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ABSTRACT 

Fatty acid peroxides have been found in the atherosclerotic human aorta. 
Glavind found a correlation between the extent of the atherosclerotic changes and 
the content of lipid peroxides. These lipid peroxides are very toxic to the tissues. 
There are several compounds in the tissues to counteract the toxicity of peroxides 
in vivo, i.e. SH compounds, ascorbic acid, or tocopherol. 

· It may be inferred that an increase of peroxides and a decrease of SH 
compounds occur in the experimental atherosclerotic aorta and that the administra­
tion of such reducing substances as ascorbic acid or SH compounds reactivates 
the respiration of the aorta inhibited by peroxides and retards the atherogenesis. 
It may be also supposed t hat a decrease of SH compounds occurs in the human 
atherosclerotic aorta. From these considerations the present invest igations were 
performed. In the rabbits fed cholesterol, a decrease of nonpr otein SH content 
and an increase of TEA reactive substances were observed in the aorta at the 
stage when the r eduction of r espiratory activity was not revealed. Furthermore, 
a decrease of total SH content was observed· in the serum, while total SH, 
nonprotein SH contents and SDH activity were normal in the liver. In the rabbits 
fed cholesterol with concomitant administration of ascorbic acid or SH compounds, 
the grade of atherosclerosis and the abnormality of total cholesterol and total 
SH contents were improved. The development of atherosclerosis was r etarded 
as compared with the control, while the abnormality of lipids in quant ity and of 
fatty acid compos ition was not improved. 

Nonprotein SH content in the human atherosclerotic abdominal aorta decreased 
as compared with the normal aorta. 

From these results, it may be concluded on atherogenesis that a damage of 
protein induced by nonenzymatic peroxidizing lipid-protein reaction exists in the 
serum and aorta. 

INTRODUCTION 

There have been only a few reports concerned with the relationship of 
lipid peroxides to atherosclerosis. In 1952 Glavind and others 1> first found 
that the atherosclerotic human aortae contained lipoperoxides and the content 
of the peroxides paralleled with the degree of severity of the atherosclerosis, 
while the normal aortae were free from lipoperoxides. Fukuzumi 2> and 
Woodford 3> also determined lipid peroxides in the lipid extract of the 
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atherosclerotic human aorta. Lipid peroxides are produced from unsaturated 

fatty acid by free radical chain reaction involved in autoxidation. 

On the other hand, Burt 4> found that the incidence of acid-fast pigment 

(ceroid) in the human aortic atherosclerosis was directly proportional to the 

degree of initial thickening. By Hartroft's investigations) abundant deposits 

of acid-fast and sudanophilic pigment resembling ceroid could also be demon­

strated in every lesion of the human aortae which exhibited atheroma of 

advanced stages. The ceroid pigment was believed to be formed by autoxi­

dation of unsaturated fat in vitro 6). 

It was recently demonstrated by Fukuzumi 7l that the atherosclerotic human 

aorta contained lipid-protein complexes, in which oxidized lipids containing 

transisomers existed. In vitro, the hydroperoxide of methyllinoleate extensively 

denatured the isolated human low density lipoproteins, and an initial or primary 

association of hydroperoxide of methyl linoleate with low density lipoproteins 

was noted prior to its denaturations). Therefore, if lipids of lipoproteins are 

autoxidized in vivo, the lipoprotein might be denatured to be hardly metabolized 

and accumulated in the arterial tissue. Kayahan 9l claimed that denatured 

proteins in the intima of the human atherosclerotic subjects was responsible 

for an increase in lipid-binding capacity of the aorta. 

These lipid peroxides are very toxic to the tissue. Bernheim and others 10) 

showed that fatty acid peroxides inhibited some oxidative enzymes such as 

succinic dehydrogenase. Tappel 11l has reported that lipoperoxides formed in 

rat liver in vitro or after feeding tocopherol-deficient diet destroy the cell 

membrane system or the electron transfer system and that this leads to cellular 

damage consequently. 

Therefore, if the lipid peroxides come to existence in the arterial tissue, 

they might disturb the tissue metabolism in the long run, even if small in 

quantity. No experimental atherosclerosis has yet been developed by feeding 

lipid peroxides for a long period. So it remains unexplained up to now that 

lipid peroxides may be a atherogenic factor. 

There are several compounds in the organism which counteract the toxicity 

of peroxides in vivo, i.e. SH compounds, tocopherol, ascorbic acid, or quinone. 

Oya 12> found that total tocopherol content per total lipids in the rabbit aorta 

after cholesterol feeding decreased as compared with the normal rabbit. He 

also found, in vitro, that tissue respiration of the rat aorta was reduced by 

addition of lipid peroxides, and this reduction of the respiration could be 

protected by addition of tocopherol. Iwakami 13l showed that on the aorta of 

cholesterol- and tocopherol-fed rabbit, TBA value (lipoperoxides content) was 

significantly lower at the second week and the development of atherosclerosis 

was significantly less at the 12th week as compared with the cholesterol-fed 

raJ;> bit. Dub9ulo? anc;l Fonda,rai HJ found that ethyl oleate peroxic;le was capable 
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of oxidizing the -SH groups of proteins to -S-S- and to further oxidation 
products. In general, -SH enzymes, for example succinic dehydrogenase, were 
found to be more readily inhibited than enzymes not posessing -SH groups 
and protected by sulfhydryl compounds such as glutathione or cysteine 15l. SH 
compounds is water-soluble and its action as antioxidant is different from 
tocopherol. However, it was assumed from the point of view mentioned above 
that an increase of peroxides and a decrease of SH compounds might occur 
in experimental atherosclerosis and that the administration of the reducing 
substances such as ascorbic acid or SH compounds might reactivate the 
respiration of the aorta inhibited by peroxides and retard the atherogenesis. 
It was also supposed that a decrease of SH compounds might occur in the 
human atherosclerotic aorta. There is no certain method to determine an 
extremely small amount of lipoperoxide in the organism. Therefore, it is 
considered to be necessary that the observation of antioxidants, especially SH 
compounds, of which determination may be certain, is performed together 
with the observation of lipoperoxides in the organism. The present investiga­
tions consisted of three parts. Experiment 1, was performed to determine the 
changes of peroxides and SH compounds in the tissues of cholesterol-fed rabbits 
and Experiment 2, to determine the change of nonprotein SH in the human 
atherosclerotic aortae. Experiment 3 was done to study the effect of administra­
tion of some antioxidants such as ascorbic acid, cysteine and a-mercaptopro­
pionyl-glycine on the rabbits fed cholesterol. 

MATERIALS AND METHODS 

Experiment 1 
White male rabbits weighing about 2.0 kg were divided into three groups 

by the diets and the period of feeding as follows; 
N group: 27 rabbits fed on standard diet for 4 weeks. 
C-4 group: 28 rabbits fed on cholesterol diet for 4 weeks. 
C-12 group: 3 rabbits fed on cholesterol diet for 12 months. 
Diets used: A standard diet consisted of 350 g of bean extracted refuse, 

15 g of bran and 200 g of cabbage per day. A cholesterol diet consisted of 
standard diet and 1 g of cholesterol per day. 

All groups were sacrificed at the end of the period respectively. The 
aorta and liver were analyzed for thiobarbituric acid reactive substances, 
nonprotein sulfhydryl, succinic dehydrogenase, and total nitrogen. The hepa­
rinized plasma was analyzed for TEA reactive substances. Because of the 
paucity of materials, SDH activity and TEA value of the aorta were not 
estimated on C-12 Group. SDH activity and nonprotein SH content of the 
liver were not measured on C-12 group. 

Total nitrogen: 20 mg of the frozen dried materials was homogenized in 
3.8 ml of distilled water and diluted to 500 volume of the initial weight. 0.5 
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ml of the aliquot was heated to ash in 1 ml of 50% HzS04 with KOH bath 

and then 1 ml of the Nessler's reagent was added. The volume was adjusted 

to 10 ml with distilled water. The optical density was read at 513 mp in a 

spectrophotometer. 

Nonprotein SH: 100 mg of the frozen dried material was homogenized in 

3 ml of phosphate buffer pH 7.4 and allowed to stand for 30 minutes. And 

then 3 ml of 5% sulfosalycilic acid was added. SH content of the filtrate was 

estimated by the amperometric titration method with 0.217 x 10- 3 mol AgN03 

titration solution. 
Succinic dehydrogenase (SDH) activity: The aorta was sliced 0.5 mm of 

width. The liver was homogenized at 10% in phosphate buffer (0.1 M, pH 7.4) . 

SDH activity was measured by direct · method of Warburg. 100 mg of wet 

weight of the aorta slices or 0.3 ml of the liver homogenate was incubated 

with constant shaking in 3.0 ml of the following medium at 37°C in an atmo­

sphere of air. 

Central vessel: 0.2 ml of 10 N NaOH 

Side vessel 0.2 ml of 1/ 10 N Na-succinate 

Main vessel 0.5 ml of 0.03% phenadine metosulfate 

0.3 ml of 0.1 mol KCN 
1.8 ml of 0.1 mol phosphate buffer pH 7.4 

0.2 ml of distilled water 

Manometric readings were made at fifteen minutes intervals after fifteen 

minutes of the thermal equilibration from addition of the substrate. Results 

were corrected for endogenous oxygen consumption. 

TBA reactive substances : Three strips of the aortae were freed from 

adherent fat and adventitia and pooled for the estimation. One gram of the 

aorta and liver were homogenized in 3 ml of cold phosphate buffer pH 7.4. 

The homogenate or 2 ml of plasma was shaken in a water bath at 38°C in an 

atmosphere of air for 60 minutes, and then 2.5 ml of 20 % TCA was added. 

After removal of protein, 2 ml of the supernatant was heated at 100°C for 30 

minutes with 1.25 ml of 0.75% thiobarbituric acid. The resultant pink color 

was determined at 532 mp in a spectrophotometer. 

Experiment 2 

Thirty-five samples of the thoracic aorta and twenty-nine samples of the 

abdominal aorta were obtained at autopsy at the Nagoya University Hospital 

and immediately used for the experiment. Whenever the samples could not 

be used immediately, they were placed in the freezer and kept at -40°C with 

dry ice. The ages of the individuals from whom the samples were taken were 

between 43 and 76 years. The subjects had died from miscellaneous causes. 

The samples were divided into four groups by the degree .of the macroscopic 

severity of the atherosclerotic changes as follows: normal group, slightly 
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atherosclerotic group, moderately atherosClerotic group, and severely athero­
sclerotic group. After removal of adventitia and media the intima layers of 
the samples were analyzed for nonprotein sulfhydryl. The content of non­
protein sulfhydryl was determined by the same method as used in the experi­
ment 1. 

Experiment 3 
A) A preliminary experiment. The mitochondria from 2 g of male rat 

liver was prepared by Schneider's differential centrifugation method 16> and 
resuspended in 10 ml of phosphate buffer pH 7.4. This mitochondrial suspen­
sion was divided into five equal parts. Each part was transferred to the flask 
as follows: 

A group: 2 ml of the mitochondrial suspension, 0.2 ml of the emulsion of 
ethyl linolate-peroxide (POV: 42.5 mE/1) and 1 ml (50 mg) of a-mercapto­
propionylglycine (M.P.G.) were mixed in a Warburg flask. 

B group: 2 ml of the mitochondrial suspension, 0.2 ml of the emulsion of 
ethyl linoleate-peroxide, and 1 ml of distilled water were mixed. 

C grouo: 2 ml of the mitochondrial suspension, 1 ml of M.P.G. and 0.2 ml of 
distilled water were mixed. 

D group: 2 ml of the mitochondrial suspension and 1.2 ml of distilled water 
were mixed. 

E group: 2 ml of the mitochondrial suspension, 0.1 ml of M.P.G., 0.2 ml 
of the emulsion of ethyl linoleate-peroxide, and 0.9 ml of distilled water were 
mixed. 
37°C. 

Each mixture was incubated with constant shaking for 30 minutes at 
0.3 ml of the mixture of each flask was transferred in the reactive 

mixture as follows: 
0.1 mol phosphate buffer pH 7.3 1.5 ml 
0.01 mol A TP 1.5 ml 
0.02 mol MgClz 1.0 ml 
0.1 mol succinate 
10-• mol cytochrome C 

0.5 ml 
0.2 ml 

The respiration of liver mitochondria of each group was determined by oxygen 
electrode. 

Furthermore, TBA value of the mitochondrial mixture, before the determina­
tion of the respiration, was measured in A and B groups. After incubation 
at ~17°C for 30 minutes, 2 ml of 20% trichloroacetic acid was added to 2 ml of 
the mitochondrial mixture. After centrifugation for 15 minutes, 3 ml of the 
supernatant was heated at 100°C for 30 minutes with 1.25 ml of 0.75% thio­
barbituric acid. The resultant pink color was determined at 532 mp 
spectrophotometrically. 

B1) White male rabbits weighing about 2.0 kg were divided into five groups 
by the diet used and the administration of the reducing substances as follows : 
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N group : 13 rabbits fed on the same standard diet as used in the experi­

ment 1. 

Control group: 12 rabbits fed on the same choresterol diet as used in the ex­

periment 1 and were injected with 1 ml of distilled water subcutaneously every day. 

Vitamin C group: 13 rabbits fed on cholesterol diet and were injected 

with 100 mg of ascorbic acid subcutaneously every day. 

Cysteine group: 12 rabbits fed on cholesterol diet and were injected with 

100 mg of cysteine-glucose subcutaneously every day. 

M.P.G. group : 13 rabbits fed on cholesterol diet and were injected with 

100 mg of a-mercaptopropionyl-glycine (M.P.G.) subcutaneously every day. 

All groups were fed for 3 month::> and sacrificed 24 hours after the last 

administration. The entire thoracic aortae were removed and opened to make 

a rectangular strip. The severity of atherosclerosis on each strip of aortae 

was observed macroscopically. Furthermore, the aorta, liver, and serum were 

analyzed for total cholesterol and total sulfhydryl. In the serum, phospholipids 

were also estimated. 
The degrees of severity of atherosclerosis: The extent of the atherosclerotic 

changes on each strip of aortae was scrutinized and the severity of atherosclerosis 

was graded on a scale of 0 to 4 by McMillan's method 17l . 

Total cholesterol: The levels of total cholesterol in the aorta, liver, and 

serum were measured by Kitamura's modification 18> of the Zak-Henly's pro­

cedure. 

Total sulfhydryl: The determination was carried out at room temperature 

by amperometric titration with an apparatus constructed as described by 

Benesch et a/.19> with a modification as follows: 

Titration was carried out in 200 ml beakers containing 50 ml tris buffer 

solution (pH 7.8) . In this solution were immersed the rotating platinum 

electrode (800 r.p.m.) and the bridge from the reference electrode (Hg-HgO 

saturated Ba(OH)z electrode of Samuelson and Brown).. The electrode was 

standarized monthly by means of the known mercaptan solution. The galvano­

meter sensitivity was order of 0.04 to 0.06 f.l.A per minute. For the titration 

solution was used 2 x I0-3 AgN03. 
Phospholipids: Concentrations of phospholipids in the serum were deter­

mined by the method of Fiske and Subbarow 20>. 

B2) White male rabbits weighing about 2.0 kg were divided into five groups 

by the diet used and the administration of the reducing substances as follows: 

N group: 8 r abbits fed on the same standard diet as used in the experiment 

1. 
Control group: 5 rabbits fed on standard diet and 0.5 g of cholesterol per 

day. In addition, 1 ml of distilled water was injected subcutaneously every day. 

Vitamin C group: 5 rabbits fed on standard diet and 0.5 g of cholesterol per 

day. In addition, 50 mg of ascorbic acid was injected subcutaneously every day. 
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Cysteine group: 5 rabbits fed on standard diet and 0.5 g of cholestrol per 
day. In addition, 50 mg of cysteine-glucose was injected subcutaneously every day. 

M.P.G. group: 5 rabbits fed on standard diet and 0.5 g of cholesterol per 
day. In addition, 50 mg of M.P.G. was injected subcutaneously every day. 

All groups were fed for three months and sacrificed 24 hours after the last 
administration. The aorta, liver, and serum were analyzed for fatty acid 
composition of total lipids. 

Fatty acid composition of total lipids: Gas liquid chromatography was 
used 21l. Aorta, liver, and serum lipids were extracted in ether-methanol 
mixture refluxing for 30 minutes at 60°C, and saponification of extracted lipids 
was carried out by refluxing with 10 ml of 0.2 N KOH-methanol solution for 
30 minutes at 60°C. After the removal of the unsaponificable substances, the 
fatty acids obtained by acidification were methylated with diazomethane. 
The methylated fatty acids were then taken up in ethyl ether, concentrated 
to the desired volume, and injected into the evaporization chamber of a gas 
liquid chromatograph of Yanagimoto Seisakusho Co., Ltd., model GCG-3 D 
attached with hydrogen flame ionization detector GCF-100 using 15% diethyl­
eneglycol succinate polyester on Celite 545 (80 to 100 mesh) column. 

Column temperature: 200oC 
Carrier gas Nz: 40 ccj min. 
Carrier gas Hz: 60 ccjmin. 

The percentage of fatty acids was obtained by measuring the area under each 
peak with a planimeter. 

RESULTS 

Experiment 1 
In this experiment total nitorogen content, nonprotein SH content, SDH 

activity, and TBA value in the rabbits following cholesterol feeding were 
investigated. 

Total nitrogen content of the aorta was not changed in the C-4 group and 
significantly lowered in the C-12 group as compared with the normal group. 
That of the liver was not altered on 4th week (Table 1). 

Normal ranges of nonprotein SH content were 53.5± 18.5 in the aorta and 
1066± 47 ,ug/100 mg GSH equivalent in the liver. The concentration of non­
protein SH in the aorta tended to decrease in the C-4 group and significantly 
decreased in the C-12 group as compared with the N group (Table 2) . That 
in the liver of the C-4 group was not different from that of theN group. The 
ratios of nonprotein SH to total nitrogen were demonstrated in Table 3. The 
ratio in the aorta tended to decrease in the C-4 group and was not changed 
in the C-12 group as compared with the N group. The ratio in the liver of 
the C-4 group was not different from that of the N group. 
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TABLE 1. Total nitrogen contents in rabbit tissues 

Normal I 
4th week of I 12th month of 

cholesterol feeding cholesterol feeding 

Aorta I I mg/100 mg dry 16.5± 2.8 14.7± 1.3 11.4± 0.2 
weight of tissue (5 ) (5) ## (3) 

Liver ~----------~~----------~· - ----------

mg/ 100 mg dry 10.2± 2.2 10.5 ± 4.0 
weight of tissue ( 5 ) ( 5) 

± Standard deviation 
## Difference from normal value significant (p<0.05) 

The figures in parenthesis indicate the number of samples in each group. 

TABLE 2. The concentrations of nonprotein SH in rabbit tissues 

Aorta 
flg/100 mg GSH 

equiv. 
Liver 

pg/100 mg GSH 
equiv. 

± Standard deviation 

Normal 

53.5 ± 18.5 
(5) 

1066± 47 
(5) 

I 4th week of I 12th month of 
I cholesterol feeding 1 cholesterol feeding 

28.9 ± 12.3 
# (5) 

1137± 122 
(5) 

I 
27.9 ± 8.2 

## (3) 

## Difference from normal value significant ( P<0.06) 

:II Tendency to differ from normal value ( 0.05<P<0.1) 

Each value is based on the initial dry weight. 

The figures in parenthesis indicate the number of samples in each group. 

TABLE 3. The ratios of nonprotein SH/total nitrogen in rabbit tissues 

Aorta 

Liver 

Normal 

3.32± 1.28 
(5) 

111.3±32.9 
(5) 

± Standard deviation 

I 4th week of I 12th month of 
cholesterol feeding 1 cholesterol feeding 

I 1.92± 0.69 I 2.44±0.62 
l! (5) (3) 

I 116.3± 39.8 I 
(5) 

# Tendency to differ from normal value (0.05<P<0.1) 

The figures in parenthesis indicate the number of samples in each group. 

Succinic dehydrogenase activity in the aorta of the C-4 group had a 

tendency to increase as compared with that of the N group, but statistically 

not significant. That of the liver in the C-4 group was not different from 

that of the N group (Table 4). 

The concentration of thiobarbituric acid reactive substances in the 

aorta . was significantly increased in the C-4 group. Those in the liver and 



SH COMPOUNDS AND ATHEROSCLEROSIS 

TABLE 4. Succinic dehydrogenase activity in rabbit tissues 

Normal [ 4th week of 
! cholesterol feeding 

!'1/lOO mg dry weight 263.8± 28.2 1 324.8± 27.7 
Aorta I - - --c--1 - -

of t issue/ hrs (4 ) j il (5 ) 

--~~~~~-;ii":;t ~e~~ht--,-· 139.~~~-:g---~ ---ll5-.2-±-18-.-8--
___ o_f _tlssuef_!ll.:~---· ·- '----- ____ ____ --- -~-----

± Standard deviation 
# Tendency to differ from normal value (0.05<p < O.l ) 
The figures in parenthesis indicate the number of samples 
in each group. 

TABLE 5. The contents of T BA r eactive substances in rabbit tissues 
·=·=~=·····~"=··~·=·~=~·-·=···--=~·=·==~=··=··==;== = == 

! 4th w eek of I 12th month of 

Aorta 
Ext .jg wet 

weight of tissue 

Normal 

0.173± 0.060 
(6) 

1 cholesterol feeding . cholesterol feeding 
- o.z58±o.o68 I ---- ---- - --

## ( 6) 

-~~~~i:~}:~~ue_-.-o_.1_23~~-020 __ _ 0.126~~0.025 ___ 1 _:16:#~~t~~-----
Serum I 0.066± 0.007 0.068±0.008 I 0.091 ± 0.004 

___ E~t./I_TI~ ___ j_ ___ ( ~~ ---- ---~5~--- ~----~# <!) ______ _ 
± Standard deviation 
## Difference from normal value significant (p<0.05) 
T he figures in parenthesis indicate the number of samples in each group. 
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plasma were not altered in the C-4 group and significantly increased in the 
C-12 group as compared with those of the N group (Table 5) . 

Experiment 2 
In this experiment was studied nonprotein SH content in the human aorta. 

As indicated in Table 6, nonprotein SH content of the abdominal aortae 

T ABLE 6. The concentrat ions of nonprot ein SH in huma n aorta 
. .. - ~====oo====o=== 

j ~- Slig ht ly 1 Moderately / Sever ely 
I Normal group atherosclerotic 1 ather oscler ot ic . ather oscler ot ic 

. gr oup 1 group I group 

-;;,~~~:;~f~~-~----21~~y.s - 1 20<3~~r2 ~---2i-<~ti_4_l_19:~iTz- -
Abdominal aorta I I I fl, ,ug/ 100 m g GSH 28.9± 6.3 24.5± 8.5 21.0 ± 8.0 16.5± 8.6 

equiv. <4 J (8) lf# (9) # (5) 
-----~- -----

± Stan dard deviat ion 
## Diffe rence from nor mal value signi ficant (P< 0.05 ) 
# T endency to differ from normal va lue (0.05< P< O.l) 
Each value is based on the init ial dry weight. 
T he figures in parenthesis indicat e t he number of samples in each group. 



290 Y. TAKAGI 

significantly decreased in the moderately atherosclerotic group and tended to 

decrease in the severely atherosclerotic group as compared with · the normal 

group. No difference of that of the thoracic aortae was observed among the 

four groups. 

Experiment 3 
In this experiment the effect of the administration of some reducing sub­

stances on atherogenesis on cholesterol-fed rabbits was investigated. 

A) The preliminary experiment on a-mercaptopropionyl-glycine was carried 

Substrate : Succi nate 

0 2 pmol / mi n. / mg N 

500 

400 

300 

200 

100 

Mitochondria 
Peroxide 
M.P.G. 

.----- ,.-----

II 
2.0ml Mit. 2 .0ml Mit. 2.0ml Mit. 
0 .2 ml Per. 0 .2ml 
1.0ml· M.P.G . 1.0ml 

Aq. 1 .Oml Aq. . 0.2ml Aq. 

-

2.0ml Mit. 2.0ml 
Per. . 0.2ml 
M.P. G. 0.1 ml 

1 .2 ml Aq: 0. 9ml 

A group B group t group D group E group 

FIG. 1. Respiration of liver mitochondria after 30 min. incubation at 37°C. 

TBA value/ mg N 

0.800 

0.600 

0.400 

-0.200 

A group 

-

B group 

FIG. 2. TBA value of liver mitochondria 

after 30 min. incubation at 37°C. 
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out. As demonstrated in Figs. 1 and 2, in vitro, the peroxide of ethyllinoleate 
suppressed the respiration of liver mitochondria remarkably, and M.P.G. could 
protect the respiration from being supressed by the peroxide. This protective 
action was observed even in the E group in which the addition of M.P.G. was 
1/10 times in the A group. TBA value of the material analyzed for the 
respiration, after incubation at 37°C for 30 minutes, was distinctly lower in 
the A group than in the B group. 

B) On the cholesterol feeding rabbits, to which some reducing substances 
were administered simultaneously with cholesterol feeding, the degree of 
severity of atherosclerosis on the entire thoracic aorta was demonstrated in 
Table 7. The number of cases in grades 1 and 2 was greater in each group 
administered with ascorbic acid, cysteine, or M.P.G. than in the control group 
respectively. 

As given in Table 8, total cholesterol content of the aorta significantly 
decreased in the vitamin C group, tended to decrease in the cysteine group, 
and was not altered in the M.P.G. group as compared with that in the control 
group. No difference was observed in the levels of total cholesterol of the serum 
and liver among the other four groups except the normal group. 

TABLE 7. The degree of severity of atheroscler osis of rabbit aorta 
(by McMilla n 's method) 

I Control group Asc~~~~~ acid [Cysteine gr0up j M.P.G. group 

Grade 0 
Grade 1 
Grade 2 
Gra de 3 
Gra de 4 

0 
1 
;-) 

5 
3 

0 
0 
7 
5 
1 

13 

0 
3 
3 
5 
1 

12 

0 
1 
7 
4 
1 

13 

TABLE 8. The concentrations of total choles t erol in r abbit tissues 

Control I Vitami~ C J Cysteine 

I 
M.P.G. Normal 

group . gr oup I gr oup gr oup group 

Aor ta [ 25.4± 12.0 16.0± 8.0 18.0± 7.5 

I 
20.9± 12.2 m g/ g wet weight I (12) ## ( ll) # ( 11) (12) of tissue 

Liver I 30.1 ± 17.9 28.3±7.4 28.1 ± 8.2 32.2± 8.1 4.9±0.5 m g/ g wet weig ht (6) (6 ) (6 ) (6) ## ( 6 ) of tissue : 

Serum 1314± 517 1385 ± 499 1524±331 
I 

1153± 414 
I 

60± 14 
m g/100 ml (8) (8 ) ( 7 ) (8 ) ## ( 5 ) 

---~-~~~--- I ----·- - -----·--
± Stan da rd devia t ion 
#!! Difference from cont r ol value significant (p < 0.05) 
# T endency to differ from control value ( 0.05<P < O.l) 
The fi~ures in par enthesis indic;a,t e the number of samples in each ~roup. 
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The content of phospholipids in the serum was not different among the 

other four groups expect the normal group (Table 9). 

Fatty acid composition of the lipids extracted from standard diet used in 

this experiment was shown in Table 10. Fatty acid composition of total lipids 

in the aorta was shown in Table 11. Cholesterol feeding caused a significant 

decrease in percentages of palmitic and linoleic acids and then a significant 

increase in percentage of arachidonic acid as compared with the normal. No 

significant changes of other fatty acids in the aorta were observed between 

the control group and the normal group. No difference of fatty acid composi­

tion of the aorta lipids was noted also among the other four groups except the 

normal group. 
As demonstrated in Table 12, percentage of liver palmitic acid tended to 

decrease in the cholesterol feeding rabbits as compared with the normal. No 

TABLE 9. The concentrations of phosphlipids in rabbit serum 

Control 
group I Vitamin C 1

1 

Cysteine M.P.G. I Normal 
group group group group 

---- - --- --

Serum 
mg/100 ml ___ 50_9_f81:~J -48~*)60 --~-~~-~~ ~3~- ~87 ~~~6 _l __ _ _;~tf11 __ 

± Standard deviation 

## Difference from control value significant (p<0.05) 

The figures in parenthesis indicate the number of samples in each group. 

TABLE 10. Fa tty acid composition of the lipids 

extracted from standard diet 

c16:o 
-, 

C1s:o I C1s:1 C1s:2 C1s:s C2o :1 
I 

% 12.4 I 4.2 22.6 53.2 6.7 0 
-------------~------

TABLE 11. Fatty acid composition of aorta lipids of rabbit 

C16:o% 

C1s:o% 

C1s:1 % 

CI8:2% 

C1s :a% 

c,o,,% 

Control 
group 

( 5) 

14.3 ± 2.3 

9.6± 2.2 

24.7± 4.6 

28.2± 3.7 

4.6± 1.4 

7.8 ± 2.0 

1 Vitamin C I 
I group 

(5) 

1

13.8 ± 1.6 

8.2 ± 1.0 

23.5± 2.4 

31.3± 3.7 

6.8 ± 2.3 

5.5 ± 2.7 

Cysteine 
group 

( 5) 

16.1 ± 2.6 

8.3 ± 1.6 

25.3 ± 4.2 

28.4 ± 4.2 

4.9 ± 0.7 

6.7 ± 2.1 

M.P.G. 
group 

(5) 

13.7±2.4 

9.7 ± 2.0 

25.2 ± 3.4 

28.1 ± 9.9 

5.2 ± 1.6 

6.5 ± 3.1 

Normal 
group 

(4) 

I 
##21.8 ± 3.9 

8.6±2.8 

I 20.7± 2.5 

I ##34.1±1.1 
1 4.7± 0.2 

: ## 2.8±0.7 

----~----~----~----~----~----

± Standard deviation 

## Difference from control value significant (P<0.05) 

The figures in parenthesis indicate the number of samples in each 

!>roup. 
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TABLE 12. Fatty acid composition of liver lipids of rabbit 

C16:o% 

C18:o% 

CIS:!% 

C1s:2% 

C1s:a% 

C2o:4% 

Control 
group 

( 3) 

13.4± 1.4 

14.6±3.5 

19.5± 2.2 

35.4± 0.2 

3.2 ± 0.8 

7.3±0.5 

I Vitamin C I 
group 

(2) 
! 

l 18.8±2.9 
I 16.8+ 0.5 
I -
I #13.0±1.7 

33.4±4.6 
I I 3.3+ 0.1 

##9.8±0.1 

± Standard deviation 

Cysteine 
group 

(3) 

17.2±4.2 

14.1± 3.1 

18.2± 4.3 

34.8±1.1 

3.0± 0.8 

6.2± 0.7 

I 

I 
' 

I 

M.P.G. 
group 

(3) 

12.7±0.8 

14.8± 1.5 

18.3± 2.1 

36.1±4.9 

4.3 ± 1.1 

7.0±1.8 

## Difference from control value significant ( p<0.05) 
# Tendency to differ from control value ( 0.05<P<0.1) 

Normal 
group 

( 3)~--

#17.8±1. 9 

16.7±3. 6 

12.8±4. 9 

38.1 ± 2. 4 

3.7± 1. 5 

1 i 7.8±3. 
l 

The figures in parenthesis indicate the number of samples in each 
group. 

TABLE 13. Fatty acid composition of serum lipids of rabbit 

Control I Vitamin C ! Cysteine M.P.G. I Normal 
group group J group group 

I 
group 

(2) I (3) (4) (2) (8) 

c16:o% 20.4 ± 0.7 

I 
18.0±2.9 I 21.4± 3.2 26.5 ± 6.4 I #16.3±2.4 

C1s:o % 16.6±0.7 15.1 ± 1.1 14.2± 1.6 17.6± 0.1 13.5±2.6 
Crs:J% 12.1 ± 0.5 

I 
11.7± 1.5 16.6± 5.3 10.3± 1.3 i #17.0+3.0 

C1s:2% 38.8±2.0 41.6 ± 1.2 36.8± 2.5 34.0± 3.2 I 40.1; 2.3 
C1s:a % 3.3± 0.8 3.6±1.1 2.9± 1.3 2.5± 1.1 3.5±1.1 
C2o: 4% 3.4±0.3 4.2±0.3 3.3± 1.5 4.1±0.4 ! 2.8±1.2 I 

± Standard deviation 

~ Tendency to differ from control value ( 0.05< P< 0.1) 
The figures in parenthesis indicate the number of samples in each 
group. 
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significant changes of other fatty acids in the liver were observed between 
the control and the normal. In the liver of the vitamin C group a tendency 
to decrease in percentage of oleic acid and a significant increase in percentage 
of arachidonic acid were noted. No difference of fatty acid composition of the 
liver lipids was observed among the control group, the cysteine group, and the 
M.P.G. group. 

As indicated in Table 13, in the serum of the cholesterol feeding rabbits 
percentage of palmitic acid tended to increase and percentage of oleic acid 
tended to decrease as compared with the normal ones. No significant changes . 
of other fatty acids in the serum were noted between the control group and 
the normal group. No difference of fatty acid composition of the serum lipids 
was also noted among the other four groups expect the normal group. 

As indicated in Table 14, total SH content of the aorta was lowered below 
the normal level by chole$terol feeding. That content of the !!Orta then 
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TABLE 14. The concentrations of total SH in rabbit tissues 

Control-- ~ Vi~amin C I Cysteine ! M.P.G. I Normal 
group group group 1 group group 

~~~~7;~0~!~~~~~ -~~73±0.74-1 10.30±1.10----7-I-8-.8-2-~~-27 I 8.8#8~~-9;-- 9.8#6#~~T6-
weight of tissue ( 5 ) i ## ( 5) 

- -- Liver I I I 
pg/100 mg wet 

1 

52.4 ± 8.7 47.5 ± 11.2 49.3 ± 6.1 ' 51.2 ± 4.7 
weight of tissue <5 > (5) (5) (5) 

51.5 ± 7.9 
(5) 

pm;l/I~~ ml 143.3~~.4 51.3~;-s I 45.7f7~·1 _j 53;~;·2j~s#~T1~oj~ 
± Standard deviation 

## Difference from control value significant (P<0.05) 

# Tendency to differ from control value ( 0.05<P<0.1) 

The figures in parenthesis indicate the number of samples in each group. 

increased in the vitamin C group, tended to increase in the M.P.G. group and 

was not changed in the cysteine group as compared with that in the control 

group. However, no difference was observed in the content of liver total SH 

among these five groups. Total SH content of the serum in the control group 

was lower than in the normal group and tended again to increase in the M.P.G. 

group as compared with the control. There was no difference in that content 

of the serum among the control group, the vitamin C group, and the cysteine 

group. 

DISCUSSION 

1) Changes of peroxides and SH compounds in the rabbits following 'cholesterol 

feeding 
Glavind and others 1> showed that atherosclerotic human aorta contained 

lipo-peroxides and that the content of the peroxides was in parallel with the 

degree of severity of atherosclerosis while normal aorta was free from lipo­

peroxides. Since then there has been an increasing interest on the role of 

lipid peroxides in the atherogenesis. Woodford and others 3> determined lipid 

peroxides in the lipid extracts of the human aorta of varying degree of 

atherosclerosis. Fukuzumi 2> also confirmed the existence of hydro peroxides in 

the lipid of the atherosclerotic human aorta and could not find it in the lipid 

of the normal aorta. 
The thiobarbituric acid (TBA) reaction has been widely used as a measure 

of lipid peroxidation in tissue slices and homogenates, because the content of 

TBA reactive substances may be believed relatively well to represent the 

content of the peroxides. However, TBA value is considered to be influenced 

both by autoxidation of lipids in the materials and by the content of reducing 

substances. Iwakami 13> in our laboratory also reported an increase of TBA 

reactive substances in the aortic wall of the rabbits following cholesterol 
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feeding. Manifestation of atheroma-like lesions and a remarkable increase of 
TBA reactive substances were also observed in the aorta of the rabbits after 
X-ray irradiation that was considered to increase lipo-peroxides in the organism. 

In the present experiment, TBA reactive substances in the aorta increased 
already on 4th week following cholesterol feeding when those in the liver and 
serum did not increase. Since TBA reactive substances in the aorta of the 
normal rabbits were about 3 times those in the serum and higher than in the 
liver, it is supposed that the increase of TBA reactive substances only in the 
aorta of cholesterol-fed rabbits, probably increase of lipoperoxides, may result 
from some condition in which the peroxides increase in the aortic wall itself 
without increasing those infiltration from blood flow. Some condition to increase 
lipoperoxides has been mentioned in the following several reports. Bernheim 
and others10' showed that incubation of washed tissue suspension or mitochondria 
with ascorbic acid inactivated a number of enzymes including the succinoxidase, 
cytochrome oxidase, and choline oxidase, and that the extent of inactivation 
paralleled with the amount of oxidized fatty acid. Ottolenghi and others 22' 

reported that succinoxidase and choline oxidase were inhibited in direct 
proportion to the extent of lipid oxidation produced by the incubation of 
mitochondria with ascorbic acid and by ultraviolet irradiation of mitochondria. 
Tap pel and Zalkin 23' found that liver mitochondria took up oxygen in the 
absence of added substrate, that this oxygen uptake resulted from the formation 
of lipid peroxides and that during formation of these peroxides there was a 
concomitant destruction of some of the mitochondrial enzymes, e.g. succinoxidase 
and DPNH-cytochrome c reductase. Willis 15' found that -SH enzymes were 
more readily inhibited by emulsions of oxidized unsaturated fatty acids than 
enzymes not possesing -SH groups and were protected by sulfhydryl compounds 
such as glutathione. Lewis and Willis 25' reported that sulfhydryl groups of 
proteins and amino acids such as cysteine, glutathione, and papain were 
destroyed by oxidized linoleic acid emulsion, that the rate of destruction was 
proportional to the peroxide value of the emulsion and that the peroxides 
themselves were destroyed during the destruction of -SH groups. Thus oxygen, 
ascorbic acid or ultraviolet rays is regarded as a factor to increase lipoperoxides 
in the tissues. Because SH compounds among them were considered to be 
decreased in the case of the increase of peroxides in the tissues, the author 
determined nonprotein SH and succinic dehydrogenase (one of SH enzymes) 
in the rabbit tissues following cholesterol feeding. 

There is no report of nonprotein SH content in the arterial wall, so far 
as I know. Concerning glutathione, main component of nonprotein SH, Wang 
and Kirk 25' reported an increase of total glutathione in the arterial wall with 
increasing ages. On age-dependent changes in reduced glutathione, however, 
there was no comment in the report. By means of the amperometric titration 
used in this experiment, only reduced form of Sl:l compounds was mea,sured. 
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From the decrease of total nonprotein SHin the arterial wall of the rabbit follow­

ing cholesterol feeding, it is inferred that reduced glutathione might be lowered 

in the wall. Nonprotein SH content and ratio of nonprotein SHjtotal nitrogen 

tended to decrease already on the 4th week when those in the liver did not 

change. These changes were in inverse proportion to the changes of TBA 

content of the aorta mentioned above. Nonprotein SH content of the aorta 

was lower than one-tenth of that of the liver. 

There has been several studies concerning the effect of cholesterol feeding 

on the respiratory activity of the aorta. Munro and others 26> reported that 

cholesterol feeding resulted in a lower oxygen uptake of the aorta in the 

cockerel and in a higher oxygen uptake in the rat. Mrhova and others27> found 

a significant decrease of the activity of the aortic SDH system in the rabbit 

as early as 4 weeks after starting cholesterol feeding, when no pathological 

changes were to be seen in the aorta. They found also a significant decrease 

of that on lOth week when atherosclerotic changes were to be seen. Fisher 

and Geller 28> observed a depression of respiratory activity in rabbit cholesterol 

atherosclerosis. By Maier and Haimovici's study 29>, at the early stage in the 

atherosclerotic process in rabbits, the oxidative capacity of both succinoxidase 

system and cytochrome oxidase system was increased in the atherosclerotic 

intima-media layer, while it was decreased at the later stage. The liver, in 

spite of the site of massive deposition of lipids, showed no enzymatic changes 

at any time during the administration of the atherogenic regimen. On the 

contrary, Whereat 30> reported that the intima from the rabbits rendered 

atherosclerotic by cholesterol feeding showed a much higher rate of oxygen 

consumption than the controls when succinate was used as a substrate. 

In the present experiment, SDH activity of the aorta tended to increase 

on 4th week after cholesterol feeding, while that of the liver showed no changes. 

These suggest that SDH activity of rabbit aorta might be impaired at the 

early stage of atherosclerotic process locally in the wall and increased with 

mesenchymal reaction of the arterial tissue to the injury and then decreased 

with extensive tissue damage of the arterial wall. 

2) Nonprotein SH content of the atherosclerotic aortae in the human subjects 

As mentioned above, there has been no report on nonprotein sulfhydryl 

content in the arterial tissue. Concerning glutathione, main component of 

nonprotein SH in the organism, Wang and Kirk 25> reported an increase of 

total glutathione of the normal human aortic tissue with increasing age. 

However, they found no difference between the total gluththione contents of 

atherosclerotic and normal tissue proteins in the human aorta. 

In the present experiment, nonprotein SH content of the human abdominal 

aorta significantly decreased in the moderately atherosclerotic group and tended 

to decn~&se in the [?everely atherol'?clerotic ~roup as compared with the normal 
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group. No difference of the thoracic aortae was observed between the normal 
and the atherosclerotic. By means of the amperometric titration used in this 
experiment, only reduced form of SH compounds was measured. Therefore, 
from the decrease of nonprotein SH, it is inferred that reduced glutathione might 
be lowered in the human atherosclerotic abdominal aorta. It is very interesting 
that the results in this experiment are correspondent to the relatively higher 
incidence of human atherosclerosis in abdominal aorta than in thoracic aorta. 
The difference of the respiration rate between abdominal and thoracic portions 
in the human aorta is regarded as a cause of the difference of development 
and progression of atherosclerosis between those portions. Christie and DahP1l 

observed that the abdominal portion of the rat aorta respired less actively than 
the thoracic portion. Priest32l observed in the rat that the oxygen consumption 
of the thoracic aorta was significantly greater than that of the abdominal aorta 
per unit of DNA and about one fifth that for the liver. Then Whereat 30l 

reported that the most atherosclerotic area (the aortic arch) showed a higher 
oxygen consumption than the less atherosclerotic areas (the thoracic and 
abdominal areas) in the cholesterol feeding rabbits. Maier and Haimovici 33) 

found in the dog a falling gradient of cytochrome coxidase activity from the 
thoracic to abdominal portions and a remarkable decrease of SDH activity in 
the abdominal portion as compared with the thoracic portion. These different 
patterns of changes in the constituents in the course of atherosclerosis between 
in the thoracic and abdominal aortas might be related with the difference in 
those susceptibility to the atherosclerosis. · 

3) Effect of administration of ascorbic acid, cysteine, or a -mercaptopropionyl­
g!ycine on the tissues of cholesterol feeding rabbits 

Numerous articles have been devoted to the effect of ascorbic acid on 
atherosclerosis. It was reported that ascorbic acid administration decreased 
cholesterol levels in the blood of cholesterol fed rabbits 34l and in the blood of 
the patients with atherosclerosis 35l. In rabbit experiments, ascorbic acid 
prevents the development of alimentary atherosclerosis 36l - 39l . Ascorbic acid 
deficiency gives rise to atherosclerosis in guinea pigs in spite of the normal 
blood cholesterol levels 40l. Ascorbic acid content of the human arterial tissue 
tends to be lower in segments susceptible to atherosclerosis as compared with 
normal segments and higher in adjacent segments where atherosclerosis is 
rare 41l. 

On the other hand, there have been few reports concerning the effect of 
SH compounds on atherosclerosis. However, cholesterol-lowering effect of 
methionine has been reported by several investigators in rats 42) - 45! , in chicks46l , 

and in monkeys 47l. 1-Cysteine is only partially effective in preventing the 
alimentary hypercholesterolemia in cebus monkeys 47l, and cebus monkeys 
deficient in cysteine lo~e their efficiency in removing cholesterol apd pave a. 
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resultant elevation of the plasma level of cholesterol 48J. In the rat, addition 

of methionine to a high fat and low protein diet markedly prevents the 

production of thrombotic and atherosclerotic lesions and reduces the hyper­

cholesterolemia 42J. 

Tappel 49J has mentioned about interrelationships of sulfur amino acids, 

ascorbic acid, vitamin E, and free radical peroxidation as follows. (1) Sulfur 

amino acids could act as antioxidants somewhat similar to vitamin E by (a) 

reacting with free radical intermediates of lipid peroxidation, thereby breaking 

the chain reaction, and (b) decomposing lipid peroxides. If free radical lipid 

peroxidation does proceed, the sulfur 'amino acids protect cellular constituents 

by the reactions mentioned (1 a) and (1 b). (2) Cysteine, glutathione, and 

sulfhydryl proteins are a large and reactive pool of redox compounds for 

reduction of vitamin E. (3) Reduction of tocopherols can be coupled with a 

number of biological redox substances as shown in the next table. 

unsatur at ed lipid) 
radical 

unsaturated lipid 

(
tocopherol) (dehydro ascorbic) (cysteine ) (TPN 

actd gl ut at hwne 

R' SH 

tocopherol ascorbic acid cy.·stine t TPNH 
radical oxidized 

glutathine glutathione 

R' SS R' reductase 

Ascorbic acid is known to form powerful synergistic antioxidant combination 

with tocopherols. Reduction of a transitory tocopherol semiquinone radical by 

ascorbate is likely the reaction. .The ascorbic-dehydroascorbic redox system 

is in redox balance with glutathione. Glutathione in turn is in redox equili­
brium with a large pool of sulfhydryl compounds in the animal tissue. 

Siegel and Halpern's experiments 50J indicated that the injurious effect of 

peroxides was reduced by certain antioxidants, especially indoles, tocopherol 

and thiols. Schneider and others 51J found that high concentration of ascorbate 

prevented peroxidation and swelling-lysis by an antioxidant action while with 

low concentrations of it lipid peroxidation occured gradually in the experiment 

of rat liver mitochondria. Ascorbic acid is a strong reducing agent and its 

oxidation-reduction potential is higher than that of most biological compounds 52). 

In the present experiment on rabbits, the severity of the cholesterol-induced 

atherosclerosis in the aorta could be retarded by administration of asorbic 

acid, cysteine or a-mercapto propionyl-glycine respectively. Furthermore, total 

cholesterol content in the aorta decreased significantly in the ascorbic acid 

group and tended to decrease in the cysteine group as compared with the 

control group, while not altered in the serum and liver. The content of 

cholesterol in the aorta has been regarded to a certain extent as a useful index 

of the severity of atherosclero§is 17l, 
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The content of phospholipids in the rabbit serum was not changed by 
administration of ascorbic acid, cysteine, or M.P.G. 

Some investigators 53l 54l found in rabbits that saturated fatty acids decreased, 
and oleic and linoleic acids increased in percentage of fatty acid composition 
of the aorta lipids following cholesterol feeding. In the present experiment in 
rabbits, saturated fatty acids significantly decreased in percentage of fatty 
acid composition of the aorta lipids, while unsaturated fatty acids were changed 
differently from the reports mentioned above. Fatty acid composition of the 
serum lipids was not significantly changed by cholesterol feeding. No significant 
influence on fatty acid composition of the aorta and serum lipids of cholesterol 
feeding rabbits was induced by administration of ascorbic acid, cysteine, or 
M.P.G. 

In the present experiment, the severity of atherosclerosis could be retarded, 
and the cholesterol content could be decreased in the cholesterol-fed rabbits 
with administration of some antioxidants such as ascorbic acid, cysteine, or 
M.P.G., while no difference of the aorta lipids could be found in quality. Total 
SH content was lowered below the normal level in the aorta, while not changed 
in the liver by cholesterol feeding. The decrease of total SH content in the aorta 
and serum to be induced by cholesterol feeding could be almost prevented by 
administration of ascorbic acid, cysteine, or M.P.G. Total SH compounds 
determined by the amperometric titration method used in the experiment 3 
consist of protein SH radicals, SH enzymes and nonprotein SH (almost reduced 
glutathione) in the tissues and protein SH radicails in the serum. And total 
protein SH radicals determined by this method include all of SH radicals even 
in the inner parts of protein particle itself. Therefore, the decrease of protein 
SH radicals may signify the change of protein particle in three dimensional 
structure. And the decrease of total SH content in the rabbit serum following 
cholesterol feeding may indicate the damage of serum protein. 

Noticeable points to be considered concerning the relation of SH compounds 
to atherogenesis in the experiments 1, 2 and 3 are as follows: 

a) Decreases of reduced glutathione, total SH contents, and SDH activity 
in the aorta. 

b) Prevention of the decrease of total SH content in the aorta by administra­
tion of ascorbic acid. 

c) Prevention of cholesterol atherosclerosis by administration of SH com· 
pounds. 

d) A decrease of total protein SH content in the serum. These changes may 
be produced by some factors to change -SH radicals to -S-S- groups in the aorta 
and serum. In serum protein this change may take place in the inner parts 
of protein particle. The damage of serum protein may be probably induced 
by nonenzymatic reactions rather than by the disturbance of protein metabolism, 
since total SH content and SDH activity of the rabbit liver are normal after 
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cholesterol feeding. Furthermore, this reaction can occur more easily with 

increasing lipid content such as in the rabbits fed cholesterol. The most 

probable reaction may be a peroxidizing lipid-protein reaction. 

The author is deeply indebted to Prof. Shingo Aoyama, Drs. H. Ohta and N. Fujishiro 

for their kind guidances and advices in this investigation. 
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