to be an ex- 

pression of the combined effects of these two fatty 
acids in that fraction. It would be expected that 

the pro-oxidant effect of arachidonic acid and the 
anti-oxidant effect of palmitoleic acid would, to 
some extent, cancel each other out. The mixture of 

fatty acids with a composition similar to that of 
the TLC-purified material produced a similar in- 

hibitory effect. These studies clearly show that the 
lipid peroxidation-inhibitory activity, present in 
the intestinal mucosa, is due to two monoun- 

saturated fatty acids - oleic acid (18: 1) and 

palmitoleic acid (16 : 1). Since quantitatively, oleic 
acid is at least 6-times greater than palmitoleic 

acid in this tissue, it would appear to have the 
major role. 

Prior to our observation regarding the inhibitor 
of peroxidation in intestinal mucosal tissues, there 

have been several suggestions that such an activity 
might exist [4-61. Since the intestinal epithelium 

appears to be in a situation with a higher risk of 
damage due to peroxidation [7,8], it is logical that 
a specific inhibitor of peroxidation should be pre- 

sent in this tissue. This lipid nature of this inhibi- 

tor, which is now shown to be one of the naturally 
occurring monounsaturated fatty acids, would 

facilitate its location in the membranes, which are 

most vulnerable to peroxidative damage. We have 
been unable to find any other reports of a mono- 
unsaturated long-chain fatty acid acting as an 
inhibitory of lipid peroxidation. Although the fatty 

acid composition of the total lipids of intestinal 

mucosa was not different from liver [2], which 
showed good peroxidation, the concentration of 
free fatty acids was at least lo-fold higher in the 
intestinal mucosa. With oleic acid being one of the 
major constituents of this free fatty acids, intesti- 
nal mucosa is capable of inhibiting peroxidation. 

The regulation of the concentration of this fatty 
acid in enterocyte membranes, its alteration in 

possible disease states, and the exact mechanism 
by which these fatty acids inhibit lipid peroxida- 
tion are not known at present. 
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