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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 wvarious
oxidized products, generally termed SP. These autoxidation
products are a major cause of the dete;ioration of foodstuffs
and also damage biologically significant compounds such as
nucleic acid, amino acids and enzymes. ‘ Animals given oral
doses of these‘products suffer fromldiarrhea, anérexia,
growth suppression, hemorrhage and necrosis.r ,Althqughrthe
amounts of these autoxidation products may not always be high
due to recent improvements in food technology, it is a fact
that these toxicants occur in our daily food. On the cother
hand, lipid peroxides are also formed endogencusly by actiwve
oxygen species. The endogenous lipid peroxidation products
are not only associated closely with serious diseases [1-5]
but are also a major factor of senescence [6-8] in animals.
Then, from the standpoint of nutrition, the guestion whether
or not these 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.



In this study, LA labeled with 14C was used and the
autoxidation products were administered to growing male

Wistar rats and their absorption and metabolism are

discussed. '~ In Chapter II, the autoxidation mechanism of LA
is described. In Chapter III, the composition of the
autoxidation products of LA are analyzed. In Chapter 1V,

the:typiéal effects of théese autoxidation productS'on
prdfeins are described. Chapter V discusses the extent of
incdrpbration into body whenntheéé'autoxidatioﬁ'products wére
administered intragastrically to rats. 'Finally in Chapﬁér
VI, the detoxification and metabolism of SP to'lipids in rat

liver is described.



IXI PHYSICOCHEMICAIL. ASPECT IN AUTOXIDATION OF LINOLEIC ACID.

II-1 INTRODUCTION

The autoxidation mechanism of olefins has been wi@ely
investigated since 1940, Several groups [9-12] clarified
the formation of hydroperoxide as a first productﬂin the
autoxidation. Moreover, three kinds of processes were
proposed to be involved in the initiation of autoxidation:
(1) initiation by catalytic action of metal traces; {2)
initiation by singlet oxygen which is formed from photosensi-
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
react?ons and a radical chain reaction is immediately
triggered [15]. Initiaticon (1) was studied rather thorough-
ly [16-~19] prior to 1971. Photosensitized oxidation (2) has
recently been clarified mainly by two groups, Terao et al.
[20=-22] and Frankel.et al. [23-26]., Although atmqspheric
oxygen seems to play an important role . in both the initiation
of autoxidation and the trigger reaction of chain propaga-
tion, initiation (3) has not yet been identified.

In this Chapter, thé importance of atmospherxic oxygen at

the initiation is discussed. The initiation of LA autoxida-
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tion was suppressed by some kinds of salts [27] and the
decomposition of LAHPO by oxygen was kinetically measured

[28].
II-2 MATERIALS AND METHODS

LA. [1—14C]LA’and [U-14C]LA were supplied by New
England Nuclear, Boston, USA: Cold LA (95% < pure) was
purchased from Tokyo Kasel Kogyo Co. Ltd. [1—14CILA and {uU-
14c)1LA were @iluted with cold LA to 583 kBg/mmol and 51.4

kBg/mmol (1 kilc Becqgierel=27 nano Curie), reSpectively;-

Preparation of LAHPO. LA was dutoxidized at 37°C for 7
days in the dark under air. -~ The autoxidized LA was diluted
3-fold with 2% methanolic benzene. The diluted sclution was
applied on'a silica gel (Wakogeél C-100) column (2.5x100 cm,
the immobile phase was 20% methanolic benzene) [29, 30].
The elution-was'carried'ouﬁ'at'a'rate‘of 50°-ml/h, firstly
with 1100 ml of 2% methanolic benzene, then with 600 ml of
diethyl ether, and finally with 600 ml 6f methanol. = The
eluate -was separatéd -into 230 tubes (10 ml each) with a
fraction c¢ollector. ‘An aliquot of each fraction was
subjected to TLC (Merck Kieselgel PF,;, containing CaSO,:

0.25%x100x100- mm) for identification -of the components. =~ TLC
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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 LAHPO fraction was further
purified by prepared TLC (1x200x200 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 eéhanol solvent in the extract was evaporated and
changed to hexane. The soclution was centrifuged to

completely remove the silica gel.

Characterization of autoxidation products. LAHPO was
characterized by the PV methed [31], UV_spectrobhotometry
[32] and carboxyl titration with tetra-n~butylammonium.
hydroxide [33]. The purity cf LAHPO was estimated to be
more than 97%. The SP fraction was obtained from the
diethyl ether eluate of the above silica gel column and was
characterized by carbonyl analyses [34, 35]. The SP

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

PoZaragz?aphic analysis of oxygen absorption. Twenty
milliliters of oxygen-saturated water containing FeSO_4

(2x10'6-M)_was put into a beaker and stirred continuously

-5-



with a magnetic &tirrer under air [36]. The reaction
mixture was covered over with'liquia paraffin to prevent the
mixture from being exposed to atmospheric oxygen before the
insertion“of a polarographic electrbde‘(Beckman'oxygen
analyzer Model 39550). The beaker was placed in a water
bath at 37°C and the electrode was stabilized. Then, 0.5
ml of LAHPO or SP methanol solution was injected into the
water layer. -The oxygen absorption was recorded with
polarography (Yanaco Model P8). The oxygen—saéurated water
was. preparéd by bubbling air through water for 3 h and

oxygen-free water was obtained by adding sodium sulfite.

Measurement of oxygen congumption with a respirometer. A
Gilson differential respirometer Model GRP 14 and Warburg
Manometer (Taiyo Kagakukogyc Co.) were used. In the Gilson
Model, the main chamber contained 1.5 ml of sample emulsion
and the side charniber contained 0.5 ml of reactant such as
FeSO4“solutibn. In the Warbﬁig Manometer, the main chamber
contained 0.9 ml of the reaction mixture (25 mM of LA or
LAHPO, 0.1 M o6f buffer, 5% Tween 40 and various concentra-
tions of salts) and the side chamber contained 0.1 ml of 0.1
mM“FeSO4'or”O;S;mM‘ethylehéudiaminetetraaéetaté; unless
Qtﬁefwise-stated: After stabilization, the reactant was

nixed with the sample emulsion and oxygen consumption was'



read [37]. The reaction temperature was kept at 37°C and

the chamber was continuously shaken.

Detection of autozidation producte on TLC. . The reaction
mixtures of LA and 1 M:0f KX (total volume of 200 ml) were.
incubated and continuously shaken at 37°¢ for 7 days. The-
reaction products were extracted several .times -with
chlorcform-methanol=1:1. The extracts were condensed and
further purified several times on TLC -as described above.
The isolated LA and LAHPO were characterized by the weighing
method and UV spectrometry, respéctively. . The spots of -
LAHPO and SP were detected by spraying 5% phenylhydrazine in
0.1 N HC1l methanol solution [38]. With the phenylhydrazine
reagent, an orange-red color was developed by LAHPO, and a

vellow-red coloxr was developed by SP.

Measurement of fluoregcence. . Absolute 'methanol was
prepared using sodium metal and distillation. - Twenty five.
millimoles of LA or MtLA was mixed with 250 mM of KIvor 1 mM°
of I, in the absolute methanol solution. The solutions were
excited with 315 nm wavelength and the fluorescence. ' spectra
were observed with a Hitachi Fluorescerice Spectrophotometer

203 {mercury lamp) at near 410 nm.



rEadioassayu The radicactivity was measured with a
liguid scintillation spectrometer, Packard Model. 2002 and
Model 2425. The efficiency cf each vial was calculated with
a guenching caiibration curve using an’ external standard, and
then the radiocactivity was expressed as Bg.  An agueous
cocktail (consisting of 4 g cf PPO, 0.1 g.of POPOP and. 75 g
0f naphthalene in 1 1liter of téluene:dioxane:ethyl
cellosolve=1l:1:1 solution) and nonagueous cocktail (6 g of .
PPO and 0.5 g of POPOP in 1 liter of toluene) were used.
The radicactive substances adsorbed on TLC were mixed with
Packard thixotropic gel powdexr (CAB-0-SIL) before the-

radioassay.

‘Procedure for removal of oxygen with 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 témperéture and argon was introduced.

These procedures were repeated several times..
II-3 RESULTS

Oxygen absorption by LA, LAHPO and SP

LA, LAHPO and SP were emulsified into oxygen-saturated
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water and ferrous sulfate was added as a catalyzer. LAHPO
and SP consumed dissolved oxygen in the same manner LA (Fig.

IT-1). LAHPO, however, was more reactive ﬁqroxygen than_LA-

100
80
60

10

Dissolved oxygen (%)

‘20

Time (min)

Fig. II-1. Dissolved Ooxygen CdnsumptiEn 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 LA and LAHPO was
suppressed-by thé addition of-radical scavénggrs‘suéﬁ as uric
acid [39] and BHA (Fig. II-2).

Total amounts of oxygen consumption by LA and LAHPO were
measured with a respirometer (Table II-1l). - LA absorbed 2.36
moleg of oxygen.  LAHPO stoichiometrically absorbed 1 mole

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



(Al o a)

Dissolved oxygen (%) .

Time (min)

Fig. II-2, Effects of Antioxidants on the Oxygen Absorption of LA
(a) and LAHPO (B). The reaction mixtures contalned 0.5 mM of urlc
acid (. — . ), 0.05 mM of BHA (-{---), or nothing (— S

Table II-1

Total Oxygen Consumption:of LA and LAHPO

o addition- *for time* " Consumed ‘O

Sample of FeSO, {h) (pmol[pmol)

LA 20 mM 17 - -2.36

LAHPO ~  20-0:5 mM - S18~23 0 - 112540.07%%* .
" LAHPO® . 0 . <« . 34 1,02

*The tlme it took for the reactlon to reach the end.
: **Mean+SE and n=4. R T :

-10=



LAHPO was decomposed to SP when the oxygen <absorption.  of
LAHPO increased from 0.25 (mole/mole) to 1.0 (Fig. II-3).

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

species increased on TLC. The weights per 51.3 kxBg 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 was

‘Table II-2

Selvent front
' Weights of Autoxidation

(:> - Products of [U—ldclLA
0000
20 Q0 O T . mg/51.3 kBg*
S ONONY]
OQoo LA** 2B4+12%%*
H AT
H Q © LAHPO**  319+20

q

o g g

1.0 0.75 0.50 0.25 LANPO ‘ sp 370+17
0, consumed/LAHPO

le/mol ' .
(mole/mole) . *Because the specific activity

Fig.II-3. Decomposition of LARPO of LA was 51.3 kBg/mmol.

with Oxygen Absorption. . LAHPO . **The purity of LA and LAHPO
was incubated in the . respirome-~ were 99 and 98%, respectively.
ter. The reaction produéts were. ***Mean+SE (n=5}.

extracted and applied to TLC.

319 - 280 = 39. Thus, LAiabsorbed 1.2 moles of oxygen
(39— 32) and formed LAHPO. SP was produced by the reaction

of LA with 2.8 moles of oxygen.

-1;1._



Antiozidative effects of salts

Antioxidative effects of KCl, NaCl and Na,80, on the
oxygeh' absorption of LA were observed at pH 470 and 7.0 in
theé presence of FeS0, (Table II-3). The rate of  oxygen
absorption by LA was faster at pH 4.0 than at pH 7.0.
Twenty five micromoles of LA finally took up 1300 pl . of
oxygen. KCl (at 1 M) was more anﬁioxidative than NaCl -
or Na,S0,, “while the ionic strength of Na,50, was twice that
of KCl.  Moreover, K' was more effective thénlNa+ on the
autoxidation of LA. The antioxidative effect of KCl1 was
further observed in the micellar condition of LA (Tablg IT-

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

Table II-3
Effects of KCl, NaCl and Na,SO, on the Autoxidation of LA

Incubation mixtures were composed of 25 pmoles of 1A, 0.1'M
of HCOOH-NaOH (pH 4.0) or KH2PO4 Na,HPO, (pH 7.0) buffer, 0.1
mM of FeSO4, and various concentratlons of salts. ‘

Oxygen absorption (pl) for 40 h

Salt at (M) 0 0.01 0.1 | 2.5
KCl 1175 968 376 343 441

at pH 4 NacCl 1082 948 491 415 498
S Na2804 1072 1078 1097 644 C -

KC1 445 288 234 101 194

at pH 7 Nacl 441 754 431 124 191
Na,50, 410 378 388 136 -

..'.12._.



Table II-4
Effect of KC1l on the Oxygen Absorption of La

in Hicellar_and Non-micellar Systems

The incubation mixtures consisted of 25
jmoles of LA or EtLA, 0.1 M of buffer (pH 7.0),
0.1 mM of FeSO,, with 5% of Tween 40 or without,
and KCl.

Oxygen absorption (pl) after 40 h-

KC1 (M)
Sample Tween : 0 0.1 1
LA without 601 511 397 -
LA with 445 236 102
“EtLA with 7 115 21 22

40 [40]. The autoxidation rate of LA in the system without
Tween 40 (micé}la;) was faster than that in the system with
Tween 40 (non-micellar). The antioxidative effect of KC1
was clearly evident.in the non-micellar system. lThe effect
of KCl oh-the autoxidatiqn of EtLA was also antioxidative and
thus had no correlation with the micelle qf LA.. Fig. Ileé
shows the effects of salts on ;he oxygen absorption of LA in
the. absencer of a catalyzer. Na2504,j KI and . KOCN weré
antioxidative, and KF, KBr and Na28203'were _PrCéXidatiVEf
KCl also had an antioxidative effect at 1 M on the oxygen

absorption of LAHPC (Fig. II-5). The salts (atvl M) also

-1 3=
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Fig. II-4.

incubation mixtures consisted of 25 mM of 1A,

mM of

salts: — Q- , KF; w—A—,

nothing; in B. -

4001~

w
[=]
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Fig. II-5.
the Oxygen Absorption of LAHPO.

The oxygen consumption by 20
umoles’ of LAHPO was measured
with  the. respirometer in
solution of: — @— , 2.5 M;
—0— , 1-M; —A— , 0.1 M;
—O— 4 0.025 M and —_——,
OM of KC1.  The incubation
mixture - was the ‘same as

Table II-3.

ethylenediamine- tetraacetate,
‘ KBr; — @ — ,
—¥— , nothing;.in A; and — O—, KNO3; —A— 0.2 M of”
—O0— ; KSCN; —@®—.., KCN; —A— , KOCN; —H-— ,Na2$203;

Effects of KCl on:

O
S0 100 150

Effects of Salts on the Oxygen Absorption of LA. The -

0.1 M of buffer, 0.5
5% of Tween 40 and 1 M of
KI; — A— , Na,SO,;

KC10,;
—_— X

500L A
L "

400

[]

o

=4
T

s f
E 600
=

400

200

T . . 40
Time (hr)
Fig. II-6. Effects of Salts

on the Oxygen Absorption of
LAHPO. The incubation
mixtures contained 29 umoles of

LAHPO and the other
were the same as Pig. II-4.

-

components
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~exhibited antioxidative effects on LAHPO oxidation (Fig. TII-
6). These -effects of KX followed the increasing order KF <

nothing < KCl < KI. Thus, KI was most antioxidative.

Amount of oxygen consumed by LA in salt solution
Total amounts of the oxygen consumed by LA and LAHPC were

determined in the KX solution containing an excess of- Fésoé

Table II-5
Total Amounts of Oxygen Consumed by LA and LAHPO
in KX solution

LA was incubated with the respirometeér in KX solutions contain=
ing 5 mM of FeS0, and LAHPO was incubated in 0.5 mM of FeSO,.
Hydroxyl derivatives (HD) of LAHPO were prepared by reduction with
KI. LAHPO (27 pmmoles) was boiled with 160 umoles of XI under
nitrogen gas for 10 min. The products were extracted, washed
several times with Na25203 and centrifuged.

Sample Total absorbed amount of oxygen (pl) Incubation

(pmoles) in KT KBr KCcl 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 . 558 514 870 .. 790 100 -
re-supply 119 582 - 545 870 800 125
27 of HD - - - , - 585 50

*The oxygen absorption was not detected.
**The oxygen absorption was determined by one more - addition ‘of
FeSO4.

"=15-



(Table II-5). Oxygen .absorption of samples was measured and
after one more supply of FeSO, the total oxygen consumption
was determined. = LA did not absorb oxygen_in KI. solution.
Although LAHPO finally consumea 800 pl of oxygen in a -salt-
free system, LAHPO consumed 119.pl of oxygen in KI solutien.
LAHEO _mijht be reduced by KI to hydroxyl derivatives and KI
might be converted to I, [41]. The hydroxyl derivatives, -
however} consumed 585 ml of oxygen. The total amount
consumed was (585 ul plus 1192 pl) close to the amount
consumed berAHPO;(SOQ mply. o The effect of I, was, then
examined. Fig. II-7 shows the prooxidative effect of I, (at

1725:mm) on the oxygen-absorption of LA.

. I oooge e Y L .
30f /D ’ ) l solvent [ront
200 - o CA/ A e . L

1000

I\EI‘SIII'IJC:J 0z (ul)

. 50 100
Time (hr)

Fig. II-7. The effect of I, Fig. II-B. TLC of the Autoxi-
on - the Oxygen Absorption of . dation Products of LA in KX~

LA. The incubation ‘mixtures Solutions. Nos. 1 to 5 were

consisted of the same compo- the extracts of autoxidatiocn

nents as in- Fig.- II-4 products of LA in KI, KBr, KCl,
except —0O—. ., - 25 mM; — A ; -- KF and- no salt -solutions,-
¢ mM; —O— P 1 mM and.  respectively. :

—=X*—, 0 mM, of - Iy

..—=1l6-



The reaction products of LA in the KX solution were
extracted and applied to TLC. " Three méjor spots (A),:'(B)
and (C) were observed (Fig. II—B)'and-ﬁheif'Rf values agreed
with those of aduthentic LA, LAHPO and SP species, respective-
ly. LA remained unchanged in KI solution. The spots of
LAHPO and SP species were enlarged in the order of‘KBr“('Kél
< KF solutions. ‘ Then, the spots (A) and (B) were- isoclated

and submitted to one more determination of oxygen consumption

(Table 1I-6). Spot (&)

consumed 1.7 amcles/mol of Table II-6

oxygen, 70% of +the final Amounts of Absorbed Oxygen

amount consumed by LA. Spot - -by Spots (A) and (B)

(B) absorbed 50% of the final Spots ' (&) and (B) were
isolated from TLC as shown in

amount consumed by LAHPO. Fig. II-8.  Total amounts of
absorbed oxygen were deter-

MtLA was incubated in XX mined in duplicate with the
respirometer. The system

solutions and the reaction containing 5 mM of FeSO4 was

incubated for 70 h.

products were extracted as in
. ) . Absorbed oxygen

the case of LA.  Spot (&) Sample (mol/mol)

was ‘i$olated on TLC and

analyzed with Gc—Mé (Shimazu spot (A) ' 1.72
LKB 9000) using SE-52 (3%) Authentic LA -~ 2.32
on- Chromosolve W under the spot (B) " 0.76
same analytical conditions as Authentic LAHPO 1.41

reported by Terao et al.

=17~



[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 autoxidation was reversibly

stabilized by KI but not irreversibly by the addition of I,

Complex formation of LA with salts

The possibility of a complex formation between LA and

halide ions was examined. When spot_(A)‘was.dissolﬁed in
methanol and excited,
fluorescent . light was

observed at 380 nm (Fig. II-
9). - . The fluorescent light

was also measured using pure

Fluorescence

LA and MELA.  An absolute

methanol mixture of LA with

. . ] 1
KI was excited at 315 nm and , 350 400 450
: ' Wavelength (nm)
fluorescence was observed at : ‘ ,
Fig. II-9. Fluorescence of

412 nm 30 sec earlier (Fig. Spot (A). Spot (A} (90 mg) on -
' TLC in Fig. II-8 was dis-
II-;O),‘ -~ The fluorescence solved in- 2 ml of absolute.
methanol and excited at 315 nm.
shifted to a long wavelength : ‘
(at 425 nm) after 5 min following the development of a yellow
color of KI. Fluorescence in thermixture'of LA with 12 was

also observed ;nd_the light peak (410 nm) was at a different

position from the peak of the mixture with KI. Fig. . II-11

-18=-
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Fluorescenice inlensity

Fluorescence

1 Il

. L ] 1
i0 20 30 40 50

Corcentrations of LA or MtLA (mn)

35 F T . .
- AWavelength (am) Fig. . II-11. Dependence of

Fluorescence Intensity on the

Fig. II-10. Fluorescence Concentrations of IA (o0—o) and
Spectra of LA with KI MtLA ( A—A )- The
————) or I, (——— Y. | fluorescenceL was observed at
LA was mixed with KI and 412 nm after 0.5 min of the

measured after 0.5 and 5 min. mixing.

shows that intensities of the fluorescence depended on the
concéntration cf LA or MtLA. Therefofe, the fluorescence of
the LA-KI mixture may be ascribeéed to the complex of LA and

iodide ion.

Kinetic analyses of oxzygen absoi'ption by LAHPO

Rate constants of oxygen ébsorbtion by‘LAHPO'wefé deter-
mined by both the polarbgraphic and respirometric me#hods and
expresséd'by the following formulas . The rate of reaction
can'-be expreséed as the decreasing rate of oxygen éohcéntf;;-
tion [02] at any time. " If the chosen substance is a
reactant, the rate v = -d[Oé]/dt.' This reaétiBnIinVOlﬁes'

-19-



two reactants, i.e., LAHPO and oxygden. Therefore, the rate
can be expressed in relation to the concentration of
reactants by the equation‘-d[OZ]/dt = k[LAHPO}mlozln, where k
is the rate constant and m and n are orders of ;He reacﬁion.
The reaction is determined to be the mth order with respect
to LAHPO,VZand the nth order with respect to oxyggn. If one
reactant is in excess of the other, the rate equation can be
expressed in simply. For peolarographic determinétién; 4.5
pmoles ;Qf: éxyéén ‘wg?e dissolved in the reaction mixture.
When'LAHPO is in large excess of oxygen;. such as in the case
of Fig. Ii;iz (a), the other reaétant [02]‘will.'digépé;af
with time. The decrease rof [02] is eéual ‘to ([02]0‘ -
[0,10). Then the rate equation of the differential form is
-d[0,1/dt = k' ([0;1g = [0,14)", where [0,]5 is the concentra-
tign of_disso;yed‘oxygen in the ;nitiallstage, and [QZ]t is
the concentration in time t. Here, when this equation
integrates with n=1 '(first order), . the integration
coefficient is denoted by the initial concentration oﬁ oxygen
at _time t = 0, that_is,_ ln{[OZ]O/([bzlo - [Ozlt)) = .k't.
The applicability of this equation can be tested by the
detgrmination of  k'tLat various time intervals. Plots of

[Qzlt) versus time should give a - straight

logl0;19/ (10,1,
line. Fig. I;~12 (A} shows the k'. Thus, the absorption

of oxygen by LAHPO fpllowed,the first-order reaction with

-20=
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Fig. Ir-12. The Kinetic Curves of Oxygen Absorption by LAHPO from
Polarographic Determination. When LAHPO (lOOIAPmoles) was in

excess of dissolved oxygen (4.5 umoles) (A); —o0——, the rate

constant was 0.469 min_l. When LAHPO and dissolved oxygen were in

an equimolar pfoportion system (4.5 pmoles each) .(B) ;—x—— the
1 . .

constant was 0.00838 min™ .
respect to oxygen.

If 1 mole of oxygen is consumed by 1l mole of LAHPO,  the
decrease of dissolved oxygen egquals the decrease of LAHPO.-
When these ‘rgactahts are set in,equimolar proportion,.rthe-
reacfion follows the sécond-order. The applicability - of

this equation was tested and Fig. 1II-12 (B) shows - the
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straight line of k when [0,145/10,145([0,]14 - [0,1,) versus
time was plotted.

Moreover, the ‘kinetiec orders were observed with a
respirometexr, in a systéh coentaining an,excésé of oxygen.
The equation was calculated with m = 1 following the same
method useé for polarographic determination. The plots of
109[0210/([02]0 - [0,1;) should give a s#raight line. The’
constant k was determined with various concentrations of the

catalyzer. Fig. IXI-13 shows that the reaction followed the

1.0+ /
- . - 4
of M08 f /
— o
~N| o
o |~ L /
— 1
o
:é'os- X
m - /
©
b X
S 04} //
Xl
- Re)
o .
0.2
JaY
fa) [m]
| — 1 [ A1 1 L 1 1
10 20 30 40 50 60
Time {min) ’

Fig. II-13. The Kinetic Curves of Oxygen Absorption from LAHPO in
thg-Respirometric'Determination. -The concentration of LAHPO. was
10.7 pmoles and the gas phase volume of the respirometric chambers
was 25 ml.,  'The concentration of'FeSO4 which was added to the
reaction mixture was varied as follows: 40 mM {(the rate
constant was 0.0295 min™1); —o—, 10 mM (0.0153); —— A~ ", 1 mM
£{0.00390); — O , 0'mM (0.000991). o '

>.<
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first-order with respect to LAHPO.

The half-life method was used when the catalyzer was kept
constaht and the question whéthér or not other steps were
involved in the absorption reaction was clarified (Fig. II=-
14). The' half-life is the time taken for one-half of the
original «concentration of a substance (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), the rate

constants- - remained unchanged, 0.0246+0.0014 {mean+SE) .
1.0l
. b4
=]
_w 0.8F
et X
s '6 .
S| 0.5
2

1 1 I . -
10 20 30 40-

Time {min)

Fig. II-14. Determination of Rate Coefficient with' Half-life
Method. In . the respirometer, the concentration ‘of FéSO4 was
constant (0.35 mM) and LAHPO concentration was changed as follows:
NN SE— 10.7 mmoles (the rate coefficient iwas 0,0287 min_l);
——0—, 8.6 pmoles (0.0225); ——QO—— 6.4 )jmoles (0.0232); -

, 4.3 pmoles (0.0240). : o =
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Thus, the reaction of -LAHPO_with oxygen seemed to ”bé - an

elementary equation.

Reactivity of .ozygen to LAHPO

_[1—;4C}LAHPQ .was incubated for 1 h in a Thumberg tube in

the - absence of oxygen

Solvent front

Fig. II-15. Incubation of [1-
C]JLAHPO in the 2aAbsence of

Oxygen. LAHPC was incubated
in a Thumberg tube for 1 h and
cooled by 1liguid nitrogen.
Ether (2 ml) was injected into
the tube wunder argon.. _The
tube was. shaken after  ex-
changing air with argon. The

ether extracts were guantita-
tively applied. to. TLC - under
argon. Chrematogram Nos. 1,
authentic LAHPO; f 2, _the
incubated LAHPO (6.5 ymoles) at
37°¢C for 1 h under air; 3, -4
and 5, . the  incubated LAHPO
(6.5, 13.0 and 15.2 pumoles)
without oxygen.

under the same conditions as. in _ the

Table II~7
14
Recovery % of [1-~"C]LAHPO
Incubation

after

under Oxygen—-free System

~ incubation recovery %
under time (h) of LAHPO?
'Oz—free . 0 96.4b
' b
0, -1 22.9
O,-free .1 83.1_-!_-4.3C

a, Radiocactive 6.5~15.2‘pm01es

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., IT-14. LAHPO remained unchanged on TLC (Fig.
TI-15). The recovery % of LAHPO was determined radio--
chemically (Table II-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 and heat: ‘Therefore, it
was concluded that oxygen played an important ..xole in the

decomposition of LAHPO.
II-4 DISCUSSION

Recently, the. autoxidation mechanism of FA has received
nuch attention [44-48]. However, not much has been reported
on the initiation step.. There has been discussion on
whether the authidation of polyunsaturated FA is initiated
by an abstraction of hydrogen atom from active methylene [49]
or not [50].: The data in this Chaéter shoﬁ that oxygen
triggered both the autoxidation of LA and decomposition of
LAHPO. LA was changed to LAHPO by . 1 mole of oxygen and -
LAHPO was decomposed to SP bj‘more than 1 mole of oxygen
(Fig. IT-1~3; Table II-1 and 2).

The former reaction was suppressed by some‘kinds of
salts.. The. effects of the salts were not correlated with
their ionic strength (Table II-3).. The effects were

stronger in a micellar form of FA than under the permissible
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condition of a detergent (Table I1-4). The antioxidative
effects of KX were in the increasing order F~ < Br < €17 <
I° (Fig. II-4-6) and were not caused by the addition of
halide ions té_double bonds (Table II-5, Fig.‘II—7 and 8).-
This order paralleled the increase of ion padiuses of these
ions. It is well known that a large ion such as iodine is a
ﬂ}eléctron receptor [51, 52]. The complex between KI dnd LA
was detected by'fluorescence (Fig. II-10 and 11). Campbell
et al. [53] also suggested that the initiation of auto-=
xidation of LA involves a process such as the formation of a
complek"between LA and atmospheric oxygen. It was concluded
that the salts formed a reversible complex with ‘LA and
contributed antioxidatively (Table II-6 and Fig. II-9).

:The latter reaction was: kinetically observed in: the
steady state. LAHPO was more sensitive to oxygen than LA
and SP.- This reaction followed the‘first—order (Pig. "'II-12
- and 13). . Stoichiometrical;y; 1 mole of LAHPO reacted with 1°
mple'of oxyéen (fable II-i and 2). . This reaction was a
bimolecular one between LAHPO aﬁd.OXYgen,‘and did not include
complek stéps such as hydrogen abstraction (Fig. II-14}. .
LAHPO was not polymerized nor decomposed under the oxygen-
free.conqition (Fig. II-15 and Table 7). _Gardner et al.
[54] aiso reporteé that LAHPO did not generate any radicals

under nitrogen atmosphere.  Therefore, it was concluded that



the oxidative decomposition of LAHPO was initiated by the
direct attack of oxygen.

On the basis of these results, the role of oxygen in the
autoxidation process of LA - is'schematically illustrated in
Fig. II-16. Polymers (1) are always procduced in a termina-
tion reaction [55~57]. HOOLEO" (2) is a dihydroperoxidé and
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
[LA_OZ]complex
' Polymersl
\f
02 LAHPO
(HOOLOO )

reaction 1ntermedlate

7\

endoperoxldes epoxldes decomp051tlon polymers
products

Fig. II-16. Proposal of the Autoxidation Mechanism of LA.

-27-



Matsushita [58], and Coxon et al. [59]. - Endoperoxides (3)

are easily formed by cyclization of one peroxyl group of: .

dihydroperoxideiand has been identified [60-64]. Epoxides
(4) are also fofmea by cyclization [65-67]. Dihydroperoxide
may be-unstable -and is easily decomposed (5) to .various.
prqducts-[68—70L_: These-decqmposed,prqducts are described

in the next Chapter.
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I11 ANALYTICAL OBSERVATION OF AUTOXIDATION FRODUCTS

IIT-1 INTRODUCTION

LA is autoxidized to LAHPO as a first prcﬁuct. LAHPO is
broken down under atmospheric oxygen and gives 8P, as
described in Chapter I1I, SP is a complex mixture of many
kinds of further oxidized products such as polymersg,
carboxylic acids {71], dicarboxylic acids [72], epoxides [73,
74], endoperoxides, aldehyde compoundes [75, 76], peroxy
-alkenals [77]1, Ma [78], and so forth. The toxic effeocts of
autoxidation products appear to be due to a sum of these
variows compounds [79]. 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 L&
uniformly labeled with 140, on the asgumption that the amount

of ¢ in the system does not change throughout the autoxida=

tion of LA. Furthermore, an attempt was made 15 obtain
information on TBARS contained in the autoxidation products

[80].

ITI-2 HMATERIALE ARHD HMETHCDS
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Autoxidation of rv-14cjra. Radioactive. LA was diluted
to the specific activity of 51.4 kBg/mmol and autoxidized at
37°C in the dark under three conditions referred to as
"Closed," "Open" and "Rotating.” Under  the "Closed"
condition 25 g of LA was placed in a small petri dish (g 75
mm) and kept covered. Under the "Open" condition, 5 g of LA
was placed in a large petri dish (¢'lé0‘mm77without a cover
and- stirred twice a day. Under the "Rotating” condition, 5
g of LA was put in a 200 ml volume egg-shaped flask, which
was*continubusly'rotated.tO'keep LA in thin film c¢ondition

under air.

- . Analyses of .autozxidation products.  Yield % of the
autoxidation products was measured by‘radioassay as described
in Chapter II. The. ¢concentration levels o6f =COOH, =-0O0H and
—-CHO groups in the autoxidation products were determined by
titration with tetra-n-butylammonium hydroxide [33], PV [31]

and. carbonyl analyses. [34, 35], respectively.

- :TBA test. . TBA test was carried out following one of the
methods prbposed by Matsushita [81]. The reaction mixture
was composed of a certain volume of sample methanol solution,
2

2 ml of 0.5% TBA reagent, 0.1 ml:of BHT (2.5x10°“ M in

ethanol) and 3 ml of 50% acetic acid. This reaction mixture
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was saturated with nitrogen and heated for 15 min 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 LHE-20 gel filtration.  Sephadex LH-20 was
preswollen in ethanol and packed into a 2.5x78 cm:column.
One milliliter of a sample ethanol sclution containing 380 mg
and 52.7 kBg of SP was applied on the column, and eluted with
ethanol at the rate of 30 ml/h. Fractions - (5 ml each) were, 

collected with a fraction c¢ollector.

Reduction of SP with FNaBH4.  Radioactive SP (821 mg) - -
ethanol solution was added to 50 ml of water at pH 9.5 and.
then 150 mg of NaBH, was added to the solution [82]. This -
mixture was allowed to stand at 37°C for 23 h. . - The reduced

products were extracted 5 times with diethyl ether.

Methyl esterification. ~ SP was methylated in diethyl .
ether with diazomethane gas. The gas was generated from p- "
toluenesulfonyl-N-methyl-N-nitrosoamide in diethylene glycol .-

monoethyl ether with potassium hydroxide [83].:

GC-MS analysis. The methylated:SP was .applied to a
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HEitachi GC~MS, Model 6MG, with a 2 m column of Silicon Gum
SE-52 (3%) on Chromospolve W, 60-80 mesh, or a'l ﬁ coclumn of
Silicon. OV-1 (2%) on. gas chrom Q, 60-80 mesh. - The
analytical conditions were elevation of the temperature from
80°C to 250°C at 20°C/min; flow pressure of helium gas of 1
kg; ionic'VOItage of 20 eV; and a sample temperature of 100°C

and a chamber témperature of 200°C.

Quantitative GC analésis. Some components of SP were
quantitatively detérmined with a Shimazu GC, Model 6AM with a
Silicon Gum SE-52 column, using an FID detector. The .opera-
tional conditidns we?e an increase in temperature from B0°C
to 250°C at 5°C/min; a flow rate of 40 ml/min of nitrogen
gas; and injection and detection temperatures of 270°C. .
Compounds on .the chromatogram were. gquantified from their EW

values according to the method of A.0.A.C. [84].

Sephadex G-10 chromatography for detection of MA. an
attempt was made to detect MA in SP by the method of Kwon and
Olcott [85]. SP (290 mg and 40 kBqg) was added to 1 ml of
Tris buffer and stirred sufficiently, and centrifuged.  ‘This
extraction procedure was repeated 3 fimes, The extract,
which was the water-soluble part of SP, was applied on a

2.5x92 cm column: of Sephadex G-10. Elution .was. carried out
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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 50 ml/h. The void volume of the

column determined with blue dextran 2000 was. 165 ml.
IIT-3 RESULTS

Autoxidation of L;;l under three conditions

Autoxidation of LA was observed under three conditions
which varied the contact with atmospheric oxygen (Table III-
1). In the case of "Closed" autoxidation, the surface area

of LA was limited to the atmosphere. LA weight increased

Table III-1
Increasing Ratio of Weight of LA during the Autoxidation

LA was autoxidized under three conditions and the increasing
weights at intervals were each c¢ompared with the initial weights.
The SP fraction was obtained as illustrated in Fig. III-1 and the
specific activity of SP was compared with that of LA.

Period (days)
Autoxidation : ' . .- 8P fraction
0 4 7 o 14 21 28

Closed 1.00 1.02 .1.03 1.06 1.08 1.08 -
Open 1,00 1,08 1.11 1.15 1.17 1.19 1.27+0.01*%
Rotating 1.00 1.10 1.14 1.17 1.17 - 1.2940.02%%

*Mean value+SE (n—3) of SP after 21 days autoxldatlon;
**(n=5) of SP after 7 days autox1dat10n.
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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-fold around
21 days. Under the "Rotating" conditiqn, 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.,

liu-YociLa

Autoxidartion |
J

[ruroxtatzea [u-Tc)ra]

Silica gel column chromatography

Elute with 2x mcthn}nolic benzene ether ethanol
Tube number 2sl30 3¥ifo\_ 51186 a7i}10 111l17n 171-230
Parc of * LA-riech| LT |LAIPO-Tich| Ja part of
; {0 ™ ol -
. o - ! -y |pokymets |
T ’ ’ I i 1 |
L . e . ! e . , ‘ .
o . N . AL DRI S S S Ay S | N i
Fracction of [nonpolar . . LrAlgo L_")
: products and| - ’ o :
contaminants

Fig. III-1. Separation Procedure for Autoxidation Products of [O-
14C]LA, The autoxidized LA was separated into five fractions by -
silicé gel column chromatography as described in Chapter II. The
fraction of tube Nos. 25-30 corresponded to a mixture of nonpolar .
products [86]. Nos. 3%-50 and 51-86 belonged to the LA-rich-and

LAHPO-rich fractions, respectively. Nos. 87-110 corresponded to a ..
part of the polymeric products [87]. A mixture of Nos. 87-~110 and -
them_ether;_e;uagg_“[gsjﬁwas_ called SP. The . methanol . washing..
fraction was considered a mixture of PP. - Both the LA- and LAHPO-
rich fractions were purified bj 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 4in
Fig. TIII-1. A comparison was made of the composition of
autoxidation products - between "Rotating" after 7 days and
"Open" after 21 days (Table III-2). LA absorbéd 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-1,
the ratio of the increase in the SP weight after "Rotating"
for 7 days to the LA weight, 1.29+40.02-fold, 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.jU-14C]LA

. Products
Autoxidation*
Nonpolar LA LAHPO .. 8P . ... PP
products
Open** ‘ : +0. . 344.7°  15.4+3.2
for 21 days <0.01 22.4+3.5 7.§f0 8 54 3+4 +3.
Rotating*** <0.1  44.8+4.9 17.6+2.9 34.6+1.8  2.9+0.8

for 7 days

*The radioactivity of LA was 918 kBq.
**Mean+SE (n=3) .
***Meant+SE (n=5).
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yield . percent .of SP éhanged-with the amount of  absorbed

oxygen,  but the character did not.

Changes in function groups from the autoxidation process

The  autoxidized LA after "Rotating™ for 7 days was
analyzed. Table III-3 shows the concentrations of three
functional groups in the LA, LAHPO and SP fractions. The

purities of LA and LAHPO were 99% and 98%, 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 kBg of radio-
activity, because the purified LA from the

- autoxidation products had a specific activity of
51.3 kBg/mmol.

Functional - ‘Concentration (peq)* in
group - '
LA - LAHPO - - SP
-COOQH 1000+14 968+47 1082+30**
~00H : ND#*¥% % - 950+29 - 251453
"=CHOC- - - - - - 470425

 *Mean+SE with n=5. )

**pn  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 cocncentrations
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.fréctiéh 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 aﬁd tﬁe ~CHO group appeared. PP

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

Components in SP

Fig. III-2 shows that Sﬁ could‘be separated on Sephadex
LH-20 radiochemically into two parts at 260 ml of elution
vdlume (shown with ‘a vertical line» A).. The part of
molecular-weight highéer than that of LA occupied 62% of the
applied radioactivity and the part lower'oceupiedf38%,, The
pgrt of higher molecular-weight was further separated info
two parts at 230 ﬁl 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. Dihydroxystearate
derivatives were aetected by MS  from - their hydrogenated
silylated -méterials. Therefore, the latter part:  was
considered - to be a mixture "of epoxyhydroperoxides~ or

endoperoxides—riéh [25].
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Fig. III-2. Sephadex LH-20 Gel Filtration of SP. Two milliliters
each of the fractions were assayed for radiocactivity ¢ )} and
TBARS (===-—- ). Six authentic samples were eluted and detected by
UV absorption. The elution positions are indicated by arrows
numbered I; triclein (whose molecular weight was 885), II;
behenic acid (340), IIT; LAHPO (312), IV; LA (280), V; lauric acid
(200) and VI; hexanal (100). The elution pattern of the reduced
SP was expressed at half scale of 'radioactivity (—eme —) . o

SP was reduced and 3203mg (42.7 kBgq) of that was applied’
on  the gel, Radioactivity of the higher molecular weight -
part decreased to 57%. Unstable c¢omponents such-as-epoxides_
and endopefoxides might have decomposed.

The ldéwer molecular-weight part seemed to be a mixture of.
degdmposed productss:: . An attempt was then made to identify -

these components by GC~MS. SP was - modified - by . methyl
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esterification and 0.178 mg of that was subjected to GC using
two kinds of columns. The chromatogram with SE-=52 is.shown
in Fig. III-3 and is similar to the observation made with OV-
1. Ten major peaks on GC were numbéred and subjected to MS.
Mass fragmentations of peak Nes. 1, 5, 9 and 10 are seen in
Fig. III-4. Peak No. 1 was identified as hexanal, 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 (MT-CHO), 58 (CH,CH,CHOH") and 43 ’(CH3CH2C$12+); Peak

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

100( F

>
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FPig. III-3. Gas Chromatogram of Hethylated SP. The methxlated
SP was subjected to GC with a column of Silicon Gum SE—52. The .
major peaks were "numbered 1 to 10 in order of observatlon. ©  The

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

line.
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esters, (M' -CH,0) and (CH2CH2COOCH3+). - Peak Nos. 5 and 7
had major ions of m/z: 182 (M+), 125 (M+ fCHZGH2CH2CH31,and
98 (CH,=C=CHCOOCH;) or 109 (M* -CH,COOCH;). These compounds

appeared to be isomers of methyl decadienoate according to-

100
A
190
0 ¥ T
1001 L : 98 125 7 |
| B
z | II L]
a Y — . , ™ T
: 152
2 1007 C
£
o 143 185
>
1NnE Y
:g- 0 l'[ | _ “1_ . | . - —t
1001 152 D
' 123 _ R
157 : . 224
193
*317206
O T r
M/ Z
Figf IXI-4. Hass Spectra of Low Molecular—Welght Components of

SP.- Ten peaks on GC (Pig. III-3) were subjected to MS analy51s.
The MS fragmentatlons of peak Nos. 1 (Fig. ‘A){ 5 (B), 9 (C) and 10
(D) are illustrated. ' T
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the analysis of Matthews et al. [88].. Peak No. 6 gave major
. + + o + ‘ + .
ions of m/z: 172 (M7), 154 (M —H20), 144 (M -C0O}, 141 (M~ =
CH,0) and 128 (M’ -CH,CHOH).  Peak No. 8 gave major ions of
+ . + + i +
m/z: 186 (M), 168 (M —HZO), 158 (M -CO), 155 (M --CH3O)
and 143 (Mt ~CH;CHO) .  These compounds were identified as 8-
oxo-methyl-octancate and 9-oxo-methyl-nonanocate -considering
the results of Terac et al. [42]: The chief ions of peak
| + : P + :
No. 9 were m/z: 217 (M +1), 185 (M -CH30), 152 (M -
2xCH3OH) [89] and 143 (M+ ~CH2COOCH3). This fragmentation
was the same as that of methyl esterified commercial

nonanedioic-acid.  Peak No. 10 gave m/z: 224 (MT), 206 (Mt -

+ +

-CH;0), 157 (M *

Hzo), 193 (M -CO=CHCH=CH), ©152 - (M -
CHCOOCH,) and 123 (CH3COQCH2CH20H2)>éné was supposed to be
12—oxo—methyl—dodeca-9,11—dienogte.

These coﬁpounds were quantitativeiy- deﬁermined on GC
(Fig. III-3) and summarized as their free acids in Table III-
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 autoxidation products
The elufion "pattern ' from Sephadex LH~20 (Fig. 1II-2)
observed ﬁith radicactivity 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 latterx
peak are given in Table III-4. ‘MA is general;y_considered a
main product of lipid peroxidation and a major TBARS.-. -An
attempt . was then . made to quantitatively detect-MA in SP.

Most of the autoxidation products were insoluble in water and

Table IIT-4

Percent of Radiocactivity in Components of SP

Components %
Polymers ‘ ‘ 36
Epoxyperoxides and endoperoxides 4 26
Lower molecular-weight components ' - 38
1% Hexanal o 3.7
2 Hexancic acid - : 0.15
3 Heptanoic acid , 0.15
4 Octanoic acid = . 1.7
5 2,4~-decadienoic acid .- 0.15%%
6 8-oxo-octanoic acid \ 0.75%*
7 - 3,5-decadienoic acid - - 0,29%*
8 9-oxo-nonanoic acid . 4.,8%*
9 nonanedioic acid ; 2.5
10 12-0%x0-9,11~dodecadienoic acid.- 0.34*%*

*Numbers were on GC (Fig. III-3).
**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-Qas'
obtained and the recovery was 1.5% radiochemically and 2.2%
with the TBA test. This water extract was subjected to
Sephadex G-10 gel filtration (Figﬂ ITI1I-5). Most of the
water soluble materials was eluted in the early stage of
chromatography as two big'radioactive peaks, which were
negatlve to the TBA reagent.v on a Shoulder of thé.latter
peak, TBARS appeared as a single peak whlch agreed with the

elution of authentic MA, while the TBARS occupied only 0.4%

25r

20

WuUeg g0

Va 100 200 300
Elution Volumé (ml)

Fig. III-5. Detection of TBARS in the Water-Soluble Part of SP on
Sephadex G-10 Gel Flltratlon. Two mllllllters each. of fractions

(5 ml each) was assayed for radiocactivity (——— ) and . subjected to
TBA test (----). The prepared authentic MA [22] was eluted and
detected by TBA test (—-—-—). MA was observed at the elution

volume between (V0 + 155) ml - (VO + 190) ml.
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or less.in radiocactivity of SP.

Color intensities of SP by the TBA test were

with .those of some TBARS (Table III—S){

‘Table III-5

compared .

The color intensi-~

Relative COlo:.Intensities of SP and TBARS by TBA test

Sp (51 3 kBq 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 pex mg'of samples.

Sample‘

Optical density per mg (n) @

SP
Water-soluble part

0.181+0.015(30)
b
Filtrate from gel® 0.322+0.027
d

0.263+0.021 (3) -
(3).

Water layer 0.179+40.014 (4)
Distillate® 4.14+40.37 (4)
Reduced SP 0.016+0.002 (4)
LAHPO 0.788+0.035(10)
Authentic MA 260+21  (30)

2,4—Decediena1
2,4-Nonadienal
2,4-Hexadienal

0.737+0.046 {10)
0.826+0.174(10)

2-Hexenal
9-0xononancoic acid v.c.f

Nonanedioic acid ND

0.909+0.058 (10)
0.248+0.017(10)

a Mean+SE with the determination number {(n).
b Referred to [85].
€ a ‘part of ‘eluate from Sephadex G-10 whlch
the elution p051t10n of MA (Fig. III-5).
4 ghe
chloroform—methanol extraction.
¢ Followed the method of [93].
Yellow color.

agreed

remalnlng “part of aqueous suspenSLOn of SP

£
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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 easily
collected by distillation [93] or condensed by removing the
nonpolar components with chloroform-methanol extraction.
The MA-rich fraction can also be obtained by Sephadex G-10
gel filtration. Howéver, color intensities of these treated
SP were far from the color intehsity of MA and close to that
of LAHPO. These results demonstrate that the single peak
detected by TBA test in Fig. III-5 could not be attributed
to MA.

Maicuse and Johansson [94] reported that 2,4-alkadienals
are typical TBARS. Color intensities of'2,4—decadienai,
2,4-nonadienal and 2,4-hexadienal by tﬁe'TBA‘teét were the
same as that of LAHPO and close to those of the treated SP.
Terao et al. [42] and Schieberle and Grosch [95] indicated
that 2,4-decadienal aré stoichiometically pfbauéed by the
decomposition of 9-LAHPO (hydroperoxide at Cq position).
Matthews et al. [88] showed that 2,4—decadieh&1 is unstable'
and isAeasily further oxidized. In the préséht anéleis,
2,4-decadienoic acid , one of the further oxidized products‘-
was;detectea as given in Table III-4. The TBA reagent
is especially colored by the aldehyde'Speéies-[961. lThe

alkadienals in SP were further oxidized and the color
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intensity_of SP was less than that of LAHPG. Therefore, the
peak of TBARS in Fig. III-5 may be attributed to these
alkadiena;s, which arermajor‘TBARS_in SP.

The colox inﬁensity of SP decreased considerably to 8.6%
by reductipn, 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.
IITI-4 DISCUSSION

‘The compositicon of autoxidation products is:chqnggd by
various conditions such_as:light energy, temperature, oxygen
pressu;é, per@o@, metal contaminants and so forth [41].
LAHPO contenF‘in the‘autoxidation products inc;eased‘upqn.,
cohpéct“With‘Fhe atmosphere (Tablg ITI-~1 and 2). Next, an
analgsis was made of:the cdmpo;it;on_of the produqts.of"[Uf
14C]LA;autoxidized unde; a certain conditionr The autoxida-.
tiqn prgducts cgnsisted of 45%_inpgcf LA, 18% LAHPO, 13% a
mi%;gre of polymers; 9% epoxyperoxides or endoperoxides, 3%
PP, 2.1$;sho;£;chain‘qarboxyl;c acid, .1.7% ©9-ONA,. 1l.3%
hexaﬁal, Q.S% ponahedipic acid, 0.3% 8-oxooctanoic acid, 0.1%

12-0xpdodecadieqoic acid and others (Table III-2 and 4, Fig.
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III;i~4). “Thus, unstable 2,4-alkadienals were the main
intermediate products, but MA was not a major product of the
autoxidation of LA.

In the field of medicine, the extent of lipid peroxida-
tion has often beén determined by the TBA teést and the
peroxide contents are expressed as the MA level [98-100].
An attempt was made to identify TBARS contained in the
autoxidation products of LA. 2,4-Alkadienals were major
TBARS but MA was not (Fig. III-5 and Table III-5). - Frankel
and Neff also reported that no correlation was found‘betweeﬂ
the TBA value and analysis data of MA in the 1lipid peroxida-
tion products [101]. TBA reagent reacts with aldehyde
species. SP was a mixture mainly of aldehydes (Table I~
3). 2,4-Alkadienals seem to be produced from LAHPO during
TBA 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 chemilumihescence
[104] and deterﬁination of peroxides per se by the iodine
method [105], horseradish peroxidase [106], GC-MS {[107] and
fluorescent color [108]. Recently, a sensitive and simple

method which uses the peroxidase activity of hemoglcbin was
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repp;te@ by_thgrauthox et al. [109]. By coupling . the
reduc;;qn of pydroperoxides, endoperoxides_and_pexoxy;
radicals to alcohols, the N-methylcarbamoyl derivative of
methylgng b1ﬁ§ (leuco form) is oxidized aﬁd colored blue.
This method has‘a high:sqbstrate specificity [110, 111] and
its i@grovemgnt is stxgqgly recommended for applicationnto:

biological samples.
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IV TYPICAL EFFECTS OF AUTOXIDATION PRODUCTS ON PROTEINS

IV—l_ INTRODUCTION

The autoxidation 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 aminoc acid 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 lipofuscin, which is
considered to ke a main factor of senescence [123-127].
Therefore, the damage to amino acid residues caused by the
autoxidation products is an important problem.

Tappel and colleagues reported tha; all amino acid
residues were destroyed by the autoxidation products [128,
1293, Gamage and Matsushita pointed out that methionine was
mainly oxidized [130]. Braddock and Dugan {131}, and
Yanagita and Suganoc {132] described the decomposition of
lysine, histidine and methionine residues. Howevér, 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 autoxidation products from the reaction system
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before amino acid énaleis, and losses of amino acids were
observed using lysozyme [133]. Next, incorporation of LAHPO
and SP into casein molecﬁle were measured. Purthermore,
LAHPO and SP were administered orally to rats and their
effects on gastric and intestinal mucous.membrghes were

pathologically observed [134].
Iv-2 MATERIALS AND METHODS

Materials. Lysozyme (6 x crystallized) and Mierocoecus
lysodeikticus were purchased from Seikagaku Kogyo Co.
Hammarsten casein was used. LAHPO, SP and MA were prepared
as described in Chapter‘III. PP was obtained by aging SP at
37°C for 20 months and the concentration was determined by

titration with -KOH.

Incubation of lysozyme with the autoxidation products.
Incubation Systems consisted of 5 mg of lysozyme in 1 ml
phdsphate buffer (0.1 M, pH 7.0) and 5 umoles of reactants.
These mixtures in spitch glasses (16.5x105 mm) were
incubated. The system. containing benzoyl peroxide (BP)  was
preincubated at 70°C fer 1 h.

Methods removing autozidation products from incubation
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systems. The incubation mixtures were washed several times
with 2 ml of diethyl ether. Lysozyme was pfecipitated 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=1:1) and further washed
with this solvent several'times. The former method of
washing is referred to as Wash-Method I and all of these’

procedures are referred to as Wash-Method II.

Radioassay. Lysczyme was incubated with radiocactive 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.

Measurement of lysoazyme activity. The lysozyme was
washed by Method II and dissolved in 5 ml of potassium
rhosphate buffer (0.1 M, pH 7.1). An aligquot of 0.1 ml of
lysozyme solution was added to a 3 ml buffer suspension of
0.5 mg M. lysodeikticus. Decrease in turbidity (measurement
at 450 nm) was compared with that of non-incubated lysozyme

[135].
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Quantitative amino aeid analysis. Both the incubation
and washing of lysozyme were quantitatively performed and
lysozyme was hydrolyzed in 6 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 dete;mined by hydrolysis in 6 N HC1 qontaining;3%
of purified thioglycollic acid [136]. These procedures,
from the incubatien to hydrolysis, were carried out in
identical tubes. Recovery of amino acids was calculated by
the HW method. Differences in these HW valueé from values
of the corrgsponding amino acids of non-incubated lysoczyme

were expressed as % of loss.

Treatment with NaBH,. The lysozyme precipitate was re-
suspended in 5 ml of water and the pH was adjusted to 9.5
with NaoOH. Ten milligrams of NaBH4 was added to the
suspension. and incubated at 37°C overnight. The reaction

was sﬁopped by the addition of acetic¢ acid to pH 5. [B2].

Digestion of casein by proteolytic enzymes. Casein was
incubated with LA, LAHPO or SP and washed following the same
procedures_as invthe case of lysozyme. The casein was
digested by pepsin {at pH 2.0), trypsin (pH 7.6) and

chymotrypsin (pH 8.2). Production of soluble peptides was
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measured by the ninhydrin method.

Animals. Male Wistar albino fats,JSIQeeks old and each
weighing about 110 g {(Clea Japan, Ipc.), were housed for 1
week. The animals Qeighiné'iS7—162‘g we;é selected and
separated into experimenta;,gréubs of iO rats each. Food
was withheld for about ﬁlh and each rat Qas given one dose
per day of LA, LAHPO and SP intragastrically ét 6:30 pm using

tuberculin syringes connected tc the gastric- tubes.
Iv-3 RESULTS

Effecfs of the autoxidation Products én activity of lysozyme
Fig. IV-1 shows changes in activitydcf iysozyme caused
by the autoxidation products of>LA. LAHPO and SP clearly
inactivated lysozyme for the first 1 h. LA decreased the
activity to‘SO% after.40TL PP Mildly affected iysozyme.
The effects of the aufoxidation'producté were‘iﬁ decreasing

order as follows: SP > LAHPC > LA > PP.

Removal of autozidation products from incubation systems
Lysozyme was incubated with fu-14ciLa and washed by Wash-
Method I or II. Fig. IV-2 shows the radioactivity remaining

in the'syéfems 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’
{~—o0—), LAHPO (—e®— ), sP (—A—), PP (—0O—), and nothing
(—A—). The reaction mixtures were washed by Method II:' and
the activity was measured.

reméved frﬁm the.lysozyme solutioﬁ by Wash-Method I in the
case of 1 h—incuSétion;with [U—14C]LA. However; when
1yso£yme was incubafedlfor 8 days and washed by Method I, 20%
of the radiocactivity remained in the system. The lysozyme
was precipitated with alcohol and the remaining radioactivity
was decreased to 9%7 The p;ecipiﬁate was further washed
with‘dieihyl ether—alcohol=l:i YWash-Mgthod iI)_andithe

remaining activity became 3%. The lysozyme solution was
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Fig. IV-2. Removal of Radioactivity from Incubation System of [U-
14C]LA and Lysozyme. Lysozyme was inbubated at 37°C for 1 h
( & ) or for 8 days { O ). The wash procedures from 1 to 5
followed Wash-Method I and from 1 to 8 Wash-Method II. The“pdint
at NaBH, indicates the treatment with NaBH, after Wash—Methqd II
and the point at ppt indicates the precipitation of lysozyme with
alcohol. )

further treated with NaBH4 and the remaining trace of radio=-
activity became 1%. VThérefore, the autoxidatipn products
could almost completely be removed from the reaction systems

by Wash-Method II and treatment with NaBH,.

Comparison of amino acid loss between Wash-Methods I and IT
Lysozyme was incubated with LAHPO under a mild condition
such as 37°C for 5 h and washed by Method I (Table IV-1).

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

~55-



Table IV-1

Losses of Amino Acids of Lysozyme during Hyd;olysis

Incubation with  LAHPO LAHPO LA -  LAHPO
temperature (°C) 37 70 50 .50
time (h) 5 8 31 31

Wash-Method ' I II IT . TII

loss %*

Lys . 12 S12 0 4

His 24 5 3 3

Arg 10 0 "0 0

val 10 0 0 5

Met 70 0 0 7

‘Ilew - 11 0 o 3

Leu - o - 0 3 4

Tyr S 10 0 0 0

*The other amino acids were not lost.

amine acid residues were 25-10%. Even when 1lysozyme was
incubated under a drastic conéitionlshch as at 709C for 8 h,
no '1055 of amino acid rgSidué was obéerved following Wash-
Metﬁdd II. It was concl;ded that LAHPO was not femoved from
the incubation systemu'ﬁy Wash-Method I and migﬂt)destroy the
amino acids during hydrolysis; When lysozyme was incubated
with XLA énd LAHPO at 50°¢C fof 31 h and washed by Method II,
LA did not cause any démage to the amino acid residues and

LAHPO produced small damage.



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 LAHPO Amino Acid Losses during
{at 45 °¢c for 100 days) . Incubation at 45°C
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 g 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 Glu 14 17
Pro : 24 13 -
products might have Gly 13 14
Ala 12 14
attacked the amino acids. l1/2Cys 14 15
: : Val ' 14 14
Lysozyme was incubated at Met i8 19
Ileu 14 27
37°9C 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 TII..

Table IV-3 shows that mainly tryptophan, histidine and lysine
residﬁes were destroyed by the autoxidation products. LA
damage was about 30% of tryptophan and histidine. LAHPO

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

. Comparison of Amino Acid-Losses -

by the Autoxidation Preoducts and by Standard Reagents

Incubation L | _ o
with LA LAHPO SP PP BP MA PA SP-NaBH *
o loss % :
Try 30- 56 g5 38 88 67 91
" Lys 11 .17 73 7 21 36 76
His 377 42 67 17 58 22 14 65
Arg - 7 9 14 11 23 11 18
ASD . .0 0 0 0 17 0
Thr'. 5 5 9 0 17 .18 11
Ser 0 0 4 0- 9 18 5
Glu 4 4 17 0 17 6 14
Pro - 0 - 0 0 35 8 9 11
Gly 4 o o o 20 0 0 0
Ala . 5 0 o o 21 0 0 0
1/2cys 4 o - o o 0 - 17 0
val. 7 6 17 0 19 0 0 7
Met 7 14 84 .o 29 0 0 9
Ileu .5 0 0 19 0 0 7
Leu 0 0 3 21 0. o0 6
Tyr 5 0 19 5 38 0 0 10
Phe’ o 0 6 0 24 0 0 0

*Lysozyme incubated
Method II. ‘

with SP was treated with NaBH4 after Wash-
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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 éestrﬁctive effects of the autoxidation products
were compared with those of standard reagents. BP, Mi and
propionic acid (PA) were used as a standard fadical reagent,
dialdehyde and short chain carboxylic gcid, respeétively.
The effect of BP on the amino acids was drastic and at
réndom. Heterocyclic and aromatic compounds werxe suitable
for radical trappers [137]. Particularly,‘tr&ptophan,
histidine, proline and tyrosine were lost. The effect of éP
waé different‘from.those of the autoxidation prodﬁéts{‘ MA
damaged mainly tryptophan, lysine and histidine similar to

the autoxidation products. PA showed no destructive effect.

Ozidation of methionine residue of Zysozyme by SP

The loss of methionine résidue of 1yso§jmé péﬁsed by SP
was especially great (84%) (Table IV-3}. The loss decreased-
to 9% when NaBH, was used‘(far righf column)i Free.
methionine was then incubated with SP and treated in ?hé’saﬁe
way as lysozyme. Table IV-4 showslthat methioﬁine was

oxidiéed to methionine sulfoxide, which was oxidized to
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TableVIV—4

Oxidation of Methionine by SP

‘Sampiea Product (pmoles)b
- Treatment -

Jmoles _ _ Met MetO, MetO,
Met 0.521 . Non 0.520 " ND © - ND
' 0.521 with SP for 8 gdays ND 0.342 ND

0.521 heated with sPC 0.519 ND trace
MetO; 0.654 Non 0.046 - 0.608 ND
0.654 with SP for 8 days ND ND 0.543
-0:654 - heated with SP ©0.448 0.062 0.023
_0.654 treated with NaBH, 0.050 ~0.612 ND
MetO2 0.680 Non ND 0.03¢6 0.645
0.680 with SP for 8 days ‘ND ND 0.647
0.680 heated with SP 0.013 0.710 ND
0.680 treated with NaBH, ND 0.032 0.663
Lysozyme _
Met 0.702d hydrolyzed with SP .0.484 ND ND
0.702  with reduced sp® 0.498 ND ND

4 Met, MetO, and MetO, are abbreviations for methionine, methionine
sulfoxide and methionine sulfone, respectively. - '
b Products were determined by an amino acid analyzer. 4
© Samples were heated with 0.5 mM of SP (concentration as
acetaldehyde)} at  110°C for 23 h. ,

Lysozyme, whose amount was 0.702 pmoles as methionine residue,
was h&drolyzed ‘with 0.5 mM of SP ahd the other amino acids were
also almost intact.

© sp was reduced as described in Chapter III.
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methionine sulfone during the B8«days of incubation with SP.
Methionine sulfone.was not oxidized by +the incubation.
puring heatiﬁg,rwhich was the:same as for thevhydrolysis of
lysozyme (at 110°C for 23~h)f~howeve¥, methionine sulfoxide
was reduced‘by SP tQ'methiﬁﬁine,_and_meth;onine sulfone to
- methionine sulfoxide. The treatment with NaBH, showed no
change in both methionine sulfoxide and sulfone. When
lysczyme was hydrolyzed in_thé system qontaiﬁing SP cor the
reduced SP, 30% of the methionine residues was lost. - As

described in Fig. IV-2, the trace amount of [p-14

ClLA
remained in the reaction syétem after Wash-Method II and
decreased markedly when treated withﬂNaB§4. SP might form a
reversible compleiIWitB methionine residue dﬁring the incuba-
tion as reported by Tappel [138]. The complex was broken
down by the hydrolysis angd the-methionine.résidue Qas iost;_
while the complex was easily décompoééd'by'hfdrogeh gas
denerated from NaBH4 and the ﬁethionine residue was‘prdtecfed

against the oxidation during the hyarolyéis.

Changes in digeétibility bf casein

Casein was incubated with SP under the same condition as
lysozyme for 2 days.  After Wash-Method II and treatmen£
with NaBHq‘ﬁere carriea out}.no loss of amino acidrresidue'

was observed (Table Iv=-5). However} the digestibility of
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Table IV-5
Losses of Amino Acid of Casein’

by Incubation with SP for -2 Days

Wash-Method II ~NaBH,
loss %* .

Lys 1¢ 12l
His 8 10
~ Asp g 6
Thr 5 0
Ser 4 G
Glu 4 0
Ala 8 7
Met ‘39 5
Tyr 7 0

*The other amino acids were not lost.

casein by trypsin, chymotrypsin and pepsin was markedly
decreased by incubation with the autoxidation products (Fig.

Iv=-3 a-c}. Although LA produced no change in the
digestibility, LAHPO and SP easily deteriorated the

digestibility. When ‘casein was incubated with SP for 1 day,

the casein could not be hydrolyzed by the proteolytic

enzymes. - Changes in solubility of casein by the - autoxida-
tion products were then measured (Fig. IV-4). SP
insolubilized casein most easily. ~ Next, incorporation of

the autoxidation products into the casein molecule was
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Fig. IV-3. Changes in Digestibility of Casein during Incubation
with the Autoxidation Products. Incubation mixture consisted of
0.5% of casein, 0.1 M of S8rensen buffer (pH 6.5) and 5 mM of LA
{ O ), LaHPO ( O ) or SP { A ). After Wash-Method II was
used, casein was mixed with 0.01% of trypsin (Fig. IV-3a),
chymotrypsin (IV-3b) and pepsin (IV-—3q). o
Fig. IV-4. Changes in Solubility of Casein during the Incubation
with LAHPO ( [0 ) and SP. ( A ). After washing, precipitates of
casein were dissolved in 0.05 N NaOH solution. The solutions were
centrifuged at 3000 rpm for 10 min and scluble proteins in the
Supernatant were measured.
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Fig. IV-5. Incorporation of Fig. Iv-6. Casein was
Radioactive Autoxidation incubated with nothing ( O ),
Products into Casein. Casein LA (O) and SP ( A ). After

was incubated with 500 Bgq and Wash-Method I, -casein solution
5 mM of LA ( © ), LAHPO was mixed with 2-p-toluidinyl-

( a ) and SP ( A ). naphthalene-6~sulfonic acid and
After Wash-Method I, the radio- excited at = 347 nm.
activity remaining in casein Fluorescence was analyzed at
was measured. The % in figu;e 445 nm,

shows  the total incorporated
amounts. for 48 h incubation.

radiochemically observed. Casein. was incubated ‘with LA,
LAHPO or SP and washed by Method I. Fig.> IV—S‘shows the
radiocactivity remainirng 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 incofporated amounts of LA,
LAHPO and SP were 44, 64 and 86%, respectively. Furthexr-
more, decreases in the hydrophobic pockets in casein molecple
were observed withr fiuofescence' 6f‘ £01uidiny1naphthalene
sulfonic xacid (Fig. Iv—é). Both'ﬁA éﬂaiSvaeemed to :be,
easily inéorporate@ into casein pockets for a"uéEOrt time.
These results indiéaﬁed that SP influenced irre?e?sibly‘ a;
conformation of ca;ein WhereaS' LA did not. Sp miéht.

particularly attack the basic amino acid residues.

Effects of autoa:"idm:‘;ionl products on rat gro,zo;‘th

LA; LAHPCO .and SP were gdministered orally‘to rats at
several dosage levels (Fig; IV—?)., _When_?Obdéé/day 6f 'SP
was given for 3 days, a remarkable depréssidn in body‘weight
occurred and resulted in death on the third day; Raﬁs
receiving a single dose of 700 mg of SP exhibited significant
growth impairment (P > 0.001), reduction in 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 animalé receiving single
doses recovered from the stress the following day.

No difference in bo@y weight gain was detected among
-groups receiving no dosg,‘ the single dose of 250 mg of LA,

100 mg of LAHPO and SP, when a 0.05 probability level was
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Fig. IV-7. ‘Effects of LA, LAHPO and SP on Rat Growth. In the
left figure, 110-140 mg of LA ( O )}, 250-350 mg of LA ( @ ), 75-120
mg of LAHPO ( 0 ) and 190-230 mg of LAHPO (M ) were administered
(indicated by arrow) orally to rats. In the right figure, none
(O, 100~150 mg of SP ( A ) and 650-750 mg per day of SP ( A )

were administered (indicated by arrows).
chosen,  All of these -animals were clinically normal.

Pathological Observation of Toxicity of SP

The rats receiving 3 consecutive doses of SP were sib-
mitted to a pathblogiCal anatomf on the 'third ' day. © U No
ab‘norméli‘ty’ was found in the heart, spleen, liver, kidney and
testis. Hemorrhage was found mainly in the gastro-intés=

tines (Table IV-6). - LAHPO rats had also cdhgestion in the
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Table IV-6

Hemorrhage Caused by Autoxidation Products Given Orally

Rats given LA LAHPO SP
killed dead
I ToT I IEIE  ACIEIE 1L IT IIT
Hemorrhage

Lung = it + - - + +++ e+ T+t
Stomach - + + +++  +++ -+t ++ + +
Duodenum - + + + + + + + +
Jejunum - + + + + + + + A,
Cecum - + + + + + + +++ +++
Colon - + + + + + + + o
Rectum - + + + + + + + +

Photograph IV-1

Animal Gastro-intestines Given LA, LAHPO and SP
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gastro intestinal tract and LA rats ‘had no hemorrhage. The
rats receiving SP showed inflation near cardia in: stomach,
whose diameter was about 1 cm (Photegraph IV-1).- Retention
of undigested food was noticed in the ;ﬁgﬁach andyedeﬁa“ ;as
also observed on mucpsa¥  Thus, SP was most toxic to the
animal'géstrqintestinal tracf;

IV~4 - DISCUSSION

Interactions between the autoxidation products  and
proteins were investigated using 1lysozyme and caséin.

Lysozyme is a stable enzyme and much analytical data has been .
repggged'b§ Eﬁ?éL §nd7c9}l¢§gg§$ {lBQflgll;__‘Losges of amiﬁo
acidé in.casein are also known [142].,

When lysozyme was incubated with LA for 8 days, LA could
nét be removedffrom lysoéymé~by an ethér wash, ‘Wash-Method I
(Fig. IV-1). JThe autoxidétﬁon products were also easily
ihcorporatéd-inté éaé@in’iﬂ-fhe:fdlloving‘drdéri SP 2 LAHfO >
LA (Fig. IV—swqga 6};;V‘The§é,aUtoﬁidation products remaihing
in thie protéin seened to -&ec;Om'ﬁors’e-- amifio mcids during the
hydrolysis (Tablei iV—l).' However, 1aimostj all. of- the
incorporated éfbductstege rémoYQH‘pylal¢bho} -pfeéigitation
(Wash-tethod 1I) ahd NaBH, treatment (Rige IV-1). . = After
washing by Methed II and NaBH, treatmént, ,the, losses. oi,f amine

acids in Iysozyme ~were- fedsured (Table ~IV-3).: ~iMainly
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tryptophan, lysine and histidine weére lost and the extent of"

losses caused by the autoxidation ' products followed. the:

order, SP > LAHPO > LA 2-PP. - LA and LAHPO were-autoxidized:

to SP during. incubations described in Chapter III and then

seemed to react with the amino acid residues:(Table 'IV-2 and .’
3. The destructive ‘effects of SP . and LAHPO were similar to -
that of MA but not BP (Table IV-3). --Therefbre,sthe,ﬁokicity

of autoxidation products to protein seems to be caused by

aldehydes, which 'dre the major components of SP {Chapter

I1I).

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. 1IV-3 and 4, Table IV-5} and
then, Schiff bases were formed by the aldehyde species mainly
with the basic amino acids . [143-1461. Tryptophan, lysine
and histidine were particularly destroyed by SP, while
methionine and cystein were rather easily oxidized [147,
l48}.

Furthermore, the toxicity of autoxidation products to
rats_was observed. The autoxidation products were adminis-
teregd intragastrically and were detrimental to rat growth in

the following order: SP > LAHPO > LA (Fig.IV-7). The rats
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given 3 consecutive doses of SP died and the cause seems to . -
have been impairment of the gastro-intestinal mucosa (Table
IV-6 and Photograph IV=1l}. - Therefore, when a large aﬁount-
of ©SP was administered ofally, ~aldehydes injured the mucous
protein of the gastro-intestinal tract, inhibited intestinal.
absorption, and subsequently killed the animals.-

7 Hﬁndréd milligrams of autoxidation products had no'
influence on the rat growth (Fig. IV=7). .  These autoxida-
tion  products might be incorporated inte the body and the
~aldehydes might induce serious diseases [149] and sénescence

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

INTO RAT BODY
V-1 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. [151]. . Animals suffer
various injuries by intakes of thermal polymerized oils.{lSé,l
153] or the autoxidized o6ils [154-158].. Measurement of the
absorption of exogenous peroxidation-produéts.into body . is
important problem‘in a field of nutrition and may clarify Ca-
relationship  between the .oral . intakes of = autoxidation
products and- serious 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-,éf
incorporation . was radiochemically made.clear using materials
uniformly labeled with-14C;Ll34]-

Studies on the gastrointestinal absorption of LA -~ [160]
and. LAHPO. [161-165] have been done. .. Then, the extent of
incorporation of SP was compared with those of LA and ' LARPO.

Further, the effect of SP on liver was-examined.-
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v-2 MATERIALS AND METHODS

Autoxidation products of [v-14cjra. fu-t4cira of 172
kBg/mmol was used. The autoxidation products were obtained

and -characterized as described 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 12 h. “The
diet was. prepared daily and its PV was maintained at less
than 0.5 meq/kg. "~ It consisted of 30% sucrose, 24%
cornstarch, 25% casein, 15% soybean oil, 4% McCollum's salts .
mixture, 1%-cellulose powder, 1% vitamin mixture. - The
vitamin mixture .was purchased from ‘Shionogi and Co., Ltd. and-
the solution of 1 ml contained 2500 IU retinyl palmitate, 2.5
mg thiamine hydrochloridé, 3.5 mg riboflavin phosphate, 2.5
mg-pyridine hydrochlori&e, 25 mg nicotinamide, 10 mg
panthencl, 75 mg ascorbic aéid, 250 IU calciferol and 100 mg
lysine hydrochloride. After feeding for 1 week, the animals -
weighing 157-162 g were selected and éeparated‘into experi-
mental groups.: Food was withheld for about 4 h .and each rat
was given.a single dose of LA, LAHPO.or SP intragastrically. .

at about 6:30 pm using tuberculin syringes. connected to the



gastric tubes. - The amounts administered were determined by
measuring the radioactivity remaining in the syringes. The-
radicactivity  administered ' 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 - diet
and water ad libitum., . Air from the box was slowly removed
by a wvacuum pump into a bottle containing 25 ml " of mono-

ethanolamine.

Radioassay of animal excreta. The moncethanolamine
bottle trapping 14C was chanjed at regular intervals. = 1In’
triplicate, 3 ml of the monocethanolamine was transferred into

a vial and dissolved with 9 ml methanol in 8 ml of nonagueous

scintillator (Chapter II). =~ Urine was washed periodically
into a beaker and absorbed by cellulose sheets. Feces were
also collected on cellulose sheets. These sheets were

weighed and burned by a sample oxidizer (Packard Model 305

Tri-Carb). The counting efficiency of each 'vial was
determined by an external standard. .Recovery of 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 solubilizer.

Meagsurement of radioactivity incorporated into animal-

=73~



tissues and organs. - The radiocactive 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 cephaiic 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 éheet and burned by the sample oxidizer. Some
of the hepatic pieces were examined by the TBA test, while
blood was assayed for transaminase activities by the Karmen

method [166].

Isolation of hepatie mitochondria and microsomes. The
hepatic: - pieces were homogenized with 10 volumes of  0.25 M
sucrose containing—l mM ethylenediaminetetraacetaté and 1 mM
tris buffer (pH 7.4) in a Teflon homopgenizer. After initial
centrifugation for 10 min at 700 x g the supernatant fraction
was subjectedzto further céntrifugation.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 centrifugaticn for 15
min at 9000 x g the pellet was resuspénded in 150 mM of KXC1
and was 'usgd for experiments as the mitochondrié fraction.

_Thg'~supernatant at 12,000 x g was recentrifuged at 24,000 x
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g. The supernatant fraction was subjected ‘to further
centrifugation at 54,000 x g and the pellet was resuspended
in 150 mM of KC1l and phen,,was-referred to the microsomes .
fraction. The fractions of mitochondria 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 cyvtosol fraction. - Nitrogen contents in these

fractions were measured by the Kjeldahl method.

TBA test. a é‘m; gliquot_of liver homogenate w;s‘
submitted to.the TBA test as described in Chapter IIIf Tﬁe
difference in the optical density from that of nontreated
rats was ﬁresented 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 (cplor inteﬁsity of

creatinine by Jaffe reaction) were also measured.

Statistieal analysis. The Student's t test was used
to determine statistical significance. The variability of
the data is presented as meantSE.

V-3 RESULTS

Comparison of excretion of radioactive substances by SP-, LA-
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and LAHPO-fed groups

Fig. V-1 shows fecal excretion of radioactive substances

from - SP-, LA- and LAHPO-fed groups.- -These three groups
exhibited similar excretion patterns (peaks at 20 h after

administration), but the SP group had a seéondary minor peak
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Fig. Vv-1. Changes in Radio- Fig. V-2, Changes in Radio-

activity in Feces of Rats Qral- activity in Urine of Rats Oral-
1y Administered Labeled 1A, 1y Administered Labeled LA
LAHPO and SP. The rats were (—0O0—), 1AaHPO (—-—-D0O—-) and
divided into 3 groups of 5 rats SP (----A----}) . The radio-
each and given doses. of LA actvity in urine of each rat

(—0O—1), 'LAHPO (—--0--—) and was assayed at about 4 h inter-
SP (b)), The feces of vals wuntil 24 h and at 38 h

each rat were collected at 4.3, after the administration. The
5.5, 8.5, 13, 17, 20, 23, 29 activity was divided by the
and 34.5 . h after administra- interval times (h) and plotted
tion. Mean. value+SE of the at each midpoint.

radicactivity of feces were
calculated and plotted at each
midpoint of the sampling times.
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at 7 ﬁ. The amount of TBARS per radioactivity in the minor -
peak was 0.154+0.015 peq/7240 Bg, . while the amount in SP. per.
se was 0.151 peq/7240 Bq. Although diarrhea was never
observed in the 8P group, this.ratio indicated.that the minor
peak wds excreted SP per se. Fig. V-2 shows that urinary
excretion  patterns of radiocactive substances of these 3
groups were similar to 'each other. The PV in the urine of.
the LAHPO group was negative. A small amount of TBARS was
detected in the urine of the SP group.. Fig. V-3 shows

radiorespirometric patterns of 3 groups. “The SP group had
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Time After Administration (H) Time After Administration (H)
Fig. v~3. Radiorespirometric Fig. V-4. Radiorespirometric
Patterns of Rats orally  Patterns of SP-H {—v—1), SP-
Administered @~ Labeled LA L (-—=9---") and SP-R (3~ —).
(—O—), IaHPO (—-—i3—-) and The time course was observed
SP (---A---9). ' The respiratory following the same procedure as
radioactivity  was measured . at in the case of SP.

regular intervals, divided by
the interval times (h) - and
Plotted.
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an expiration rate with 2 peaks around 5 and 15 'h, whereas
the LA and LAHPO groups indicated single peaks at 10 and 7 'h, -
respectively. Then SP was sSeparated by Sephadex LH-20 into
molecular weight components higher (SP-H) and lower (SP-L)
than the molecular weight of LAHPO (Fig. III-2 and Table III-
4), and@ it was also reduced by NaBH, (SP-R) (Table III-5).
When SP-H, SP-L and SP-R were administered orally to 2 rats’
each, . the radiérespirometric 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 h and 12 h. The SP-R rats excreted 14CO2 faster

than the above rats.

Total percentage of radioactivity incorporated into body
The total radioactivity excreted by each rat.until 90-?h
after administration was calculated (Table V-1), because a
low level . of radiocactivity could be detected in excreta of
all rats‘rgven' éfter 75 h.{ The amounts of radioactige.
substahces exéreted tﬁrough feces by the SP group was larger
thahj that from any othef groué. When édmiﬁiétered rgdioF
activity minus excreted activity to 'feces was aefinea-as “the
amqunt:of,radioacfiﬁe‘substances retained in‘thé‘body, the#e
incorporafed substances were 95% in the LA, 85% in'thé'@AHPb

and 55% in the SP groups. Discharge of radicactive .sub-
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Table V-1

Total Radioactivity Recovered from Excreta

Administered of:

LA LAHPO SP SP-H SP-L SP-R

MeaniSE with 5 rats Mean of 2 rats
mg of feces 2120i980 22501300 5860i220 1730 2030 3810

Recovered % of

administered amount o

from feces 6.4+1.7 13.4+1.9 45.3+1.0 23 18 25
Recovered % of the '

respective absorbed

amount into beody

from urine  17.2+2.7 29.3+1.8 51.9+0.8 22 38 24

respiration 22.4+1.9 23.941.2  22.9+0.7 16 17 31

Radioactivity from feces, urine and respiration excreted by .
each rat (Fig. V-1) until 90 h after administration was
totaled. '

stances by urination increased significantly in the order of
SP > tAHéO > LA groups with the SP group excreting about half
of +the activity incorporated into body. - The production of
14C02 was proportionately the same {(25%) for _éverﬁy dgroup.

No remarkable differences were observed among the excretion

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

Incorporation of radioactive substances into- liver in SP

group
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Table

Incorporation Amount of Radiocactivity from Orally

MeaniSE of Bg (n=5)

-80-

N H after
0.5 '3 6

Brain 51+9 4442 79+14

Lung 49+6 60+5 88+7

Heart 17+1 15+1 3043

Blood (ml) 10+2 166+18 . 31+3
Stomach 1080+130 455+84 341+145
Gastric content 3547046493 2324943406 13273+155
Intestine 295+47 508+85  903+153
Intestinal content  894+311 42424551 73754663

Pancreas 2645 25+2 23+4
Liver 397+43 632+65 960+25
Spleen 16+2 12+1 47+18
Kidney 77+5 C73+2 143+24
Perirenal fat pad 63+13 6047 65+14

Epididymal fat‘pad 49+16 - 52411 60+6
.Testis 44+5 31+4 84+13

Femoral 32+2 ‘ 3046 3243
-In 96 h rats,ibnly liver was radiocassayed. - The



v-2

Administered SP 'into Rat'0r§ans and Tissues

per wheole organ or tissue

administration

12 - 24" - 48 72
55+9 7247 56+6 35+4
53+1  114+i3 86+10 48+11
20+1 2041 - 2042 1941
57+6  184+25 3241 4743
120+47 150+18 66+12 14+1

' 1205041629  881+198 126+23 50+15
437480 = 624465 192419 67+7

44734531 44124508 21364264 560455
2242 3546 24+2 13+1
1212461 11794102 323426 168+14
2141 - 2643 2242 1041
78+12 92+7 © 60+3 54+2
90+9 103+24 81+4 68+4
8949 109422 6343 47+4
5047 ¢ ©  56+4 4145 29+4
2846 35%9 . 2442 19+2

results are shown in Fig. v-5.
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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 iﬁ
intestinal 1uﬁen, which probably wefe 8P, . increased with  .a-
decrease in radioactive contents in gastric lumen. The
activity of the inteétinal contents feached a maximum’at & h
after administration and decreased to 1% of the given total
at 72 h. The ¢changé in radiocactivity of blcod exhibited 2
peaks at 3 h and 24 h. Incorporation of the radidéctivity
‘into the infestine also exhibited 2 peaks, a major oﬁe at 6 h
and a secondary one at 24 h. Changes in the incoréorated
radioactivity in brain, 1lung, spleen, kidney and testisrwere
parallel to that in intestine. The radiocactivity in fat
pads, pancreas and femoral muscle gave a peak at 24 h. In
liver, the radicactivity 'ciearly increased and reached a
maximum at around 12 h. The guantity in liver was 2.6% of
the dose and the greatest of all tissues and organs.

Hepatic mitochondria and microsomes were isolated from

the ecytosclic fraction. Recovery % of nitrogen into each
fraction had no variation (Table V-3). w " Then, the "~radic-
activity in these cellular fractions were measured. ~ The

radiocactivity 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 sSP-fed Rat

Mean+SE of Bg (n=4)
H after

administration Whole liver Mitochondria Microsome Cytosol

3h-SP - 424454 | 5445 3644 . 326+24
7h-SP " w 669+63 52+7 3344 24745
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 12641 - 814489
7h-LAHPO 18514262 157+4 124417 889+74
Recovery of N 100% 18.2+0.3% 7.98+0.24% 24.1+0.3%

tion ratio ofyradidactivi;y were about 10% in mitoéhondriai
aﬁd microsémes and were almost constant. - These ratios were
the saﬁe as in the <case of LA- énd -LAHPO;fed :groubs.
Therefore, it‘ W;s‘considered that_the ora}ly given SE  was

incorporated into hepatic mitochondria and microsomes.

Effects of orally administei'ed SP on liver

A change in hepatic lipid peroxide content was observed
with the TBA test (Fig. v-5). The lipid peroxide content
elevated with the increase in_;adipactivity until 24 h.

After rapid decline of the radioactivity{l the Lip;d peroxide
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Fig. - V-5. - Effect of Oral Intake of SP on Liver. - The radio-
activity incorporated into liver (—O—) is given in Table V-2,
Liver weight (—A

}, lipid peroxide content (—e@

), serum
glutamic oxaloacetic transaminase (—[O—) and glutamic pyruvic
transaminase - (——MB—— ) were measured concurrently with assay of
radioactivity incorporation.
content still remained at the high level, which was accompa-
nied by increases in serum glutamic oxaloacetic transaminase
and glutamic pyruvic transaminase activities and by a slight
hypertrophy (about 1.5-fold; P < 0.001).

Various amounts of SP were administered and changes in
thé incorporated amounts into liver were observed after 12 h.
Table V-4 shows that the ratio decreased noticeably from 2.5%
to 1% with ‘increase of the administered amount from 100 mg. to
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- Table V-4
Incorporated Amounts of Radiocactivity into Liver

after 12 h When Varicus Amounts of SP were Given Orally

Given '~ Incorporated into liver

mg. . mg* (%)
115° ©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 radiocactivity.
" **See in Table V-2.

570 mg. Thus, the accumulation of radiocactive substances of

SP was 3-5 mg._in liver.
v-4 DISCUSSION

The SP-administered group excreted about half of the
given amount through feces (Table v-1). The total fecal
weight was 3-times -the weight of . LA group. . - SPfseemed to
have_ an gffect of exfoliation on brush‘bo:der.membrane such
as that exhibited by some kinds of detergents [168]. The
remaining half was incorporated into the body, and .1/2 ‘was -

discharged by urination and 1/4 was exhaled. . Thus, radio-
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active substances in the SP group were metabolized to CO,, as
also seen in the LA and LAHPO groups.

While the rates of excretion through_bothifeces and urine
in the sP groqp'Wére almost the same as thqée’in the LA and
LAHPC groups {Fig. V;l aﬂd 2), the radiorespirometric pattern
in the SP grOﬁP ﬁasldifferent froﬁ.those iﬁ fhe_other groups
(Fig. Vv=3). The radibrespirometric pattern in the SP group
gave 2 peaks ané was similar to that in the Sé-i rats (Fig.
v=-4). S$P-L might cohprise 2 Eomponents. ,,foh? was rapidly
metabolized poréoz, while the othér was not.

SP-~H was composed mainly of pélymeié oerA'(Téb1e I11-4).
The molecular-weight range was determined to be about
300-1000 by Sephadex LH-20 gel permeation (Fig. III-2)." No
remarkable differences were observed in either respiratién of”
excretion between SP~H and SP-L rats (Table V-1). .It is
believed. that SP-H could be absorbed by the réts, although
phermally‘ oxidized oil which was the higher mclecular-weight
polymer was not [169]. -

It was made ‘clear that SP was toxic to protein in Chapter
Iv. The -present data demonstrate that 1/2 radioactivity‘off
the‘orally administered SP is incorporated into the rat body,
where l[2j7£§ exéfeted through urine and 1/4 erough‘”Coz
(Tableriv—l); .'Thé remaining radidactiﬁityiwas‘-aCCumuiatéd

mainly in liver after 12-24 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 1incorporated in mitochondria and micrcsomes
(Table V-3) in the rodent liver.

The accumulated materials affected deieteriously on the
hepatic condition (Fig. V-5). - The lipid peroxide content in
livexr. 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 accumulation peak of radiocactivity
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 hepatic impairment and then was transferred to the - other
tissues and organs. = The problem whether the -autoxidation
pProducts  dre wunchanged or not' and the metabolism of
incorporated substances in liver will describe in the next

Chapter.’
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VI - FATE OF .SECONDARY AUTOXIDATION PRODUCTS IH LIVER

VI-1 INTRODUCTION

The Chapter V made clear that ‘the radiocactive 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 whethef 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 intraperitcneal LDgq of ethyl linoleate hydro-
peroxide for mice is 12 mg and that the oral dose does not
kill. Bergan and Draper [171] reported that oral [1-
14C]methyl linoleate hydroperoxide is not absorbed per se
into the animal body. Nakatsugawa and Kaneda {[172] showed
that only 0.23% of methyl lincleate hydroperoxide in the
orally administered total is détected 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 in SP may be easily absorbed
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into bédy.

Three daily consecutive doses of SP resulted in the death
of animals on the third day (Chapter V). Although the
single dose of SP procduced the stress in the animals on the
first day, the animals easily recovered. Furthermore, the
doge of smaller amount of SP had no effect on the animals,
even when administered orally or-through intraperitoneal
injections. SP may be absorbed unchangedé in form and
~detoxified. Therefore, biological fate of the absorbed
substances of SP must be made clear.

The radiocactivity of SP was accumulated in liver. In
this 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 kBg/mmol of the
autoxidized [U—l4C]LA (Chapter III). Three rats were intra-
gastrically received 100 mg each of LAHPO and exsanguinated
after. 2.5 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 1ipid in blood and liver.  Hematic and ..
hepatic 1ipids were analyzed. Blood was homogenized with
100 ml of a chloroform-methanol=2:1 solvent and 2 mg of BHT,
twice. The hepatic mitochondria and microsomes were
isolated (Chapter V) and homogenized with the chloroform-
methanol=1:2 and BHT. The chloroform layer was obtained by
centrifugation (3000 rpm, for 10 min). These extracts were
evaporated, dissolved again into chloroform and applied on- a
1x17 em column of silica gel (Wakogel C-100). The chromato-
graphy foliowed the method of Rouser et al. [175]. Two
hundred milliliters of chloroform, 800 ml of acetone and 200
ml of methanol were eluted in succession. The chloroform
eluate, which was a fraction of neutral lipids, was further
applied on TLC. TLC was developed with a solvent system of
hexane-diethyl ether-acetic agid=80:20{l. Bands of tri-
glycerides, free FA, diglycerides, monoglycerides and steroid
esters were ‘individually scraped off the plate. - These
lipids were extracted by chloroform and assayed -

radiodhemidally.

Gel permeatian chromatography of blood. - The chloroform-

extract of blood was evaporated and suspended in 5 ml of
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water and applied on a 2.5x92 cm column of Sephadex G-10 -
whose void wolume was 175 ml. The chromatography was
carried out in accordance with the method for MA (Chapter
III). Half of each fraction (8 ml) was submitted to radio-

assay and the cther half to the TBA test.

GC-MS analysis. The samples were methylesterified and
applied to GC-MS with a2 1 m column of Silicon OV-1 (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 60°C to 2509C at 10°Cc/min; flow pressure of
helium gas of 1 kg; ionic voltage of 20 eV; and a sample
temperature of 100°C and a chamber temperature of 200°c.
These conditions were almost the same as those for the
analysis of the low molecular weight components of SP
(Chapter III).

Preparation of hydroperoxzides of iphosphatidy_lethanalamine
and trilinolein.  Phosphatidylethanolamine and trilinolein
were purchased from Sigma Chem. Co., Ltd. and Nakarai Chem.
Co., Ltd. Their hydréperoxides were - prepared with

bPhotosensitized oxidation reported by Terao et al. [21].

Measurement of hepatic enzyme activity. Activities of 7
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kinds of cytosolic enzyfes were measured. - ‘Glutathione
peroxidaée activity was assayed with the method of NADPH
disappearance [176] wusing LAHPO as the substrate. Catalase
activity was determined by the method of Chance [177] using
H505. Superoxide dismutase activity was measured by reduc-
tion of nitroblue tetrazolium. [178]. Aldehyde dehydrocgenase
(NADP dependent type) [179], phosphofuructokinase [180],
hexokinase [181] and glucose-6-phosphate dehydrogenase [182]
activities were assayed by the changes in NADH or NADPH.
Five kinds c¢f mitochondrial enzymes were alsc measured.
Isocitrate dehydrogenase activity [183] was assayed by the
NADPH-method.~ Succinate dehydrogenase assay [1B4] used a
potaésium ferricyanide method. : Cytochrome C oxidase
activity was .measured with oxidation of cytochrome C [185].
Aldehyde dehydrogenase activity of NAD-dependent type was
also measured [179].. The activity.of carnitine palmitoyl
CoA transferase was determined hyﬂthe amount of CcA-SH [186].
Microsomal enzyme, acetyl CoR carboxylase -activity was
assayed by a CO, fixation method using 14¢c (1877 Changes:
in the activities of these ernzymes were expressed as
percentages to those of the LA-administered rats, when a

0.005 probability level was chosen. -

VI-3 . RESULTS
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Distribution of radioactivity in hematic lipide of LABPO-
administered rats

LAHPO (170 kBqg) was administered to 3 rats and blood was
collected. The blood of rats contained:.5.5 Bq/ml'pf_radio—"
activity and 55% of the activity was moved to chlorcform
extract. The extract was subjécted - to the separation:  of
lipid classes. .Table VI-1 shows that the radioactivity was
" evenly dispersed in hematic 1lipids,. phospholipids, . galacto-

lipids, triglycerides and diglycerides. Moreover, hydroxy

Table VI-1
Distribution of Radiocactivity of Hematic Lipids of

LAHPO-administered Rats

Lipid ' Distribution %
Phospholipids 17.0
Galactolipids - 15.7
Triglycerides 33.4
Diglyceridesl ©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
near that of free FA, was scraped
off,extracted, methylesterified and
analyzedwithGC-MS.
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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 lipids.

Igolation of TBARS in blood of SP-administered rats

SP was administered to rats and 26 g and 717 Bg of blood
was cqlieqted. The chloroform extract of blood contained
225 Bqg of radioactivity and subjected to gel permeation

chromatography {(Fig. VI-1). The raddiocactive substances in
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Fig. VI-1. Sephadex G-10 Chromatography of Blood. The
chloroform extract of blood was permeated by the dgel (detection by
radioassay; —O— and by TBA test; —A—— ). =~ A water extract of 50

mg of radioactive SP was -also permeated . (radicassay;----@----, TBA
test; ---A-—--). Authentic MA was also applied (—:=W~-—),
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blood showed three elution peaks at 30-70 ml, 80-100 ml and
160-190 ml. This patfern of radiocactivity was similar to
the pattern given by the water extract of §P. The .third
peak contained’ TBARS and its elution position agreed with
low molecular-weight aldehydé such as MA, However,-éldehyde
was not identified by fhé“Gé;HS'analyéis. It was considered

that various contaminants interfered the analysis because the

amount of aldehyde might be very small.

Separation of SP-eontaining - fraction from total lipids

The orally administered‘sé w;s'accumulated in the’ﬁépatic
mitochondria and microsomes after 12-24 h (Chapter V).
Then, an attempt was made to separate the SE—containing
fraction from lipids of these hepatic organelles. The SP-
containing fraction was easily obtained using silica gel
column chromatography (Table”V;—2). SP was present in the
acetone eluate and hydrbperoxiaes free. Neutral lipids
were eluted in the chloroform fractipn and phospholipids were
in the methanpl fract;én_[lJS]. V_HThéir hydroperoxides were
present mainly in fractions of the poriéspoqding lipids.
Galactolipids were ’elﬁtéd in the acetone fraction. The
galactolipi@s occgpi§d qn1y 3% of the to£a1 lipids of hepatic
organelles in rats. Then, TBARS amounts in these acetone

fractions of organelles of SP-administered rats were measured
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Table ViI~2

Chromatographic Separation of SP from Total Lipids

' sample | 8P . LAHPO TL-HPO* PE-HPO*
_ Applied amount kBg ‘ 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 ﬁI-j

'Spebific"ACtivity” of TBARS in Acetone Fractions

Mean+SE Bg/neq of MA (n=4)

- Mitochondria . 45.446.9
Microsomes - 47.5+6.1

Authentic SP 47.Qi0.9
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(Table VI-3). Specific activity of TBARS in mitochondrial
acetone eluate was 45.4 Bg/neq and closed to the.value of- SP
per se (47.9 Bg/neq). That of microsomal TBARS was 47.5

Bg/neq and the same as SP per se.

Detection of hexanal and 9-ONA in hepatic organelles

These  acetone fractions. were submitted to +the GC=MS -
analyses. The- acetoné fractions were methylesterified by.
diazomethane gas to avoid interference by galactolipids.: 1In
the acetone fractions ¢f 3 h-microsomes, 7 h-mitochondria andl

7 h-microsomes, the trace of a peak agreeing with authentic

hexanal was observed on GC (Table VI-4). . This peak 'was
Table VI-4

Detections of Hexanal and 9-0ONA from ' Acetone -

Fractions of Mitochondrial and Microsomal Lipids

‘Detection of: Hexanal 9-ONA Hexanal 9-0ONA

from: Mitochondria Microsomes
‘after (h)

3 - - + -

7 + - o+ -

120 - 4+ ++ S 3 -

26 - - - -

=1 Not detected. +; Some fragment ions were detected
in 10 Bq of samples. ++, +++; Identified in 20 Bg of
samples. ' ' o
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introduced to MS and some.ion, m/z: 43, 58 and 71, were

detected. - These = ion peaks were the major fragment ions of
hexanal [80]. In the acetone fraction of 12 h-mitochondria,
two GC peaks were observed. Their relative retention times

on GC aﬁd their fragmentation on MS completely agreed with
those of authentic hexanal and 9-ONA methyl ester [80].- In

the 12 h-microsomes, one peak was observed and identified as
hexanal. : From the acetone fractions of 24 h-organelles, no

aldehydes were'detécted.

Changes in hepatic enayme activity

Hepatié enzyme activities were measured in rats after
12-15 h of the administration with 350-500 mg each of §P.
Mainly 13 kinds of enzymes indicated remarkable changes in

the activity (Table VI=5). The activities of two c¢yteosolic

enzymes were stimulated. Glutathione peroxidase increased
by 2BQ%Hwénd"pafaiase increasgd 'by' 44%. The other
detoxificases, ' superoxide - dismutase and aldehyde
dehydrogenaéér deé?éased by 40 aﬁd 22%. - Giyé&iyéis. and

pentose phqsphate cycle enzymes also decreased by about 20%.
The enzyme activities of mitochondrial tricarboxylic acid
cycle, Visgg%t;gte ;dehydrggenase was aE;ivatedrénd succinate
dehydrogénés§~ was inactivated. Mitochondrial ' -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 (%)*

Cytosollc _
Glutathione peroxidase =~ - 280
Catalase . - la4

.”Superox1de dismutase 60
Aldehyde dehydrogenase (NADP-dependent) =~ 78’
-Phosphofructokinase 72
Hexokinase g 75
Glucose-6-phosphate dehydrogenase 85

Mitochondrial
Isocitrate dehydrogenase : ‘ 135
Succinate dehydrogenase - , 62
Cytochrome C oxidase _ 136
Aldehyde dehydrogenase (NAD dependent) 55
Carnitine palmitoyl COA transferase 138

‘Microsomal _ N . o o
Acetyl CoA cefboxflase . 165

*Change % to the activity (100%) of LA-administered rats
(n=8) when a 0.005 probability level was chosen.

lipogenesis . enzymes _were., remarkabié (,stimelated.
The activity of mitochopdrial carnitine palmitoyl CoA
transferase increased by 38% and _ﬁicresdmal acetyl CeA
carboxylase increasedr by 65%. - Thus, while eldehyde
dehydrogenases suffered injﬁry"by-the iﬁtake‘df'aldehfde-rich

SP, the lipia'metab01ism enzymes were stimulated.
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Incorporation of radiocactivity into lipids

SP was administered to rats and . the distribution of
radioactiﬁity -'wésrnrdbserﬁéd'fih the mitqcho§driéiﬁr and
microsomal lipids after 12 h (Table VI-6). - Fifty percents

in the radicactivity were incorporated into neutral 1lipids

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. Hepatic

Mitochondria and Microsomal Lipids of SP-Administered Rats

Distribution (%)

In Mitochondria Microsomes
Triglycerides 37 41
Free FA oo T 22 i8
‘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 lmicrosomal
phospholipids.

Timg..cog;ses of the changes in radioactivity containing.
in these ofganelle‘lipiqs_were observed {Figi VIi-2). ~ The
incorporation cf radicactivity into mitochondrial and
microsomal lipids increased suddenly after 12 h of the

-100-



Total ' SP -~ «NL- " PL
80r 100y i B

0 1 l ] 1 1 1 ] J_-V ] — 1 1 1 .
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Fig. VI-2. Changes in Incorporated Radioactivity into Hepatic
Mitochondrial and Hicrosomal‘Lipids'in SP-Administered Rats. The
total 1lipids were obtained by the chloroform -extraction . from
hepatic mitochondria ( O )and microsomes ( A ) and applied on
silica gel column'chromatography. " The' chloroform, acetoné and

methanol eluates from the column were referred to  fractions of

neutral lipids (NL), SP and phospholipids (PL), respectively. The

incorporation of radioactivity into these fractions .were "expressed

as percentages occupied in the total lipids.

administration. ‘The 'radioacti?ity in acetone eluate
containing SP decreased - from 20% (after 3 h of " the
administration) to 5% (after 24 h).  The incorporation of
radiocactivity into neutral lipidé ihdibatéd'arhigh ratio in

mitochondria after 3 h and the ratio was COnstéht, 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 hepatic organelles.
Vi-4  DISCUSSION

The- autoxidaii&n productg of LA were separated int; Vtwo
parts, LAHPO-and sg,ﬂwgnd wéfe administered intragastrically
.to rats. LAHPOVwas readily réduceé or decomposed in the
animal gasfrointestinal tract. -The reduced or decoﬁposed
products were rapidly metabolized to lipids  (Table VI-1).
On the éontféiy,'réP;-whése form wa$ partly unchanged, seemed
to be incorporated into blood (Fig.”VI—lj.

.Then?_.an attempt to detect-hexanal and 9—OﬁA wﬁiéh were
the majdilcomponents of SP (ChaptériIII) was made in liver.
SP;éﬁntaining frécfion‘could be ;£romatographycally separated’
from lipids of the hepatic mitochoﬁdrié and ﬁicfosomeé (Table
VI-Z).lf 'Specific activities,of TBARS in the SPrqontainipg y
fractions,:well agreed with that of SP per se (Table VI-3).. .
Theq, the ,SP-gpntaining frgctionkﬁas analyzed with: GC-MS.
Trace amognt qﬁ hexanal‘or;Q—ONQ was iderntified (Taplg VI~41.‘

Peroxides sgch, as LAHPQ were present in living Hcells
[188, . 189].IL LAHPQ is decpmpo§ed‘and the,mainlproduéts_wé;ei_
hexapal [24] and 9-ONA [4%]. uHowever, glmqst é}l of‘_thg\

peroxides was removed from the SP-containing fréct;ons 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 9f0NA 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 liver.

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 biomgmbrane. The radio-
activity of SP was incorporated into microsomal phospholipids
(Fig. VI-2). Therefore, the radioactive substances of
incorporated SP may be utilized for the membrane repair.

The ‘incorporation of radicactivity into liver reached a
maximum after 12~24 h (Chapter V). Hexanal and 9-ONA were
detected in 12 h-mitochondria and -microsomes, but not 24 H-
organelles. The radiocactivity was disperséd in lipids after
14 h of SP administration (Table VI-6). The radicactivity
of the acetone fraction decreased with time proceedings (Fig.
Vi-2} ~ and the aldehyde dehydrocgenases  were remarkably

inactivated (Table VI-5). Therefore, aldehydes such as
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hexanal:and 9~ONA seemed to be detoxified and metabolized ‘in
the hépatib'ofganeiles.v

It was - concluded thdt the orally administered SP was
detoxified ‘in’ hepatic¢ organelles and theh gave a damage to
biomembranes.  The membranes were repaired dnd subsequently,
lipogenic and lipolytic enzymes>were‘stimu1ated. Further-
more, these toxic components to thé biomembrane should be
investigated [198,‘ 199]. One of the toxicants might be 9-°

ONA as reported by author group [200].°
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VII SUMMARY

Oral toxicity of the autoxidation products of linoleic
acid (LA) to rats was investigated. LA reacted easily with
one mole of atmospheric oxygen and formed 1linoleic acid
hydrcoperoxide (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 c$mplex_mixture and aldehyde-rich. SP consisted of
38.2% polymers, 26.5% epoxyperoxides or endoperoxides, 6.2%
short chain (CG-CIO) carboxylic acids, 5.0% 9-oxoncenanoic
acid (9-ONA), 3.8% hexanal, 2.6% nonanedioic acid, 0.9% 8-
oxooctanoic acid, 0.3% 12—oxododecadienoi0'acid.and so forth.

These autoxidation products were reactive to proteins.
Lysozyme was inactivated and its basic amino acid residues
were damaged by these products in the order of SP > LAHPO >
LA, The damage seemed to be caused by Schiff base formation
of basic amino acids with aldehydes.  Casein easily
inco;poratedlthese autoxidation products in the above order
and. its conformation was changed. - These autoxidation

products were orally administered to rats. 8P 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
damaged the protein of gastrointestinal mucoSa.

‘However, a single dose of 100 mg each of the autoxidation
products had no effect on the rat growth. Thén, this amount
each of [U—l4C]LAHPO and SP were administered intragastrical-
ly and their incorporation into body was radiochemically
compared with that-of LA. Almost all of the radiocactive
substances of LAHPO was incorporated and excreted through
urine and respi?ation as well as in the case of LA. LAHPO,
however, seemed to be easily reduced or decomposed in the
animal‘gasfrointestinal tract. On the contrary, half of the
radicactive substances of SP was incorporated, of which 1/2
was excreted through urine and 1/4 .through CO,. After 12-24
h, 2.6% of the administered SP had accumulated in liver and-
the major components of 3P, hexanal and 9—ONA, were found in
the hepatic organelles. It was concluded that the low
molecular-weight c¢omponents of SP, whose forms were partly -
unchanged, were absorbed into blood and further incorporated:
into -hepatic mitochondria and microsomes.

‘Enzyme activity of the mitochondrial aldehyde
dehydrogenase decreased with the SP dose. The incorpora=
tion of radioactivity of SP 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 micrcsomes.

The SP dose impaired hepatic functions. .- .The améunt'of
thiobarbituric acid reactive substances remained high even
after the disappearance of the radicactivity. An elevation:
of serum transaminase activities also continued. A -
hypertrophy of liver (1.5-fold) was observed after 72 h but
recovery occurred after 96 h. Furthermore; the activities
of carnitine palmitoyl CoA transferase and acetyl CoA .
carboxylase were noticeabiy_stimulatgd. Therefore,-it-was;h
concluded that although the orally administered SP damaged
biomembrane of the hepatic organelles, the biomembrane was
repaired.

On the basis. - of these data, the fate of orally.
administered SP in rat liver is summarized as follows: 1. SP

was more reactive to proteins than LAHPO. 2. The low

molecular-weight aldehydes in SP accumulated in the hepatic ..

organelles after 12-24 h. 3. The liver underwent damage by

these aldehydes after 24-48 h and the damage was caused by .

impairment-of biomembrane. - 4. The lipogenic enzymes wexre - .

remarkably stimulated to repair b;omembrane.__.and-SL‘After.
96 h. of the administration, the hepatic function was

recovered.
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