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ABBREVIATIONS 

BHA Butylated hydroxyanisole 

BET Butylated hydro~ytoluene 

FA Fatty acid 

GC-MS Gas chromatography~mass spectrometry 

KX Potassium halide 

LA Linoleic acid 

LAHPO" Linoleic acid hydroperoxide 

MA Malonaldehyde 

EtLA Ethyl linbleate 

MtLA Methyl linoleate 

9-0NA 9-oxononanoic acid 
.. .. 

PP 'Polar products 
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SP Secondary autoxidation products 
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TBARS TBA reactive substances 
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I GENERAL INTRODUCTION 

Polyunsaturated fats react easily with atmospheric oxygen 

to form their peroxides. In the presence of oxygen these 

peroxides are broken down to a complex mixture of va~ious 

oxidized products, generally termed SP. These autoxidation 

products are a major cause of the deterioration of foodstuffs 

and also damage biologically significant compounds such as 

nucleic acid, amino acids and enzymes. Animals given oral 

doses of these products suffer from diarrhea, anorexia, 

growth suppression, hemorrhage and necrosis. Al though the 

amounts of these autoxidation products may not always be high 

due to recent improvements in food technology, it is a fact 

that the$e toxicants occur in our daily food. On the other 

hand, lipid peroxides are also formed endogenously by active 

oxygen species. The endogenous lipid peroxidation products 

are not only associated closely with serious diseases [1-5] 

but are also a maj or factor of senescence [6-8] in animals. 

Then, from the standpoint of nutrition, the question whether 

or not the~e diseases are caused by the oral intake of 

autoxidation' products, is an important problem urgently 

awaiting solution~ As a first step, the fate in animal body 

of orally fed autoxidation products must be clarified. 

-1-. 



In this study, LA labeled with l4C was used and the 

autoxid~tion prbducts were administered to growing male 

Wistar rats and their absorption and metabolism are 

discussed. In C~aptei II, the autoxidation mechanism of LA 

is described. In Chapter III, the composition of the 

autoxidation products of LA are analyz~d. In Chapter IV, 

the typical .effects of th~~e auto~idation prod~cts on 

proteins are·· described~ Chapter V discusses the extent of 

incorporation int~ body' when·· the~e' autoxidatio~ products were 

administered intragastrically to rat~. FinallY in Chapt~r 

VI, the'detoxification and metabolism of SP to' l'ipids in rat 

liver is described. 

, ! < 

.-.. 

-2-



II PHYSICOCHEMICAL ASPECT IN AUTOXIDATION OF LINOLEIC ACID. 

11-1 INTRODUCTION 

The autoxidation mechanism of olefins has be_n widely 

investigated since 1940. Several groups [9-12] clarified 

the formation of hydroperoxide as a first product in the 

autoxidation. Mpreover, three kinds of processes were 

proposed to be involv~d in the initiation of autoxidation: 

(1) iI?-i t i a tion by catalytic action of lIle.tal t:r::aces;( 2) 

initiation by singlet oxygen which is formed frqm phot9sensi­

tization reaction [13, 14] between triplet oxygen and a 

sensitizer such as chlorophyll; and (3) direct initiation by 

atmospheric oxygen. Hydroperoxides are formed by these 

reactions and a radical chain reaction is immediately 

triggered [15]. Initiation (1) was studied rather thorqugh­

ly [16-l9] prior to 1971. Photosensitized oxidatipn (2) has 

recently been clarified mainly by two groups, Terao et al. 

[ 2 0 - 2 2] and Frankel eta 1. [2 3 - 2 6 ] . A1thpugh atmospheric 

oxygen seems to play an important role. in both the~initiation 

of autoxidation and the trigger reacti.on of; chain propaga­

tion, initiation (3) has not yet been identified~ 

In this Chapter, the importance of at~ospher~c o~ygen.at 

the initiation is discussed. The in~tiation of LA auto.xJd.a,,:, 



tien was stipp~~ssed by some kinds bf s'alts [27J and the 

decomposition of LAHPO by oxygen was kinetically measured 

[28] . 

11-2 MATERIALS AND METHODS 

LA. [1,-14 C ]LA' and [U_ 14C]LA were supplied by New 

Ertgland Nuclear, Bost6n, USA~ Cold LA (95% < pure) was 

purchased from Tokyo Kasei Kogyo Co. Ltd. [1_14cltA and [U-

14C ]LA were diluted with cold LA to 583 kBq/mmol and 51.4 

kBq/m~ol II kilo BebqUerel=27 nano Curie), re~pectively. 

Pioeparation' of LAHPO. LA was autoxidized at 370 C for 7 

day~ in the da~k under air. The autoxidized LA was diluted 

3-fo1dwith 2% methanolic benzene. The diluted solution was 

applied ona silica gel' (WakogEn C-I00) column (2.5xlOO cm, 

the im mob·i Ie phase was 20% me thanolic benzene") I 29, 30]. 

The elut~on was batried out at arat~ of 50~ml/h, firstly 

with ,lIDO mlo.f 2% methanolicbenzene, then with 690 ml of 

diethyl ethe~, arid finally ~ith600 ml of methanol. The 

elu4t~·wa~sepatated·irtto 230 tubes (10 ml each) with a 

fraction. colTector. An aliquot of ea:ch fraction was 

subj~ct~d to ~LC '(Merck Ki~selgel P~254 cbnt~inihg CaS041 

0.i5~10bxI00-m~)for idenfification-of the' components. TLC 

-4-



were developed with a solvent system of diethyl ether-hexane-

acetic .acid=60:40:1.5. Spots on the plate were detected by 

exposure to iodine vapor. The LAHPQ fraction was fUrther 

purified by prepared TLC (lx200x200 mm) twice. The band of 

LAHPO was detected under 254 nm light. Silica gel was 

scraped off the plate and placed in ethanol. The ethanol 

extract was obtained by centrifugation and the precipitated 

silica gel was again placed in ,ethanol for one more extrac-

tion. The ethanol solvent in the eX,tract was evapor~ted and 

changed to hexane. The solution was centrifuged to 

completely re~ovethe silica gel. 

Chazoactezoization of autoxidation pzooducts. LAHPO was 

character i zed by the PV method [31], UV spectrophotometry 

[32] and, carboxy 1 titration with tetra-n-buty lammoni urn 

hydroxide [33]. 

more than 97%. 

The purity of LAHPO was estimated to be 

The SP fr~ction was obtained fro~ the 

diethyl ether eluate of the above s,ilica gel column, and was 

characterized by carbonyl analyses [34, 35] ',. The SP 

fraction was free of both LAHPO and LA as detected on TLC. 

Polazoogpaphic analysis of oxygen absozoption .. Twe,nty 

milliliters of oxygen-saturated water containing FeS04 

(2xlO- 6, M) was putint.oa beaker and ,stirred continuously 

-5-



~ith a magnetic ~tirrer tinder air [36]~ The reaction 

~ixture ~as covered over withliqui~ paraffin to prevent the 

mixture from being exposed to atmospherl.c o~ygen before the 

insertion of a polarographic electrode' (Beckman oxygen 

~nalyzer Mod~l 39550). The be~ker was pl~ced in'a water 

bath a t 37°C and the electrode was s't abi 1 ized'. Then, 0.5 

mlof LAHPO or SF methanol solution was injected into the 

wa ter layer. The o~ygen absorption was recordid with 

polarography (Yanaco, Model pa). The oxygen-saturated water 

was,pre~ar~dby bubbling air through water for 3 hand 

oxygen-free water was obtained by adding sodium sulfite. 

Measurement of oxygen consumption with 'a respirometer. A 

Gilsobdi~ferential respirometer Model GRP 14 and Warburg 

Manometer (TaiyoKag~kukogyo Co.) were tised. In the Gilson, 

Model, the main chamber contained 1.5 ml bf sample emulsion 

and t~e ~i~echamber contained 0.5 ml of reactant ~uch a~ 

FeS04 solution. In the Warbu"rg Manometer, the matri ch~mber 

contained 0.9 rill 6f the reaction mixture (25 mM of LA or 

LAHPO,' 0.1 M of buffer, 5% Tween 40 and various cbncent'ra­

tions of salts) arid the side chamber contained 0.1 ml of 0.1 

mM'FeS0 4' or' 0.5. . m'M ethy len'e, di arrtinete tr~aceta te, unless 

otheiwise'stated~ Aft erst a b i i l. z at ion', the rea eta n t wa s 

rriixed with t'he' sample emulsion and oxygen consumption was l 

-6:'" 



read [37]. The reaction temperature was kept at37~C ~nd 

the chamber was continuously shaken. 

Detection of auto:cidation products on TLC. The reaction 

mixtures of LA and 1 M:of KX (total volume of 200 ml) were 

incubated and continuously shaken at 37°C for 7 days. The· 

reaction products were extracted several .times 'with 

chloroform-methanol=l:l. The extr~cts we~e condensed and 

further purified several times on TLC as described above. 

The isolated LA andLAHPO were characterized by the weighing 

method and UV spectrometry, respectively .. The spots of 

LAHPO and SP were detected by spraying 5% phenylhydraz~ne in 

0.1 N HCI methanol solution [38]. With the phenylhydrazine 

reagent, an orange-red color was developed -by LAHPO,and a 

yellbw-red color was developed by SP. 

Measurement of fluorescence. Abs6lute'methanol was 

prepared using sodium metal and distillation. - Twenty five. 

millimoles of LA or MtLA was mixed with 250 mM of K1-'or 1mM 

of 12 in the absolute methanol solution. The solutions were 

excited with 315 nm wavelength and the fluorescenc~ 'spectra 

were observed with a Hitachi Fluorescence Spectrophotometer 

203 (mercury lamp) at near 410n~. 



Radioassay·. The radioactivity was measured with a 

liquid scintillation spectrometer, Packard Model 20D2 and 

Model 2425. The efficiency of each vial was calculated with 

a quen.ching calibration curve using, an' external standard, and 

then the radioactivity was expressed as ~q~ An aqueous 

cocktail (consisting of 4 9 of PPO, O~l 9 of POPOP and 75 g 

of naphtha 1 e n e in 1 1 iter 0 f to 1 u e n e : d i ox a n e : e thy 1 

cellosolve=1:1:.l solution) and nonaqueous cocktail (6 g of· 

PPO and 'O~5 g of POPOP in 1 liter o£ toluene) were used. 

Thera.dioactive substances adsorbed on TLC were mixed with 

Packard thixotropic gel powder (CAB-O-SIL) before the' 

raOioassay. 

'Procedure for removal of o~ygen ~ith Thumberg tube. 

LAHPO was put in a Thumberg tube and the catalyzer solution 

was placed in the side arm. The tube was cooled in liquid 

nitrogen' and evacuated with a vacuum pump. Then, the tube 

was warmed at 'room temperature and argon was introduced. 

These procedures were. repeated several times. 

11-)' RESULTS 

Ozygen absorption by LA, LABPO and SP 

LA, LAHPO and SPwere emulsified into oxygen-saturated 

-8-



water and ferrous sulfate was added as a catalyzer. LAHPO 

andSP consumed dissolved oxygen in the same matiner LA (Fig. 

II-I) . LAHPO, however, was more reac~ive t~ oxygen than. LA. 

100 

~ 
90 c 

<!l 
0> 
>. 
>: 60 0 

'0 
<1! 
:>-

40 ..... 
0 
til 
til .... 
Q 20 

01234567 

Time (min) 

Fig. II-I. Dissolved Oxygen Consumpticin Measured with a 
Polarographic Oxygen Analyzer. The concentration of LA 

(- . - . -) and LAHPO ( ) was 5 mM and that of SP (-----) was 

10 mM as acetaldehyde (or 3 mM by PV). 

The oxygen absorption rate of LA was the same as the rate at 

which atmospheric oxygen was dissolved into the solution 5 

min earlier. Oxygen absorption by both .tA and LAHPO was 

suppressed by the addition of radical scavengers such as uric 

acid [39] and BHA (Fig. 11-2). 

Total amounts of oxygen consumpti.on by LA and LAH.PO were 

measured with a respirometer (Table II-I). LA absorbed 2.36 

moles of oxygen. LAHPo" stoichiometrically· absorbed 1 mole 

or more of oxygen in the presence and absence of a catalyzer. 

-9-
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Fig_ 11-2. Effects of Antioxidants on the Oxygen Absorption of LA 

(A) and LAHPO (B). The reaction mixtures contained 0.5 mM of uric 

acid '(- • - • -) I 0.05 mM of BHA (-----), or nothing ) • 

Table 11-1 

Tota'l Oxygen Consumption of LA and LAHPO 

addition . for time* 'Consumed 02 
Sample of FeS04 (h) (pmol/pmol) 

LA 20 mM 17' . 2.36 

LAHPO 20-0.5 'mM 18-23 L25+0~07** " 

LAHPO' 0 "34 1.02 

",,' 

*The time it took for the reaction to reach the end. 

* *Meah+Slfand n=4'. 
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LAHPO was decomposed to SP when the oxygen absorption· of 

LAHPO incieased from 0.25 (mole/mole) to 1.0 (Fig. 11-3). 

The. spot of LAHPO was reduced and the number of spots of SP 

species increased on TLC. The weights per 51.3 kBq of [U-

14C]LAHPO and [U_14C]Sp were compared with that of [U_14C]LA 

(Table II-2). The weight of LAHPO minus that of LA wa~ 

Solvent: front: 

o 0·00 
0000 

,~~. 0 0 0 
"'---' 

00 00 

~ 8 Q 0 

o 

1.0 0.75 0.50 0.25 LAlIPO LA 

02 consumed/LhHPO 

(mole/mole) 

.Fig.II-3. Decomposition of IJ\HPO 

with Oxygen Absorption. LAHPO 

was incubated in the respirome­

ter. The reaction products were. 

extracted and applied to TLC. 

·Table II-2 

Weights of Autoxidation 

Products of [.u-14CJLA 

Il\g/Sl . 3 kBq * 

LA** 284+12*** 

LAHPO** 319+20 

SP 370+17 

*Because the specific. activity 
of LA was 51.3 kBq/mmol. 

**The purity of LA .a~d LAHPO 

were 99 and 98%, respectively. 

***Mean+SE (n=5). 

319 - 280 = )9. Thus, LA.~bsorbed 1.2 moles of oxygen 

(39~ 32) and formed LAHPO. SP was produced by the reaction 

of LA with 2.8 moles of oxygen. 

-11-



Antioxidative effects of salts 

Ari~ioxid~tive effects bf KC1, NaCl and Na 2So4 Dn the 

oxygen absorption of LA were observed at pH 4.0 and 7.0 in 

th~ presence of FeS0 4 (Table I~-3). The rate of oxygen 

absorption by LA was faster at pH 4.0 than at pH 7.0. 

Twenty ~ive micrornbles of LA finally took up 1300 pI of 

oxygen. KCI (at 1 M) was more antioxidative than NaCI 

of ·KCl. Moreover, K+ was more effective than Na+ On the 

autoxidation of LA. The antioxidative effect of KCI was 

further .observedin the micellar condition of LA (Table II-

4) . LA was efuulsified into a solution containing 5% Tween 

Table II-3 

Effects of KCl, NaCl and Na2S04 on the Autoxidation of LA 

Incubation mixtures were composed of· 25 )lD1oles of LA, 0.1 M 

of HCOOH-NaOH (pH 4.0) or KH2P04-Na2HP04 (pH 7.0) buffer, 0.1 

roM of Feso4 , and various concentrations of salts. 

Oxygen absorption (pI) for 40 h 
Salt a.t (M) a 0.01 0.1 1 2.5 

KCI 1175 968 376 343 441 

at pH 4 NaCl 1082 948 491 415 498 

Na 2So4 1072 1078 1097 644 

KCl 445 288 234 101 194 
at pH 7 NaCl 441 754 431 124 191 

Na2S04 410 378 388 136 

.... 12·-



Table 11-4 

Effect of KCl on the Oxygen Absorption of LA 

in Micellar and Non-micellar Systems 

The incubation 
pmoles of LA or EtLA, 

mixtures consisted of 25 
0.1 M of buff.r (pH 1.0), 

0.1 mM of 'FeS04 , with 5% of Tween. 40 or without, 
and KCl. 

Oxygen absorption (pI) after 40 h 
KCl (M) 

Sample Tween 0 0.1 1 

LA without 601 511 397 ' 

LA with 445 236 102 

EtLA with 115 21 22 

40 [40J. The autoxidation rate of LA in the system without 

Tween 40 (micellar) was faster than that in the system with 

Tween 40 (non-micellar). The antioxidative effect of KCl 

was clearly evident in the non-micellar system. The effect 

of KCl on the autoxidation of EtLA was also antioxidative and 

thus had no corre1at~on with the micelle of LA. Fig. 11-.4 

shows the effects of salts on the oxygen ~bso~ption of LA in 

the absence of a catalyzer. Na 2So 4 ,' K1 and KOCN were 

ant 'ox'd·at'v-e· and KF KBr and Na2S203 were prooxi .. dative. ... ... ... , , 

KCl also had an antioxidative- effect at 1 M ori the oxy~en 

absorption of LAHPO (Fig. 11-5). The salts (at 1 M) also 

-13-



~ 600 A 
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o 
1: ~oo 

~ 
:< 200 

Time (hr) 

Fig. 11-4. Effects of Salts on the Oxygen Absorption oLLA. The 

incubation mixtures consisted of 25 mMof LA, 0.1 M of buffer, 0.5 

mM of ethylenediamine' tetraacetate, 5% of Tween 40 and I M of 

salts: -0-, KF; -/::.-, KBri -e- K1; -.A.- t Na2S04 ; 

->(- , nothing; .in A; and-O- I KN03 ;-D.- , 0.2 M of- KCI04 ; 

-0- , KSCNi -e- ., KCN; -.A.-, KOCN; -.- ,Na2S20 3 ; -x-, 
nothing; in B. 

400 

3 300 

_1: 200 
. ~ . 

o 

" -" 
<: 

o 

6 8 
Time (nr) 

Fig. 1I~5 .. Effects of KCl on' 

the Oxygen Absorption of LAHPD. 
The oxygen consumption by 20 

umoles of LAHPO was 'riieasured 

with the. respiro~eter in 

solution of: -.-, 2.5 M; 

-D- , 

-0-,1 
o M of 
mixture 

1M; -6-

0.025 M and 

, 0.1 M; 

-x-, 
KCl. 

was 

The incubation 

tpesame as 

Table II-3. 

Time [hr) 

Fig. 11-6. Effects of Salts 

on the OXygen Absorption' of 

LAHPO. The incubation 

mixtures contained 29 Umoles of 

LAHPOand the other.components 

were the same as Fig. 11-4. 
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exhibited anti oxidative effects on LAHPO oxidation (Fig. 11-

6). These effects of KX followed the'increasing order KF < 

nothing < KCl < KI. Thus, K1 w~s most antioxidative. 

Amount of oxygen consumed by LA in salt solution 

Total a~ounts of the oxy~enconsumed by t~ and LAHPO wer~ 

determined in the KX solution cont~ining ane~cess of FeS04 

Table 11-5 

Total Amounts of Oxygen Consumed by LA and LAHPO 

in KX solution 

LA was incubated with the respirometer in KX solutions contain~ 

ing 5 roM of FeS04 and LAHPO was incubated in 0.5 roM of FeS04 • 

Hydroxyl derivatives (HO) of LAHPO were prepared by reduction with 

KI. LAHPO (27 )lIlIoles) was boiled with 160 )lmoles of K1 under 

nitrogen gas for 10 min. The products were extracted, washed 

several times with Na2S 20 3 and centrifuged. 

Sample Total absorbed amount of oxygen (pI) Incubation 

(pmoles) in KI KBr KCl KF None time (h) 

25 of LA ND* 1113 1139 1479 1271 77 

re-supply** ND 1191 1220 1502 i428 100 

27 of LAHPO 104 558 514 87.0 790 100 

re-supply 119 582 545 870 800 125 

27 of HD .- 585' !?O 

*The oxygen absorption was not detected. 

**The oxygen absorption was determined ,by one more . addition ~of 

FeS04 • 

-15-



(Tab 1 e I I - 5) • Oxygen, absorption of samples was measured ,and 

after one more supply of FeS04 the total oxygen consumption 

was determineq. LA did not absorb oxygen in K~ solution. 

Although LAHPO finally consumed 800 pI of oxygen in a salt-

free system, LAHPO consumed 119 pI of oxygen in KI s'olution. 

LAHPO might be reduced by KI to hydroxyl derivatives and KI 

might b~,converted to I2 [41]. The hydroxyl derivatives, 

however, consumed 585 pI of oxygen. The total amount 

consumed was (585 )ll plus 119 pI) close to the amount 

consumed by LAHPO, (800 pI) . The effect of I2 was then 

examined. Fig. II-7 shows th~ prooxidative effect of I2 (at 

1-25mM) on the oxygen-absorption of LA. 

~ 300 
..;; 

, 50 100 

Tim. (he) 

Fig. II-7. The effect of I2 

on ' the Oxygen Absorption of 

LA. The incubation -mixtures 

consisted 

nents aE1 

of the 
in, 

same compo-

Fig. ' II-4 

except -, -,0-,- ," 

10 mM; -D­

~-,-, ,0 mM, of, 

25mM; -6- , 

1 mM and, 

-I 2 • 

soh·C'.nt (ront 

.A 0 0 0 
I) (J 0 

2 

Fig. II-B. TLC of the Autoxi-

dation Products 'of LA in' KX 

Solutions. Nos. 1 to5 were 
the extracts of autoxidation 

products of LA in KI, KEr, KCl, 

KF and no salt ,solutions," 

respectively. 

, ,-16-



~he reaction productS Of 'LA in t~~ KX solution were 

extracted and applied to TLC. , Three major spots (A),' (B) 

and (C) were observed (Fig. II-~) and iheitRf values agreed 

with those of authentic LA, LAHPO and SP species, respective"': 

ly. LA remained unchanged in KI solution. The spots of 

LAHPO and SP species were enlatged in the order ofKBr"( KCI 

( KF solutions. Then, the spots (A) and (B) were isolated 

and Submitted to one more determination of oxygen 60nsumption 

(Table 11-6). Spot (A) 

consumed 1.7 pmoles/mol of 

oxygen, 70% of the final 

amount consumed by LA. Spot 

(B) absorbed 50% of the final 

amount consumed by LAHPO. 

MtLA was incubated in KX 

solutions and the reaction 

products were extracted ,as in 

the case of LA. Spot (A) 

was isolated on TLC and 

analyzed with GC-MS (Shimazu 

LKB 9000) using SE-52 (3%) 

on C~romosolve W under the 

same analytical conditions as 

reported by Teraoet al. 

Tab1e 11-6 

Amounts of Absorbed Oxygen 

'by Spots LA) and (B) 

Spots (A) arid (B) were 
isolated from TLC as shown in 
Fig'. 11-8.' Total amounts of 
absorbed oxygen were deter­
mined in duplicate with the 
respirometer. The system 
containing 5 roM of FeS04 was 
incubated for 70 h. 

Sample 

spot (Al 

Authentic 

Spot (B) 

Authentic 

-17-

Absorbed oxygen 
(mol/mol) 

1. 72 

LA 2.32 

0.76 

LAHPO 1.41 



[42] . Spot (A) gave the same mass fragment ions as that of 

authentic MtLA [43]. Therefore, it was concluded that LA 

at the initiation process of .utoxidation was reversibly 

stab~lized by K1 but not irreversibly by the addition of 1~. 

CompZezformationof LA with 8al~8 

The possibility of a comp.lex formation between LA and' 

halide ions was examined. 

methanol and excited, 

fluorescent light was 

observed at 380 nm (Fig. 11-

9). The fluorescent light 

was also measured using pure 

LA and MtLA. An absolute 

methanol mixture of LA with 

K1 was excited at 315 nm and 
.' 

fluorescence was 6~seiv~d at 

412 nm 30 sec earlier {Fig. 

II-10) .• The fluorescence 

shifted to a long wavelength 

When spot (A) was dissolved in 

" u 

" 

75 

g 50 
~ 
o 

" ~ 

25 

350 400 450 

W .. ·.I.ngln (nmf 

Fig. 11-9. Fluorescence of 
Spot (A). Spot (A) (90 mg) on 
TLC in Fig. 11-8 was dis­
solved in 2 ml of absolute 
methanol and excited at 315 nm. 

(at 425 nm) after 5 min following the development of a yellow 

color of :\<1. Fluorescence in the mixture of LA with 12 was 

also obseived and ~he light peak (410 nm) was at a .ditferent 

p()sition from the peak of the mixture wi thKI. Fig.'. II-II 
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::: 
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~ 

25 

350 400 450 
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II-IO. Fig. 

Spectra 

(,---) 

Fluorescence 

LA 

with of LA 

or I2 (-----) . 
was mixed with KI and 

measured after 0.5 and 5 min. 

200 

.. 
1100 

g 
ij:; 

/ 
o 

20 30 40 so 
Cone<nCuIiQ.' of LA or MILA ("')1) 

Fig. II-II. Dependence 

Fluorescence Intensity on 

Concentrations of LA (0.;........0) 

MtLA (£:.-£:. ). 

of 

the 

and 

The 

fluorescence was observed at 
412 nm after 0.5 min of the 

mixing. 

shows that: intensities of the fluorescenc"e depended on the 

concentration of LA or MtLA. Therefore, the fluorescence of 

the LA-KI mixture may be ascrib~d to t~e co~plex 'of iA and 

iodide ion. 

Kinetic analyses of ozygen absorrption by LAHPO 

Rate con~tants of oxygeri ~bsorption bi LAHPO were deter-

mined by btith the polarographic and respirometiic methods and 

express~d by the following formulas~ The rate of reaction 

can be expressed as the, decreasing rate of oxygen concentra-

titin at any time. If the chosen substance is a 

reactant, the rate v = -d[02]/dt. This reaction invol~es 

-d9-



two reactants, i.e., LAHPO and oxygen. Therefore, the rate 

can be expressed in relation to the concentration of 

reactants by the equation -d[02]/dt = k[LAHPOlm[02 1n , where k 

is the rate constant and m and n are orders of the reaction. 

The reaction is determined to be the mth order with respect 

to LAHPO, and the nth order with respect to oxygen. If one 

reactant' is i~ excess of the other, the rate equation can be 

expressed in simply" For polarographic determination, 4.5 

pmoles ~of oxygen were dis~olved in the reaction mixture. 

When LAHPO is i~ large excess of oxygen, such as in the case 

of Fig. I1-i2 (A), the other reactant [02] will disappear 

with time. The decrease of [02] is equal to 

Then the rate equation of the differential form is 

-dJ02]/dt ~ k" (I02]0 - [02]t)n, where [02]0 is the concentra­

tion of 4issolved oxygen in the initial ,stage, and [02]t is 

the concentration in time t. Her~, when this equation 

integrates with n=l (first order)" the integration 

coefficient is denoted by t6e initial concentration of oxygen 

k't. 

The ,applicability of this equation can be tested by the 

determination of k't at various time intervals. Pl.ots of 

line. Fig. 11-12 (A) shows the k". Thus, the absorpti~n 

of oxygen by LAHPO ~ollowed the first-order reaction with 
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Fig. 11-12. The Kinetic curves of OXygen Absorption by LAHPO from 

Polarographic Determination. When LAHPO (100, pmoles) was in 

excess of dissolved oxygen (4.5 pmoles) (A) ; 0 the rate 

constant was 0.469 min-I. When LAHPO and dissolved oxygen were in 

an equimolar proportion system (4.5 pmoles each) (B) ; x th~ 

constant was 0.00838 min-I. 

respect to oxygen. 

If I mole of oxygen is consumed by 1 mole of LAHPO, the 

decrease of dissolved oxyg~n equals the decrease of LAHPO.-

When these reactants are set in equimolar proportion, the 

reaction follows the s~cond-order. The applicabiliiy' of 

this equation was tested and Fig. I1-12 (B) shows .the 
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time was plotted. 

Moreover, the 'kineti"c orders were observed with a 

respirometer, in a system containing an excess of oxygen. 

The equation w~s calculated with m = 1 following the same 

method used for polarographic determinati?n. The plots of 

The 

constant k was determined with various concentr~tions of the 

catalyzer. Fig. 1I-13 shows that the reaction followed the 

i 0.6 

0.4 

10 20 30 40 50 60 

Time (min) 

. , 

Fig. II-i3. The Kinetic Curves of Oxygen Absorption from LAIiPO in 

the Respirometric Determination. The concentration of LAHPO was 

10.7 pmo1es and the gas phase volume of the respirometric chambers 

was 25 mI. 'The' conc'entration of FeS0 4 which was added to the 

reaction mixtul'e, was varied as follows: --l!/--, 40 tt:'M (the rate 

constant was 0.0295 min -1); -0--, 10 mM (0.0153); -' '--' l:;, -' -'-, 1 rnM 

,(o.(0390); -' -0-" -,-:- OrnM (0.000991). 
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first-order with r~spect to LAHPO. 

The half-life method was used when the catalyzer was kept 

constant and the question whether or not other steps were 

involved in the absorption reaction was clarif{ed (Fig. 11-

14) . The half-life is th~ time tak~n for one-half of the 

ori~inal concentration of a sUbstan6e (LAHPO) to disappear 

and is closely dependent on the rate constant. Although the 

concentration of LAHPO in the initial stage- was changed to 

10.7 pmoles, 8.6 (4/5), 6.4 (3/5), and 4.3 (2/5) I the rate 

constants remained unchanged, 0.0246+0.0014 

1.0 

-OJ O.B' 
~'" 
~ 

~ I 
N 0 

~ ~N 0.6 

'" o 
..-r 

~ 

10 20 30 40 

Time (min) 

(mean.:!::.SE) . 

Fig. 11-14. Determination of Rate Coefficient with Half-life 
Method. In _ the respirometer, the concentration of FeS04 was 

constant (0~35 mM} and LAHPO concentration was changed as follows: 
- , --1 

x 10.7 )lIDoles (-the rate coefficient :was 0 .. 0287 min ); 

o 8.6 pmoles (0.0225); --0---, 6.4 pmoles(0.0232); 

--.6.--, 4.3 pmoles (0.0240). 
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Thus, the ~eaction of LAHPO with oxygen seemed to be an 

elementary equation. 

Reactivity ofo:r:ygen to LAHPO 

[1_14C1LAHP9 was incubated for 1 h in a Thurnberg,tube in 

the absence of oxygen under the same conditions as in the 

Solvent front 

1 2 J 4 5 

Fig. 11-15. Incubation qf [1-
14C]LAHPO in the Absence of 
Oxygen. LAHPO was incubat~d 
in a Thumberg tube for 1 hand 
cooled by liquid nitrogen. 
Ether (2 ml) was injected into 
the tube under argon. The 
tube was shaken after ex­
changing air with argon. The 
ether extracts were quantita­
tively applied to TLC' under 
argon. Chromatogr~ Nos. 1, 
authentic LAHPO; 2, ,the 
incUbated LAHPO (6.S pmoles) at 
37 0 C for 1 h under aiq 3~' 4 
and 5, ,the ,incubated LAHPO 
(6.5, 13.0 and 15.2 )lmoles) 
without oxygen. 

Table 11-7 

,Recovery %of [1_14C ]LAHPO 

after Incubation 

under Oxygen-free System 

incubation 
under time (h) 

°2-,free a 

°2 1 

°2-free ,1 

recovery % 
of LAHPOa 

96.4b 

22.9b 

83.1+4.3 c 

a, Radioactive 6.5-15.2 )1Il101es 
of LAHPO were used. The 
purity of LAHPO was> 91.6% on 
the TLC and,these recovery % 
were divided by 0.916. 
b, Means,of two experiments. 
c, Mean+SE with n=6. 
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case of Fig. 11-14. LAHPO remained unchanged on TLC (F ig. 

II-IS) . The recovery % of LAHPO was determined radio-

chemically (Table 11-7). While.80% of LAHPO Was decomposed 

under air for 1 h, LAHPO was stable without oxygen even in 

the presence of both a catalyzer andheat~ Therefore, it 

was concluded that oxygen played an important .role in the 

decomposition of LAHPO. 

11-4 DISCOSSION 

Recently, the· autoxidation mechanism of FA has received 

much attention [44-4&]. However, not much has been reported 

on the initiation step. There has been discussion on 

whether the autoxidation of polyunsaturated FA is initiated 

by an abstraction of hydrogen atom from active methylene [49] 

or .not [50]. The data in this Chapter show that oxygen 

triggered both the autoxidation of LA and decomposition of 

LAHPO. LA was changed to LAHPO by.l mole of oxygen and 

LAHPO was decomposed to SP by more than 1 mole of oxygen 

(Fig. II-1-3; Table 11-1 and 2). 

The former reaction was suppressBd by some 'kinds of 

sal ts .•. The.effects of the salts were not correlated 'with 

their ionic strength (Table 11..,.3). The effects were 

stronger in a micellar form of FA than under the permissible 
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condition of adetergerit (Table 11-4). The'antioxidative 

effects of KX were in the incr~asing order F- < B~- < Cl~ < 

I (Fig.·II-4-·6) -and were 'notcaused by the' addition of 

halide ions to double bonds (Table 11-5, Fig. 11-7 and 8). 

This order paralleled the increase of ion radiuses of these 

ions. It is' well known that a large ion such as iodine is a 

It-electron receptor [51, 52]. The complex'b~tweenKland LA 

was detected by fluorescence (Fig. 11-10 and 11). Campbell 

et a1. [53] also suggested that the initiation of auto"" 

xidation of LA involves a process such as the formation of a 

complex'between LA and atmospheric oxygen. It was concluded 

that the salts formed a reversible complex with LA arid 

contributed antioxidative11 (Table 11-6 and Fig. II~9). 

'The latter reaction was kinetically observed in the 

steady state. LAHPO was ~ore sensitive to oxygen than LA 

and SP.· 

and 13) ~ 

This reaction followed the first-order (Fig.' 1I-12 

Stoichiometricall~i 1 mole of LAHPO re~cted with 1 

mole of oxygen (Table 11-1 arid 2.). This reaction was a 

bimolecular one between LAHPO and oxygen, and did not incl~de 

complex steps such as hydrogen abstraction (Fig. 11-14). 

LAHPO was not polymerized nor decomposed undert·he oxygen-

free condition (Fig .. 11-15 and Table 7). Gardner' et a1. 

[54] also reported that LAHPO did not generate any radicais 

under.nitrogen atmosphere. Therefore, it was concluded' that 
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the oxidative decomposition of LAHPO was initiated by the 

direct attack of oxygen. 

On the basis of these results, the role af ~xygen in the 

autoxidation process of LA'is'·schematically illustrated in 

Fig. 11....;16. Polymers (1) are always produced in a term ina-

tion reaction [55-57]. HOOLOO' (2) is a dihydroperoxide ~nd 

may be formed as a reaction intermediate. The formation of 

this intermediate was supposed by the present data of kinetic 

observations and also supported by the findings of Terao and 

[LA-02 ] complex 

02~PO 

(HOOLOO')reaction 

endoperoxides 3 
/\ 

epoxides 4 decomposition 

products 5 

polymers! 

2 
intermediate 

polymers! 

Fig. 11-16. Proposal of the Autoxidation Mechanism of LA. 
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Matsushita [5,8], arid Coxon et a1. J59]. Endoperoxides (3) 

are easily formed by cyclization of one ,peroxyl group of, 

dihydroperoxide and has been identified [60-64]. . Epoxides 

(4) are also formed by cyclization [65-67]. Dihydroperbxide 

may be-,uristableand iseasilydecomposed,(5) to various 

prqducts ,[6~-70]., These <iecomposed products are described 

in thenextthapter. 
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III ANALYTICAL OBSERVATION OF AUTOXIDATION PRODUCTS 

III-l INTRODUCTION 

LA is autoxidized to LAHPO as a first product. LAHPO ,is 

broken down under atmospher,ic oxygen and gives SP, as 

described in Chapter II. SP is a complex mixture of mcmy 

kinds of further oxidized products such as polymer~, 

carboxylic acids [71]y dicarboxylic acids [72], epoxides [73 1 

74] ,endoperoxides, aldehyde compounds. [75, 76], peroxy 

alkenals [77], MA [78], and so forth+ The toxic effeots of 

autoxi~ation products appear to be due to a sum of these 

various compounds 179J. Therefore, the determination of the 

complete composition of autoxidation products is an important 

problem from the standpoint of food chemistry. 

In this Chapter , this problem was clarified using LA 

uniformly labeled with 14c , on the assumption tJH!;tthe a.mount 

of 14C in the system does not change throughout the aut.oxida~ 

tion of LA. Furthermore, an attempt was made to obtain 

[SOl. 
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Autozidation of fU_ 14C1LA. Radioactive LA was diluted 

to the specific activity of 51.4 kBq/mmol and autoxidized at 

37°C in the dark under three conditions',referred to as 

"Closed,'" "Open" and IIRotating." Under' the nClosed" 

conditibn 25 g' of LA was placed in a small'petri dish (¢ 75 

mm) and kept covered. Under the "Open ll condition, 5 9 of LA 

was pI ac e din 'a 1 a r 9 e pet rid ish (¢ 1 20m m )'w it h 0 ut a co v e r 

and stirred twice a day. Under the "Rotating" condition, 5 

gof LA was put in' a 200 ml volume egg-shaped flask, which 

was continuousl~ rotated to keep LA in thin fiLm ~ondition 

under air. 

Analyses ofautozidation ppoduets. Yield%' of the 

autoxidationprodu~ts was measured by radioassay as described 

in Chapter I I. The toncentration levels bf ~COOH,' -OOH and 

-CHO groups in the autoxidation prodticts, were determined by 

titration with tetra~n~buty~a~monium hydroxide[3~], PV [31J 

and carbonyl analyses [34, 35], respectively. 

" TBAtest. .TBA' 'test was carried out following one of the 

methods proposed by Matsushita [81]. The reaction mixture 

was composed of a certain volume of sample methanol solution, 

2 ml of 0.5% TBA reagent, O.l~l of BHT (2.5xlO- 2 M in 

ethanol) ahd 3 ml of 50% acetic acid. This reaction mixture 
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was sat u rat e d wit h nit r 0 9 e nan d . he ate d for 15 m iIi in. a . 

boiling water bath. The colored water layer was washed. with 

4 ml of an acetic acid-chloroform=2:1 mixture and the optical 

density was measured at 532 nm. 

Sephadex LH~80 geZ filtratioL Sephadex.LH-20 was 

preswollen in ethanol and packed .into a 2.5x78 cmcolumn. 

One milliliter of a sample ethanol solution containing 380 mg 

and 52.7 kBq of SP was applied on the column, and eluted with 

ethanol at the rate of 30 ml/h. Fractions-(5 ml each) w~re. 

collected with a fraction collector. 

Reduction of SP ~ith NaBH4• RadioactiveSP (821 mg) 

ethan61 solution was added to 50 ml of water at pH 9.5 and 

then ISO m g 0 f NaB H 4 was add edt 0 the sol uti 0 n [8 2 ] • This 

mixture was allowed to stand at 37°C for 23 h. The reduced 

products were extracted 5 times with diethyl ether. 

Methyl esterification. 

ether with diazomethane gas. 

SP was methy la ted in die.thy 1 

The gas was generated from p-

toluenesulfony l-N-methyl-N...,ni trosoamide ind'iethy lene g.lyco.1 

mono~thyl ether with potassium hydroxide [83J. 

GC-MS analysis. The methylat~d'SP waS .applied to a 
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Hit a chi G C - M S, Mode I 6 M G , wit h a 2 m col u m n 0 f S iIi con Gum 

SE-52 (3%) on Chromosolve W,60-BO mesh, or a I m column of 

S iIi con. a v - I ( 2 % ). 0 n g a.s c h rom Q , 6 a - 80m e s h . The 

analytical conditions were elevation of the temperature from 

BOoC to 250°C at 20°C/min; flow pressure of·helium gas of I 

kg; ionic voltage of 20 eV; and a sample temperature of 1000C 

and a chamber temperature of 200°C. 

Quantitative GC analysis. Some components of SP were 

quantitatively determined with a Shimazu GC I Mudel 6AM with a 

Silicon Gum SE-52 column, using an FID detector. The .opera-

tional conditions were an increase in temperature from BODC 

to 250°C at 5°C/min; a flow rate bf 40 ml/min of nitrogen 

gas; and injection and detection temperatures of 270° C. 

Compounds on the chromatogram were. quantified from their HW 

val uesaccording to the Il\ethod of A.O·.A.C. [84 J • 

Sephadez G-l0 chpomatography for detection of MA. An 

attempt ~as~adeto detect MA in SP by ~he .m.thodof Kwon and 

Olcott [85]. SP.(290 mg and 40 kBq) was added to 1 ml of 

Tris buffer and stirred sufficiently, and centrifuged. This 

extraction procedure was repeated 3 times. The extract, 

which was the water~soluble part of SP, was applied on a 

2~5x92 cm ~olumnof Sephadex·G-lO. Elution.was carried o~t 
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with 0.05 M Tris buffer containing 0.1 M of sodium chloride 

(pH 7.4) at a flow rate of SO ml/h. The void volume of the 

column determined with blue dextran 2000 was 165 mI. 

111-3 RESULTS 

Autozidation of LA under three conditions 

Autoxidation of LA was observed under three conditions 

which varied the contact with atmospheric oxygen (Table 1I1-

I). In the case of "Closed" autoxidation, the surface area 

of LA was limited to the atmosphere. LA weight increased 

Table 111-1 

Increasing Ratio of Weight of LA during the Autoxidation 

LA was autoxidizedunder three conditions and the increasing 

weights at intervals were each compared with the initial weights. 

The SP fraction was obtained as illustrated in Fig. I11-l and the 

specific activity of SP was compared with that of LA. 

Period (days) 

Autoxidation,----------------~----~----------~--~ 

o 

Closed 1.00 

Open 1.00 

Rotating 1. 00 

4 

1.02 

1.08 

1.10 

7 

1. 03 

1.11 

1.14 

14 

1.06 

1.15 

1.17 

21 

1. 08 

1.17 

1.17 

,28 

1.08 

1.19 

*Mean value+SE (n=3) of SP after 21 days autoxidation. 

** (n=5) of SP after 7 days autoxidation'. 
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and reached a maximum after 21 days, 1.08-fold. Under the 

"Open" condition, LA .was more in contact with oxygen than 

under the "Closed". The maximum weight was 1.17-foldaround 

21 days. Under the "Rotating" condition, oxygen was 

continually supplied to LA and the maximum Weight was 1.17-

fold after 14 days. The autoxidation rate under "Rotating" 

was the most rapid of the three conditions. 

I [UJ~CILAI 
Autoxidation 

Elute with 
I· I 

2% methorolic benzene ether 

25

1
30 31

1
50 . 51

1
86 ' . ...;...:.:...;..."O"::":'-I~: llJ

l

,1.170 
I "'-Y" 'fJ ,",;0-.". _ 

I I I 
TLC . I I n.c . ' 
~L_..1 L_rJ,PT.J 

. ~ . . . .. UIIPO L:-7 SP 

SilteD gel column chromotogrophy 
I 

I 
ethonol 

1711230 Tube number . ..' 

polar products 

Port of 

Fraction of 

Fig. III-I. Separation Procedure for Autoxidation Products of [0-

14C}LA. The autoxidized.LA.was separated.into five fractions by. 

silica gel column chromatography as described in Chapter II. The 

fraction of tube Nos. 25-30 corresponded to a mixture of nonpolar 

products [86] • Nos. 31-:50 and 51-86 ·belong.ed to the .LA-rich and 

LAHPO-.ricp ~ractions, respectively. Nos. 87-110 corresponded to a. 

part o~ ,~he polymeric products [87]. A mixture of Nos .. 87:-110 and· 

the ether eluate ... [:2~J .. !'Ias called SP. The methanol. washing. 

fraction was consiqered a ~ixture of PP. Both theLA~ and LAHPO-

rich fractions were purified by TLC and the other bands on TLC were 

returned to their own positions, as shown by broken arrows • 
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The autoxidation - products of [U_14C]LA were chromato"-' 

graphically separated. The schematic process is shown in 

Fig. III-I. A comparison was made of the composition of 

autoxidation products between "Rotating" after 7 days and 

"Open" after 21 days (Table 111-2). LA absorbed an amount 

of oxygen which equaled 14% of the weight of intact LA in the 

former autoxidation and absorbed 17% in the latter. The 

"Rotating" autoxidized LA contained a large amount of LAHPO, 

18%, while the "Closed" autoxidized LA consisted -of a large 

part of SP, 54%. In the far right column of Table III-I, 

the ratio of the increase in the SP weight after "Rotating" 

for 7 days to the LA weight, 1. 29,:!:.O.02-'fo1d, was the same as 

that after "Open" for 21 days, 1.27+0.01. Therefore, the 

Table III-2 

Yield Percents of Autoxidation Products from .ru_14C1LA 

Products 

Autoxidation*--------------~------------------------------------___ 

Open** 
for 21 days 

Rotating*** 
for 7 days 

Nonpolar 

products 

<0.01 

<0.1 

LA LAHPO 

22.4+3.5 7.8+"0.8 

44.8+4.9 17.6+2.9 

*The radioactivity of LA was 918 kBq. 

**Mean+SE (n:=3). 

***Mean+SE (n:=5). 
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yield. percent of SP changed with t·he amount of absorbed 

oxygen, but the character did not. 

changes in function groups from the autoxidation proces~ 

The autoxidized LA after "Rotating" for 7 days was 

analyzed. Table 111-3 shows the concentrations of three 

fundtional groups in the LA, LAHPO and SP fractions. The 

purities of LA and LAHPO were 99% and 98%i which were 

Table III-3 

Changes in Functional Groups 

.• from the Autoxidation Process of LA 

The concentrations of fUnctional groups were 

converted to a standard of 51.3 kEg of radio­

activity, because the purified LA from the 

. autoxidation products had a specific activity of 

51.3 kBqjrnmol. 

Functional Concentration ()leg) * in 

group 

LA LAHPO SP 

-COOH 1000+14 968+4:7 1082+30** 

-OOH. ND*** 950+29 251+53 

-CHO 47<;>+25 

*Me~n+SE with n=5. 

~*A statistic significantly different from the 

value of LA (p < 0.05). 

***Not detectable. 
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determined from their weights (Table II-2) and concentrations 

of the functional groups. Aldehyde groups were also 

detected in the SP fraction by a distillation method [34]. 

Most of the carbonyl groups in the SP fraction was aldehydes. 

The concentration of the -COOH group in SP.was -a little 

more than that in LA. The -OOH group in SP decreased to 

one-fourth of that in LAHPO and the -CHO group appeared. PP 

(Table III-2) consisted mainly of carboxylic acids. 

Components in SP 

Fig. III-2 shows that SP could be separated on Sephadex 

LH-20 -radiochemically into two parts at 260 ml of elution 

volume (shown with a vertical line A). The part .of 

moiecular-weight higher than that of LA occupied 62% Of the 

applied radioactivity and the part lower occupied 38%. The 

part of higher molecular-weight was further separated into 

two parts at 230 ml of elution volume (vertical line B). In 

the former part (36%), some peaks which appeared seemed to be 

polymers. Substances in the latter part were UV inactive 

and -peroxide reaction positive. D ihydroxy s-te ar a te 

derivatives were detected by MS from their hydrogenated 

silylated materials. Therefore, 

considered to be a mixture ·of 

endoperoxides-rich .[25]. 
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Fig. III-2. Sepbadex LH-20 Gel Filtration of SP.· Two milliliters 

each of the fractions were assayed for radioactivity ( ) and 

TBARS (-----). Six authentic samples were eluted and detected by 

UV absorption. The .. elution positions are indicated by arrows 

numbered Ii triolein (whose molecular weight was 885), IIi 

behenic acid (340), III; LAHPO (312), IVi LA (280) I Vi lauric acid 

(200) and VIi hexanal (100). The elution pattern of the reduced 

SP was expressed at half scale of radioactivity (--_. -). 

SP was·.reduced and 320 mg (42.7 kBg) o£ that was applied 

on the gel. Radioactivity of the higher molecular weight 

part dec~eased to 57%. Onstable components such ~sepoxides 

and endoperoxides might have decomposed. 

The lower moiecular-weight part seemed to be ·a. mixtur.e of 

de.composed products .• An attempt was then made to identify 

these components by GC-MS. SP was . inodified· by,' methyl· 
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esterification and 0.178 mg of that was subject~d to GC using 

two kinds of columns. The chromatogram with SE~52 is shown 

in Fig. 111-3 and is similar to the observation made with ov-

1. Ten major peaks on GC were numbered and subjected to MS. 

Mass fragmentations of peak Nos. 1, 5, 9 and 10 are seen in 

Fig. 11I-4. Peak No. 1 was identified as hexana1, because 

it gave the same ions as those of an authentic sample, i.e., 

a weak molecular ion; m/z: 100 and some fragment ions; m/z: 

71 Peak 

Nos. 2-4 showed typical fragmentation of fatty acid methyl-

100 

-c 
0-
'-"" 

>. 

\fl 
c 
C!J 
C 

50 
8 C!J 

> 
....- 9 

0 4 
6 

C!J 
0:: 7 10 

Retention Time. (min) 

Fig. II1-3. Gas Chromatogram of Methylated SP. The methylated 

SP was subjected to GC with a column of Silicon Gum SE-52. The. 

major peaks were·nUinbered 1 to 10 in· order of observa,.tion. The 

lower line was recorded at one-sixteenth the level of the upper 

line. 
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Peak Nos. 5 and 7 

~hese compounds 

appeared to be isomers of methyl decadienoate according to 

lQO 43 

58 
A 

100 
f 

OL-~~~~~~~--~~~-------.--~------.-----

98 
.10.0 

>­.... 
1/1 0 
c 
! 100 
c 

~ 
> 
.... 
ra -

I I 
I 

I 

125 

182 

152 

143 185 

B 

. I 

c 

217 
:), 

~ OL---------~J-~~~--u,~--~--~TL------~~r_~--
0:: 

100 152 D 
123 

157 224 

1

193 
12<;>6 

O~--------~----~~--~,r-~~-----+~----~~.r--~-

M/Z 

Fig. III -4·. Mass Spectra of Low Molecular-We.ight Components of 

SP.· Ten peaks on GC (Fig. :i::II-3) were subjected to. MS' .analysis. 

The MS fragmentations of peak Nos. 1 (Fig. A), 5 (B), 9 (C) and 10 

(oi aie illustrated. 



the analysis 6f Matthews et ale [88J. Peak No. 6 gave major 

Peak No.8 gave major ions of 

These compounds were identified as 8-' 

oxo-methyl-octanoate and 9-oxo-methyl~nonanoate 'considering 

the results of Terao et al.[ 42] ~ The chief ions of peak 

This fragmentation 

was the same as that of methyl esterified commercial 

nonanedioic·acid. Peak No. 10 ~ave m/z: 224 (M+)~ 206 (M+ -

H20), 193 (M+ -CH 30), 157 (M+ -CO=CHCH=CH), '152 (M+ 

CHCOOCH 3 ) and 123 (CH 3COOCH 2CH 2CH 2 ) and was supposed to be 

12-oxo-methyl-dodeca-9,11-dienoate. 

These compounds were quantitatively determined on GC 

(Fig. III-3') and summarized as their free acids in Table II I-

4. Semialdehydes, hexanal, dicarboxylic acids and short 

chain monocarboxylic acids were major components of SP and 

occupied a half% of the lower molecular weight components. 

TBARS in auto%idation products 

The elution pattern from 'Sephadex LH-20 (Fig. II-2) 

observed with radioactivity was apparently different from the 

pattern detected by TBA test. Eventually, a broad elution 
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pattern was observed radiochemically and two obvious peaks. 

were detected by the TBA test. TBARS in the former peak 

appeared to be mainly' endoperoxides [78, 90] and 

alkylperoxides [ 91] . The major components of the latter 

peak are given in Table 111-4. 'MA is gener~lly considered a 

main product of lipid peroxidation and a major TBARS. An 

attempt., was then made to quantitatively detectMA in SP. 

Most of the autoxidation products were insoluble in water and 

Table III-4 

Percent of Radioactivity in Components of SP 

Components 

Polymers 

Epoxyperoxides and endoperoxides 

Lower molecular-weight:components 

1* Rexanal 

2 Hexanqic- acid 

3 Heptanoic acid 

4 Octanoic acid 

5 2,4-decadien,?ic acid 

6 8-oxo-octanoic acid 

7 3,5-decadienoic acid 

8 9-oxo-nonanoic acid 

9 nonanedioic acid 

10 12-oxo-9,11-dodecadienoic 

*Numbers were on GC (Fig. 'III-3). 

acid.· 

% 

36 

26 

38 

3.7. 

0.15 

0.15 

1.7 

0.15** 

0.75** 

0.29** 

4.8** 

2.5 

0.34** 

**,These ,values were estimated using a quantity of 

commercial nonanedioic acid. 
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MA was very soluble (85]. A water extract of SP was 

obtained and the recovery was 1.5% radiochemically and 2.2% 

with th~ TBA test. This water extract was su~ject~d to 

Sephadex G-IO gel filtration (Fig. 111-5). Most of the 

water soluble materials was eluted in the early stage of 

chromatography as two big radioactive pe~ks, which were 

negative to the TEA reagent. On a shoulder of the l~tter 

peak, TBARS appeared as a single peak ~hich agreed 'with the 

elution of authentic MA, while the TEARS occupied only 0.4% 
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Fig. 111-5. Detection of .TSARS in the Water-Soluble Part of SF on 

Sephadex G-IO Gel Filtration. Two. milliliters each of f,ractions 

(5 ml each) was assayed for radi9activity ( ) and. subjected to 

TEA test (----). The prepared authentic MA (92]: w,as eluted and 

detected by TBA test (-----). MA was qbser.ved at the eluti'on 

volume between (Va + 155) ml - (Vo + 190) mI. 
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or less in radioactivity of SP. 

Color intensities of SP by the TBA test were compared 

with:those of some TBARS (Table 111-5). The color intensi-

Table 111-5 

Relative Color Intensities of SP and TBARS by TBA test 

. SP (51.3 kEg and 370. mg) . was treated by several methods 

and colored by TBA test. The color intensities are expres­

sed as the optical densities at 532 nm per mg of samples. 

Sample 

SP 

Water-soluble partb 

Filtrate from gel C 

Water layerd 

Distillatee 

Reduced SP 

LAHPO 

Authentic MA 

2,4-Decadienal 

2,4-Nonadienal 

2,4-Hexadienal 

2-Hexenal 

9-0xononanoic acid 

Nonanedioic acid 

.... 

Optical density per mg(n)a 

0.181+0.015(30) 

0.263+0.021 (3) 

0.322+0·.027 (3) 

0.179+0.014 (4) 

4.14+0.37 (4) 

0.016+0.002 (4) 

0.788+0.035(10) 

260+21 (30) 

0.737+0.046(10) 

0.826+0.174(10) 

·0.909.2:0.058 (10) 

0.248+0.017(10) . 
- f 

Y.c. 

ND 

a Mean+SE with the determination number (n). 

b Referred to [85] • 

. c A -partof·e1uat.e fro~ Sephadex G-IO which agreed with 

·the elution position of MA (Fig. III.;...5). 

dTheremaining-part· of aqueous suspension of SP after 

chloro:form-methano1 extraction. 

e Followed the method of [93]. 

f Yellow color. 



ties of the water-soluble part, filtrate and water layer of 

SP were the same as that of SP per se. Distillate of SP 

gave an intensity 20-fold the color of SP. MA are ~asily 

collected by distillation [93] or coridensed by removing the 

nonpolar components with chloroform-meth~nol extraction. 

The MA-rith fraction can also be obtained by Sephadex G-IO 

gel fi'ltration. However, color intensities of these treated 

SP were far from the color intensity of MA and close to that 

of LAHPO. These results demonstrate that the singLe peak 

detected by TBA test in Fig. 111-5 could not be attributed 

to MA. 

Marcuse and Johansson [94] reported that 2,4-~lkadienals 

are typical TBARS. Color intensities of '2,4-dec&di~nal, 

2,4-nonadienal and 2,4-hexadienal by the TBA test were the 

same as that of LAH~O and close to thos~ of the treated SP. 

Terao et al. [42] and Schieberle and Grosch [95] indicated 

that 2,4-decadienal are stoichiometically produced by the 

decomposition of 9-LAHPO(hyd~operox{deat Cg position). 

Matthews et al. [88] showed that 2,4-decadienal is unstable 

and is easily further oxidized. In the present analysis, 

2,4-decadienoic acid, one of the further oxidized products 

was ,detected as given in Table 111-4. The TBA reagent 

is ~specially ~olored by the aldehyde spe6ies [96]. The 

alkadienals in SP were further oxidized and the color 
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intensity of SP was less than that of LAHPO. Therefore, the 

peak of TBARS in Fig. 111-5 may be attributed to these 

alkadienals, which are major TBARS. in SP. 

The .color intensity of SP decreased considerably ~o 8.6% 

by reduction. unstable compounds such as.epoxyperoxides, 

endoperoxides and alkylperoxides as mentioned above were 

easily decomposed by reduction. TBARS were derived from 

these unstable compounds in SP [78, 90, 97] during the TBA 

test. 

III-4 DISCUSSION 

The composition of autoxidation products is changed by 

various conditions such as.light energy, temperature, oxygen 

pressure, period, metal contaminants and so forth [41]. 

LAHPO content ~n the autoxidation products increased upon 

contact with the atmosphere (Table 111-1 and ~). Next, an 

analysis was made of. the composition of the products of [U-

14C]LA autoxidized under a certain condition. 
. . . The autoxida-. 

tion p~oducts cons.isted of 45% inta~t LA, 18% LAHPO, 13% a 

mixture of polymers, 9% epoxyperoxides or eI).doperoxides, .3% , , 

PP, 2.1% .sho~t· chain carboxylic acid, .. 1. 7%, 9-0NA,. 1.3% 

hexanal, 0.9% nonanedioic acid, 0.3% 8-oxooctanoic acid, 0.1% 

12-oxododecadie~oic acid and others (Table 111-2 and 4., 
.. , 

Fig. 
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III':"'1-4) . Thus, unstable 2,4-alkadienal~ were the main 

int~rmediate p~oducts, but MA was not a m~jor produdt of the 

autoxidation of LA. 

In the field of medicine, the extent of lipid pe~oxida-

tion has often been determined by the TBA t~stand the 

peroxide contents are expres~ed as the MA level [98-100J. 

An attempt was made to identify TBARS contained ~n the 

autoxidation products of LA. 2,4-Alkadienals were major 

TBARS but MA was not (Fig. III-5 and Table I11-5). . Frankel 

and Neff also reported that no correlation was found between 

the TBA value and analysis data of MA in the lipid peroxida-

tion products [101]. TBA reagent reacts with aldehyde 

species. SP was a mixture mainly of aldehydes (Table III-

3). 2,4-Alkadienals seem to be produced from LAHPO during 

TEA reaction [102]. Therefore, it was concluded that the 

TBA test was suitable for detection of SP but not LAHPO per 

se. 

There have been many attempts to detect lipid peroxides, 

that is, observation of pentane and ethane exhaled by animals 

[103], measurement of singlet oxygen with chemiluminescence 

[104] and determination of peroxides per se by the iodine 

method [105], horseradish peroxidase [106) I GC-MS [107] and 

fluorescent color [108]. Recently, a sensitive and simple 

method which uses the peroxidase activity of hemoglobin was 



repo,rted by the author et al. [109]. By coupling, the" 

reductioI! of hydroperoxides, endoperoxides and. peroxy, 

radicals to alcohols, the N-methylcarbamoyl derivative of 

methylene blue (leuco form) is o~idized and colored blue. 
I, >_ 

This method has a high s~bstrate specific~ty[110" 11],] and 

its im?rovement is strongly recommended for a?pl~cation-to 

biological samp~es. 

l ' 
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IV TYPICAL EFFECTS OF AUTOXIDATION PRODUCTS ON PROTEINS 

IV-1 INTRODUCTION 

The autoxid~tion products damage proteins [112,113] and 

inactivate enzymes [114, 115]. Toxicity .is due to 

polymerization of protein caused by free radicals of 

peroxides [116-118], modification·of amino ac~d. residues 

caused by aldehydes [119, 120], and oxidation of SH groups 

[121,122]. Moreover, the autoxidation products react with 

the amino acid residues and form lipofusc:i,n, which is 

considered to be a main factor of senescence [123-127]. 

Therefore, the damage to amino acid residues caused by the 

autoxidation products is an important problem. 

Tappe1 and colleagues reported that all amino acid 

residues were destroyed by the autoxidation products [128~ 

129] . Gamage and Matsushita pOinted out that methionine was 

mainly oxidized [130]. Braddock and Dugan [131], and 

Yanagita and Sugano [132] described the decomposition of 

lysine, histidine and methionine residues. However, the 

decomposition of amino acid residues by the autoxidation 

products has not been clarified. 

In this Chapter, first is described a method for the 

removal. of the autox~dation products from the reaction ~ystem 
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before amino acirl analysis, and losses of amino acids were 

observed using lysozyme [133]. Next, incorporation of LAHPO 

and SP into casein molecule were measured~ Furthermore, 

LAHPO and SP were administered orally to rats and their 

effects on gastric and intestinal mucou~ me~br~nes were 

pathologically observed [134]. 

IV-2 MATERIALS AND METHODS 

MateriaZs. Lysozyme (6 x crystallized) and Midroe.oe.dus 

tysode~kticu~ were purchased ·from Seikagaku Kdgyo Co. 

Ha~marste~ casein was used. 

as described in Chapter III. 

LAHPO, SP and MA w~re prepared 

PP was obtained by aging SP at 

37°C for 20 months and the concientration was determined by 

titration with KOH. 

Incubation of ZYBozyme UJith the autozidation ·products. 

Incubation~ystems consisted of 5 mg oflysozym~ in 1 nl 

phosphate buffer (O.l M, pH 7.0) and 5 }lm'ales of reactants. 

Thes.e mixtures in spitch glasses (16.5xl05 mm)were 

incubated. The system containing benzoyl peroxide (BP} was 

pre incubated at 70°C for 1 h. 

Methods zoemoving autoxidation pztoductsfrom incUbation 



systems. The incubation mixtures were washed several times 

with 2 ml of diethyl ether. Lysozyme was precipitated by 

adding 4 ml of alcohol and centrifuging at 3800 rpm for 15 

min. These precipitates were macerated and ground in 2 ml 

of a solvent (diethyl ether-alcohol=l:l) and further washed 

with this solvent several times. The form~r method of 

washing is referred to as Wash-M~thod I and all of these 

procedures are referred to as Wash-Method II. 

Radioa8say. Lysozyme was incubated with radioactive LA 

and 0.1 ml of the solution was placed on a filter paper disc 

(Whatman 3 MM). The paper was dried up and put in a vial. 

An aqueous scintillator (Chapter II) was used. The radio-

active solution of casein was placed on a cellulose sheet and 

burned by a sample oxidizer. 

Mea8urement of lY80zyme activity. The lysozyme wa~ 

washed by Method II and dissolved in 5 ml of potassium 

phosphate buffer (0.1 M, pH 7.1). An aliquot of 0.1 ml of 

lysozyme solution was added to a 3 ml buffer suspension of 

0.5 mg M. Zysodeikticu8. Decrease in turbidity (measurement 

at 4.50 ·nm) was compared with that of non-incubated lysozyme 

[135] • 
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Quantitative amino aaid analysis. Both the in~ubation 

and washing of .lysozyme were quantitatively performed and 

lysozyme was hydrolyzed in ~ N HCl.at 110°C for 23 h.. A 

part of the hydrolysate (1 mg ,of lysozyme) was submitted to 

an amino acid analyzer, Hitachi Model KLA~3A. Tryptophan 

residue was determine~ by hydrolysis in 6 N HCI containing. 3% 

of purified thioglycollic acid [136]. These procedures; 

from the incubation to hydrolysis, were carried out in 

identical tubes. Recovery of amino acids was calculated by 

the HW method. Differences in these HW values from values 

of the corresponding amino acids of non-incubated lysozyme 

were expressed as % of loss. 

Treatment with. NaBH4. The lysozyme precipitate was re-

suspended in 5 ml of water and the pH was adjusted to 9.5 

with NaGH. Ten milligrams of NaBH 4 was added to the 

suspension. and inqubated at 37°C overnight. The reaction 

was stopped by the addition of acetic acid to pH 5. [82]. 

Dig~stion of casein by proteolytic enzymes. Casein was 

incubated with LA, LAHPO or SP and washed following the same 

procedur.esas in the case of lysozyme. The cas.einwas 

digested by pepsin (at pH 2.0), trypsin (pH 7.6) and 

chymotryps'in (pH 8.2). Production of soluble .peptides was 
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measured by the ninhydrin method. 

Animals. Male Wistar albino ~ats, 5 weeks old and each 

weighing about 110 g (elea Japan, Inc.), were housed for 1 

week. The animals weighing 157-162g were selected and 

separated into experimental gr6ups of 10 rats each. Food 

was withheld for abo~t 4 h and each rat was given one dose 

per day of LA, LAHPO and SP intragastrically at 6:30 pm using 

tuberculin syringes connected to the gastric tubes. 

IV-3 RESULTS 

Effec~s of ~he au~O%ida~ion p~OdUC~8 on activity of lysozym~ 

Fig. IV-1 show s changes in activity bf lys ozyroe ca us ed 

by the autoxidation products of LA. LAHPO and SP clearl~ 

inactivated lysozyme for the first 1 h. LA decreased the 

activity to 50% after 40h. PP mildly af~ected lysozyme. 

The effects of the autoxidation products were in decreasing 

order as follows: SF > LAHPO > LA > PP. 

Removal of au~ozidation produe~8 from incuba~ion sy8~em8 

Lysozyme was incubated with [U-14CJLA and ~ashed by Wash-

Method I or II. Fig. IV-2 shows the rad~oactivity remaining 

in the systems after washing. The radioactivity was easily 
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Fig. IV-1. Effects of the Autoxidation Products on the Lysozyme 
Activity. Lysozyme was incubated at 37°C with 5 pmoles of" LA 
('--O----), LAHPO (-e-), SP (-..6.-. -), PP (-0-), and nothing 
( -A-). The reaction mixtures were washed by Method II and 
the activity was measured. 

removed from the lysozyme solution by W·ash-Method I in the 

case of 1 h-incubation >with [U_ l4 C]LA. However t when 

lysozyme was incubated for 8 days and washed by Method I, 20% 

of the radioactivity remained in the system. The lysozyme 

was precipitated with alcohol and the remaining radioactivity 

was decreased to 9%. The PFecipitate was further washed 

with diethyl ether-alcohol=l:l (Wash-Method II) and the 

remaining activity became 3%. The lysozyme solution was 
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Fig. IV-2. Removal of Radioactivity from Incubation System of [U­

l4CJLA and Lysozyme. Lysozyme was incubated at 37°C for 1 h 

( ,0. lor for 8 days ( 0 ). The wash procedures from! to 5 

followed Wash-Method I and 'from 1 to 8 Wash-Method II. The_ point 

at NaBH4 indicates the treatment with NaBH4 after Wash-Method II 

and the point at ppt indicates the precipitation of lysozyme with 

alcohol, 

further treated with NaBH 4 and the remaining trace of radio-

activity became 1%. Therefore, the autoxidation products 

could almost completely be removed from the reaction systems 

by Wash-Method II and treatment with NaBH 4, 

Comparison of amino acid loss bet~een Wash-Methods I and II 

Lysozyme was incubated with LAHPO under a mild condition 

such as 37°C for 5 h ~nd washed by Method I (Table IV-!). 

The loss of methionine residue was 70% and losses of 7 other 



Table IV-l 

Losses of Amino Acids of Lysozyme during Hydrolysis 

Incubation with LAHPO 

temperature (oC) 37 

time (h) 5 

Wash-Method I 

Lys 12 
His 24 
Arg 10 
Val 10 

Met 70 
Ile!U 11 

Leu '9 

Tyr 10 

LAHPO 
70 

8 

II 

loss %* 

12 
5 

0 

0 

0 

0 
0 

0 

LA 
50 

31 

II" 

0 

3 
0 

0 
0 

0 

3 
'0 

LAHPO 
50 

31 
. II 

4 

3 

o 
5 

7 

3 

4 

o 

*The other amino acids were not lost. 

amino acid residues were 25-10%. Even when lysozyme was 

incubated under i draitic condition such as at 70°C for 8 h, 

no loss of amino acid residu~ was observed following Wash-

Method II. It was concluded that LAHPO was not removed from 

the incubation system by Wash-Method I and ~ight destroy the 

amino acids during hydrolysis. When lysozyme was incubated 

with LA and LAHPOat 5do~ for 31 h and washed by Method II, 

LA did not cause any damage to the amino acid residues and 

LAHPO produced small damage. 

....56-

.. 



Damage to amino acid residues caused by the autoxidation 

products 

Table IV-2 shows the 

amino acid losses after .long Table IV-2 

incubation with .LA and L1\.HPO Amino Acid Losses during 

(at 45 ° C for 100 days). Incubation at 4Soc 

All amino acids were lost for 100 Days 

at random. These losses 
Incubation with LA LAHPO 

did not seem to be caused by 
loss % 

LA and LAHPO per se. LA Lys 32 51 
His 43 50. 

and LAHPO were decomposed Arg 12 11 
Asp 5 18 

during the long incubation Thr 9 20 
Ser .0 16. 

and their decomposed G1u 14 17 
Pro 24 13 

products might have Gly 13 14 
Ala 12 14 

attacked the amino acids. 1/2Cys 14 15 
Val 14 14 

Lysozyme was incubated at Met 18 19 
lIeu 14 27 

37°C for 8 days with the Leu 14 13 
Tyr 23 17 

autoxidation products and Phe 12 13 

three kinds of authentic 

reagents. The reaction mixtures were washed by Method II •. 

Table IV-3 shows that mainly tryptophan, histidine and lysine 

resiques were destroyed by the autoxidation products. LA 

damage wa~ about 30% of tryptophan and histidine. LAHPO 

damage was 50% of tryptophan and histidine, and 20% of 
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Table IV-3 

Comparison of Amino Aci·d,...Losses . 

by the Autoxidation Products and by Standard Reagents 

Incubation 

with LA LAHPO SP PP BP MA PA SP-NaBH 4 *, 

loss % 

Try 30· 56 95 38 88 67 0 91 

Lys Ii .17 73 7 21 36 5 76 

His 37' 42 67 17 58 22 14 65 

Arc:j 7 9 14 11 23 11 0 18 

Asp .0 0 0 0 17 0 0 0 

Thr'. 5 5 9 0 17 18 11 9 

Ser 0 0 4 O· 9 18 5 4 

Glu 4· 4 17 0 17 6 14 8 

Pro 0 0 0 35 8 9 11 

Gly 4 0 0 0 20 0 0 ,0 

Ala 5 0 0 O. 21 0 0 0 

1/2Cys 4 0 0 0 0 17 0 

VaL 7 6 17 0 19 0 0 7 

Met' 7 14 84 0 29 0 0 9 

lIeu 5 0 8 a 19 0 0 7 

Leu .0 0 5 3 21 O. 0 6 

Tyr 5 0 19 5 38 0 0 10 

Phe 0 0 6 0 24 0 0 0 

*Lysozyme incubated with SP was treated with NaBH4 af·ter Wash-

Method II. 
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lysine. SP destroyed the tryptophan residue and 70% of 

lysine and histidine, 20% of tyrosine and so on. PP damage 

was 40% of tryptophan. Thus, SP was most reactive to 

lysozyme. The damages were in the order SP > LAHPO > PP or 

LA. 

These destructive effects of the autoxidation products 

were compared with those of standard reagents~ BP, MA and 

propionic acid (PA) were used as a standard radical reagent~ 

dialdehyde and short chain carboxylic acid, respectively. 

The effect of BP on the amino acids was drastid and at 

random. Heterocyclic and aromatic compounds were suitable 

for radical trappers [137]. Particularly, tryptophan, 

histidine, proline and tyrosine were lost. The effect of BP 

was different from those of the autoxidation products. MA 

damaged mainly tryptophan, lysine and hist.idine similar to 

the autoxidation products. PA showed no destructive effect. 

O:J:idat;ion of met;hionine l'esidueof lysozyme by SP . 

The loss of methionine residue of lysozyme caused by SP 

was especially great (84%) (Table IV-3). T·he Ibssdecreased' 

to 9% when NaBH4 was used (far rig:ht column). Free .. 

methionine was then incubated with SP and treate~ in the sa~~ 

way as lysozyme. Table IV-4 shows that methionine was 

oxidized to methionine sulfoxide, which was oxidized to 
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Table IV-4 

oxidation of Methionine by SP 

Product (pmoles)b 

pmoles 

Met 0.521 

0.521 

0.521 

MetO l 0.654 

0.654 

O~654 

0. 654 
Met0 2 0.680 

0.680 

0.680 

0.680 

Lysozyme 

Met 0.702 d 

0.702 

Treatment 

Non 

with SP for 8 days 

heated with Spc 

Non 

with SP for 8 days 

heated with SP 

treated with NaBH 4 
Non 

with SP for 8 days 

heated with SP 

treated with NaBH 4 

hydrolyzed with SP 

with reduced Sp'e 

Met 

0.520 

ND 

0.519 

0.046 

ND 

0.448 

0.050 

ND 

ND 

0.013 

ND 

0.484 

0.498 

Met01 

ND 

0.342 

ND 

0.608 

ND 

0.062 

0.612 

0.036 

ND 

0.710 

0.032 

ND 

ND 

MetOi 

ND 

ND 

trace 

ND 

0.543 

0.023 

ND 

0.645 

0.647 

ND 

0.663 

ND 

ND 

a Met, MetOl and Met02 are 

sulfoxide and methionine 

b Products were determined 

apbreviations for methionine, methionine 

sulfone, respectively. 

c Sainples were 

by an amino acid analyzer. 

heated with 0.5 roM of SP (concentration as 

1l0oC fqr 23 h. acet,al,dehyde) .a t 
d Lysozyme, whose amount was 0.702 }lllloles as methionine residue, 

was hydrolyzed with 0~5 roM ofSP and the other amino acids were 

also almost intact. 

e SP was reduced as described in Chapter III. 
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methionine sulfone during the a-days of incubation with SF. 

Methionine sulfone" was not oxidized by the incubation. 

During heating, which was the same as for the hydrolysis of 

lysozyme (at 110°C for 2 3h) ,-however, methionine sulfoxide 

was reduced by SF to methionine , and metl1l,onine sulfone to 

methionine sulfoxide. The treatment with NaBH 4 showed no 

change in both methionine sulfoxide and sulfOne. When 

lysozyme was hydrolyzed in the system containing SF or the 

reduced SF, 30% of the methionine residues was lost. As 

described in Fig. IV-2, the trace amount of [U_ 14C]LA 

remained in the reaction system after Wash-Method II and 

decreased markedly when treated withNaB~4. SF might form a 

reversible complex with methionine residue during the incuba-

tion as reported by Tappel [138]. The complex was broken 

down by the hydrolysis and the methionine residue was lost, 

while the complex was easily decomposed by hydrogen gas 

generated from NaBH4 and the methionine residue was protected 

against the oxid~tibn during the hydrolysis. 

Chang'es in digestibi lity of casein 

Casein wa~ incubated with SF under the same condition as 

lysozyme for 2 days. After Wash-Method II and treatment 

with N~BH4 ~ere carried out, no loss of amino acid residue 

was observed (Table IV-51. However, the digestibili~y of 
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Table IV;"S 

Losses of Amino Acid of Casein 

by Incubation with SP for 2 Days 

Wash-Method II . NaBH 4 

loss %* 

Lys 10 12 

His 8 10 . 

Asp 9 6 

Thr 5 0 

Ser 4 0 

Glu 4 0 

Ala 8 7 

Met 39 5 

Tyr 7 0 

*The other amino acids were not lost .. 

casein by tr.ypsin, chymotrypsin and pepsin was markedly 

decreased by incubation with the autoxidation products (Fig. 

IV-3 a-c) . Althoug~ LA produced no change in the 

digestibility, LAHPO and SP easily deteriorated the 

digestibility. When 'casein was incubated with SF fO.r 1 day, 

the casein could not be hydrolyzed. by the proteolytic 

enzymes. Chariges in solubility of cas~in b~the atitoxida-

tion p~oducts were then measured (Fig. IV-4). SP. 

insolubilized basein most easily. Next, incorpor~tion of 
~ i- . '-:-

the autoxidation products into the casein molectile was 
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Fig. IV-3. Changes in Digestibility of Casein during Incubation 

with the Autoxidation Products. Incubation mixturecons'isted of 

0.5% of casein, 0.1 M of SBrensen buffer (pH 6.5) and 5 roM of LA 

( 0 ), LAHPO ( 0 ) or SP ( l:!.. ). After Wash-Method II wa.s 

used; casein was mixed with 0.01% of trypsin (Fig~ IV:""3a), 

chymotrypsin (IV-3b) and pepsin (IV-3c). 

Fig. rv-4. Changes inSolUbility of casein d~ingthe IncUbation 

wi,th LAHPO ( 0 ) .and .sp. ( l:!..). J>..fter washing, precipitates of 

~asein were dissolved in 0.05 N NaC>H solution. The solutions were 

centrifuged at 30DO-rpm for 10 ~in' and ~dl~ble protein~ iri th~ 

Supernatant were measured. 
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Fig. IV-5. 

Radioactive 

Products into 

was incubated 

5 rnM of LA 

Incorporation of 

Autoxidation 

Casein. Casein 

with 500 Bq and 

( 0 ) , LAHPO 

0 and SP t:,. ) . 
After Wash-Method I, the radio-

activity remaining in casein 

was measured. The % in figu.re 

shows the total incorporated 

amounts. for 48 h incubation. 

rad~o~hemically observed. 

Fig. IV-G. Casein was 

incubated wi th nothing ( 0 ), 

LA ( 0) and SP (./::" ). After 

Wash-Method I, . casein solution 

was mixed with 2-p-toluidinyl­

naphthalene-6-sulfonic acid and 

excited at 347 rum. 

Fluorescence was analyzed at 

445 nIn. 

Case~nwas incubated with LAi 

LAHP~ or SP and washed by Method I. Fig. IV-5 shows the 

radioactivity remainirig in the casein moLecule. LA,' LAHPO' 

and SP were easily incorporated into casein~ during. 1 h-
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incubation. After 48 h the incorporated amounts of LA, 

LAHPO and SP were 44, 64 and 86%, respectively. Further-

more, decreases in the hyd~ophobic pockets in casein molecule 

were observed with fluorescence of toluidinylnaphthalene 

sulfonic acid (Fig. IV-6). Both LA arid SP seemed to be 

easily incorporated into ~asein pockets for a'short time~ 

These results indicated that SP influenced irreversibly a 

conformation of casein whereas LA did not. 

particularly attack the basic amino acid residues. 

Effects of auto:r:idation products on rat gr01J)th" 

SP might 

LA; LAHPO ·and SP were administered orally to rats at 

s~veral dosage levels (Fig. IV-7). When 700 mg/day of SP 

was given for 3 days, a remarkable depressi6n in body weight 

occurr*d and resulted in death on the third day. Rats 

receiving a single dose of 700 mg of SP exhibited significant 

growth impairment (P > 0.001), reduction iIi food consumption 

and diarrhea on the first day. A single dose of 200-500 mg 

of LAHPO also gave diarrhea to rats, but did not suppress 

growth and produce anorexia. These animals rece~ving single 

doses recovered from the stress the following day. 

No difference in body weight gain was detected among 

groups receiving no dose, the single dose of ~SO mg of LA, 

100 mg of LAHPO and SP, when a 0.05 probability level was 
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left figure, 

mg of LAHPO 

Effects of LA, LAHPO and SP on Rat GrOwth. In the 

110-140 mg of LA ( 0 ), 250-350 mg of LA ( • ), 75-120 

( 0 ) and 190-230 mg of LAHPO (. ) were administered 

(indicated by arrow), o.rally to rats. In the right figure, none 

( 0 ) I 100-150 mg of SP (1::. ) and 650-750 mg per day of SP ( .... ) 

were administered (indicated by arrows) . 

chO"sen. All tif these ~nimals' were clinically normal. 

PathologieaZ Obse7"Vation of Tozicity of SP 

The rats receiving 3 bonsecutive d6~es of SP were sbb-

mi tted to a pathological anatomy on the 'third 'da.y. .. No 

abnormality was £ound in the heart, spl~en, liver, k~dney and 

testis. Hem6rrhage ~as £ound mainly' in the' ga~tro-int.s-

tines (Ta:bleIV-G). LAHPO rats had also congestion in the 
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Table IV-6 

Hemo rrhage Caus e d by Autoxidatio n Pro duct s Give n Oral l y 

Rats given LA LAHPO SP 

ki l led dead 

I II I II III I II III 

Hemorrhage 

Lu ng + + + +++ +++ +++ 
St omach + + +++ +++ +++ ++ + + 
Duo denum + + + + + + + + 
Je junum + + + + + + + + 
Ce c um + + + + + + +++ +++ 
Co l o n + + + + + + + + 
Re c tum + + + + + + + + 

Pho t o graph IV-l 

Animal Gastro-intestines Given LA, LAHPO and SP 
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gastro intestinal tract and LA ~~ti~had no hemorrhage. The 

rats receiving SPshowed- -inf·lci.tTon. near cardia -in' stomach:, 

whose diameter was a-bout 1 cm (Photograph IV-l). Retention' 

of 1,lnd:ig~sted food was noti_c.~d_ in the stomach and edema was 

also observed on mucosa. Thus, SP was most toxic to the 

animal" gastroiritestirfal tract. 

IV~4' DISCUSSION 

Interactions between the autoxidation products_ and 

proteins were investigated using iysozyme and casein. 

Lysozyme is a stable enzyme and much analytical data has been 

reported by Karel and colleagues [139-141]. Losses of amino 

acids in casein are also known [142]. 

When lysozyme was. incubated,wi th LA for 8 days I. LA could 

not be removed from lysozyme 'by an ether wash, Wash-Met·hod I 

( Fig. I V -1) .- The autoxidat:lon pr-oducts were also e?sily 

ihcorporated i 111;:.$ cas.el,ll- ~n the f6,11o'1ing6rder: SP > LAFiPO > 

LA (Fig. IV-5, ,and -6) • These autoxidation .productsremaining 

hydrolysis (Table IV-IJ. Howeve·r, almost' all of- the 

incorporated products. 'were reIi'lov~d j)Y. alcohol . p'~etipitation 
.. 

(Wash-Method '11) ana ijaBfI4 _ t·r~_~·tIllei1t After 

washing by Meth.od II and NaBH4 treatment, the losses~ of amino 

acids in -·:ly·~6zynie were- measured (Table .. .'Tv;;,.gf.;- "-_:~Main~y 
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tryptophan, lysine and histidine w~re lost and the ext~nt of 

losses caused by the autoxidation: p~oducts· followed the: 

order, SP > LAHPO > LA ~;PP. LA and LAHPOwere-autoxidizad 

to SP duringincubatiotis described in Chapter ·t1I and then 

seemed to react with the amino acid residu~s·(~able:IV~2 and 

3). The destructiv~effects of·SP.and LAHPO were similar·to 

that ofMA but not BP (Table IV-3). Therefbre,the to~icity 

of autoxidation products to protein seems to be caused by 

aldehydes, which are the major component~·of sp· (Chapter 

III) . 

The above data clarifies the·interaction between autoxi­

dation products and protein as follows: The autoxidation 

products were easily incorporated into the protein and 

changed the conformation of protein. The protein was 

subsequently insolubilized (Fig. IV-3 and 4, Table 1V-S) and 

then, Schiff bases were formed by the aldehyde species mainly 

with the basic amino acids [143-146] . Tryptophan, lysine 

and histidine were particularly destroyed by SP, while 

methionine and cystein were rather easily oxidized [147, 

148] . 

Furthermore, the toxicity of autoxidation products to 

rats was observed. The autoxidation products were adminis-

tered intragastrically and were detrimental to rat growth in 

the following order: SP > LAHPO > LA (Fig.IV-7). The tats 
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given 3 consecutive doses of SPdiedand the cause seems to 

have been impairment of the gastro-intestinal mucosa (Table 

IV-6 and Photograph IV-I). Therefore, when a large amount· 

of SP was administered orally, aldehydes injured the mticous 

protein of the gastro-intestinal tract, inhibited intestinal· 

absorption, and subsequently killed the animals. 

Hundred milligrams of autoxidation products had no 

influence on the rat growth (Fig. IV-7). These autoxida-

tion products might be incorporated into the bqdy and the 

aldehydes might induce serious diseases [149] and senescence 

[8, .126]. This problem is .discussed in the next Chapter. 
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V ABSORPTION OF AUTOXIDATION PRODUCTS ORALLY ADMINISTERED 

INTO RAT BODY 

V-I INTRODUCTION 

The significant biological and deleterious roles of lipid 

peroxides in vivo have been well recognized [1-5]. Exoge-

nous lipid peroxides may also contribute to diseases [150] 

and stimulate endogenous peroxidation. [151J ... Animals suffer 

various injuries by intakes.of thermal polymerized oils [151, 

153] or the autoxidized 6ils [154-158]. Measurement of the 

absor~tion of exogenous peroxidat~on products .into body is 

important problem in a field of nutrition and may clarify a' 

relationship between the ·oral intakes of aut.oxidation 

products and~erious diseases [159] .. '. The intakes of large 

amount of autoxidation products gave diarrhea to .. the animals 

(Chapter IV)·. .In this Chapter, 100 mg each of LA, .LAHPO.·and 

SP were administered intragastrically and the extent· of 

incorporation. was radiochemically made· clear using materials 

uniformly labeled with· 14C.[134J. 

Studies on the gastrointestinal absorption of LA ~ [16QI 

and LAHPO [161-1651 have been done~ Then, the extent ~f 

incorporatior;l. of SP was compared with those of LA and.· LAHPO ~ 

Furtheri the ·effect of SP on liver wasexa~ined. 
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V-2 MATERIALS AND METHODS 

Autoxidation products of [U_ 14C J LA. I U _14 C 1 LA 6 f 172 

kBq/mmol was used. The autoxidation produc·ts were obtained 

and 'cha~acterized as desc~ibed in Chapter III. 

Animals .. Male Wistar albino rats, 5 weeks old-and each 

weighing about 110 g. (Clea Japan,· Inc.), were housed at 

approximately 23°C with a light and dark: cycle of l2h. The 

diet was prepared daily and its PV was maintained at le~s 

than 0.5 meq/kg. It consisted of 30% sucrose,' 24% 

cornstarch, 25% casein, 15% soybean oil, 4% McCollum's salts 

mixture, 1%- cellu10s~powder, 1% vit~min mixture •. The 

vitamin mixture was purchased from Sh~onogi and Co., Ltd. and 

the solution of 1 mlcontained 2500 Itl retinyl palmitate, 2.5 

mg thiamine hydrochloride, 3.5 mg riboflavin phosphate, 2.5 

mgpyridine hydrochloride, 25mg nicotinamide, 10· mg 

panthenol, 75 mg ascorbic acid, 250 IU calciferol and 100 mg 

lysine hydrochloride. After feeding for 1 week, the animals 

weighing 157-162 g were selected and separated into experi­

mental groups.' F.ood was withheld for about 4 handeach rat 

was .g:i.ven. a single dose of LA, LAHPO,· or SP intragastrically .. 

at about 6:30 pm using tuberculin syringes connected to the 
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gastric tubes. " The ~mount~ administered w~~e determined by 

measuring the radioactivity remaining in th"e syringes." The 

radioactivity administ"ered to each rat was converted to a 

standard of 46.4 kBq. The rats were then placed individual~ 

ly in" sealed glass boxes (metabolism cages) "and given." die:t 

and ~ater ad libitum. Air from the box was slowly rem"oved 

by a vacuum pump into a bottle containing 25 ml of ~ono­

ethanolamine. 

Radioassay of animal excreta. The monoethanolamine 

bottle trapping 14c was chan~ed at regular intervals. In 

triplicate, 3 ml of the monoethanolamine was transferred into 

a vial and dissolved with 9 ml methanol inS"ml df nonaqueous 

scintillator (Chapter II). urine was washed periodically 

into a beaker and absorbed by cellulo~e sheets. Feces were 

also collected on cellulose sheets. These sheet~ were 

weighed and burned by a sample oxidizer (Packard" Model 305 

Tri-Carb) . The counting efficiency of each "vial waS 

determined by anexterhal standard. Recovery 6f radio-" 

activity with the sample oxidizer was 97.2+1.2% (n=10>'. A 

higher efficiency was obtained by this procedure than by the 

direct" use of a scintillator containing solubili~er. 

Measurement of radioactivity incorporated into animal" 
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tissues and organs. The radioactive SP (46.4 kBq each) was 

administered orally to 40 rats. Five rats were. picked at 

random every regular interval after administration, stunned 

by a cephalic blow and bled from the carotid artery. 

Tissues and organs were excised, perfused or washed with 

saline solution, weighed, and cut into small pieces. A 

sample of these pieces, in triplicate, was wrapped with 

a cellulose sheet and burned by the sample oxidizer. Some 

of the hepatic pieces were examined by the TBA test, while 

blooo. was assayed for transaminase ,activities by -the Karmen 

method [166]. 

Isolation of hepatic mitochondria and microsomes~ The 

hepatic pieces were hpmogenized with 10 volumes of 0.25 M 

sucrose containing 1 rnM ethylenediaminetetraacetate and lmM 

tris buffer (pH 7.4) in a Teflon homogenizer. After initial 

centrifu-gation for- 10 min .at 700 x g the· supernatant fraction 

was subjected to further centrifugation for 10 min at 12,000 

x g. The supernatant was submitted to isolation of micro-

somes and the pellet was resuspended .to the original _ volume 

in the above sucrose~ After further centrifug~tibn for 15 

min at 9000 x g the pellet was resuspended in 150- rnM of KCl 

and was used for experiments as the mitochondria fractiOn. 

The· -supernatant at 12,000 x ~ was recentr{fuged at 24,000 x 
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I. 

g. The supernatant fraction was subjected to fUrther 

cent r i f u gat ion at 5 4 , 0 0 0 x 9 and the p e 11 e twa S res u s pen d e d 

in 150 mM of KCl and then, was referred to the micro.someE 

fraction. The fractions of mitochpndria and microsomes were 

added to each 2.0 mg of BHT. After the centrifugation at 

105,000 x g of the supernatant at 54,000 x g, the supernatant 

was used as cytosol fraction. Nitrogen contents in these 

fractions were measured by the Kjeldahl method. 

TBA t;ea t;. A 2 ml aliquot of liver homogenate was 

submitted to the TBA test as described in Chapter III. The 

difference in the optical density from that of nontreated 

rats was presented as a peq value of MA after conversion, 

with a calibration curve of authentic MA. The amounts of 

TBARS in feces (wet weight) and in urine (color intensity of 

creatinine by Jaffe reaction) were also measured. 

St;at;iat;ical analyais. The Student's t test was used 

to det~rmine statistical significance. 

the data is presented as mean+SE. 

V-3 RESULTS' 

The variability of 

Compt:il"iaon of e:ceFetion of Fadioactivesubataneea by SP-,' LA-
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and LAHPO-fed gpoups 

Fig. V-I shows f~cal excret~on of radioactive substarices 

from SP-, LA- and LAHPO-£ed groups. These three groups 

exhibited similar excretion patterns (peaks at 20 h after· 

adm~nistration), but the SP group had a sedondary minor peak 
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Fig. V-I. Changes in Radio­

activity in Feces of Rats Oral­

ly Administered Labeled LA, 

LABPO and sp. The rats were 

divided into 3 groups of 5 rats 

each and given doses of LA 
(-O-), LAHPO (---o-·-) and 

SP (----. .6----). The feces of 

each rat were collected at 4.3, 

5.5, 8.5, 13, 17, 20, 23, 29 

and 34.5. h after adrninistra-

tion. Mean. value+SE of the 

radioactivity of feces were 

calculated and plotted at each 

midpoint of the sampling times. 

0 
10 20 30 

Time After Administration (H) 

Fig_ y-2. Changes in Radio-

activity in Urine of Rats Oral­

ly Administered Labeled LA 

( -0-) r LAHPO (---0---) and 
Sp (----.6----) • The radio-

actvity in urine of each rat 

was assayed at about 4 h inter­

vals until 24 h and at 38 h 

after the administration. The 

activity was divided by the 

interval times (h) and plotted 

at each midpoint. 
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at 7 h. The amoun~of TBARS per r~dioactivity in the minor 

peak was 0.154.2=.0.015 peq/7240 Bq,whi1ethe amount in SP.per. 

se was 0.151 peq/7240 Bq. Although dia·rrhea was never 

observed in the SP group., this ratio indicated,that the minor 

peak w~s ~xcret~d SP per se. Fig. V-2 shows that urinary 

excretion patterns of radioactive substances of these 3 

groups were similar to ~ach other. The PV in the urin~ of. 

the LAHPO group was. negative. A small amount of TBARS was 

d~t~cted in the urine of the SP group. Fig. V-3 sh6ws 

radiorespirometric patterns of 3 groups. The SP group had 

c: 
.!! .. 
r.I .. 

... ., 
a. 
IT 
til 
.x 

30 
Time After Administration [H) 

Fig. V-3. Radiorespirometric 

Patterns of Rats Orally 

Administered Labeled LA 

(-0-), LAHPO (_.-0-.-1 and 

SP (--- /::,.- ---) • The respiratory 

radioactivity was measured at 

regular intervals, divided by 

the interval times (h) . and 

plotted. 
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Fig. V-4. Radiorespirometric 

Patterns of SP-H (--'1-), SP­

L (--.,.-0-- ~-) and SP-R r·-l;t~ ----,.,.) . 
The time course was observed 

following the same procedure as 

in the case ofSP. 
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an expiration rate with 2 peaks around 5 and 15 h, whereas 

the LA and LAHPO groups ind~cated single peaks at 10 and 7 h, 

respectively. Then SP was ~eparated by Sephadex LH-20 into 

moledular weight components higher (SP-H) and lower (SP-L) 

than the molecular weight of LAHPO (Fig. 11L-2 and Table 111-

4), and it was also reduced by NaBH4 (SP-R) (Table 111-5). 

When .SP-H, SP-L and SP-R were administered orally to 2 rats' 

each, the radiorespi~ometric pattern of the SP-L rats tended 

to differ from that of the SP-H rats (Fig. V-4). The SP-H 

rats gave a single peak at 4 h, and the SP-L rats gave 2 

peaks, at 4 hand 12 h. The SP-R rats excreted l4co2 faster 

than the above rats. 

TotaZ pepeentage of padioaetivity ineorpopated into body 

The total radioactivity excreted by each rat until 90 h 

after administration was calculated "(Table V-I), because a 

low level. of radioactivity could be detected in excreta of 

all rats even after 75 h. The amounts of rad~o~ctive 

substances excreted through feces by the SP group was larger 

than that from any other group. When administered radio~ 

I 
acti~ityminusexcret~d activity to feces was defined-as the 

amQuntof"radioactive substances retained in the body, these 

incorporated subitances were 95% iri the LA, 85% in" the LAHPO 

and 55% in the SP groups. Discharge of radioact~vesub~ 
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Table V-I 

Total Radioactivity Recovered from Excreta 

Administered of: 

LA :J;,AHPO SP 

Mean+SE with 5 rats 

2120+980 2250+300 5860+220 mg of feces 

Recovered % of 

administered amount 

from feces 6.4+1. 7 13.4+1. 9 45.3+1. 0 

Recovered % of the 

respective absorbed 

amount into body 

from urine 17.2+2.7 29.3+1.8 51.9+0.8 

respiration 22.4+1.9 23.9+1.2 22.9+0.7 

SP-H SP-L SP-R 

Mean of 2 rats 

1730 2030 3810 

23 

22 

16 

18 

38 

17 

25 

24 

31 

Radioactivity from feces, urine and respiration excreted by 

each rat (Fig. V-I) until 90 h after administration was 

totaled. 

stances by urination increased significantly in the order of 

SP > LAHPO > LA groups with the SP group excreting about half 

of the activity incorporated into body. The production of 

was proportionately the same (25%) for every group. 

No remarkable differences were observed among the excretion 

percentages of SP~H, SP-L and SP-R rats. 

Incorporation of radioactive Bubstancesinto· Zivep inSP 
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Table 

Incorporation Amount of Radioactivity from Orally 

Mean+SE of Bq (n=5) 

H after 

0.5 3 6 

Brain 51+9 44+2 79+14 

Lung 49+6 60+5 88+7 

Heart 17+1 15+1 30+3 

Blood(ml) 10+2 166+18 . 31+3 

St9mach 1080+130 455+84 341+145 

Gastric content 35470+6493 23249+3406 13273+155 
.-

Intestine 295+47 508+85 903+153 

Intestinal content 894+311 4242+551 7375+663 

Pancreas 26+5 25+2 23+4 

Liver 397+43 632+65 960+25 

Sp1e~n 16+2 12+1 47+18 

Kidney 77+5 73+2 143+24 

Perirenal fat pad 63+13 60+7 65+14 

Epididymal fat pad 49+16 52+11 60+6 

. Testis 44+5 31+4 84+13 

Femoral 32+2 30+6 -32+3 

In 96 h rats, only liver was radioassayed. -The 
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V-2 

Administered SP iilto Rat Organs and Tissues 

per whole organ or tissue 

administration 

12 

55+9 

53+1 

20+1 

57+6 

120+47 

12050+1629 

437+80 

4473+531 

22+2 

1212+61 

21+1 

78+12 

90+9 

89+9 

50+7 

28+6 

24 

72+7 

114+13 

20+1 

184+25 

150+18 

881+i98 

624+65 

4412+508 

35+6 

1179+102 

26+3 

92+7 

103+24 

109+22 

56+4 

35+9 

48 

56+6 

86+10 

20+2 

32+1 

66+12 

126+23 

192+19 

2136+264 

24+2 

323+26 

22+2 

60+3 

81+4 

63+3 

41+5 

24+2 

results are shown in Fig. V-5 • 
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35+4 

48+11 

19+1 

47+3 

14+1 

50+15 

67+7 

560+:55 

13+1 

168+14 

10+1 

54+2 

68+4 

47+4 

29+4 

19+2 



Rats given single doses of SP were exsanguinated at 

regular intervals and radioactivity in the tissues and organs 

was measured (Table V-2). The radioactive contents in 

intestinal lumen, which probably were SP, increased with a 

decrease in radioactive contents in gastric lumen~ The 

activity of the intestinal contents reached a maximum at 6 h 

after administration and decreased to 1% of the given total 

at 72 h. Thechang~ in radioactivity of blood ~ihibit~d 2 

peaks at 3 hand 24 h. Ihcorporation of the radi6~ctivity 

into the intestine also exhibited 2 peaks, a major one at 6 h 

and a secondary one at 24 h. Changes in the incorporated 

radioactivity in brain, lung, spleen, kidney and testis were 

parallel to that in intestine. The radioactivity in fat 

pads, pancreas arid femoral muscle gave a peak at 24 h. In 

liver, the radioactivity clearly increased and reached a 

maximum at around 12 h. The quantity in liver was 2.6% of 

the dose and the greatest of all tissues and organs. 

Hepatic mitochondria and microsomes were isolated from 

the cytosolic fraction. Recovery % of nitrogen into each 

fraction had no variation (Table V-3). Then, the "radi6-

activity in these cellular fractions were measured. The 

radioactivity increased with time after administration in 

both mitochondria and microsomes, while activity in the 

cytosolic fraction reached a maximum at 12 h. The accumula-
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Table V-3 

Incorporation of Radioactivity into Hepatic 

Mitochondria and Microsome of SP-fed Rat 

Mean+SE of Bq (n=4) 
H after 

administration Whole liver Mitochondria Mierosome Cytosol 

3h-SP 424+54 54+5 36+4 326+24 
7h-SP 669+63 52+7 33+4 247+5 

12h-SP 1982+228 188+16 142+24 540+15 - - -
24h-SP 1636+156 210+16 146+15 297+18 

7h-LA 1769+229 156+12 126+1 814+89 -
7h-LAHPO 1851+262 157+4 124+17" 889+74 

Recovery of N 100% 18.2+0.3% 7.98+0.24% 24.1+0.3% 

tion ratio of radioactivity ~~re about 10% in mitochondria 

and microsomes and were almost constant. . These ratios were 

the same as in the case of LA- and LAHPO-fed groups. 

Thetefore, it was .considered that th~ orally given Sp was 

incorporated into hepatic mitochondria and microsomes. 

Effects of orally administered SP on ~iver 

A change in hepatic lipid peroxide content was observed 

with the TBA test (Fig. V-5). The lipid peroxide content 

elevated with the increase inrad~oactivity .until 24 h. 

After rap~d decline of the radioactivity,. the 1,ipid p.eroxide 
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, Fig. V-5. Effect of Oral Intake of SP on Liver.- -The-radio- ' 

activity incorporated into liver (-0-) is given in Table V-2. 

Liver weight (-,-ll--), lipid peroxide content (-e--), serum 

glutamic oxaloacetic 'transaminase (-0-) and glutamic 

transaminase' (--.-) were measured concurrently with 

radioactivity incorporation. 

pyruvic 

assay of 

content still remained at the high level, which was accompa-

nied by increases i'n serum glutamic oxaloacetic transaminase 

and glutamic pyruvic transaminase activities and by a slight 

hypertrophy (about 1.S-fold; ~ < 0.001). 

Various amounts of SP were administered and changes in 

theincorpoiated'amonnts into liver were observed after 12' h. 

Table V-4' sh6w's that the ratio decreased noticeably froIri2. S% 

to 1% ~i~h ~n~rea~e of the admini~tered a~ount fr6m 100 rng to 
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,Table V;';"'4 

Incorporated Amounts of: Radioactivity into Liver 

after 12 h When Various 'Amounts ofSP were Given Orally 

Given Incorporated into liver 
mg mg* (%) 

lIS' 3.00 (2.6) * * 

230 4.03 (1. 8) 

300 4.29 (1. 4) 

410 '4.63 (1.1 ) 

570 4.90 (0.9) 

*These amounts were calculated from, 

their radioactivity. 

**See in Table V-2. 

570 mg. Thus, the accumulation of radioact~ve substances of 

SP was 3-5.mgin liVer. 

V-4 DISCUSSION 

The SP-administered group excreted about half of the 

given amount through feces (Table V-I). The total fecal 

weight was 3-times the weight of LA group~ , SP seemed to 

have an effect of exfoliation on brush border ,membrane such 

as that exhibited by ,some kinds .of detergents [168]~ The 

remaining half was incorporated into t~e body, and·~/2was, 

discharged by urinatiqn and 1/4 was exhaled. T,hus, radio.,-
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active substances in the SP group were metabolized to CO 2 , as 

also seen in the LA andLAHPO groups. 

While the rates of excretion through both feces and urine 

in the SP group were almost the same as those in the LA and 

LAHPO groups (Fig. V-1 and 2), the radiores~irometric pattern 

in the SP group was different from those in the other groups 

(Fig. V-3). The r~diorespirometric pattern in the SP group 

gave 2 peaks and was similar to that in the SP-L ~ats (Fig. 

V-4) . SP-L might comprise 2 components. One was rapidly 

metabolized to CO2 , while the other was not. 

SP~H was ~omposed mainly of polyme~s of LA (Table 111-4). 

The molecular~weight range was d~termined to be about 

300-1000 by Sephadex LH-20 gel permeation (Fig. lII-2)~' ~o 

remarkabl~ differences were observed in either respiration ot 

excretion between SP-H and SP-L rats (Table V-1). It is 

believed th~t SP~H could be absorbed by the ratS, although 

thermally oxidized oil which was the higher molecular-weight 

pol~~er waS not[169J~' 

It waS made 'clear that 'SP'was toxic to protein in ~haptet 

IV. Th~'present data demonstrate that 1/2 radioactivity of 

the orally administered SP is incorporated into the rat body, 

where 1/2 'is excret~d through urine and 1/4 through 'C02 

(Table V-1) ~ ,'The remai'ning radioacti vi ty was accumulated 

mainly inl'iv'er after 1"2- 24 h (Table' V-2) and capacity of the 
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accumulation was about 5 mg of SP (Table V-4). The radio-

activity was incorporated in mitochondria and microsomes 

(Table V-3) in the rodent liver. 

The accumulated materials affected deleteriously on the 

hepatic condition (Fig. V-S). The lipid peroxide content in 

liver increased by the intake of SP and remained at a high 

level even after the radioactivity of SP disappeared. 

Moreover, elevation of serum transaminase activities and a 

hypertrophy of liver were also detected. 

On the other hand, the aceumulation peak of radioactivity 

in tissues. and organs was in agreement with the second peak 

of the radiorespirometric pattern. The incorporated SP 

might be partly unchanged, metabolized in liver, contributed 

to h~patic impairm.nt and then ~as transferred to the other 

tissues and organs. The problem whether the -autoxidation 

products are unchanged or not and the metabolism of 

incorpora..tedsubstances in liver will describe in the _ next 

Chapter .. 
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VI -FATE OF-SECONDARY AUTOXIDATION PRODUCTS iN LIVER 

VI-I INTRODUCTION 

The Chapter V made clear that the ~adioactive sub­

stances of [U_14C]LA, LAHPO and SP were incorporated into rat 

bodies to the extent of 95%, 85% and 55% respectively. 

Then, an interesting problem .is whether the autoxidation 

products are incorporated unchanged in form or not. 

The incorporation of LAHPO had been investigated by many 

workers [161-165]. Holman and Greenberg [170] demonstrated 

that the intraperitoneal LD50 of ethyl linoleate hydro­

peroxide for mice is 12 mg and that the oral dose does not 

ki~l. Bergan and Draper [171] reported that oral [1-

14c ]rnethyl linoleate hydroperoxide is not absorbed per se 

into the animal body. Nakatsugawa and Kaneda [172] showed 

that only 0.23% of-methyl linoleate hydroperoxide in the 

orally administered total is detected in rabbit lymph by high 

performance liquid chromatography. Thus, it is believed 

that orally fed LAHPO is readily decomposed to SP [161-163] 

or reduced to nontoxic substances such as hydroxy FA [164~ 

165, 171]_ in the animal gastrointestinal tract. On the 

other hand, polymers may be absorbed into lymph [173] and the 

low molecular-weight components iri SP may be easily absorbed 
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into body. 

Three daily consecutive doses of SP resulted in the death 

of animals on the third day (Chapter V). Although the 

single dose of SP produced the stress in the animals on the 

first day, the animals easily recovered. Furthermore, the 

dose of smaller amount .0 f S P h a dn 0 effect on the animals, 

even when administered orally or, through intraperitoneal 

injections. 

detoxified. 

SP may be absorbed unchanged in form and 

Therefore, biological fate of the absorbed 

substances of SP ~ust be made clear. 

The radioactivity of SP was accumtilated in liver. In 

thi~ Chapter, attempts were made to identify SP per se in 

liver and to clarify the metabolism of absorbed substances 

[174]. 

VI-2 MATERIALS AND METHODS 

Animals. Six-weeks old rats were.used after feeding on 

the prepared diet for 1 week as described in Chapter V. 

LAHPO and SP were obtained from 172 kBq/mmol of the 

autoxidized [U_14C]LA (Chapter III). Three rats were intra­

gastrically received 100 mg each of LAHPO and exsanguinated 

after 2~S h. Blood was collected into 100 ml of saline 

solution. Groups ·of 5 rats each were given 560 mg each of 
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SP. The blood and liver of these rats were isolated. 

separation of li'pid in blood and liver. Hematic and 

hepatid lipids were analyzed. Blood was homogenized with 

100 m1 of a chloroform-methanol=2:1 solvent'and 2 mg of BHT, 

twice. The hepa ti cmi tochondr ia and m icrosomes were 

isolated (Chapter V) and homogenized w~th the chloroform-' 

methanol=1:2 and BHT. The chl~roform layer was obtained by 

centrifugation (3000 rpm, for 10 min). The~e extracts were 

evaporated, dissolved again into chloroform and applied on a 

Ixl7 cm column of silica gel (Wakogel C-IOO). The chromato-

graphy followed the metho'd of Rouser et al. [175]. Two 

hundred milliliters of chloroform, 800 ml of acetone and 200 

ml of methanol were eluted insucce s s ion. The chloroform 

eluate, which was a fraction of neutral lipids, was further 

applied on TLC. TLC was developed ~ith a solvent system of' 

hexane-diethyl ether-acetic acid=80:20:1. Bands of tri-

glyceiides,free FA, diglycierides, moriogltcer~des and ~teroid 

esters w~re 'individtially scraped off the plate. These 

lipi'ds we~e extracted by chloroform and assayed 

radiodhemically. 

GeZ permeation chromatography of blood. The chloroform 

ext~act of blo6d was evapor~ted and suspended iri 5 tnl of 
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water and applied on a 2.5x92 cm column of Sephadex G-lO . 

whose void volume was 175 mI. The chromatography was 

carried out in accordance with the method forMA (Chapter 

III). Half of each fraction (8 ml) was submitted to radio­

assay and the other half to the TBA test. 

GC-MS analysis. The samples were methyl esterified and 

applied to GC-MS with aIm column of Silicon OV-l (2%) on 

.gas chrom Q (60-80 mesh} after BHT was added as an internal 

standard. The analytical conditions were elevation of the 

temperature ·from 600 C to 250°C at 10°C/min; flow pressure of 

helium gas of 1 kg; ionic voltage of 20 eV; and a sample 

temperature of 100°C and a chamber temper~ture of 200o~. 

Thesecondi~ions were almost the same as those for the 

analysis of the low molecular weight components of SP 

(Chapter III). 

PrepaPation of hydrope:r>oxides of phosphatidylethanolamine 

and t:r>ilinolein~ Phosphatidylethanolamine and trilinolain 

were· purchased from Sigma Chern. Co.,. Ltd. and Nakarai Chern. 

Co., Ltd. Their hydroperoxides wereprep.ared with 

photosensitized oxidation reported by Terao et al. [all. 

Neasu:pement of hepatic enzyme activity. Activi ties of .7· 
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kinds of cytosolic enzy~es ~er~ measu~ed. Glutathione 

peroxidas~ activity was assayed with the method of NADPH 

disappearance [176] using LAHPO as the stibstrate. Catalase 

activity was determin~d by the ~ethod of Chance [177] using 

Superoxide dismutase activity was m.asured by reduc-· 

tion of nitroblue tetrazolium [178]. Aldehyde dehydrogenase 

(NADP dependent type) [179], phosphofuructokinase [180], 

hexOkinase· [181] and glucose-6-phosphate dehydrogenase [182] 

activitie~ were assayed by the changes in NADH or NAbpH. 

Five kinda of mitochondrial enzymes were also measured. 

Isocitrate dehydrogenase activity [183] was assayed by the 

NAD PH.-m e thod. Sticcinate dehydrogenase assay [184] used·a 

potassium ferricyanide method. Cytdchrome C oxidase 

activity was measured with oxid~tion of ~ytochrome C [185]. 

Aldehyde dehydrogenase activity of NAD-dependent type was 

also .measured [179] •. The activity.of carnitine palmitoyl 

CoA transferase was determined by the amount of CoA-SH [186]. 

Micros omal enzym~, acety 1 CoA carboxy las e ·act i"i ty w·as 

as sayed by a CO 2 fixation method· us iilg 14C [187 L Chcinges 

in the activities of these erizymes w~re expre~sed as 

percentages to those of the ·LA-admiriisteredrats, when a 

0.005 prob"ability level was chosen. 

VI-3 . RESULTS 
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Distribution of radioactivity in hematic Zip ids of LAhpo-

administered rats 

LAHPO (170 kBq) was administered to 3 rats and blood was 

collected. The blood of rats. contaj,ned 5.5 Bg/ml of radib-

activity and 55% of the activity waS moved to chloroform 

extract. The.extract was subjected to the separa·tion· of 

lipid classes. Table VI-l shows that ~he radioactivity was 

evenly dispersed in hematic lipids,. phospholipids,. gal.acto-

lipids,triglycerides and diglycerides. Moreover, hydroxy 

Table VI-l 

Distribution of Radioactivity of Hematic Lipids of 

LAHPO~administered Rats 

Lipid Distribution % 

Phosphoiipids 17.0 

Galactolipids 15.7 

Triglycerides 33.4 

Diglycerides 11.4 

Monoglycerides 0.9 

Free FA 5.3 

Hydroxy FA* 14.6 

Steroid esters 1.8 

*A band on TLC, whose Rf value was 

n~ar that of free FA, waS scraped 

off, extracted, methylesterified and 

analyzedwithGC-M~. 
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FA was. detected and the radioactivity occupied 15%. Thus, 

it·was considered that LAHPO was easily reduced to hydroxy FA 

and then metabolized to lipid~ 

I8olation of TBARS in blood of SP-admini8teped pat8 

SP was a'dministered to rats and 26 g and 717 Bq of blood 

was collected. The. chloroform extrabt of bldod contained 

225 Bq of radioactivity and subjected to gel permeation 

chromatography (Fig. VI-I). The r~dioactive substances in 
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chloroform extract of blood was permeated by the gel (detection by 

radioassaYi -0- and by TBA test; _. t:.- ). A water extract of 50 

mg of radioactive SP wasa-1so permeated (radioassay; ----e----, TBA 
testi ----A----). Authentic MA was also applied (,...,-,-• .::.._). 
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blood showed three elution peaks at 30-70 ml, 80-100 ml and 

160-190 mI. This pattern of radioactivity was similar to 

the pattern given by the water extract of SP. The ,third 

peak cont~ined TBA~S and its el~tion position agreed with 

low molecular-weight aldehyde such as MA. 

was not identified by the GC-MS analysis. 

However, aldehyde 

It was considered 

that various contaminants interfered the analysis because the 

amount of aldehyde might be very small. 

Separa~ion of SP-con~aining frac~ion from ~o~al lipid8 

The orally administered SP was accumulated in the hepatic 

mitochondria and microsomes after 12-24 h (Chapter V). 

Then, an attempt was made to separate the SP-containing 

fraction from lipids of these hepatic organelles. The SP-

containing fraction was easily obtained using silica gel 

column chromatography (Table YI-2). SP was present in the 

acetone eluate and hydroperoxides free. Neutral lipids 

were eluted in the chloroform fraction and phospholipids were 

in the methanol fract~on [1)5]. Their hydroperoxides were 

present mainly in fra~tions of th~ corresponding lipids. 

Galactolipids were eluted in the acetone fraction. The 

galactolipids occupied 'only 3% of the total lipids of hepatic 

organelles in rats. Then, TEARS amounts in these acetone 

fractions of organelles of SP-administered rats were measured 



Table Vt-2 

·Chromatographic Separation of SP fromT~tal Lipids 

Sample SP LAHPO TL-HPO* PE-HPO* 

Applied amount kEq PV (meq) 

11. 7 870 399 190 

Elute with 

Chloroform 0.1 797 308 12 

Acetone 11. 4 39 59 19 

Methanol 0.1 16 16 140 

*Abbreviation of hydroperoxide. 

**The added BHT was eluted in chloroform fraction. 

Table VI-3 

specific" Activity' of TBARS'.in Acetone Fractions 

Mean+SE Bq/neq of MA (n=4) 

Mitochondria 

Microsomes 

Authentic SP 

·-96-
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(Table VI-3). s~ecific ~ctivity of TBARS in mitochondrial 

acetone elu~te was 45.4 Bq/neq and closed to the.value of SP 

per ~e (47.9 Bq/neq). That of microsomal TBARS was 47.5 

Bq/neq and the same as SP per se. 

Deteetion of he:canal and9-0NA in hepat.ie organelle8 

The~e acetone fractions were submitted to the GC-MS 

analyses. The' acetone fractions' were .methylesterified by, 

diazomethahe gas to avoid interference by. galactolipids. In 

the acetone fractions of 3 h-microsomes, 7 h-mitochondria and 

7 h-microsomes, the trace Of. a peak agreeing with authentic 

h~xanal ~as observed on GC (Table VI~4J. This peak was 

Table VI-4 

Detections of Hexanal and 9-0NA from Acetone 

Fractions of Mitochondrial and Microsomal Lipids 

Detection of: Rexana! 9-0NA 

from: 

after (h) 

3 

7 

12 

24 

Mitochondria 

+ 
+++ ++ 

Hexanal 9-0NA 

Microsomes 

+ 
+ 

++. 

""": Not detected. +; Some fragment ions were detected 

in 10 Bq of samples. ++, +++; Identified in 20 Bq of 

samples. 
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intrbduced to MS and some ion, m/z: 43, '58 and 71, were 

detect'ed. ' These ion peaks were the major fragment ions of 

hexana1 [80]. In the acetone fraction of 12 h-mitochondria, 

two GC peaks were observed. Their, relative retention times, 

on GC and their fragmentation on MS completely agreed with 

those of authentic hexanal and 9-0NA methyl ester [80]. In 

th~ 12 h-microsomes, one peak was observed and identified as 

hexanal. From the acetone fractions of 24 h-organelles" no 

aldehydes were detected. 

Changea in hepatic enzyme activity 

Hepatic enzyme activities were measured in rats a£ter 

12-15 h of the administration with 350-500 mg each of SP. 

Mainly 13 kinds of enzymes indicated remarkable changes in 

the activity (Table VI~5) . The activities of two cytosolic 

enzymes w~re, stimulated. Glutathione peroxidase increased 

by 280% and catalase increa~~d by 44%. The other 

detoxificases, superoxide dismlitase and aldehyde 

dehydrogenase decreased by 40 and 22%. Glycolysis and 

pentose phosphate cycle enzymes also decreased by about 20%. 

The enzyme activities of mitochondrial tricarboxylic acid 

cycle, isocitrate dehydrogenase was activated and succinate 

dehydrogenase' was in-a'cti viited. Mitochoridrial ,aldehyde 

dehydrogenase,was markedly inactivated. Both lipolysis and 
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Table VI-5 

Changes in Activity of Hepatic Enzyme 

Enzyme Changes in activity (%)* 

Cytosolic 

Glbtathione pero~ida~~ ~80 

Catalase 144 

Superoxide dismutase 60 

Aldehyde dehydrogenase (NADP-depen<;lent) 78 

Phosphofructokinase 72 

Hexokinase 75 

Glucose-6-phosphatedehydrogenase 85 

Mitochondrial 

Isocitrate dehyd~ogenase135 

Succinate de~ydrogenase 62 

Cytochrome C oxidase 136 

Aldehyde dehydrogenase (NAD-dependent) 55 

Carnitine palmitoy~ CoA transferase 138 
Microsomal 

Acetyl CoA carboxylase 165 

*Change % to the activity (100%) of LA-administered rats 

(n=8) when a 0.005 probability level was chosen. 

lipogenesis enzymes were. remarkably _stimulated. 

The activity of mitochondrial carnitine palmitoyl CoA 

tran·sferase increased by 38% and microsomal acetyl CoA 

carboxylase increased by 65%. Thus, while aldehyde 

dehydrogenases suffered injury by -the intake 'of aldehyde-rich 

SP, th~ lipi~ metabolism enzymes were stlmuiated. 
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Incorporation of radioactivity into lipids 

SP was administered to rats and the distribution of 

.. 

radioactivity was observed ,in the mitochondrial and 

micro~omal lipids after 12h (Table VI-6). Fifty percents 

in the radioactivity were incorporated into neutral lipids 

both of mitochondria and microsomes. The radioactivity in 

the acetone fraction seemed to be attributed to SP. Twenty 

Table VI-6 

Distribution of Radioactivity in Hepa~ic 

Mitochondria and Microsomal Lipids of SP'-Administered Rats 

Distribution (%) 

In Mitochondria Microsomes 

Triglycerides 37 41 

Free FA 22 18 

Steroid esters 6 7 

Di and Monoglycerides 7 5 

SP and Galactolipids 10 17 

Phospholipids 9 23 

percents of the activity were present in the microsomal 

phospholipids. 

Time ~ourses of the changes in radioactivity containing 

in these organelle lipids were observed (Fig. VI-2). The 

incorporation of radioactivity into mitochondrial and 

microsomal lipids increased suddenly after 12 h of the 
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After 3,7, 12 and 24 H 

PL 

Fig. VI-2. Changes in Incorporated Radioactivity into Hepatic 
. , . . 

Mitochondrial and Microsomal Lipids iIi SP-Administered Rats. The 

total lipids were obtained by the chloroformextrac,tion from 

hepatic mitochondria (0 land microsomes ( .) and applied on 

silica gel column chromatography. The' chloroform, acetone' and 

methanol eluates from the column were referred to fractions of . ... . ~ . , 

neutral lipids (NL), SF and phospholipids (PL), respectively. The 

incorporation of radioactivity into these' fractions ,were. 'expressed 

as percentages occupied in the total lipids. 

administration. The 'radioactivity in acetone eluate 

containing SP decreased, from 20% (after 3h of the 

administration) to 5% (after 24 h).' The iri6o~poratio~ of 

radioactivity into neutral lipids indicated a high ratio in 

mitoc~ondria after 3 h and the ratio wa~ consta~t, while the 

incorporation ratio in microsomes decreased with time. The 

incorporation ratio into phospholipids was low in 

mitochondria and remarkably increased with time in 
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microsomes. Thus, it was considered that SP was detoxified 

and metabolized to lipids in the hep~tic organelles~ 

VI-4 DISCOSSION 

The autoxidation products of LA were separated into two 

parts, LAHPO- and s~, and were administered intragastrically 

to rats. LAHPO was readily reduced or decomposed in the 

animal gastrointestinal tract. The reduced or decomposed 

products were rapidly metabolized to lipids (Table VI-I). 

- -

On the con~ra~y,- SP, whose form was partly unchanged, seemed 

to be incorpor~f~d into blood (Fig.VI-l). 

Then, _an attempt to detect hexanal and 9-0NA which were 

the major components of SP (Chapter III) was made in liver. 

SP-containing fraction could be chromatographycally separated-

from lipids of the hepatic mitochondria and microsomes (Table 

VI-2) • Specific activities. of T~ARS in the SP~containing 

fractions. well agreed with that of SP per se (Tilble VI-3)._ 

Then, the SP-containing fraction wa~ analyzed with GC-MS. 

Trace amount of hexanal or 9-0NA was identified (Table VI-4). 

Peroxides such as LAHPO were present in living cells 

[188, 189]. LAHPO is decomposed and the main products were 

hexanal [24] and 9-0NA [42]. However, almost all of the_ 

peroxides was removed from the SP-cont~ining fractions by 
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silica gel column chromatography of Table VI-2~ Further-

more, BHT was added as antioxidant to these analytical 

systems. Therefore, hexanal and 9-0NA detected in Table VI-

4 were originated from SP administered orally and never be 

artifacts during these manipulations. Draper and co-workers 

also indicated the incorporation of MA into cells [190-192]. 

Thus, the low molecular-weight aldehydes in SP were incorpo­

rated into rat live~. 

The incorporated aldehydes stimulated the activities of 

lipogenic and lipolytic enzymes (Table VI-5) . The stimula-

tion of these enzymes were always observed by the administra-

tions of autoxidized oils [193-197]. The stimulation is 

considered to be due to repair the biomembrane. The radio-

activity of SP was incorporated into microsomal phospholipids 

(Fig. VI-2). Therefore, the rad~oactive substances of 

incorporated SP may be utilized for the membrane repair. 

The incorporation of radioactivity into liver reached a 

maximum after 12-24 h (Chapter V) . Hexanal and 9-0NA were 

detected in 12 h-mitochondria and -microsomes, but not 24 h-

organelles. The radioactivity was dispersed in lipids after 

14 h of SP administration (Table VI-6). The radioactivity 

of the acetone fraction decreased with time proceedings (Fig. 

VI-2) and the aldehyde dehydrogenases were remarkably 

inactivated (Table VI-5). Therefore, aldehydes such as 
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hexanal and 9-DN"A SE!emed to be detoxified" and metabolized in 

the hepatic organelles. 

It was cqncltidedih~t the o~arly admihi~tered SP was 

detoxifiedinhepatid organellei and theh gave a damage to 

biomembranes ." The membrane"s were repaired and stibsequently, 

lipog~nic and ~~polytic enzymes wer~ stimulated. Further-

more, these toxic components to the biomembrane should be 

investigated [198, 199]. One of the toxicants might be 9-

DNA as reporte~ by author gtoup [200]. 



VII SUMMARY 

Oral toxicity of the autpxidation products of linoleic 

acid (LA) to rats was investigated. LA reacted easily with 

one mole of atmospheric oxygen and formed linoleic acid 

hydroperoxide (LAHPO). LAHPO further reacted with oxygen 

and polymerized or decomposed .. The reaction of LAHPO with 

oxygen followed the first-order with respect to both LAHPO 

and oxygen and was a bimolecular reaction. The various 

kinds of compounds produced by the latter reaction are 

generally termed secondary autoxidation products (SP). SP 

was a complex mixture and aldehyde-rich. SP consisted of 

38 •. 2 % po lymer s, 26.5 % epoxyperox ides or endoperoxides, 6.2% 

short chain (C 6 -C IO ) carboxylic acids, 5.0% 9-oxononanoic 

acid (9-0NA), 3.8% hexanal, 2.6% nonanedioic acid, 0.9%8-

oxooctanoic ~cid, 0.3% l~-oxododecadienoic acid and so forth. 

These autoxidation products were reactive to proteins. 

Lysozyme was inactivated and its basic amino acid r~sidues 

were damaged by these .proq.ucts in the order of SP > L.l>..HPO >. 

LA. The damage seemed to be caused by Schiff .base formation 

of b.~sic amino ac~ds with aldehydes. Casein easily 

incorporated these ~utoxidation PFoducts in the. above order 

and. its conformation was changed. These autoxidation 

products wa~eorally administered. to rats. SP .was most 
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toxic to the rat growth. A triple dose of SP killed the· 

animals. It seemed that death resulted when the aldehydes 

dama~ed the protein of gas~rointestinal mucosa. 

However,a single dose of lob mg each of the autoxidation 

products had no effect on the ra·t growth. Then, this amount 

each of [U_ 14C]LAHPO ~nd SP were administered intragastrical-

1y and their incor~oration into body was radiochemically 

compared with that of LA. Almost all of the radioactive 

substances of LAHPO was inco~porated and excreted through 

urine and respiration as well as in the case of LA. LAHPO, 

however, seemed to be easily reduced or decomposed ~n the 

animal gastrointestinal tract. On the contrary, half of the 

radioactive substances of SP waS incorporated, of which 1/2 

was excreted through urine arid 1/4 through CO 2, After 12-24 

h, 2.6% of the administe~ed SP had accumulated in liver ~nd 

the major components of SP, hexanal and 9-0NA, were found in 

the he·patic organelles. It was conclud~d that the low 

molecular-weight components of SP, whose forms were partly 

unchanged, w~re absorbed into blood and fUrther inco~porated 

int6hepatic mitochondria and microsomes . 

. E n z y m e ac t i v i t Y 0 f the mit 0 c h on d ria 1 a 1 de hyde 

dehydrogenase decreased wi ththe SP dose.". The incorpora';'; 

tionofradioactiv~tyof SF into the microsomal phospholipids 

was observed. Thus, the aldehydes composed in SP seemed to 
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be incorporated, detoxified in the hepatic mitochondria and 

'metabolized to lipids in the microsom~s. 

The SP dose impaired hepatic functions. . The amount of 

thiobarbituric acid reactive substances. remained high even 

after the disappearance of the radioactivity. .An elevation 

of serum transamin~s.e activities also continued. A 

hypertrophy of liver (loS-fold) was observed after 72 h but 

recovery occurred after 96 h. Furthermo~e, the activiiies 

of carnitine palrnitoyl CoA transferas~ and ac:ety~ CoA 

carboxylase. were noticeablystimulat~d. Therefore, itwa.s 

concluded :that although the orally administered SP damaged 

biome~brane of the hepatic organelles, the biomembrane was 

repaired. 

On the basis of these data, the fate of orally. 

administered SP ilf rat liver is summarized as follo~s: 1. SP 

was more reactive to proteins than LAHPO. 2. The low 

molecular-weight aldehydes in. SP accumulated, in the hepa,t,ic 

organelles after 12-24 h. 3. The liver unqerwent damage by 

these aldehydes after 24-48 hand the.damag.e was caused by 

impairment-of biom~mbrane. 4 . . The lipogenic enzymes were 

remarkably stimulated .to repair biomembrane. a_nd ·5 ... After 

96 h of the admin.istration, the hepatic. funct.ionc w.as 

recovered. 
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