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The cyclopropene fatty acids, sterculic and malvalic, occur 

naturally in a major food lipid, cottonseed oil, and have been impli- 

cated in several physiological disorders. Rainbow trout in this 

study were fed semipurified diets containing 200 or 300 ppm methyl 

sterculate, and the effects on hepatic lipid and glycogen levels, 

lipid incorporation of radioactive phosphate and fatty acids, and 

mitochondrial energy production were investigated. 

Chronic ingestion of methyl sterculate caused numerous histo- 

logical changes and some necrosis in the liver. Glycogen accumu- 

lated in irregular pockets, but the level in whole liver was not 

increased over controls. Hepatic lipid accumulation was noted after 

several weeks, reaching a level six times that of controls after six 

months. Liver weight of the sterculate-fed fish decreased in 



proportion to body weight during the first three weeks on the stercu- 

late diet, but after three months became significantly greater than 

controls. 

Ingestion of 200 ppm methyl sterculate for two weeks by trout 

caused reduced incorporation of both phosphate and fatty acids into 

phospholipids. The major reductions were found in minor fractions. 

Label incorporation into cardiolipin, important for mitochondrial 

function, was reduced ten-fold by the dietary sterculate.  Incorpor- 

ation into a minor unknown phospholipid which constituted less than 

1% of total phospholipids was reduced as much as 135-fold in the 

14 
mitochondrial fraction.  Incorporation of 1- C-oleate into diglycer- 

ides was also inhibited. 

The major changes caused by methyl sterculate appear to occur 

in mitochondria. Neither the level of cytochrome P^cn  nor the 

activity of NADPH neotetrazolium reductase, both of which occur in 

the endoplasmic reticulum, was altered. P/0 ratios and the ability 

to oxidize oleic acid to CO were curtailed after only two weeks on 

a diet containing methyl sterculate. 



Alteration of Certain Physiological and 
Biochemical Parameters in Livers of Rainbow 

Trout Fed Methyl Sterculate 

by 

Barbara Oft Struthers 

A THESIS 

submitted to 

Oregon State University 

in partial fulfillment of 
the requirements for the 

degree of 

Doctor of Philosophy 

June 1974 



APPROVED: 

Associate Professbrs&f FofcfiiyS 
-t~r* 
cience 

in charge of maj or of 

H^ad of Department of FoM Science and Technology 

Dean of Graduate School 

Date thesis is presented November 9, 1973 

Typed by Pam Standiford for_ Barbara Oft Struthers 



ACKNOWLEDGMENTS 

1 wish to thank Dr. Donald J. Lee for his guidance and for many 

stimulating discussions during the course of this work. 

I am also indebted to numerous professors and fellow graduate 

students, but especially to Prof. J. H. Wales for interpretations of 

histological phenomena and to Dr. N. E. Pawlowski for interpretation 

of IR and NMR spectra. Mr. Ted Will, Mr. Richard Foster, Mrs. L. J. 

Hunter, Miss Lessa Moreland, and Mr. Tom Eisele have rendered invalu- 

able technical assistance. 

I would like to acknowledge the Public Health Service for the 

traineeship received under Grant No. FD-0010-04, and for support from 

Grants ES00263 and ES00550, Dr. Robert Larson for the loan of an infu- 

sion pump. Dr. N. E. Bishop for the use of a densitometer, and Dr. L. 

C. Terriere for a gift of neotetrazolium. 

Finally, I want to express my deep appreciation and thanks to 

my parents, Mr. and Mrs. Homer Oft, for their encouragement, and to 

my children, Debby, Leslie, and Brent, for their patience during the 

course of my work. 



TABLE OF CONTENTS 

Page 

Introduction 1 

Review of Literature 3 

I. Cyclopropenoid Fatty Acids 3 

Occurence of cyclopropenoid fatty acids 3 
Chemical reactions 4 

Hydrogenation 4 
Hydrohalogenation 5 
Polymerization 5 
Sulfhydryl addition 6 

Analysis of cyclopropenes 7 
Halphen test 7 
Hydrogen halide titration 7 
Nuclear magnetic resonance  .8 
Gas liquid chromatography 9 
Mass spectroscopy  9 

Biological effects 10 
Pink white defect in eggs 10 
Reproduction, maturation, and fertility 10 
Lipid composition and metabolism 11 
Co-carcinogenesis 14 

II. Phospholipid turnover  15 
Biological factors in phospholipid turnover  17 
Functions of phospholipids  2.1 
Effects of nonbiological chemicals 24 

Methods  27 

Experimental animals    27 
Lipid extraction   28 
Glycogen and total lipid determinations 29 
Injection of radioactive PQ4 30 
Liver perfusion  • • • 30 
Preparation of subeellular fractions 31 
Determination of P/0 ratios 31 
Neotetrazoliura reductase assay 31 
Histological examination of tissues • • 31 
Conversion of l-^C-oleate to -^CO     32 
ATP analysis - 32 



Results 42 

14-inonth feeding study 42 
Phospholipid phosphate turnover  47 
Fatty acid incorporation 52 
l4C-oleate incorporation into subcellular fractions   54 
Oxidative phosphorylation  63 
CO2 production from -^C-oleate  66 
ATP level 72 
Partial characterization of "X"   74 
Effect on Cytochrome P450 and neotetrazolium reductase 76 

Discussion   87 

Suggestions for future work  . 93 

Summary and conclusions   94 

Addendum 96 

Bibliography   97 

Appendix  114 



List of Tables 

Table Page 

1. Cyclopropenoid fatty acids in hepatic lipids from     46 
fish fed diet A., for 8 months and then diet A for 
6 months. 

33     32 
2. Distribution of  PO or  PO. in liver phospho-      48 

lipids following eitner intraperitoneal injection or 
in vitro perfusion. 

32 
3. DPM/M PO4 in experiments 3a (injection of  PO4) and  49 

3b (perfusion of "^PO.) . 

4. Absolute dpm/phospholipid fraction in experiment 3a   51 
controls, milligrams lipid per fraction, and per 
cent of total phospholipid represented by each 
fraction. 

14 
5. Experiment 4.  1- C-palmitate perfusion: dpm/mg     53 

lipid (neutral lipids) or dpm/M PO4 x 10"7. Methyl 
sterculate liver lipids are shown as per cent of 
controls. 

14 6. Experiment 5.  1- C-oleate perfusion: dpm/mg lipid   53 
(neutral lipids) or dpm/M PO. x 10"7. Methyl 
sterculate liver lipids are shown as per cent of 
control. 

7. 1- 4C-oleate/mg lipid x 10~3 in"X"and neutral lipids  55 
extracted from mitochondrial, microsomal, or super- 
natant fractions. 

8. Fatty acid distribution in lipids of subcellular     56 
fractions. 

9. ATP in whole livers from fish fed diets D-D, 73 
through G-G1, 

10. Neotetrazolium (NT) reductase activity: comparison    77 
of calcium-precipitated and conventionally prepared 
microsomes and effect of time on activity. 

11. Average values of NT reductase over the 5 day period  78 
of experiment 9b, High protein diet. 



12.   Average values of NT reductase over the 5 day 
period of experiment 9b.  Low protein diets. 

80 



List of Figures 

Figure Page 

1. Livers from normal and methyl sterculate-fed fish 34 
after 5 months on diet B . 

2. Section through normal liver. 34 

3. Section through liver after 3 days on diet B.. 35 

4. Section through liver after 6 days on diet B . 35 

5. Section through liver after 9 days on diet B . 36 

6. Section through liver after 12 days on diet B . 36 

7. Section through liver after 2 weeks on diet B . 37 

8. Section through liver after 3 weeks on diet B1. 37 

9. Section through liver after 3 weeks on diet B... 38 

10. Section through liver after 1 month on diet B1. 38 

11. Section through liver after 2 months on diet B.. . 39 

12. Group of cells showing "fibers". 39 

40 

40 

13. Section through liver after 3 months on diet B.. . 

14. Section through liver after 5 months on diet B.. . 

15. Section through liver after 8 months on diet B.. .      41 

16. Section through liver after 8 months on diet B1,      41 
then 6 months on control diet (B), 

17. Liver weight/body weight ratio, 14 month feeding      43 
study. 

18. Mg.lipid/g liver. 14 month feeding study. 44 

19. Mg. glycogen/g liver. 14 month feeding study. 44 



20. Distribution of label among neutral and phospho-      58 
lipids in subcellular fractions following a 10- 
minute perfusion with l-l^C-oleic acid, (exper- 
iment 6). 

21. Distribution of label among neutral and phospho-  60-61 
lipids in subcellular fractions. Two diets were 
used: Diet B(casein) and diet C(FPC). Experimental 
fish were fed 300 ppm methyl sterculate for 14 days. 

22. Experiment 8.  P/0 ratios determined every other      64 
day from day 2 to day 14 while feeding diets B-B,, 
or C-Cj. 

23. Experiment 10.  Determination of P/0 ratios in fish   67 
fed high or low protein, casein or FPC diets, with 
and without 200 ppm methyl sterculate. 

24. Experiment 9a.  CO- production from 1- C-oleate     69 
using diets D-D, and G-G1 . 

25. Experiment 10a.   C0„ produced from 1- C-oleate.     70 

26. Experiment 10a.  ~ C0? produced from 1- C-oleate;     71 
control value equal to 100%. 

27. Experiment 9b. Neotetrazolium reductase in post-     79 
mitpchondrial supernatant and calcium-precipitated 
microsomes measured daily for 5 days. Diets D-D1 
through G-G . 

28. Experiment 9b. Total neotetrazolium reductase        81 
activity in post-mitochondrial supernatant and 
microsomal fractions in high protein diets. 

29. Experiment 9b. Total neotetrazolium reductase       82 
activity in post-mitochondrial supernatant and 
microsomal fractions in low protein diets. 

30. Experiment 9b. Total neotetrazolium reductase activ-  83 
ity; controlS"100%. High- and low-protein diets. 

31. Experiment 10c. Post-mitochondrial neotrazoliura      85 
reductase activity in diets D-D through G-G for 13 
days. 1 

32. Experiment 10c. Neotetrazolium reductase activity    86 
in post-mitochondrial supernatant. Controls = 100%. 



APPENDIX 

A. Glycogen determination 113 

B. Lipid extraction 115 

C. Column preparation 116 

D. Column chromatography: Isolation of "X" 118 

E. TLC plates 119 

F. TLC solvents 120 

G. TLC spray reagents 121 

H. Quantitation of neutral lipids 124 

I.  Radiotracer experiments 125 

33      32 
1. PO. and  PO. injection (experiments l-3a) 125 

32 
2. PO. perfusion (experiment 3b) 125 

14 
3. 1- C fatty acid perfusions (experiments 4-7) 125 

4. Specific activities of isotopes used 126 

J. Fish Ringer's solution and buffers 128 

K. Halphen reaction 130 

L. Protein determination 131 

M. Phosphate analysis 132 

N. Scintillation fluors -^ 

0. Preparation of subcellular fractions 2 35 

P. Determination of P/0 ratios 13y 

Q. Neotetrazolium reductase assay 139 

R. ATP assay ^1 

S. Experiments (numbers) 143 



List of Figures 

Figure Page 

1. Livers from normal and methyl sterculate-fed fish 34 
after 5 months on diet B1. 

2. Section through normal liver. 34 

3. Section through liver after 3 days on diet B,. 35 

4. Section through liver after 6 days on diet B . 35 

5. Section through liver after 9 days on diet B . 36 

6. Section through liver after 12 days on diet B . 36 

7. Section through liver after 2 weeks on diet B . 37 

8. Section through liver after 3 weeks on diet B1. 37 

9. Section through liver after 3 weeks on diet B1. 38 

10. Section through liver after 1 month on diet B.. . 38 

11. Section through liver after 2 months on diet B1. 39 

12. Group of cells showing "fibers". 39 

13. Section through liver after 3 months on diet B1. ^0 

14. Section through liver after 5 months on diet B1. 
40 

15. Section through liver after 8 months on diet B . 41 

16. Section through liver after 8 months on diet B , 41 
then 6 months on control diet (B). 

17. Liver weight/body weight ratio, 14 month feeding 43 
study. 

18. Mg. lipid/g liyer. 14 month feeding study. 44 

19. Mg. glycogen/g liver. 14 month feeding study. 44 



T. Ainino acid composition of casein and fish 144 
protein concentrate (FPC). 

U.  Diets used 145 

V.  C/tochrome P450 assay 147 



ALTERATION OF CERTAIN PHYSIOLOGICAL 
AND BIOCHEMICAL PARAMETERS IN LIVERS OF 
RAINBOW TROUT FED METHYL STERCULATE. 

INTRODUCTION 

Since the discovery in 1928 that cottonseed meal in rations of 

laying hens caused the whites of eggs to turn pink on storage, inter- 

est in the constituent responsible for this effect has increased. 

When it was demonstrated in 1957 that malvalic or sterculic acids 

could duplicate this effect, interest in further research was stimu- 

lated. 

Both malvalic and sterculic acids occur in small quantities in 

the seed oil of the cotton plant, Gossypium hirsutum, and in other 

seed oils and plants of the order Malvales.  Cottonseed oil ranks 

fourth in the United States as a food oil behind soybean oil, lard, 

and beef fat.  The occurrence of such an unusual chemical structure in 

a biological system is in itself sufficient reason for investigation 

of its properties; reports of numerous biological disturbances caused 

by cyclopropenoid fatty acids have further stimulated research. 

It has been shown that fatty acid'desaturation is inhibited by 

these compounds in several species of animals and a few plants. 

Reduction in fertility and degenerative effects in chicks and 

prenatal and neonatal rats have been noted.  Cyclopropene fatty acids 

can combine with sulfhydryl compounds including certain enzymes; it 

has recently been reported that several hepatic dehydrogenases are 



inhibited in trout fed methyl sterculate. 

Perhaps the most significant property possessed by these 

unusual fatty acids is the ability to serve as potent cocarcinogens 

with aflatoxin B and acetyl amino fluorene in trout.  It is this 

effect, plus the membrane alterations responsible for pink egg whites, 

which stimulated the particular approach taken in this research.  It 

was the purpose of this study to determine, insofar as possible, the 

hepatic lesion caused by sterculic acid in trout which was primarily 

responsible for its hepatotoxicity and cocarcinogenicity. 



REVIEW OF LITORATURI- 

I. CYCLOPROPENOID FATTY ACIDS 

Occurrence of cyclopropenoid acids 

In 1897, a reaction apparently specific for cottonseed oil was 

reported by Halphen (68).  In 1956 Faure (57) reported that sterculic 

acid gave a positive Halphen reaction, and in 1957 MacFarlane et. al. 

(107) showed that malvalic acid was the Halphen-positive constituent 

of cottonseed oil. These were the only naturally occurring compounds 

known to give the Halphen reaction.  Phelps et. al. (137), in a 1965 

review, listed some 46 species of plants the oils of which gave a 

Halphen reaction; all but one species were in the order Malvales. 

Dihydrosterculic acid (115) and sterculynic (170) acid have also 

been reported.  The cyclopropenoids were until recently thought to 

occur only in seed oils. Yano et. al. (194, 195) have recently demon- 

strated the presence of both malvalic and sterculic acids in all 

tissues of several Malva species and have as well elucidated the 

mechanism of their synthesis from, respectively, 8-heptadecenoic and 

oleic acids. 

Since Faure (58) and MacFarlane (107) et. al. first reported 

the structures of sterculic and malvalic acids, numerous other workers 

(21, 41, 58, 120, 144) have confirmed that both contain a cyclopropene 

ring with the structures shown below: 

Sterculic Acid Malvalic Acid 
CH3(CH2)7C^=C. (CH2)7COOH        CH^CH^C-   ^C (CH^COOH 

\n^ CH2 



The most economically important sources of cyclopropenoid fatty 

acids are cottonseed oil and flour, and kapok oil (from Eriodendron 

enfractuosum seeds) which is used as a food oil in some Oriental 

countries.  Cottonseed oil is listed by Shenstone and Vickery (161) as 

containing 0.7-1.5% malvalic and 0.3-0.5% sterculic acid.  Kapok oil 

is reported to have a total content of 12-14% cyclopropene fatty acids 

(88), but the authors did not report the distribution between malvalic 

and sterculic acids in the oil.  The best experimental source of these 

acids is Sterculia foetida seed oil, which contains approximately 45% 

sterculic and 4% malvalic acids (161). 

Chemical Reactions 

Cyclopropene fatty acids undergo certain reactions, including 

the previously mentioned Halphen reaction, which distinguish them from 

other fatty acids. The chemistry of cyclopropene fatty acids has 

been reviewed by Carter and Frampton (20) and more recently by Christie 

(24).  This discussion includes reactions of importance in the labor- 

atory handling and assay of cyclopropene fatty acids. 

Hydrogenation 

Although the cyclopropene ring in sterculic and malvalic acids 

does not undergo hydrogenation under ordinary conditions, use of Pt^O 

results in absorption of 2 moles of hydrogen per mole cyclopropenoid 



fatty acid and yields a mixture of ring cleavage products. Nunn (120) 

reports these to be nondecanoic acid and 2-methyl substituted octanoic 

acids.  Sterculic and malvalic acids have been successfully hydrogen- 

ated to the corresponding cyclopropanes by palladized CaCO, (120, 162) 

and by palladized carbon (93) with little or no ring cleavage. 

Hydrohalogenation. 

Smith et. al. (169) found that cyclopropene fatty acids interfere 

with the Durbetaki titration for epoxides (44) by consuming 1 mole of 

HBr. This is an addition reaction to the ring, and can be carried out 

with HC1 as well (109).  Bailey (7, 9), using infrared absorption, 

demonstrated formation of four reaction products of hydrohalogenation: 

§H2 SH2 
1)  CH — C—C—C00H        2)  CH — C—C—C00H 

■*   X X 

fV CH X 
3)  CH — C=C-C00H CH —C=G—C00H 

X = Cl or Br 

Polymerization 

Nunn (120) observed that a high molecular weight polyester was 

rapidly formed by sterculic acid at room temperature, and postulated 

that the mechanism was addition of the carboxyl across the double 

bond. Faure and Smith (58), using infrared spectrophotometry, reported 

that the carboxyl group reacted across the single bonds of the ring. 

In 1961, Rinehart et. al. (145) reported that polymerization occurred 



with concomitant rearrangement of the ring to yield four ester-linked 

products analagous to the four postulated for hydrohalogenation and 

ozonolysis (90). A more complete study using saponification and 

acetylation (81) has further substantiated the existence of the 4 iso- 

meric ester forms. 

Sulfhydryl addition. 

Kircher in 1964 (89) reported a possible reaction mechanism of 

methyl sterculate and sterculene with various mercaptans.  The absence 

of unsaturation in the reaction products coupled with analytical and 

spectroscopic data showed that simple addition across the double bond 

gave two positional isomers as reaction products.  This was in distinct 

contrast to the reactions with hydrogen halides and carboxylic acids. 

He postulated that this reaction was free radical rather than ionic in 

nature, similar to fatty acid oxidation.  Ory and Altschul (123) showed 

that lipase, a sulfhydryl enzyme, was inhibited by methyl sterculate 

and that the addition of cysteine to the reaction mixture reduced the 

inhibition.  These findings suggested a possible mechanism for the 

action of cyclopropenoids. 

There are conflicting later reports concerning spontaneous 

addition of mercaptans across the ring.  Raju and Reiser (139) describe 

the reaction as an assay method for cyclopropene fatty acids in natural 

oils; others have been unable to reproduce their results, (27, 156). 

Pawlowski et. al. (129) found that under an atmosphere of purified 



nitrogen, methyl mercaptan in benzene does not react with 1,2-dialkyl- 

cyclopropenes even when a large excess of the thiol is left in contact 

with the olefin at room temperature for several days.  However, on the 

introduction of oxygen, a free radical initiator, addition of the 

mercaptan to the ring double bond is rapid and quantitative, the pro- 

duct being a thioether. 

Analysis of Cyclopropenes 

Halphen test 

In 1897 Halphen (68) found that heating a mixture of alcohol, 

sulfur, and CS- with cottonseed oil produced a red color not apparent 

in other common oils.  This color has been attributed to the presence 

of cyclopropenoid compounds (57 , 120, 160).  The original method was 

considerably less than quantitative, but has been modified by several 

workers (8, 29, 39, 69, 158).  The modification used in this labora- 

tory involves use of pressurized capsules heated at 110oC. for color 

development (69).  This method appears to give the most consistent 

results with lipids containing small percentages of cyclopropene 

fatty acids. 

Hydrogen Halide Titration 

A hydrogen bromide titration reaction was developed after 

sterculic acid was reported to interfere with Durbetaki titration in 

the determination of oxygen (169).  The major 



problem was interference by epoxides and peroxides in the oil samples. 

LiAlH reduction (169, 176) of these compounds to their hydroxides 

was found to effectively remove interfering substances without affec- 

ting the cyclopropene ring.  Later modifications suggested a stepwise 

titration at 30C and 55°C and cleanup with activated alumina (70, 71, 

110). 

A simple method involving addition of HC1 has been reported (109) 

in which the oil is shaken with aqueous HC1.  The per cent sterculate 

is calculated from the increased chlorine content of the oil.  Removal 

of interfering epoxides and peroxides is required prior to analysis. 

HBr titration has been used to quantitate standards (28) contain- 

ing considerable amounts (>5%) of cyclopropene fatty acids; however 

the endpoint is indistinct and resolution of small quantities is poor. 

Nuclear Magnetic Resonance 

Pawlowski et. al. (130) have developed a sensitive method for 

detection of cyclopropenoids by nuclear magnetic resonance. A methyl- 

methylene appears adjacent to but clearly distinguishable from the 

peak due to the cyclopropene ring hydrogens.  The method compares well 

with the most sensitive modification of the Ilalphen reactions (69) with 

accuracy from 100-1% cyclopropenoids in the sample.  It is the only 

method which directly measures the cyclopropene ring, so the possibil- 

ity of misinterpretation due to interfering compounds is nil (since 

these would also be seen in the NMR). 



Gas Liquid Chromatography 

Cyclopropenoids have been analyzed by GLC (51, 92, 190) and 

found to yield several rearrangement and decomposition products. 

Masson (111) found that GLC analysis of methyl sterculate resulted in 

loss of Halphen reactivity and disappearance of IR bands at 1872 cm 

and 1008 cm  normally attributed to the cyclopropene ring.  Shenstone 

et. al. (162) have shown that hydrogenation of the ring to the corres- 

ponding cyclopropane prior to GLC analysis eliminated the problem of 

decomposition during analysis.  Cyclopropenoids have also been analyzed 

by GLC following reaction with low molecular weight sulfhydryls (89, 

139) and after reaction with silver nitrate followed by hydrogenation 

(82, 91) or GLC of derivatives formed by reaction with silver nitrate- 

methanol (156). None of these methods appears to possess the specifi- 

city or sensitivity of the Halphen test or NMR determination, however. 

Mass Spectroscopy 

Mass spectroscopy has been used to determine molecular weight 

of new cyclopropenoid compounds (80, 115) and in structural analysis 

of ozonolysis derivatives. Hooper and Law (76), and more recently, 

Eisele et. al.. (45), have used mass spectroscopy to determine ring 

position in cyclopropenoids, with, respectively, ozonolysis and silver 

nitrate derivatives of cyclopropenoids. 
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Biological Effects 

Pink-White Defect in Eggs 

The use of cottonseed meal as a protein source for laying hens 

has been restricted for many years because egg whites from hens fed 

cottonseed meal rations turned pink on storage.  In 1933, Lorenz et. al. 

(104) suggested that this might be due to the Halphen-reactive material 

found in this oil.  Injection of cottonseed oil extracts reproduced 

the feeding effects (105).  Masson, in 1957 (111), and Smith et. al. 

in 1960 (169) demonstrated that the pink-white defect could be 

produced by either malvalic or sterculic acids, and that hydrogen- 

ation to the corresponding cyclopropane acids eliminated this. 

Nordby's work (118, 119) with other cyclopropene compounds substan- 

tiated the idea that the presence of the cyclopropene ring was respon- 

sible for the discoloration. 

Schaible and Bandemer (153) determined that the pink pigment 

was an iron-conalbumin complex, the iron having apparently migrated to 

the white from the yolk due to alteration of the vitelline membrane. 

Other changes, such as increased nonprotein nitrogen in the white, 

and migration of specific egg proteins across the membrane (52) have 

been attributed to this altered permeability. 

Reproduction, Maturation and Fertility 

Dietary cyclopropenoid fatty acids appear to bring about alter- 

ations in reproductive processes.  Feeding cottonseed oil to hens 

decreased and eventually terminated egg production (160) and reduced 
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egg hatchability (155). Alterations of egg lipovitellins has been 

shown to occur (56).  Delayed sexual maturity in young chickens fed 

cyclopropenoid fatty acids has been observed (154^ Sheehan and Vavich 

(159) reported both delayed sexual maturity and decreased frequency of 

estrus cycles in female rats fed Sterculia foetida oil using a puri- 

fied diet with casein as the protein source. Miller et. al. (114) showed 

a drastically increased prenatal and postnatal mortality among off- 

spring of rats fed 1-2% Sterculia foetida oil. Most offspring were 

stillborn; those that survived to birth died within 48 hours.  Areas 

of hemmorhage in lungs and skin were seen, kidneys were pale and 

swollen, and livers and intestines showed yellowish discoloration. 

Lipid Cbmposition and Metabolism 

Cyclopropenoid fatty acids were reported in egg lipid from hens 

fed cottonseed meal as early as 1933 (104) and more recently from 

feeding Sterculia foetida oil and sterculic acid (105, 148).  This 

deposition has also been observed in lipid.and eggs of rainbow trout 

fed a purified diet containing Sterculia foetida oil (148). 

Early reports beginning in 1928 indicated a harder fat (163) 

than normal in egg yolks, high melting carcass fat in pigs (47) and 

milk fat in cows (17) fed cottonseed meal rations.  This was attributed 

to increased stearic acid content in the fat.  Evans et. al. (51, 53) 

found that this effect could be produced in egg yolk lipids by feeding 

either cottonseed oil or Sterculia foetida oil. On expanding their 

work to other organs, Evans' group found increased stearateroleate 
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ratios in plasma, liver, ovaries, heart, and depot lipid (55).  The 

altered ratios remained essentially unchanged even when excess oleate 

or linoleate was fed (54).  Rat lipids respond similarly (3) .  Feeding 

of cyclopropenoid compounds other than the 2 common naturally occurring 

fatty acids (118, 119) demonstrated convincingly that the effect was 

due to the cyclopropene ring. Feeding acidulated soapstocks from 

cottonseed,but not corn or soybean oils, resulted in an increase in satur- 

ated fat although no Halphen-reactive material could be detected in the 

soapstock (103).  Fatty acid composition of depot and liver lipids in 

trout was reported by Roehm et. al. (146, 147) to be altered, with 

increases in both stearate: oleate and palmitaterpalmitoleate ratios 

observed.  Both neutral and phospholipids were affected, the latter to 

a. lesser extent. 

In 1964, Raju and Reiser reported that Sterculia foetida oil-fed 

rats exhibited inhibition of desaturation of dietary stearate to 

oleate (142), but could find no difference in the stearateroleate ratio 

when  C-acetate was used as a precursor instead of  C-stearate.  In 

1967, both Raju and Reiser (140) and Allen et. al. (1) demonstrated 

in vitro inhibition of stearate desaturation in, respectively, rat and 

hen liver systems; both groups concluded that inhibition was irrevers- 

ible. Raju and Reiser (140) suggested this was due to binding by 

cyclopropenoid fatty acid to an active sulfhydryl group on the enzyme. 

Neither Reiser (142) nor Donaldson (43) using, respectively, rats and 

14 chicks, noted any effect in vivo when  C-acetate was used as substrate. 

Similar results have been reported for the desaturase system of 

Chlorella vulgaris and tobacco leaf discs (78).  Clurr (66) found that 
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in a cell-free system from Chlorella, sterculate inhibited desatura- 

tion of stearate to oleate. As in the animal systems, production of 

14 14 
C-oleate from  C-acetate was unaffected by sterculic acid.  In 

marked contrast to this, Pearson et. al. (131) reported that oleic acid 

14 synthesis in yolk lipid of eggs from sterculate-fed hens using  C- 

acetate as a precursor was depressed to nearly the same extent as 

from a  C-stearate precursor. 

Both Reiser (140) and Johnson (81) have postulated that the effect 

of sterculate is directly on the desaturase enzyme, since in all 

species examined to date including trout (146) the stearate:oleate 

ratio reaches a peak at 7-10 days (43, 83, 142, 146) and then declines. 

Reiser hypothesizes this is due to induction of an alternate pathway 

involving desaturation at the C. _ level; Gurr's group believes the 

inhibition is at the level of an acyl transferase which prevents 

stearyl CoA from reaching the desaturase complex. 

In all of the in vitro work which has been done to date except 

that of Johnson (131) the concentrations of sterculate used to inhibit 

desaturation of stearate were considerably higher than the stearate 

concentrations. Gurr (66) found that at least twice as much stercu- 

late as stearate must be present for inhibition to occur, and that the 

sterculate had to be added prior to the stearate to be effective. 

Concentrations used by Raju and Reiser (140) were even more out of 

-7 
balance: cyclopropene fatty acids were present at concentrations of 10 

to 3.4 x 10 M and stearate at only 10~ M.    Johnson's concentrations 

were generally in the range of O.llmM substrate: .OOOSmM cyclopropen- 
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ojd fatty acids.  The effective concentration of cvclopropenoid fatty 

acids in the diet has been found to be 1-2%  or less (.1, SI, 142, 147, 

148), so the experiments requiring very high levels of sterculate are 

probably not biologically significant as such concentrations would 

not be reached in vivo.  Concentrations of cyclopropenoid fatty acids 

found in rainbow trout livers by Roehm et. al. (148) after feeding 

100 or 200 ppm methyl sterculate for 10 days were, respectively, .104% 

and .214% of the liver triglycerides.  (No cyclopropenoid fatty acids 

were detected in phospholipids) (148).  Slightly less than 5% stearate 

was found in control livers; 20-23% stearate was present in cyclo- 

propenoid fatty acid-fed fish at 10 days. This means that the 

minimum possible ratio of stearate:sterculate attained in vivo is 

around 10:1  (assuming 5% stearate); ratios actually found at 10 days 

were 200:1 (200 ppm) or 400:1 (100 ppn). (146). 

Sterculic acid is a better inhibitor of fatty acid desaturation 

than malvalic acid (83). Studies with synthetic cyclopropene fatty 

acids of different chain lengths have shown that fatty acids with the 

ring in the 9, 10 or 10, 11 positions are equally inhibitory to the 

desaturase system of hen liver, in the 8,9 position less so, and in 

the 11,12 position only slight inhibition occurs at biologically 

significant concentrations (83). 

Cyclopropene fatty acids have also been reported to inhibit 

several dehydrogenases in trout (175). 

Co-carcinogenesis 

In 1966 Sinnhuber et. al. (166) reported that cyclopropenoid 
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fatty acids enhanced both incidence and growth of aflatoxin-induced 

hepatoma in rainbow trout.  The cyclopropenoid fatty acids, fed as 

Sterculia foetida oil, were noncarcinogenic when fed to trout, although 

hepatocellular alterations were noted.  Tumor development was induced 

much earlier in fish fed cyclopropenoid fatty acids plus aflatoxin 

B1 than in those fed aflatoxin B alone (96, 97, 165).  Cyclopropene 

fatty acids at only 50 ppm fed with aflatoxin B at 4 ppb produced 

100% incidence of hepatomas at nine months compared to 40% in fish fed 

aflatoxin B alone (98). Hibiscus syriacus oil, (HSO) which contains 

malvalic acid, was equally cocarcinogenic at 210 ppm cyclopropenoid 

fatty acids. When the latter was fed with 100 ppm 2-acetyl amino 

fluorene (AAF), no tumors were found in either AAF or HSO controls 

at 15 months; a 20% incidence of hepatoma was noted in the fish fed 

AAF plus HSO, 210 ppm cyclopropenoid fatty acids, at this time (98). 

The cocarcinogenic effects of the cyclopropenoids are either 

less evident (97) or absent (63) in rats. 

II. PHOSPHOLIPID TURNOVER 

Prior to 1937, phospholipids were assumed to be rather static 

32 
constituents of cells and tissues. With the introduction of  P into 

biochemistry, it was soon discovered that phospholipids became rapidly 

32 
labeled with administered  PO. even during short periods of exchange 

(3, 67, 134).  It is beyond the scope of this thesis to review the 

entire spectrum of phospholipid literature; reviews pertinent to phos- 

pholipid turnover and some recent work will be covered. 
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Dawson in 1966 (35) reviewed thoroughly what was known of phos- 

pholipid turnover at that time.  It had been reported that palmitoyl 

lecithins from rat liver had nine times higher specific activity one 

32 
hour after administration of  PO. than stearoyl lecithins.  It was 

also known that cobra venom phospholipase A attacked individual leci- 

thins in a mixture at markedly different rates (Hill and Lands, 73). 

Interconversions between species of phospholipids was known to occur, 

utilizing the cytidine diphosphate (CDP) diglyceride intermediate. Such 

interconversions as phosphatidylserine decarboxylation to phosphatidyl 

ethanolamine, and transmethylation of phosphatidyl ethanolamine to 

phosphatidyl choline via S-adenosyl methionine were well documented 

(McMurray and McGee, 113).  It was further observed that phospholipid 

synthesizing enzymes were not found ubiquitously in all cell fractions, 

but mainly in microsomes (35, 37). 

In 1971, van Deenen (181) reviewed work showing that acyl distri- 

bution in phospholipid molecules is decidedly nonrandom.  A high 

proportion of saturated fatty acids occurs on C, , and of unsaturated 

fatty acids on C„. This positioning may take place subsequent to de 

novo synthesis, but a large proportion of it occurs during the first 

step of de novo synthesis of phosphoglycerides in microsomes.  Individ- 

ual fatty acids are not equally distributed among phospholipid species; 

phosphatidic acid has, for example, less than half the arachidonate 

found in lecithin in rat liver.  Synthesis of lecithin in rat liver 

14 
microsomal preparations in the presence of  C-CDP choline is stimu- 

lated equally by fatty acids containing 1, 2, and 4 double bonds (74,75) 
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It is evident that deacylation and reacylation is essential for 

introduction of arachidonic acid into phosphatidylcholine. 

Considerable difference in composition of various biological 

membranes is known to exist.  For example, it has been well estab- 

lished that cardiolipin is a quantitatively important constituent 

of inner mitochondrial membrane (113,181).  Sphingomyelin is present 

in very low concentrations in mitochondria, but is higher in outer 

than inner membrane (99, 100, 113).  Other phospholipids show indi- 

vidual patterns of distribution and fatty acid composition  (113, 180, 

181). 

Biological Factors in Phospholipid Turnover 

Numerous specific biological compounds are known to alter lipid 

and phospholipid turnover.  Probably the most important of these is 

3', S'-adenosine cyclic monophosphate, first reported by Sutherland 

in 1957 (173).  The effects of this compound on lipid in fat cells 

and liver was worked out by Sutherland and coworkers over the next 

decade and is reviewed in a 1970 Symposium (79). 

NADH has been shown to stimulate phospholipid turnover (Erbland 

et. al.,49) especially when included in an in vitro system with certain 

glycolytic intermediates.  Inhibitors of glycolysis depressed lipid 

phosphorylation in a microsome-cytosol system (125). Patriarca's 

group (127, 128) has demonstrated that lipids from other than dietary 

sources are rapidly utilized by some types of cells.Rabbit granulocytes 
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incorporated labeled E.coli phospholipids into granulocyte phospho- 

lipids following phagocytosis (48, 128). 

Rates of turnover can be affected by numerous other factors. 

Trewhella and Collins (178, 179) found biosynthesis of phosphatidyl 

choline from monoene or diene diacylglycerols was more rapid than 

from tetraene or other more unsaturated species.  Phosphatidyl 

32 
cholines with palmitoyl groups were labeled more rapidly by  P. than 

stearoyl phosphatidylcholines.  Even more rapidly labeled were 

fractions containing docosahexenoic acid.  In studies with essential 

fatty acid-deficient rats, increased rates of turnover were noted in 

some phosphatidyl cholines and phosphatidyl ethanolamines due to 

increased amounts of l-palmitoyl-2-oleyl species, but the stearoyl- 

eicosatrienoyl species which appears to substitute for stearoyl- 

arachidonyl phospholipids in essential fatty acid-deficient rats had a 

slower turnover rate than any other measured. 

Beare-Rogers (11) has demonstrated similar lipid alterations on 

diets deficient in cholinej  at one day on a choline- deficient diet 

decreased turnover of phosphatidyl choline, phosphatidyl ethanolamine, 

and sphingomyelin were evident; at 2 days the phosphatidylethanolamine 

species containing docosapentenoic and docosahexenoic acids had 

increased turnover rates. 

Saturation differences have been shown by numerous authors to 

alter various aspects of turnover, such as binding of lecithin by 

ether-extracted mitochondria (38).  In this case, although final 
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amounts of saturated and unsaturated phospholipids bound were not 

different, the unsaturated phospholipids were bound at more than 

twice the rate of saturated species. Another indication of relative 

turnover rates is found in studies of half-lives of various phospho- 

lipids. Omura et. al. (122) studied turnover of several components 

of rat liver endoplasmic reticulum, and found not only that the half- 

life of the lipids was less than that of proteins but that the 

glycerol backbone had a considerably shorter halflife than did the 

fatty acids. This was postulated to be due to the presence of trans- 

acylating enzymes (45).  Snyder et. al. (99, 100) have studied turn- 

over of individual molecular species of phospholipids and found 

considerable heterogeniety among the phospholipid classes, though 

halflife within a class was similar for both smooth and rough endo- 

plasmic reticulum. In vitro studies (99, 100) showed incorporation 

14 of  C-oleate to be similar for rough and smooth endoplasmic 

reticulum in all phospholipid classes examined with the exception of 

phosphatidylethanolamine, which was found to have incorporated the 

label into rough endoplasmic reticulum only three-fourths as rapidly 

as into smooth endoplasmic reticulum. Distribution of fatty acids was 

found to be specific as to degree of unsaturation, with the acyl group 

in position 1 most often saturated and in position 2 usually unsatur- 

ated, corroborating the work of others (113, 180, 181).  Turnover of 

the position 1 fatty acid was greater than of the position 2 fatty 

acid.  It was concluded that the specific nature of a membrane is 

partly directed by the degradative enzymes responsible for its turnover. 
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LLpid exchange occurs not only within a meinhrane but between 

different membranes and between membranes and plasma.  Zilversmit (.198) 

demonstrated the exchange of several phospholipids between liver 

microsomes and plasma in rat, rabbit, and guinea pig.  The plasma 

concentration of phosphatidylethanolamine is different for the 3 

species, but exchange rates, although not the same in the 3 types of 

animals, did not reflect plasma concentrations.  Apparently the 

concentration difference found rn  vivo is independent of binding 

affinity of plasma proteins for specific phospholipids.  Exchange rate 

was stimulated by a soluble exchange protein-containing fraction in 

all animals (191, 192, 198). 

Weinhold (186, 187) has found differences in both phospholipid 

32 
turnover and absolute quantity between fetal and adult rats.   P.. 

incorporation into phospholipids is generally lower in fetus than in 

adults, and quantities of phospholipid in both liver and lungs are 

14 lower in fetus.   C-ethanolamine incorporation into phosphatidyl 

ethanolamine or phosphatidyl choline was only 20% of the adult value 

5 days prior to birth, but this increased to within 80 per cent 

by one day after birth.  The fact that fetal proteins (94) are often 

present during certain stages of carcinogenesis may mean that 

fetal phospholipid distribution, quantity, and/or turnover exist 

in some stages of carcinogenesis, although this has not been 

studied specifically. Studies of tumor lipids have shown that 

the characteristic distribution of phospholipid in the various 

cell membranes in normal tissue is not present in tumors. Subcellular 

membrane phospholipid patterns become dedifferentiated, approaching 
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homogenity in some cases (12). The fact that this doesn't occur in 

regenerating liver demonstrates that the lack of differentiation is 

not merely a result of rapid growth. 

Turnover studies of lipids in experimental tumors have been 

32 
undertaken (2, 33, 108).  Intravenous  P. injection into tumor- 

bearing animals showed a higher than normal turnover rate without 

increased de novo synthesis.  Several types of tumors were found to 

accumulate phospholipids; this appears to have an effect on tumor 

calcification especially as regards phosphatidyl serine (2, 193). 

In cell culture, 3T3 mouse cells normally show alterations of 

phospholipid turnover on reaching confluence due to contact inhibition. 

32 
The rate of incorporation of  P. into phosphatidylcholine is doubled, 

while phosphatidylethanolamine and phosphatidylserine labelling 

decreased to 1/7 and 1/2 of the rate found during division and growth 

(33), though the rate of incorporation into total phospholipid remained 

unchanged.  These changes did not occur in non-contact-inhibited cells 

transformed by polyoma virus. 

Functions of Phospholipids 

Phospholipids are ubiquitous constituents of cell membranes and 

appear to have both general structural and specific functional prop- 

erties.  Coleman (31) has recently reviewed enzymes which require or 

are modified by various lipids.  These include numerous respiratory 

enzymes, some Krebs cycle enzymes, hepatic microsomal drug oxidations 
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(23, 32, 46, 182), ATPases (152), and adenyl cyclase (102) among 

others.  Of some interest to.this study is FAD-dependent malate dehydro- 

genase, which requires cardiolipin in a ratio of approximately 1 mole 

per mole of enzyme (177).  Santiago et. al. (152) have recently 

obtained some evidence that mitochondrial ATPase requires cardiolipin 

for activity. 

Racker's group (18, 19, 85, 86) found that mitochondria or 

submitochondrial particles treated with phospholipase A or C produced 

losses in phosphorylative capacity without impairment of respiration. 

Loss of calcium ion translocation also resulted.  Partial restoration 

of both functions was achieved with the addition of a crude soybean 

32 
phospholipid preparation.   P.-ATP exchange in submitochondrial 

particles was also inhibited by phospholipase C digestion (85,86) and 

reconstitution of this activity depended on adding a mixture of 

phosphatidylcholine and phosphatidylethanolamine containing unsaturated 

fatty acids.  Disaturated species had no activity.  Synthetic acyl 

groups were active as long as they were unsaturated. The best recon- 

stitution was achieved with a mixture of soy phosphatidylethanolamine 

and 1, 2-dihydrosterculoyl phosphatidylcholine. 

It has been shown in yeast which require unsaturated fatty acids 

that when the unsaturated fatty acid content drops to 20% in mitochon- 

dria, phosphorylation and ATP-P. exchange are uncoupled.  Both func- 

tions are restored by in vivo addition of unsaturated fatty acids, even 

when protein synthesis is inhibited (72). 

French et. al (62) observed that increased mitochondrial frag- 
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ility could be induced by chronic ethanol ingestion or pancreatic 

lipase digestion. The mitochondrial cardiolipin was found to be 

selectively hydrolyzed without concomitant hydrolysis of either 

phosphatidyl choline or phosphatidylethanolamine. They suggested 

that cardiolipin plays a role in the structural integrity of the 

mitochondrial inner membrane.  This speculation is substantiated 

by the work of Santiago et. al. (152). 

It has been demonstrated (133, 135, 136, 138) that mitochondrial 

NADPH oxidation in the presence of physiological quantities of ferric 

ion produced degradation of polyunsaturated fatty acids, which was 

accompanied by loss of ability to metabolize Krebs cycle intermed- 

iates.  The reaction produced a component with properties of a free 

radical which caused hemolysis of red blood cells when microsomal 

preps containing NADPH oxidase activity were incubated with the red 

blood cells.  The observed hemolysis could be inhibited by use of 

radical trapping agents (propyl gallate, diphenyl-p-phenylene-diamine, 

aniline, etc.), heat denaturation of the microsomes, or increasing 

the content of a-tocopherol in the diet of the donor animals for 

several days prior to the experiment. Hemolysis could occur without 

parallel lipid peroxidation during the lag period prior to peroxide 

fonnation in tocopherol-treated animals, however. Poyer and McKay (138) 

suggest that such oxidations may contribute to normal catabolism of 

phospholipid in microsomal membranes. 

The influence of hormones on fat metabolism in general has 

already been mentioned (79).  Specific effects of some hormones on 

phospholipids have also been observed.  During pregnancy the phospho- 
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lipid levels in plasma are elevated (174) and relative distribution 

of phospholipid classes is altered.  Long term use of oral contra- 

ceptives also alters the plasma phospholipid pattern.  Plasma phospho- 

lipid alterations induced in oophorectomized women by estrogens are 

opposite to the effects induced in the same individuals by testoster- 

one derivatives.  Studies of pregnant rats indicate that despite 

altered plasma phospholipids, membrane phospholipids remain unchanged 

(174). 

Stein and Hales, using rat epididymal fat pads, demonstrated 

32 specific stimulation by adrenaline of  P. incorporation into phospho- 

inositides (172). 

Effects of nonbiological chemicals 

Feinstein (59) showed alterations of artificial lipid membranes 

induced by several local anesthetics of the novocaine type including 

inhibition of calcium ion transport, increased electrical resistance, 

and ability to coagulate aqueous phospholipid dispersions.  Fisher 

and Mueller (60) have reported rapid stimulation of phospholipid 

turnover by phytohemagglutinins in lymphocytes, especially with regard 

to inositol incorporation, which is accelerated 1800%.  Since glycerol 

incorporation is only slightly augmented and oleic acid uptake is 

decreased, he suggests the mechanism is stimulation of phosphatidic 

acid synthesis by diglyceride kinase and cyclic interconversion of 

phosphatidic acid and phosphatidyl inositol. 



Young et. al. (197) and Infante et. al. (77) have reported that 

in phenobarbital-treated rats, phospholipid synthesis increases, 

mainly in the form of phosphatidylcholine, along with increased speci- 

fic activity of diglyceride acyl transferase. Halflives and turnover 

of several phospholipids have been measured in phenobarbital-treated 

rats.  It was found that in general halflife increases; i.e. catabol- 

ism decreases (50, 77).  The overall microsomal phospholipid/protein 

ratio does not change, and relative phospholipid composition remains 

the same as in untreated animals. 

Blough (15, 64) has examined turnover rate of phospholipids in 

chick embryo fibroblasts infected with numerous types of viruses. 

BHK-21 cell infection effects a very rapid turnover without increasing 

de novo synthesis. Turnover is different both between phospholipid 

classes and within subclasses of the same phospholipid species. 

Infection of the cells with an RNA influenza virus results in no change 

for several hours, and depression, at 8-12 hours following infection, 

of all lipid synthesis. This same virus introduced into chorioallan- 

toic cells decreased levels of acyl CoA-phosphoglyceride acyl trans- 

ferase to 70% of control values.  In HeLa cells both synthesis and 

turnover of phospholipids decreased immediately in response to the same 

virus, except for phosphatidylserine ,the turnover of which increased 

50%. DNA viruses also alter phospholipid synthesis in a presently 

unpredictable manner, with synthesis being increased or decreased 

depending on time after infection and the phospholipid fraction 

examined (15). 
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Another reported group of cocarcinogens, phorbol esters, have 

been shown to stimulate phospholipid metabolism in mouse skin immed- 

iately following treatment (149, 150). 

The point of the above review of literature on phospholipid 

turnover is that its facets are many and varied, and for the most part, 

unpredictable at present.  Until more is known about the precise 

reasons for phospholipid turnover and about functions of the various 

species of phospholipids and sub-species within each phospholipid 

class, rates of turnover are likely to remain unpredictable. The fact is 

that phospholipids do indeed turn over,often very rapidly, and this 

appears to be important to the integrity of the system. 



MI m ions 

Experimental Animals 

Fish  used for these studies were rainbow trout (Salmo gairdneri) 

of the Mt. Shasta strain.  They were artificially spawned and reared 

in the Food Science Department's Food Toxicology and Nutrition Labor- 

atory. All fish  used in any one experiment were from the same 

female, or of like background (diet and age) in experiments where 

several hundred fish were used.  Fish were maintained in 7>  or 4 foot 

diameter circular fiberglass tanks in well water at a constant temp- 

erature of 11.40C and a flow rate of approximately 5 gal/min.  Fish 

were fed semipurified diets (Appendix U) twice daily. Animals were 

pair-fed, using the ad lib, amount of the sterculate diets fed. 

Lipid Extraction 

Extraction of lipids was done using Palmer's (126) modification 

of the method of Bligh and Dyer (14)  (Appendix B). The lower phase 

was evaporated to dryness, a known amount of chloroform added, and 

the vial capped and stored at -20oC under nitrogen. 

CaCl  .02% aq. was used in place of water to insure complete 

removal of polar lipids from the upper phase (36), and to assure that 

phospholipids were present only as their calcium salts.  If more 

than one salt of a phospholipid species is present, it does not chrom- 

atograph as one spot(151) on TLC. Acidic phospholipids as salts of 



monovalent ions are particularly subject to ion exchange on n 

silicic acid column (116).  Calcium salts are not affected in this 

manner, and thus the presence of phospholipids as their calcium salts 

facilitates chromatographic separation. 

Glycogen and Total Lipid Determinations 

Rainbow trout were stunned by a blow on the head and quickly 

dehepatated.  Livers were perfused with 0.05 M sodium phosphate buffer 

(Appendix J) via the hepatic vein to remove blood, and frozen immed- 

iately by immersion in liquid nitrogen.  They were stored under 

nitrogen at -20oC. until used. 

Total lipids were determined gravimetrically after extraction by 

the method in Appendix B, previously described, and the solvent evap- 

orated off in a rotary evaporator in a weighed flask.  The flask 

containing the lipid was weighed again and total lipid determined by 

difference. 

The upper phase from the lipid extraction was mixed thoroughly, 

and a 1 ml. aliquot diluted to 100 ml.  Protein was precipitated with 

10 ml. cold 10% trichloroacetic acid. Total carbohydrate was deter- 

mined using the anthrone method of Leowus (101). (Appendix A) 

It was found that using a more conventional aqueous liver extract 

(i.e. without organic solvents present) gave results quantitatively 

identical with the above procedure.  It is assumed that liver carbo- 

hydrate is primarily glycogen. 
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Inject "ion of Radioactive PO,. 

33      32 PO or  PO. was injected into trout ip (see Appendix 1-4 for 

specific activities). After 10 minutes the animals were stunned by 

a blow on the head, livers excised and perfused with cold buffer until 

they appeared white, and frozen immediately in liquid nitrogen.  The 

livers were homogenized in a Virtis homogenizer in a solution of CHC1 ~ 

CH_0H 1:2 (Bligh and Dyer) while still partially frozen.  Extraction 

of lipids was carried out as described previously in the methods 

section and Appendix B. 

Following fractionation by column chromatography (Appendix C § D) 

lipids were digested and quantitated on the basis of phosphate content 

(Appendix M). Aliquots of each fraction were counted in toluene fluor 

(Appendix N) in a liquid scintillation counter (Nuclear, Chicago). 

Column fractions were separated by TLC (Appendix F) and counted using 

a radiochromatogram scanner (Varian Aerograph). 

One in vitro experiment, 3b,was done by perfusing livers via the 

32 
hepatic vein with  PO. in fish Ringer's solution with tris buffer 

(Appendix J).  Tris was used rather than phosphate to avoid overloading 

the system with carrier PO.. 
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Liver Perfusion 

Fish weighing 65-280 g.* were stunned by a blow on the head, the 

livers quickly excised, and perfused with cold Fish Ringer's solution 

(Appendix J) to remove blood. A polyethylene catheter (PE 10 tubing, 

Clay-Adams) attached to a syringe was inserted into the hepatic vein 

and the liver immersed in a watch glass containing the perfusate. 

This procedure takes a total of 60-90 seconds per fish; two livers were 

perfused simultaneously.  Perfusion was accomplished with a two- 

chambered infusion pump (Harvard Instrument Co.) at a rate of 0.6 

ml./min.  Following perfusion the livers were rinsed with cold fish 

Ringer's solution and immediately frozen in liquid nitrogen. 

Preparation of Subcellular Fractions. 

Isolation of subcellular fractions (Appendix 0) was carried out 

in 0.25 M sucrose, pH 7.2, if jnicrosomes were to be calcium precipi- 

tated, or in .05 M phosphate buffer for conventional preparations. 

The only exception to this was comparison of conventional (164) and 

calcium precipitated mcrosomal (87) activity; in this case 0.25 M suc- 

rose was used in both instances. 

Fish for any one experiment were of the same age and approximately 
equal in size. 
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Determination of P/0 ratios. 

Mitochondria were isolated as described in Appendix 0. The 

procedure of Clark (26) (Appendix P) was employed to determine P/0 

ratios, using a Gilson Differential Respirometer. 

Neotetrazolium Reductase Assay 

NADPH-Neotetrazolium reductase was assayed by the method of 

Williams and Kamin (Appendix Q) (189).  This assay, used as an 

indicator of microsomal enzymes which metabolize unnatural substrates, 

was employed because it was known to be present in the Shasta trout 

from our laboratory (Chan, 22). 

Histological Examination of Tissues. 

Livers were excised, fixed in Bouin's solution, imbedded in 

paraffin, sectioned and stained in hematoxylin and eosin. 

14 Conversion of  C-oleic acid to CO^ 

14 14 For determination of the conversion of 1- C-oleate to  C0_ the 

post-600 x g supernatant was used.  It was not practical to use a 

mitochondrial pellet for this, as fatty acyl transferase is a cyto- 
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plasmic enzyme (191, 192). 

The reaction components for determining both  CO,, and P/0 

ratios were the same (Appendix P), except that 0.5 ml of an oleate 

suspension was used as substrate in CO*  assay instead of 0.2 ml 

citrate-acetyl CoA or glutamate-pyruvate. Oleate concentration in the 

initial experiment was 0.11M.      This included 95% carrier, and the 

dpm were low.  The second experiment was done using oleate, 55 mC/mM, 

at a concentration of lyM in the reaction without carrier. 

Concentrated hLSO., 0.1 ml, was placed in the side arm of each 

flask.  Preincubation and incubation were the same as for P/0 ratios, 

except that at the end of the incubation the H^SO was tipped into 

the reaction mixture in order to force the  C0„ into the atmosphere 

in the flask. Flasks were incubated with shaking for an additional 

5 minutes, taken off the respirometer and duplicate 0.1 ml. 

aliquots of the center well KOH pipetted into 1 ml water in a 1 dram 

vial. Three ml Ajuasol fluor was added to the vial, and the capped 

vial mixed and placed inside a 15 ml. vial for counting. (See Appendix 

N). All assays were run in duplicate. 

ATP Analysis 

Fish remaining from experiment 10 (8-10 per group) were left in 

the 3 foot tanks and the water level lowered to 12 in. depth, a volume 

of approximately 33 gal. of circulating water.  Tricaine methane sul- 

fonate,i6 g. in 200 ml. water, was added to the tanks after shutting 

off the water.  The fish were allowed to stay in the tanks until the 
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righting reflejc was lost (60 - 80 sec.) at which time they were 

quickly netted out and placed into a small tub of the same anesthetic 

solution.  Livers were rapidly excised, weighed, and individually 

frozen in 16 iran tubes of liquid nitrogen. Time was 30+5 seconds 

per fish .  Total time elapsed for a group of 10 fish was 5 min. 

+ 20 sec.  This operation requires two people, one to dehepatate 

the fish and the other to weigh, freeze, and record. 

ATP was assayed with luciferase according to the method of 

McElroy and Seliger (112) (Appendix R). Several methods of using the 

spectrophotometer to record the bioluminescence produced by the ATP- 

luciferase reaction were tried. The most reliable involved using the 

cell in the sample chamber as a reference and adding the ATP solution 

to the cell in the reference chamber. Per cent transmission was read 

30 sec. after addition of the ATP solution. 

The decrease in per cent transmission measured the luminescence 

in the reference tube, and this subtracted from 100 gave the actual 

luminescence reading. The standard curve was linear in the concen- 

tration range used. 
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Fig. 1. Normal liver (diet B) right; liver from fish on 
diet Bj for 5 months, left. These livers are 
from fish of the same age and size. 

Fig. 2. Section through normal liver, X 560. Note the 
regular 2-cell-wide chords surrounded by 
capillaries and normal nuclei with nucleolus 
visible. 



35 

Fig. 3. Three days on diet B]^. All hepatocytes are becoming 
necrotic with pycnotic nuclei (a). Chord structure 
is completely disrupted. Indication of "fibers" 
in cytoplasm is evident in a few cells (b). (X 560), 

Fig. 4. Six days on diet Bj.  Irregular white cells are glyco- 
gen-engorged hepatocytes, essentially nonfunctional 
except for glycogen storage.  (X 560). 
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Fig. 7. Two weeks on diet Bj. Pockets of regenerating cells(a) 
are evident. Bile ductule (b) appears normalt ■ 
"fibers" are appearing in many cells (c). (X 560). 

1 
Fig. 8. Three weeks on diet k.  Some regeneration is occurring 

and irregular areas of glycogen deposition are evident 
(a). Lymphocyte invasion (b) of tissue around bile 
duct is evident. (X 560). 
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Fig. 9. Three weeks on diet Bj. Another field from the same 
liver showing glycogen deposition (a) and lymphocyte 
invasion (b),  (X 560). 

Fig. 10.1 month on diet Bj.  Note arteriofibrotic central 
blood vessel. Most cells are beginning to show 
"fibers."  (X 560). 
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Fig. 11. Two months on diet i|. "Fiber" development is very 
distinct (a).  Lipid droplets are evident in many 
areas (b).  (X 560). 

Fig. 12. Group of cells with "fibers," X 1400, 
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Fig. 13. Three months on diet Bj. Much parenchymal cell regen- 
eration is seen with complete absence of normal 
chord structure, (a) Central vessel is becoming 
sclerotic (b) and bile duct wall epithelial cells 
are enlarged (c). X 560. 

i 

.OM WjM H H^ p l*jf tj^Vf*.' ■•*c1»T»)dB 

lllii 
•■. ■ ''■•••■,• ■■ 

Fig. 14. Five months on diet Bj. Irregular nodules of glycogen 
deposition (-•■), X 210. 
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Fig. 15. Eight months on diet B.. Atherofibrotic central vessel 
is evident, as well as enlargement of bile duct epith- 
elium. O) Most cells are filled with lipid and glyco- 
gen. (X 560). 

Fif. lo. Eight months on diet B,, then six months on diet B. No 
recovery is evident, with parabiliary fibrosis fa] and 
elongated epithelial cells (b) in most microscope 
fields. (X 560). 
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RESULTS 

14 Month Feeding Study 

250 fish were placed on diets A and Al respectively, with 20% of 

the diet lipid in the form of tristearin. The rationale for this was 

that if the desaturase inhibition (1, 81, 83, 140, 146, 147) were the 

only effect of methyl sterculate, similar effects should be seen in 

both control (A) and sterculate-fed (Al) fish, somewhat magnified by 

the presence of methyl sterculate (MS)  plus tristearin.  Fish were 

sampled every three days for the first three weeks, then once a week 

during weeks 4-6, every three weeks for weeks 7-16, and once a month 

subsequently. 

The most obvious initial difference is seen in the ratio of liver 

weight to body weight (Rig.   17).  In the first three weeks of feeding, 

the MS fish livers decreased in size significantly (p<.05, student's 

"T" test) compared to controls.  The MS livers sampled at two weeks 

were smaller than at any other time and appeared grossly necrotic. 

Histological examination corroborates the external picture, as the 

cellular structure of the liver appears completely disrupted at 

this point.  Figures 1-16 show a time sequence of the histological 

damage from three days through 8 months, and after the fish fed the 

MS diet (Al) were returned to diet A for 6 months. 

The fibrous endoplasmic reticulum (Fig. 12) (165) which has been 

reported to be typical of cyclopropene damage in trout liver in later 
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days on diet 
Fig. 17 

Fig. 17-19. 14 month feeding study.  Control fish were fed diet A 
throughout;experimental fish received diet A, (200 ppm methyl 
sterculate) for 8 months and diet A for the final 6 months. Methyl 
sterculate fed, «- *. Controls,© o.    Horizontal scales are 
the same for figures 17-19. Data for fig. 17 are individual means of 
10 fish per group per sample day. Fig's. 18 § 19 represent values of 
pooled livers from 10 fish. 
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stages of toxicity was observed in a few cells in fish from the 3 day 

sample and then not again for four to six weeks.  Initially the per 

cent of the liver weight comprised by lipid and glycogen showed no 

significant difference from controls. After one month on diet Al, 

lipid began to accumulate, reaching levels 4-5 times that seen in 

controls (Fig. 18). No significant difference in glycogen level was 

noted (Fig. 19). Glycogen-filled vacuoles are seen in the fish fed 

methyl sterculate or other cyclopropenoid diets (Figs. 9, 14).  The 

fact that no biochemical difference is evident points up the fact that 

glycogen storage is in pockets of cells rather than spread evenly 

through all cells as it is in normal fish. (Fig. 14). After several 

months on diet Al, white nodules up to 1/8 inch in diameter could be 

seen on the surface of some of the livers. Chemical analysis of the 

contents of one of these nodules withdrawn by syringe revealed that 

it was nearly pure glycogen. 

The early morphological and biochemical changes seen in this 

study correlate well with Roehm's findings of early alteration of 

lipid metabolism by cyclopropenoid fatty acids (146). 

The fish in this study were maintained on the initial diets for 

8 months. At this time the fish on diet Al were placed on diet A for 

the next 6 months. Three subsequent monthly samples showed a drop in 

liver lipid to approximately control levels. The gross appearance of 

the livers began to normalize slightly, although no improvement was 

noted histologically.  Bile duct proliferation and enlargement and 

lack of chord structure was still as definitive as before the methyl 

sterculate was removed from the diet. 
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One group of 24 Al fish was allowed to remain on the control 

diet for 6 months following 8 months on the MS diet. Many of the 

livers at termination appeared nobby and grossly cirrhotic.  Some 

seemed normal, but again histological examination showed the same 

pathological changes—fibrous endoplasmic reticulum, bile duct prolif- 

eration, etc., seen in the livers before removal of the methyl stercu- 

late from the diet, i.e. littlehistological recovery is evident after 

removing the methyl sterculate from the diet (Fig. 16). 

Lipids from livers of fish sampled subsequent to removal of 

methyl sterculate from the trout diets, and from the eggs of one 

gravid female from the terminal sample, were assayed for cyclopropenoid 

fatty acids by the Halphen reaction.  Results are seen in Table 1. 

TABLE I 

Cyclopropenoid fatty acids in hepatic lipids from fish fed 
diet Al for 8 months and then diet A for varying periods 
subsequently. 

Months off diet Al % CPFA in lipids 

1 4.08 
2 1.82 

Livers         3 0>00 

6 0.00 

Eggs 6 0..33 
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Phospholipid Phosphate Incorporation 

The combined facts of cyplopropenoid alteration of egg yolk 

membrane permeability, and the apparent importance of phospholipid 

turnover as it relates to fatty acid saturation level and altered 

physiological and biochemical conditions,were the basis for examining 

turnover rates of various phospholipids in cyclopropenoid fatty acid- 

fed fish. Methyl sterculate was known to have a peak effect on desat- 

uration in trout lipids after feeding it from 1 to 2 weeks (146); the 

feeding period of 14 days on cyclopropenoid fatty acid diets used in 

these experiments was chosen on this basis.  Fish for the experiments 

were matched as to size, and within each experiment were all from the 

same female. They were transferred to the experimental tanks at least 

3 days prior to beginning the cyclopropenoid fatty acid regimen to 

allow time for them to acclimate to the new surroundings. Control 

fish were treated in an identical manner.  In experiments 1-6, diets 

B and B. (control and 200 ppm MS) were used. 

33     32 Either  PO. or  PO. was injected intraperitoneally into 

unanesthetized trout and the animals dehepatated and livers frozen 

after 10 minutes (see Methods and Appendix 1-1.) Three experiments, 

1, 2, and 3a were performed in this manner. Lipids were extracted, 

separated, and specific activity determined. A fourth experiment, 3b, 

32 was done using  PO. in an in vitro perfusate and perfusing for 10 

minutes before freezing the livers (Appendix 1-2). 



TABLE 2 

33      32 
Distribution of  PO. or  PO. in liver phospholipids following 

either intraperitoneal injection or in vitro perfusion for 10 minutes. 

DPM/phospholipid fraction in MS-fed fish are shown as % of control; 

control = 100%. 

PHOSPHOLIPID FRACTION 

CL   PE   PS   PC   PI   PL total 

C    100 100  100   100 100   100  100 

MS   2.4 12.3 55.4  31.6 90.8   3.3 33.3 

X: unknown phospholipid PI: phosphatidyl inositides 
CL: cardiolipin C: control fish 
PE: phosphatidyl ethanolamine MS: methyl sterculate-fed fish 
PS: phosphatidyl serine 



TABLE 3 

-7 32 
DPM/M PO. x 10  in experiment 3a (injection of  PO ) and 

32 3b (perfusion of  PO.).  Time of exposure to isotope, 10 minutes. 

LIPID FRACTION 

CL       PE        PS        PC        PI        TOTAL PL 

3a.injection 

C  200. ,767 20,009 1, ,251 2,965 2. ,713 4,733 238,438 

MS    1, ,479 2,310 760 46 7 6 4,733 

3b.perfusion 

C 565 24,000 137 3,450 5 13 30,141 

MS 0 43 31 1,065 4.5 55 1,209 
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The perfusion experiment, 3b, was done on fish from the same 

group used in experiment 3a in order to have a direct comparison of 

the 2 methods.  Results of the 4 experiments (1, 2, 3a, 3b) were 

similar. The averaged values are shown in table 2 as per cent of 

control.  DPM/M PO. on the paired injection-perfusion experiment, 3a 

and 3b, are shown in table 3. 

Although absolute incorporation rates varied from experiment 

to experiment some general trends were obvious.  Incorporation into all 

hepatic phospholipid fractions was inhibited in cyclopropenoid fatty 

acid-fed fish.  Incorporation into cardiolipin and an unknown phospho- 

lipid fraction, "X", were most strongly inhibited in MS-fed fish, and 

phosphoinositide phosphate uptake was strongly inhibited in all the 

in vivo experiments (1 - 3a). However, specific activity of phospho- 

inositides was higher in MS-fed fish than in controls in the in vitro 

experiment (3b).  It is possible that this was due to pool sizes. 

Sphingomyelin is the only relatively major phospholipid compo- 

nent not shown in this chart, and very little radioactivity was found 

in this fraction in either control or MS-fed fish.  It can be seen from 

these data that the greatest differences in turnover were found 

in the minor fractions. 

Absolute quantities of labeled lipid from the control group, 

experiment 3a, are shown in table 4.  (Specific activity of this group 

is seen in table 3.)  It can be seen that "X", representing less than 

1% of the phospholipid, is the most active fraction. 
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TABLE 4 

Absolute dpm/phospholipid fraction in experiment 3a controls, 
mg. lipid per fraction, and per cent of total phospholipid 

represented by each fraction. 

Phospholipid fraction 

X      CL      PE      PS      PC      PI 

1309 505 1205 212 504 297 

.02015 .0552 .351 .0715 .65 .1105 

0.63 4.37 27.7 5.64 51.3 8.7 

cl£m 

mg lipid 

% of total 

Lipids in the preceding tables are listed in order of elution off 

a silicic acid column. "X" is a very nonpolar phospholipid, not iden- 

tical to cardiolipinjphosphatidic acid, or ceramide, and with no func- 

tional groups detectable by spray reagents (Appendix G). Its concen- 

tration in total lipids is sufficiently low that the molybdic acid 

spray used to detect PO. groups did not always detect this lipid on 

the plates; it was initially found because of its high specific 

activity. Results of efforts to identify"X"are detailed in a later 

section. 

In summary, phospholipid phosphate uptake is inhibited, 

especially in cardiolipin, phosphoinositides, and "X" by feeding MS. 
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Fatty Acid Incorporation 

1- C-palmitic or -oleic acid(experiments 4 and 5) was perfused 

in vitro through fish livers in a manner similar to that used for 

phosphate.  In a preliminary experiment with control fish it was 

found that a high concentration of free fatty acid remained in the 

livers and interfered with both lipid separation and activity determin- 

ations. This difficulty was overcome by perfusing the livers for 10 

14 
min. with  C-fatty acid in fish Ringer's solution, and then perfusing 

14 for an additional 5 minutes using Ringer's solution without the  C- 

fatty acid.  Livers in which total lipids were to be determined were 

then frozen immediately in liquid nitrogen. When subcellular frac- 

tionation was done subsequent to perfusion, livers were placed into 

ice cold phosphate buffer and further work carried out in the cold. 

DPM in whole liver lipids after perfusion with palmitate or oleate are 

shown in tables 5 and 6. 

The differences in fatty acid incorporation seen above are 

similar to those seen in the phosphate labeling experiments with 

respect to phospholipids.  It is interesting to note that although 

palmitate incorporation was reduced in the MS-fed fish, oleate incor- 

poration in this experiment was more than 8 times greater in MS-fed 

than in control fish.  It is apparent that ability to incorporate 
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TABLE 5 

Experiment 4 

1- C-Palmitate perfusion: dpm/mg  lipid (neutral lipids) or 
_7 

dpm/M PO. x  10  (phospholipids) 

 N+X CL PE PS PC    PI  Tot PL. 

C     195,764    1,857     368     316    786   513 

MS    126,107      275     355     133    558    92 

MS:%     64.4     14.8    96.5      42     71   17.9  36.7 
of 
control 

TABLE 6 

Experiinent 5 

14 
1- C-oleate perfusion:  dpm/mg lipid (neutral lipids) or 

_7 
dpm/M PO x 10   (phospholipids). 

 N+X CL PE PS PC    PI Tot pL 

C     792,987   10,076,442  101,182  5,940  114,376 32,322 

MS  6,624,363      932,982   22,607  3,690   18,301  5,288 

MS:%    835 9.3     22.3   67.2       16   16.4 19.5 
of C. 
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oleatc into phospholipids is impaired and cellular uptake is not. It 

will subsequently be shown that incorporation into some neutral lipid 

fractions is also impaired. 

A means of separating "X" from the neutral lipids had not been 

devised at the time the above experiments were run.  It was found that 

this could be done by 1-dimensional dual development TLC, first 

developing halfway up the plate in CHC1 -CH OH-lnM Na   C03 65:25:4, 

drying off the solvent, and making a second development in Hexane/ 

ether/acetic acid 80:20:1 (84).  In this system, all phospholipids 

excepf'X'taoved only in the first solvent.  In the second solvent,"X" 

moved just ahead of the first solvent front, clearly differentiated 

from cardiolipin,phosphatidic acid, and ceramide which also have high 

Rf values in solvent 1.  Diglycerides, triglycerides, and free fatty 

acids are clearly separated from "X" further up the plate. 

C-oleate Incorporation into Subcellular Fractions 

In order to determine whether or not a specific group of subcell- 

ular organelles or membranes was involved in the reduced incorporation, 

14 
1- C-oleate was perfused into livers of control fish or of fish fed 

200 ppm MS for 14 days, and lipids extracted from the various subcell- 

ular fractions after isolation (Appendix 0, B) (experiment 6).  Results 

are presented in table 7 and Figure 20. 
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TABLE 7 

1- C-oleate dpm/mg lipid x  10~ in "X" and neutral lipids 
extracted from, mtochondrial, microsomal, and supernatant 
fractions.  Specific activity of "X" in subcellular fractions 
is shown at the bottom of the table. 

Subcellular "X" OLEATE DG-TG TOTAL DPM 
fraction 

20,000 x g C 60.12 0 75.41 135.54 
pellet 

MS 4.44 32.18 15.50 52.13 

105,000 x g C 43.84 0 66.44 100.28 
pellet 

MS 5.16 26.28 25.08 56.8.0 

Supernatant C 14.46 0 6.79 21.45 

MS 1.64 17.23 16.92 35.81 

20,000 x g pellet 

105,000 x g pellet 

Supernatant 

"X" DPM/M PO. x 10 

15,030.3 

797.0 

361.5 

-10 

MS c^s 
110.9 135 

129.1 6 

164.3 2.2 

It can be seen that as before, incorporation into "X" is inhib- 

ited more than other lipids in all subcellular fractions. Free oleic 

acid is not present in the control fractions, but the subcellular 

fractions from the MS-fed fish all contain free oleate. Even though 

the stearate:oleate ratio in the lipids is abnormally high at this 

point (table 8) oleic acid appears to be incorporated only slowly 

into the lipids. 



Micr . PL 
diet B 

Bl 

Mito, . PL 
diet B 

Bl 

Sup. PL 
diet B 

Bl 

TABLE 8 

Fatty acid distribution in lipids of subcellular fractions. 

Total 
14:0  16:0  16:1  18:0  18:1  18:2  20:1  20:4  20:5  22:6 saturated 

(14+16+18) 

1.4  19.7   3.3   7.3  14.7    t*   5.5   t*    5.8  41.3    28.4 

0.9  14.6   2.4  13.1  10.1   0.3   2.8  2.2    5.4  43.2    28.6 

1.0  14.8   2.9   7.2  13.7    t*   7.1  1.7    5.1  38.2    23.0 

1.4  12.7   2.5  11.1  11.1   0.7   2.9  1.8    5.0  41.7    25.2 

2.2  17.8   5.8   7.6  21.1   1.2   5.9  0.2    0.6  29.1    27.6 

1.5  21.7   2.8  14.2  15.1   1.2   5.6   t*    5.9  30.7    37.4 

''t = trace 

Micr. PL: microsomal phospholipids (105,000 x g) 
Mito PL: mitochondrial phospholipids (20,000 x g) 
Sup. PL: supernatant phospholipids (soluble fraction) 

U1 
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Total activity differences are shown in Figure 20.  The most 

dramatic differences are seen in the mitochondrial fraction in 

which neutral lipids are labeled twice as much in Controls as MS-fed 

fish, and the difference in phospholipid label is greater than 16- 

fold higher in controls.  Differences are apparent in other fractions 

as well, but not to the same extent. It has been shown that at least 

some de novo synthesis of cardiolipin takes place in mitochondria 

and can be inhibited by sulfhydryl reagents (34, 171). 

The differences in distribution of label among fractions appears 

not to be due entirely to saturation effects.  Fatty acid analysis 

(Table 8) shows relative distribution of saturated moieties to be 

similar in the various MS-subcellular fractions even though incor- 

poration rates differ. 

During the time these experiments were in progress, some of the 

fish at the departmental facilities were being reared on a diet 

containing fish protein concentrate (FPC, diet C), as a protein source 

rather than casein (diet B).  The amino acid distribution is quite 

different (Appendix T) in the 2 types of protein.  It was observed 

(184) that 50 ppm cyclopropenoid fatty acid produced little or no evi- 

dence of the histological damage usually seen with MS in casein-base 

diets (Figs. 1-16).  Due to the physical characteristics of the FPC 

it was used in the diet at 38% rather than at the 49% level of casein 

in diets. 

Lee and Wales (95) had found considerable histological differ- 

ence in livers of fish fed different levels of protein using casein as 

a source.  The livers of fish fed a diet which was 53% casein showed 
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Fig. 20. Distribution of label among neutral and phospholipids in 
subcellular fractions following 10 minute perfusion with 
l-^4C-oleate (e-xperiment 6). 
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high glycogen levels, abnormal nuclei, bile duct proliferation, and 

enlarged livers, although in general growth was better in these fish 

than in fish fed low levels of the same protein (33-40%),(This was also 

dependent on lipid level in the diet.) With these findings in mind, 

14 
it was decided that the effect of dietary protein source on   C- 

oleate incorporation into hepatic lipids should be investigated. 

Fish weighing approximately 250 g. which had been reared on 

either FPC or Casein (diets C and B respectively) were pair-fed 

control (B, C) or 300 ppm MS(B , C ) diets for 14 days.  In vitro 

14 
perfusion with 1- C-oleate was followed by subcellular fractionation 

as before. Lipids were quantitated from the thin layer plates 

(Appendix H) using a densitometer rather than gravimetrically, thus 

allowing activity of the individual lipid fractions to be determined. 

Results are seen in Fig. 21. 

It is noted that the same general trends are present in both 

FPC- and Casein-fed fish, and that incorporation is lower in nearly 

all lipid types in all the subcellular fractions in MS-fed fish. The 

incorporation into "X" in casein-fed controls is higher in both mito- 

chondria and microsomes than in FPC controls, but lower in the super- 

natant. Labeling of "X" is severely inhibited in all fractions by 

cyclopropenoid fatty acid; inhibition is much greater in casein-fed 

than in FPC-fed fish in mitochondria and microsomes. "X" labels more 

rapidly in FPC control supernatant than in any other FPC fraction. The 

labeling pattern ofOCin controls is exactly opposite in FPC- and 

casein-fed groups, FPC supernatant showing the greatest and casein 



a. Mitochondrial fraction 

60 

to 
i 

60 

50 - 

40 

2 30 

# 20 

10 

FPC 

C MS 

Casein 

"X" MDG TG  PL  OL 

n 
"X" MDG TG PL OL 

Fig. 21. Experiment 7.  Distribution of label among neutral and 
phospholipids in subcellular fractions.  IVo diets were used: FPC (C) 
and Casein (B). Experimental fish were fed 300 ppm methyl sterculate 
for 14 days. X: "X" lipid; MDG: mono and diglycerides; TG: triglycer- 
ides; PL: phospholipids; OL: free oleic acid. 
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b..Microscmal fraction 

150 

•X" MDG TG  PL  OL  "X" MDG TG  PL  OL 

c. Supernatant fraction 

'X" MDG TG PL OL   "X" MDG TG PL   OL 

Fig, 21 (cont.) 
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supernatant the least turnover differences.  In contrast to previous 

findings, the casein group microsomal l!X"-lipid, rather than mito- 

chondrial, was most rapidly labeled although there was still a 7- 

fold difference in labeling of mitochondrial "X" from casein-fed fish 

due to the dietary cyclopropenoid fatty acid. 

Separation of neutral lipids (not done in previous experiments) 

showed the mono- and diglyceride fraction to be very rapidly labeled in 

all control fractions except FPC microsomes.  Since triglyceride 

is present in 10-20 times the concentration of mono- and diglycerides, 

this effect was masked in experiments in which only total neutral 

lipids were determined.  Triglyceride synthesis was decreased by 

cyclopropenoid fatty acid in all fractions except casein mitochondria, 

where it was approximately the same. 

Phospholipid labeling was decreased to about the same extent in 

all fractions except FPC mitochondria. Other than "X", phospholipids 

were not fractionated.  The phospholipid data is similar to total 

phospholipid labeling found in the earlier experiments (1-6). 

Free oleate was not found in all subcellular fractions in this 

experiment.  It appeared in none of the control fractions, and to 

only a minor extent in casein mitochondrial and FPC microsomal frac- 

tions. 

Surprisingly, there were neither "X" nor mono and diglycerides 

found in the FPC - MS supernatant. 

It can be concluded from this data that dietary protein, either 

by virtue of amount in the diet or amino acid balance, makes consid- 
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erable difference in the magnitude of cyclopropenoid fatty acid- 

caused effects. Decreased oleat incorporation into lipids is gener- 

ally observed throughout the subcellular fractions from cyclopropen- 

oid fatty acid-fed fish.  Labeling of both "X" and mono- and digly- 

cerides is markedly inhibited in mitochondria from both FPC- and 

casein-fed fish, and in microsomes from this group of casein-fed fish. 

Oxidative Phosphorylation 

The incorporation differences found in mitochondrial lipids and 

in cardiolipin, a major constituent of inner mitochondrial membrane 

(113), suggested that there might be some impairment of mitochondrial 

function. The capacity of mitochondria for oxidative phosphorylation 

and for conversion of 1- C-oleate to  CO2 was examined. 

The initial experiment (8) was done using 250-290 g. fish. 

(These fish were 18 months old and approaching sexual maturity). Two 

control diets, one FPC(C) and one casein (B) and two-300 ppm MS diets 

(B2, G2) matched to controls were used. Samples were taken every 

other day from day 2 to day 14.  Livers were sufficiently large (2.5- 

3g.) to be used individually.  The procedure of Clark (26) was 

followed, except that citrate and acetyl-CoA were utilized as sub- 

strates (Appendix P). 

It can be seen (Fig. 22) that P/0 ratios in the MSrfed fish are 

considerably lower than in control fish, and that hepatic mitochon- 

dria from animals on diet B9 (casein) were completely uncoupled at 

days 4 § 8.  By 14 days, the mitochondrial function appears to have 
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Fig. 22.  Experiment 8.  P/0 ratios determined every other day from 
day 2 to day 14 while feeding diets B-^ , or C-^. Results are 
means of duplicates of 2 livers per group per sample day. 
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recovered considerably in the C -and completely in the B_-fed fish. 

Unwashed mitochondrial pellets were used in this experiment. 

Electron microscope examination of pellets showed them to be contam- 

inated with membrane fragments and debris. Washing the pellets once, 

as had been done in the lipid work, left much cleaner preparations. 

The effect of washing can be seen in the P/0 ratios of control fish 

in the experiment 10a; all were between 2.33 and 3.0. 

Experiment 10a was performed with 10-15 g. fish.  Diets D and D1, 

E and E,, F and F.. , and G and G, (Appendix U) were used.  Each control 

group was pair-fed to the appropriate MS-fed group.  Samples were 

taken every other day from day 1 to day 13.  10 livers were pooled for 

each sample. The same procedure was followed as before except that 

pyruvate and glutamate were used as substrates. Results can be seen 

in Fig. 23. 

Fish fed the high protein-casein MS diet (D..) were again most 

severely affected; the P/0 ratio never rose above 1 during the entire 

course of the experiment. This is also the only group in which the 

P/0 ratio showed little recovery during the 2 week period.  In diets 

Dj, Ej and F., the day 1 measurements showed complete uncoupling; 

oxygen uptake was 2-3 times that of controls. 

By the third day fish on diets E.. and p.. had begun to recover; in 

G the peak MS effect was seen on day 3, and in D.. oxidative phosphor- 

ylation was again nonexistent. Recovery from the initial effect of 

MS appears to continue in all experimental groups except D.. (high- 
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200 ppm methyl sterculate. Results are means of duplicates of 
10 pooled livers per group per sample day. 
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casein diet).   The apparent complete recovery seen in experiment 8 

with the large fish on diet B2 (casein high protein) is not evident. 

It is possible that this is due to the difference in substrate, 

since citrate-acetyl CoA was used with the large fish preps and 

pyruvate-glutamate with the small fish. Fluctuation of P/0 

ratios from day to day is considerable in both large and small MS- 

fed fish.  It is apparent that small fish on a high-casein diet 

are more subject to the detrimental effect of MS than on a low protein 

or high-FPC diet. This is.in agreement with the histological findings 

of Lee and Wales experiments (95) with high- and low-casein diets. 

It was observed that livers of the D.. fish were very small, soft, 

and grossly necrotic at 3-5 days. By the end of the experiment all 

of the livers from MS-fed fish were pale and firm; the effect was 

more pronounced in both casein diets, however, and appeared earlier. 

14 
CO- Production from  C-oleate 

Incorporation data from mitochondrial phospholipids suggested 

that perhaps transport or utilization of oleic acid was impaired in 

some way by methyl sterculate, This experiment was done twice 

(9a and 10b), the first time for 5 days sampling daily (experiment 9a), 

and the second time for 13 days sampling every other day (experiment 

10b). The fish used in experiment 10b were the same fish for which 

P/O ratios were reported previously (experiment 10a).  (Liver homo- 

14 genates were split, part used for  CO uptake and part for P/O 

ratios.) Both FPC and casein diets were tested. 
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Fish weighing 15-20 g were pair-fed  (experiment 9) diets B or 

B and C or C. . Livers were removed,   placed in ice cold buffer, 

and homogenized in 3 volumes sucrose (Appendix 0).  The nuclei and 

debris were spun down at 600 x g for 10 minutes and the supernatant 

was used as a crude mitochondrial suspension. No attempt was made to 

refine this further, as it is not known whether MS blocks the fatty 

acid transport protein which is a soluble enzyme. Too, fish liver 

mitochondrial preparations are sufficiently fragile that it is 

necessary to use them within 1-1/2 hours of killing the fish to main- 

tain maximum activity.  This precluded using mitochondria plus a 

post-105,000 x g supernatant.  The procedure of Clark (26) was 

14 
followed as in the P/0 experiments, with  C-oleate, llmM in    exper- 

iment 9a, and 1 \iM  in    experiment 10b as substrate (see Methods 

and Appendix P).  Carrier oleic acid was used in experiment 9a, but 

specific activity of the CCL was low.  Carrier-free oleate was there- 

fore used in    experiment 10b.  Results are given on the basis of 

dpm/mg protein in the sample.  (Protein content of all similar samples 

was very close and did not show the day to day variation which some of 

the metabolic parameters did.) 

In both diets in experiment 9a, oleate conversion was initially 

similar in experimental and control fish. However,  COT Production 

decreased in the casein diet and then increased, whereas it showed 

only an increase in the FPC diet by day 3 (Fig. 24).  By day 5, 14C02 

production was similar to controls. 
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Diets B-B, 

14, 14 
C-oleate in fish fed diets C-C, Fig. 24.  Production of  CO from 1- 

and B-B,. Methyl sterculate fed fish shown as per cent of control 
(Control = 100%). 
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This was repeated (experiment 10b) over a 2 week period, 

sampling alternate days beginning with day 1. Much fluctuation is 

evident in both experimentals and controls (Fig. 25) but CCL produc- 

tion is decreased in all MS-fed fish preps at the end of 2 weeks.  If 

some of the variation is removed by plotting MS data against control 

using control as 100%, this is clearly seen (Fig. 26). 

The time sequence of events appears to vary somewhat with the 

diet and group of fish, but the eventual effect is similar: prepar- 

ations from livers of methyl sterculate-fed fish are unable to convert 

14 
oleate to  CCL by the end of two weeks, or conversion is very low. 

It will be recalled that this is the same point in which lipid turn- 

over was shown to be curtailed and liver weight/body weight ratios were 

lowest. 

ATP Level 

Hepatic ATP levels from fish on diets D-D , E-E , F-F , and G-G 

were determined by the method of McElroy et. al. (112). Table 9 

below shows ATP concentrations in the samples.  Values given are 

averages of duplicates from 8-10 livers.  It can be seen from the 

table that the control diet (D, E, F, G) ATP is higher in each 

case than the ATP in the experimental diet (D , E.., F , G ), and 

that all of the experimental fish have hepatic ATP levels lower than 

all controls.  Results are statistically significant (p <j35, students 

"T" test.)  It is interesting that the two high protein diets have 

the lowest control levels of ATP per gram of liver. 
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Fig. 25.  Experiment 10b.   CO2 produced from 1- C-oleate. Samples 
were taken on alternate days beginning on day 1 after starting exper- 
imental trout on a 200 ppm methyl sterculate diet. High and low 
protein casein and FPC diets were tested. Results are means of " 
duplicates of 10 pooled livers. 
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Fig    26.     Experiment  106.    "CO2 production from l-^C-oleate.  Same 
as  Fig.  25 except based on per cent of control, with control=100%. 



TABLE 9 

ATP in whole livers from fish fed diets D-Dj, G-Gj. Measurement is 
given in nanograms per gram liver.  Differences in controls, (D, E, F, § 
G) and MS-fed (D., Ej, Fj, Gj) are significant (p<.05, student's "T" test) 

Experiment lOd. 

Diet             D      D1      E      E1 F F G G 

ng. ATP,            417.5  25.65   904.4  203.4 379.5 99.3 3911.5 362.6 
total 

ng ATP/g liver      278.3  16.23   837.4  127.12 316.25 58.4 2222.44 219.75 

ng ATP/mg protein      2.40  0.19     8.18   1.51 3.48 0.61 22.37 2.28 
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It is evident from results presented here that a major lesion 

caused by cyclopropenoid fatty acids occurs in the mitochondria, and 

that in animals fed a ration high in glycogenic amino acids, i.e. 

casein, the effects are more severe than in animals fed other diets. 

Partial Characterization of "X" 

This lipid was initially located due to its high specific 

33 activity and unusually apolar nature.  Labeling with  PO. produced 

counts in the apparently neutral lipid fraction.  It was thought that 

due to its elution just prior to cardiolipin from a silicic acid 

column in CHCl_/MeOH approx. 12:1 (the first part of a gradient.- see 

Methods section) it might be a cardiolipin. However,if the plates 

were developed halfway up with CHC1,:CH OH:mM Na-CO 65:25:4, dried, 

and then developed in hexane:ether:acetic acid 80:20:1, "X" moved 

just across the first solvent front.  No other phospholipid moves in 

the second solvent. 

Several attempts were made to isolate "X".  TLC produced mainly 

degradation products. A column procedure was developed which allowed 

"X" to be eluted uncontaminated (see Methods). Although only extremely 

small quantities were purified, both NMR and IR spectra were obtained. 

The spectral data is not incompatible with a cardiolipin-like 

structure.  Due to the small quantities available, the main features 

of both spectra were characteristic of many lipids.  No polar 
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functional groups, such as ethanolamine, were seen in the NMR. 

One characteristic of "X" is its extreme lability and ease of 

apparent oxidation and polymerization.  If spotted on a TLC plate 

in a glove box under N_ and immediately placed in the TLC chamber to 

develop, one spot results.  If it is left on the plate for 5-6 min- 

utes before developing, 4 spots are found. One is the original mater- 

ial, another has properties similar to a diglyceride, the third is a 

phosphate-containing moiety of more polar nature, and the fourth is an 

obviously oxidized phosphate-containing material at the origin. 

Ozols and Marinetti (124) have recently reported a minor unknown 

phospholipid from rat liver, "GPX" which becomes very highly labeled 

in a short period of time (15 min.X GPX is not identical to "X", but 

in 4 different 2 dimensional chromatographic systems (Appendix F) the 

phosphate - containing breakdown product of "X" has Rf values very 

similar to those reported for GPX.  (In all cases "X" was chromato- 

graphed with phosphatidic acid and phosphatidyl ethanolamine which 

served as reference points.) 

Marinetti postulates that GPX is an intermediate in the synthesis 

of phosphatidyl ethanolamine, since this also becomes rapidly labeled 

in their system. 

The most rapidly labeling lipid in the trout liver system other 

than "X" is cardiolipin and it is possible that "X" is a cardiolipin 

precursor. "X" is undoubtedly not specific to trout. High R-(nonpolar) 

spots are seen, though usually ignored, in numerous phospholipid papers. 

Kaplan (116), in studies involving cardiolipin, shows photographs 

of TLC plates with such an unidentified spot on most of their plates. 
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Effect on Cytochrome ?Ar.n    and Neotetrazolium Reductase  1 450  

One purpose of this study was to investigate the manner in 

which MS exerts its cocarcinogenic effect with aflatoxin. Aflatoxin 

metabolites highly toxic to bacterial systems have been reported from 

both mouse microsomal (65) and trout (157) systems.  It was therefore 

of considerable interest to discover whether or not cyclopropenoid 

fatty acid had any effect on the microsomal drug metabolizing system. 

Microsomes from the fish liver homogenates (250-290 g. fish) used 

in experiment 8a were calcium precipitated (Appendix 0) and examined 

for Cytochrome P   content by CO difference spectra (Appendix V). 

No difference was noted over the two week period of the experiment. 

It has been reported (40) that trout microsomal activity decreases 

rapidly with time, so this quick isolation procedure seemed ideal for 

examination of an apparently labile system. 

Since no apparent differences in Cyt P4rQ content were observed, 

another enzyme in the microsomal system, NADPH-neotetrazolium reduc- 

tase (NT reductase), was examined. This was used because it was known 

to be present in the Shasta strain of trout from our laboratory (Chan, 

22). Two types of preparations were used in these studies: 1) calcium 

precipitated microsomes (87) and 2) the post-mitochondrial supernatant. 

The second prep was used as an index of total activity present in the 

liver. All results are means of duplicates of 10 pooled livers per 



77 

group per sample day. Two rather unexpected facts became apparent. 

First, NT reductase activity in the 10-15 g fish used for this study 

was 5-6 times greater than that reported by Chan using larger fish. 

Second, the enzyme is quite stable. There was no difference in 

activity* of calcium-precipitated microsomes and conventionally precipi- 

tated microsomes (105,000 x g for 90 minutes). The calcium-microsomal 

and 105,000 x g microsomal preps had the same activity after the 2 

hours necessary to prepare the conventional microsomes as the calcium 

microsomes showed immediately following isolation. In fact the enzyme, 

as the post-mitochondrial supernatant, lost only 35% of its initial 

activity on standing in a loosely capped test tube at 40oF for 3-1/2 

days. (Tables 10 and 11). 

TABLE 10 

Neotetrazolium reductase activity: comparison of calcium precipitated 
and conventionally prepared microsomes and effect of time on activity* 

SAMPLE(diet)           Ca+2 activity 
(initial) 

+ 2 Ca     activity 
(after two hours) 

105,000 x g 
activity 

B                                  .65 .65 .67 

Bj                              1.46 1.45 1.43 

C                                  .40 .40 .38 

Cl                                 'n .71 .71 

  - A0.D. x 1000 
mg protein x minutes 
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TABLE 11 

Neotetrazolium reductase activity immediately 
after isolation and after 3-1/2 days at 40°F. 

Post - mitochondrial supernatant activity 

initial after 3.5 days §40°F. 

B       .68 .44 

B,      1.13 .75 

Fig. 27 shows NT reductase activity measured in post-mitochon- 

drial supernatant and in calcium-predipitated microsomes daily for 

5 days on diets D+D.. - G + G. (experiment 9b). It can be seen that 

total activity in both low protein diets appears to be higher than 

total in the high protein diets; variability is also somewhat greater 

in the low protein diets. 

IJG-G.. Due to two somewhat anomalous high values in the control 

no trend can be established. It appears that after 5 days, however, 

NT reductase activity is higher in both the post-mitochondrial super- 

natant and in the microsomes from livers of fish on diet G.. 

2)  In diet E1, microsomal activity is consistently a bit higher 

than with diet E, but little difference is seen in the post mito- 

chondrial supernatant activity. 

$The high protein diets CD-D1, F-Fj) show less activity and no 

apparent differences in control and MS-fed fish in either microsomes 

or post mitochondrial supernatant. 
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Figure 27.  Experiment 9b.  Neotetrazolium reductase in post-mitochon- 
drial supernatant and calcium-precipitated microsomes measured daily 
for five days on diets D-D., through G-G.. . 

Controls 

MS-fed - 

a,b: low protein diets 
c,d: high protein diets 

a,c: post-mitochondrial supernatants 
b,d: calcium-precipitated microsomes 
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The fish livers used in this experiment were the same ones used 

in experiment 9a. Figs. 28-29 show total activity per liver (activity 

x grams liver) and are perhaps more indicative of the real situation, 

since the fish has a whole liver to use rather than just a portion of 

the protein.  It can be seen that except for the one high control 

value  in diet G, NT reductase activity is consistently higher in 

MS-fed fish than in controls, with respect to both microsomal and 

total reductase activity. 

Using the controls as equal to 100%, total reductase per liver 

is shown in Fig. 30. Again it is seen that the total activity is 

considerably higher in diets E.. § G.. than in E § G, respectively.  No 

apparent difference exists in diets D-D., or F-F... 

Average values of total reductase per liver over the 5 day 

period of the experiment are shown in table 12. 

TABLE 12 

Casein high proten FPC      Casein low protein FPC 

Diet    D   Dj   F   Fj        E    Ej    G    G 

NT reduc- 
tase   1.79 1.53 1.67 1.78      1.52 2.47  2.11 2.74 

ave. liver 
weight, 
g.     2.48 2.35 2.2  2.65      2.06 2.5   1.4  2.3 

As might be expected, specific activity for NT reductase is 

higher in the microsomes than in the post-mitochondrial supernatant. 



81 

High protein 
FPC 

Low protein 
FPC 

s 
■p 

Fig. 28. Experiment 9b. Total neotetrazolium reductase in post- 
mitochondrial supernatant and microsomal fractions in high protein 
diets. Control, . MS-fed, . 
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This experiment was repeated in part (experiment 10c), sampling 

10-15 g fish every other day for 13 days, but examining only the 

total activity, i.e. that of the post-mitochondrial supernatant. 

Results are shown in Fig. 31. The first thing which is apparent is 

that the absolute level of activity in these fish was much closer to 

that reported by Chan (22), i.e around .1-.3 rather than .4-6.0 as 

found earlier. Variability is considerable in all diets, especially 

in D-Dj and G-G^ 

Removal of Some of the variability is obtained by plotting the 

experimental values against controls with controls s 100%. (Fig. 32). 

Little difference is apparent between F-F . D.. is initially higher 

than D, but by the end of two weeks is lower, and the decreased level 

is similar to that seen in F.. compared to F. 

Diet E. activity is consistently lower than diet E activity 

except for an increase on the final sampling day. Diet G. NT reduc- 

tase, on the other hand, is higher than diet G activity. The patterns 

seen in G and G.. in the first 5 days coincide reasonably well with 

data obtained in 9b, but are inconsistent in all the other diets.  It 

is apparent that if methyl sterculate has an effect on NT reductase, 

it is indirect. 
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Fig. 31. Experiment 10c. NT reductase activity assayed on alternate 
days beginning with day 1 using the post-mitochondrial supernatant 
Diets D-D1 through G-G^ Control,  . Methyl sterculate-fed, . 
Preparation used was the post-mitochondrial supernatant. 
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DISCUSSION 

Results of both lipid and enzyme experiments and differences 

seen in ATP levels indicate that cyclopropene fatty acids cause 

damage to the mitochondria, and that the extent of the damage seen is 

partly dependent on the level and source of dietary protein.  The 

mechanism by which the damage is produced has not been elucidated; 

however there are several possibilities. 

14 14 
The reduced conversion  of 1- C-oleate  to  CO shows that 

fatty acid oxidation is partially blocked in some manner. MS 

could interfere with transport of fatty acids into mitochondria by 

combining irreversibly with the fatty acid transport protein, by 

combining irreversibly with carnitine, or by combining with one of 

the enzymes involved in 6-oxidation. It has been shown that addition 

to sulfhydryl groups of some enzymes does occur (123) and there are 

sulfhydryl enzymes in the g-oxidation sequence. However, if this is 

all that is happening, one would not expect to see the reduced P/0 

ratios with substrates other than fatty acids. 

If a lipase essential for maintenance of the integrity of 

mitochondrial membrane phospholipids were irreversibly bound by 

cyclopropenoid fatty acids, the fatty acids in the membranes would 

probably oxidize due to the quantity of heme and nonheme iron proteins 

in the electron transport chain. Phosphatidyl serine is known to be 

involved in calcium ion transport (193),  and other phospholipids 

appear to be essential for transport of iron into heme (196). Close 
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contact of lipid with such metals provides ideal conditions for 

autoxidation. Although feeding of oxidized lipid (165) causes no 

discernible damage in trout liver, if the cells were unable to replace 

oxidized or polymerized lipid in a membrane one would expect to see 

the lipid dependent enzymes (18, 19, 85, 86). of the electron trans- 

port system undergo functional deterioration.  This would be expected 

also if the actual turnover of lipids, that is, fatty acid or phos- 

phate exchange, were an integral activity of electron transport. 

Clark (25) noted the structural similarity of methyl sterculate 

and the major metabolite of hypoglycin, methylene cyclopropaneacetic 

acid. He hypothesized that there should be a similarity in biological 

effect of these 2 compounds, but as he examined the effect of 

hypoglycin with respect to fatty acid desaturation, found no 

similarities. Von Holt (183) ahs shown that hypoglycin, via 

methylene-cyclopropaneacetic acid, inhibits 3-oxidation. He proposed 

that the molecule is bound to coenzyme A, metabolized down to the 

ring, and due to the unusual structure remaining is removed only very 

slowly from the CoA thus reducing the intramitochondrial pool of 

coenzyme A and inhibiting $-oxidation. Other effects noted with this 

molecule are uncoupled mitochondria and depressed respiration, just 

as are found in methyl sterculate-fed animals. The mechanisms of 

action of the two toxicants are not identical, as MS-fed animals do 

not die of hypoglycemia. However, similarity of some effects 

demonstrates the possibility that MS could act by decreasing the pool 

of coenzyme A or some other essential cofactor such as an intermed- 
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iate (or enzyme) involved in lipid turnover. 

One can account for the apparent partial recovery of the trout 

by postulating that MS binds the major isozyme of an enzyme. The 

expected cell response, increasing the amount of that enzyme, would 

involve producing small quantities of minor isozymes. Accumulation 

of these, presumably not or not as completely inhibited by MS, would 

allow the partial recovery seen. This possibility is especially 

interesting if one assumes that MS binds an allosteric^rather than 

an active, site. 

The fact that hepatic ATP levels are reduced by methyl sterculate 

has potentially wide-ranging consequences. Every energy-utilizing 

function in the cell would of necessity be depressed. Fatty acid 

desaturation in vitro has been shown (16) to be stimulated 50% by 

preincubation of the microsomal desaturating system with ATP. At 

least part of the desaturase inhibition observed in vivo may be due 

to a general ATP deficiency. This would explain results reported by 

Gurr (66), who was unable to inhibit desaturation with a sterculate: 

stearate ratio of less than 2. An enzyme which desaturates a fully 

saturated fatty acid would be expected to have a binding site which 

will accept a straight chain rather than bent chain as is found in 

a cyclopropene fatty acid or oleate. if this is the case, it would 

rule out the postulated binding of sterculate to the active site. 

Johnson's group (131) did obtain desaturase inhibition in a hen 

liver microsomal system with physiological levels of cyclopropenoids. 

Considering this, the logical site for inhibition would be a transfer- 
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ase which acts subsequent to desaturation.  Iri vivo, the inhibition 

of desaturation caused by a blocked transferase would be magnified 

by the unavailability of ATP. 

Taylor et. al. (175) found that glucose-6-phosphate dehydrogenase, 

NADP-isocitrate dehydrogenase, lactic dehydrogenase, and malic dehy- 

drogenase were first slightly stimulated by feeding methyl sterculate 

(days 1-4) and then inhibited as much as 50% after 2 weeks on a MS 

+      + 
diet.  These enzymes all require NAD or NADP and generate NADH + 

H or NADPH + H . With inhibition of oxidative phosphorylation, the 

results   obtained would be expected. As the concentration of ATP 

dropped, the Krebs cycle enzymes would be stimulated to produce more 

reducing equivalents, which can be used to produce ATP via electron 

transport. Since electron transport is operating at a lowered level, 

reducing equivalents in the cell should increase to the point that 

they inhibit dehydrogenase enzymes, and undoubtedly reduce their 

synthesis. 

Flatt (61) has postulated rather eloquently that the ability of 

the cell to synthesize fatty ..acids from glucose is dependent on its 

ability to utilize ATP or reducing equivalents generated by the 

process. In the presence of cyclopropene fatty acids the cell may 

accumulate reducing equivalents without being able to utilize them. 

Thus, other reaction sequences, such as 3-oxidation which produces 

NADH, would also be expected to be inhibited. This has been shown to 

be the case, at least with 1- C-oleic acid as substrate. 
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None of theaboye explains why the response of the animal is 

affected by a high casein diet. It is known (95) that a high casein 

diet with a low lipid content (similar to diets A, B, and D) causes 

deposition of glycogen in the liver. This is probably due to the high 

level of glycogenic amino acids in casein. One might expect animals 

on a high casein diet to have a somewhat elevated basal rate of 

glycolysis and a somewhat depressed level of oxidative phosphorylation 

due to the ATP being produced via glycolysis.  Trout are known to 

utilize carbohydrates rather poorly (132) so even with elevated 

glycolysis a glycogen deposition could be noted. The high level of 

glycogenic amino acids in casein probably is the source of dietary 

stress (see Appendix T). Deamination of surplus amino acids usually 

occurs in the liver, and the deamination products enter the Krebs 

cycle. Casein may, on one hand, tend to stimulate Krebs cycle 

enzymes and on the other hand, depress these same enzymes due to 

ATP produced via glycolysis. If because of this/biliary function in 

fish on a high casein-low fat diet is just marginally normal, the 

decreased dehydrogenase (175) and ATP levels precipitated by MS would 

be expected to affect such livers to a greater extent than if the 

livers were healthier initially. 

Stimulation of glycolytic enzymes would be an expected byproduct 

of inhibition of oxidative phosphorylation. Warburg (185) in 1930 

showed that one of the major properties of tumor cells is their high 

rate of glycolysis. This has been substantiated by numerous workers 

since then (reviewed by Weinhouse, 188). If cyclopropene fatty  acids 
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increase glyolysis by depressing oxidative phosphorylation, this might 

be one of the factors involved in the increased rate of tumor devel- 

opment' and growth which is seen in trout livers (165). 



93 

SUGGESTIONS FOR FUTURE WORK 

This research has demonstrated the need for several other 

approaches to the cyclopropene problem.  It would be interesting to 

study lipid incorporation and turnover daily, from the first day of 

feeding methyl sterculate. These may, as in other systems previously 

mentioned (15, 64), increase and then decrease. Isolation of suffi- 

cient quantities of "X" to allow definitive characterization might 

shed considerable light on the actual site of action of cyclopropenoids, 

Glycolytic enzyme levels should be examined in time-sequence to 

find out whether or not glycolysis is increased. Comparison of glyco- 

lytic enzymes among the diets fed in this study also would generate 

useful information. In this same vein, levels of reduced pyridine 

nucleotides could be rather easily determined employing, reduction 

reactions which require them. 

It is known that oleic acid oxidation is inhibited; it would 

be interesting to see if the short chain, non-camitine-dependent 

fatty acids (C4-C1fJ could be oxidized. 
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SUMMARY $ CONCLUSIONS 

1. Lipid accumulates in livers of MS-fed fish; glycogen does not. 

The ratio of liver weight to body weight first decreases and 

then increases with time.  Livers do not undergo any significant 

degree of recovery following chronic ingestion of methyl ster- 

culate after its removal from the diet. 

2. Phospholipid incorporation of fatty acids and phosphate is 

generally inhibited by dietary methyl sterculate after 14 days. 

Triglyceride incorporation is not affected to any particular 

extent, but diglyceride labeling is significantly lowered. 

Especially affected are cardiolipin, phosphoinositides, and X, 

and unknown nonpolar phospholipid. 

3. "X", an unidentified rapidly-labeling phospholipid, has been 

isolated in small quantities and partially characterized by 

chromatography and IR and NMR spectroscopy. 

4. Neither neotetrazoliam reductase nor cytochrome P^CQ content 

appears to be altered by methyl sterculate. Both are micro- 

somal enzymes. 

5. Hepatic oxidative phosphorylation is inhibited by dietary 

methyl sterculate from at least two substrates. This effect is 

most pronounced in young trout on a high casein diet. ATP 

14 14 
levels are decreased by dietary MS.   CO production from 1- C- 

oleate is inhibited after 7 or more days on a MS diet. These 

facts combined with the much decreased labeling of cardiolipin 

and mitochondrial phospholipid point very strongly to mito- 

chondrial damage as a major effect of methyl sterculate. 
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6.  Morphological and histological changes correlate well with 

biochemical evidence obtained in this study. 
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ADDENDUM 

Harris et. al.* have recently reported that in glutamate-loaded 

mitochondria, the uncouplers antimycin, avenaciolide, and TTFB 

increased the rate of glutamate efflux. Antimycin, which uncouples 

succinate oxidation, produced the most rapid loss of glutamate.  Their 

evidence indicates that the ability of the mitochondria to take up 

and maintain a concentration of glutamate is dependent on the avail- 

ability of ATP. When a source of energy was added to mitochondria in 

a KCl-based medium, glutamate was taken up actively, the amount being 

independent of the concentration in the medium.  Pyruvate uptake is 

apparently not regulated in the same way. 

It has been shown that average P/0 ratios in MS-fed fish are 

lower when pyruvate and glutamate were used as substrates than when 

citrate and acetyl CoA were used.  The low ATP values demonstrated 

after 14 days on MS could well be the causative factor for this. 

Pyruvate could probably be utilized, but not glutamate, especially if 

the uncoupling site were near succinate.  Casein is high in glutamate 

(Appendix T), and normally this extra glutamate would be deaminated 

and cycled into the Krebs cycle.  Inability to use this energy source 

would leave the cells with excess glutamate which would have to be 

handled in another way, and could conceivably be responsible for the 

greater damage done by cyclopropenoid fatty acids in fish fed a high- 

casein diet. 

*Harris, E. J., J. A. Bangham, and J. M. Wimhurst. The dependence on 
energy and K+ ions of the accumulation of glutamate by rat liver 
mitochondria. Arch, Biochem. Biophys. 158:236-241 (1973). 
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APPENDIX A 

Glycogen determination (101). 

To 2 ml carbohydrate solution in a test tube is added 0.5 ml of 

a 2% solution of anthrone in ethyl acetate.  5 ml. concentrated 

sulfuric acid is layered on top and the tube contents mixed. Absorb- 

ance is read at 620 nm after 10 minutes and total carbohydrate 

determined from a standard curve prepared with known amounts of 

glucose. Test tubes must be 19-25 mm in diameter to allow the heat 

of reaction to persist a sufficient time for complete color develop- 

ment. 
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APPENDIX B 

Lipid Extraction (Palmer, 126) 

Livers were homogenized in three volumes of CHC1 -CH OH 1:2 for 

two minutes in a Virtis homogenizer at medium speed.  One volume CHC1, 

was added and blended for thirty seconds, then one volume .02% CaCl^ 

was added and blended for thirty seconds. The homogenate was filtered 

on a Buchner funnel and reextracted twice more after replacing tissue 

water (80% of tissue weight) each time. After the final blender 

extraction, 5 volumes CHC1_:CH,0H 2:1 was washed through the residue 

in the funnel followed by 3 volumes acetone. The filtrates were 

combined and either allowed to separate in a separatory funnel oi" 

centrifuged.  The lower phase was removed and evaporated down to a 

volume of 10-20 ml. This was shaken with 4-5 ml 0.02% CaCl» to remove 

nonlipid contaminants. The lower phase from this procedure was then 

evaporated to dryness in a Buchler rotary evaporator and a known 

amount of chloroform, usually 1.0 ml, added under a nitrogen atmos- 

phere. The container was capped and lipids were stored at -20oC until 

used. 

A prepurified nitrogen line was attached to the rotary evaporator 

to avoid exposing concentrated lipids to oxygen. 
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APPENDIX C 

Column Preparation 

1. Silicar CC-7 (Mallinkrodt) is activated 12 hours at 110° C. 

36 grams is suspended in 250 ml. CHC1 and poured into a filling 

funnel fitted to the top of a 20 cm x 20 mm column (Kontes). A 

fiberglass plug is used in the column tip and a sintered glass disc 

placed at the base of the column over the plug. 

2. Pre-purified nitrogen is bubbled continuously through the CHC1,- 

Silicar gel in order to deoxygenate the system completely and to keep 

the gel from clogging the filling funnel stopcock.  The gel is 

allowed to flow into the column as excess solvent drains from the 

bottom until the gel height is within 5 mm of the top. A very low 

dead volume at the top of the column is essential, as any remaining 

space provides a second mixing chamber for the solvents when gradient 

elution is used. Void volume is 22 ml. 

3. Two void volumes of CHCl, are run through the column followed 

by three void volumes of hexane. 

4. 100-400 mg. lipid dissolved in 1-2 ml deoxygenated CHC1_ are 

loaded carefully on top of the column. A sintered disc or filter 

paper disc cut to the inside diameter of the column is placed on top 

of the gel to prevent disruption of the lipid layer by inflowing 

solvent. The lipid-chloroform solution is allowed to adsorb until 

the top of the column is just dry; the top is immediately covered 
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with nitrogen-saturated hexane. 

5. 250 ml. each hexane and chloroform are run successively through 

the column to remove neutral lipids , which were usually separated 

further by TLC. 

6. A gradient of 500 ml. CHC1 and 500 ml. CHC13-CH30H 1:2 is set 

up and pumped onto the column with a Cheminert metering pump, flow rate 

either 1 or 2 ml/min., and 10 ml. fractions collected. This elutes 

all but the most polar phospholipids. 

7. Phosphoinositides are eluted completely from the column with 

100 ml. methanol to which 0.2 ml. glacial acetic acid has been added. 

8. Fractions are evaporated to a small volume and an aliquot applied 

to a TLC plate; like fractions are combined. 

Pure fractions were not obtained except for cardiolipin and the 

inositol phosphatides, but individual components were easily separ- 

ated by TLC subsequent to column separation. 
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APPENDIX D 

Column Chromatography: isolation of "X" 

A suspension of silica gel H (Stahl) in CHC1_ was poured into 

a 20 mm x 20 cm column and packed under nitrogen pressure. After 

clearing the CHC1, from the column with 100 ml. hexane, the lipid 

was applied and eluted under nitrogen pressure with 200 ml. hexane- 

ether-acetic acid 80:20:1.  This brought down all neutral lipids. 

"X" was then eluted with 400 ml. CHC1_.  The eluate was evaporated 

to a low volume. Solvent replacement was used to remove traces of 

acetic acid. Purity of this lipid by TLC in two solvent systems 

(Appendix F) was close to 100% in the extracts used for infrared 

and NMR spectra. "X" appears to decompose during TLC rather easily, 

leaving a neutral lipid which has approximately the same R~ as a 

diglyceride, a phosphate-containing moiety with chromatographic 

properties similar to phosphatidyl ethanolamine, but without any 

ninhydrin-positive group, and a large quantity of apparently poly- 

merized phospholipid at the origin. Discussion of the nature of 

"X" is found in the text. 
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APPENDIX E 

TLC Plates 

1. Silica gel H plates.  Plates were poured by a modification of 

the method of Skipsi et. al. (167).  40 g. silica gel H was shaken 

with 100 ml ImM Na?C0_ and spread on plates in a layer 250IJ thick. 

Plates were dried 1-2 hours in the air at room temperature, activated 

for 1 hour at 110oC, and stored in a desiccator until used. 

2. Rhodamine 6-G plates.  Plates were poured as above except that 

2 ml 5% rhodaraine 6G in 95% ethanol was substituted for 2 ml of mM 

Na„C0_ solution. Plates were activated as usual and stored in a 

desiccator in the dark. 
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APPENDIX F 

TLC Solvents, (all proportions are by volume) 

Routine phospholipid identification: 

1. CHC13:CH 0H:mM Na CO  65/25/4 (modified from Skipsi et. al.,167) 

2. Diisobutylketone:HCCOOH:H 0 40/15/2 (Renkonen, 43). 

Routine neutral lipid separation: 

Hexane: diethyl ether: acetic acid 80/20/1 (Johnston, 84) 

Comparison of "X" with "GPX" (Ozols and Marinetti, 124) 

1. a. CHC13:CH 0H:H20 65:25:4 

b. diisobutylketone:acetic acid:water 40:25:5 

2. a. CHCl :CH 0H:H20 65:25:4 

b. n-butanol:acetic acid:water 6:2:2 

3. a. CHCl :CH 0H:NH OH cone.  65:35:5 

b. CHC13:CH3CH0:CH30H:acetic acid:H20 5:2:1:1:0.5 

4. a. CHCl_:CH_OH:diisobutylketone:glacial acetic acid:H„0 

45:15:30:20:4 

b. CHCl :CH OH:diisobutylketone:pyridine: 0.5M NHXI,pH 10.4 

30:25:25:35:8 
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APPENDIX G 

TLC Spray Reagents 

1.  Molybdate spray reagent for phospholipids (Dittmer and Lester, 

42). 

Solution I. 

To 1 liter 25 N H2S04 (694 ml. cone. H2S04 plus 306 ml. H20) add 

40.11 g. Mo0_ and boil gently until dissolved. This produces a 

yellowish solution (not blue--if the solution is blue, there is 

phosphate contamination of water, reagents, glassware, etc.) 

Solution II. 

Add. 1.78 g. powdered molybdenum metal to 500 ml. solution I. 

Boil gently 15 minutes; cool. Decant, leaving the dark blue 

residue. 

Spray reagent: 

1 volume solution I 

1 volution solution II 

2 volumes water 

This produces a dark greenish- 

yellow solution. If the solution is 

blue, add water slowly until a 

green color is obtained. 

Spray the plate lightly. Phospholipids turn blue in 1-2 

minutes. Reagents and spray are stable for many months on the shelf. 
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2. Ninhydrin spray reagent (Ditti"61, anci Lester, 42). A 0.2% 

solution of triketohydrindene hydrate (ninhydrin, J. T. Baker) was 

made up in acetone.  0.1 ml glacial acetic acid per 100 ml reagent was 

added to assure reaction with phosphatidyl serine (Johnston, 84). 

Spray the plate evenly and heat 5 minutes at 100oC. Free amino 

groups appear as pink spots. Make fresh every two weeks and store in 

the dark. 

3. Ammoniacal Silver Nitrate for free hydroxyl groups, i.e. mono- 

and di-glycerides and inositide lipids, cholesterol, etc.  (Skidraore 

and Entenman, 168). Spray the plate with equal volumes of the 

following solutions: 

7 N NH OH (77.8 mi cone. NH OH diluted to 100 ml. with water) 

0.1 N AgNO 

Dark gray spots on a white background constitute a positive reaction. 

4. Dragendorff reagent for choline. (Renkonen,  143) 

Solution I:  1.7 g Bi(N0j -5 HO diluted to 100 ml  with 20% 

v/v acetic acid. 

Solution II: 40 g. KI in 100 ml. HO. 

Mix just before use: 1 ml. II, 4 ml. I, 20 ml. HO. 

Spray plates heavily; orange spots are positive. 

Solutions are kept in the refrigerator and made fresh monthly. 

5. Rhodamine B Spray reagent (Randerath, 141). 

Use a 0.05% solution of rhodamine B in ethanol; spray lightly and 

evenly.  Lipids appear as red-violet spots that fluoresce red on a 

pink background in ultraviolet light. 
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6.  Rhodaraine 6G spray reagent (Johnston, 84). Make up a 0.005% 

solution in water; spray to a uniform dampness and view under ultra- 

violet light while wet.  Lipids appear as gold spots on a dark back- 

ground . 
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APPENDIX H 

Quantitation of Neutral Lipids. 

Lipids were quantitated in one of two ways.  Initially, aliquots 

of each fraction were placed in aluminum weighing dishes which had 

been dried, cooled in a desiccator, and weighed.  Samples were dried 

down, cooled again in a desiccator, and reweighed. Qtouser, 151). 

For 1-2 mg. quantities of lipid this is not very accurate, and 

a densitometric method (Blank, et. al., 13) was used in later work. 

Plates were prepared as usual, developed, and sprayed with a satur- 

ated solution of K Cr 0 m in 70% aqueous H SO .  Sprayed plates were 

heated for 25 minutes at 180° C. to char. 

The rough surfaces of plates so treated proved unsatisfactory 

for densitometry, so photos were taken using Polaroid P/N film,type 

52, and a model MP3 Polaroid camera. The densitometer tracings were 

taken from the negatives with a Schoeffel densitometer, model SD 3000 

(courtesy of Dr. Norman Bishop.) Quantitation of recorded peaks was 

done with a planimeter using known quantities of triolein as a 

standard. 
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APPENDIX I 

Radiotracer Experiments 

1. Injection of ^PO, and 32P0/1: J 4       4 
33 32 

Solutions of either  PO. (New England Nuclear) or  PO. (Amersham- 

Searle)(experiments l-3a) were injected into fish intraperitoneally, 

the fish killed after 10 minutes, quickly dehepatated, the livers 

perfused to remove blood and immersed in liquid nitrogen. The isotope 

was injected in acetic acid-sodium acetate buffer. Appendix J . 

The acid pH was necessary to keep the phosphate from sticking to the 

container and syringe. Appendix I shows specific activities, fish 

weights, and number of fish. 

32 
2. Perfusion with  PO..(experiment 3b): 

32 
PO., lOpC/mi, was perfused through fish livers for 10 minutes at 

0.6 ml/min as described in the methods section.  Livers were immed- 

iately frozen in liquid N- and maintained at -20oC under N until 

used. 

14 3. C-fatty acids (experiments 4-7): 

14 14 Either 1- C-oleate or 1- C-palmitate (Amersham-Searle), 55 uC/uM, 

was dispersed in Fish Ringer's solution (Appendix J) by dissolving 

the fatty acids in hexane and boiling off the hexane. Specific 

activity of fatty acid in the perfusate was 1 or 1.25 yC/ml. Liquid 

scintillation counting (Appendix N) of aliquots taken from the 

surface and from subsurface layers of the perfusing solution showed 
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that this produced an effective dispersion.  Livers were perfused for 

10 minutes with the radioactive solution, and then for an additional 

5 minutes with Ringer's solution minus the fatty acid to allow time 

for uptake of any remaining free fatty acid.  If whole liver lipids 

were to be determined the liver was immediately rinsed and frozen in 

liquid nitrogen. For determination of subcellular fraction lipids, 

the liver was placed into ice-cold .05 M phosphate buffer, Appendix 

0, and further fractionated in the cold. 

4.  Specific activities of isotopes used. 

33     32 
a. Injection of fish with  P0. or  P0.. Total number of fish 

4      4 

per experiment is shown; half of these are controls and half cyclo- 

propenoid fatty acid-fed. 

Ave.Fish weight   Isotope Dose 

100 g 3H 
33
PO4 

32- 

50 g 

250 g 

No. 
Fish Used 

Expt. 
No. 

8 1 

12 2 

8 3a 

0.225 mC/fish in 0.9 ml. 

0.143 mC/fish in 0.3 ml. 

0.50 mC/fish in 1.0 ml. 

b. Perfusion of fish livers with  PO., 1- C-oleate, and 1- C 

palmitate. Total number of fish used is shown; half are methyl ster- 

culate fed and half control. Rate of perfusion: 0.6 xA/min;  time, 

10 minutes. 
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Ave.  Fish 
Weight Isotope 

"-4 

Specific activ. 
of perf usate 

lOjaC/ml 

Lty No. fij 
used 

;h Expt. 
No. 

250 g 8 3b 

65 g 14 
1-    C-palmitate 65,000 dpm/ml 8 4 

112 g 14 
1-    C-oleate lyC/ml 8 5 

150 g i   14r     i     - 1-    C-oleate 1.25 v Q'm.l 8 6 

200 g 14 
1-    C-oleate lyC/ml 8 7a 

(casein) 

200 g 14 
1-    C-oleate lyC/ml 8 7b 

(FPC) 
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APPENDIX J 

Fish Ringer's Solution* 

Component Concentration Amount, ml 

NaCl 0.935% 103 

KC1 1.19% 4 

KH2P04 2.19% 1 

MgS04.7H20 3.97% 1 

NaHC03 1.35% 3 

Buffer, pH 7.2 .02M 18 

Buffers used (all 0.2 M, pH 7.2) 

130 ml 

Phosphate: Na2HP04   1.47% 

NaH2P04   1.43% 

Tris-acetate: 

Tris-HCl  0.2 M 

Acetic acid 0.2 M 

Dist. HO 

4 volumes 

1 volumes 

50 ml. 

42 ml. 

108 ml. 

*Holms, W. M. and G. H. Stoff. Physiol. Zool.  33:9-14. 
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Acetate buffer - .1M, pH 4.8 

acetic acid    0.2M    20 ml. 

Sodium acetate 0 .2M 30 ml. 

distilled H20 50 ml. 

Tris-HCl buffer 

Tris 0.2 M 56.2 jnl. 

HC1 0.2 M 42.8 ml. 

distilled H20 100  ml. 
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APPENDIX K 

Halphen reaction (Hammonds et. al) 

Apparatus: 15 x 45 mm Kimax tubes with teflon- 
lined screw caps oil bath, 110oC. 

A weighed aliquot of cyclopropene fatty acid is introduced into 

the tube.  Lipid is usually weighed, diluted to a known volume 

with n-butanol, redistilled reagent grade, and an aliquot of this is 

used. Range of the test is 40-60 mg. liver lipid.  0.1 ml of 4% 

morpholine in n-butanol is added to the tube and the volume made up 

to 5.0 ml with n-butanol.  1.0 ml. of a freshly prepared solution 

of precipiated sulfur in reagent grade CS„ is added, the tube capped 

tightly , shaken, and heated in an oil bath at 110oC for exactly 

110 minutes.  Tubes are removed and cooled in water for 5 minutes to 

room temperature. 19.0 ml butanol is added to make a total volume 

of 25 ml, and the absorbance read at 495 nm. 

Standard for this reaction is a known amount of cyclopropenoid 

fatty acid in Butanol. A standard of 50 mg/0.1 ml is adequate. 
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APPENDIX L 

Protein Determination (Lowry, 106) 

Reagents: 

A. 2% Na2C03 in 0.1 N NaOH 

B. 0.5% CuSO. in 1% sodium tartrate 

C. 50 ml. A, 1 ml. B 

D. Commercial Fischer's phenol reagent diluted 1/1 with distilled 

water. 

To 1 ml. protein solution add 5 ml. reagent C and let stand for 

10 minutes to allow protein to solubilize. Add 5 ml. Reagent D. 

Read absorbance after 30 minutes at 700 nm.  Standard curve is made 

with bovine serum albumin. 



132 

APPENDIX M 

Phosphate Analysis (Bartlett, 10) 

Materials: 

30% hydrogen peroxide 

5% ammonium molybdate, aqueous 

Fiske-Subbarow reagent: Add 0.5 g. l-amino-2-naphthol-4-sulfonic 

acid to 200 ml. anhydrous NaHSO . Add 1 gram anhydrous Na SO,. 

Filter; store in a dark bottle in the refrigerator. Make fresh 

monthly. 

10 N. Sulfuric acid. 

Procedure: 

Place a sample of the material to be analyzed (lipid, tissue, 

etc.) of up to two ml. volume in a 12-15 ml. conical centrifuge tube. 

Cap with marbles and heat at 150-160° C for 3 hours. Add 2 drops 

hydrogen peroxide and heat at least 1 1/2 hours more or overnight. 

If solution is not bleached clear, add two more drops and heat 1 1/2 

hours more. 

Cool and add 4.4 ml. water to the tubes. Mix equal parts Fiske- 

Subbarow reagent and 5% ammonium molybdate solution; add 0.4 ml. to 

each tube. Mix (vortex-type mixer), cap with marbles, and heat at 

100oC. for 7 minutes.  Cool and read absorbance at 820 nm.  The lower 

-9 limit of sensitivity for this reaction is around 10  M PO.. Phos- 

— f\ — ft 
phate standard: Use 10  - 10  solutions of inorganic PO.. Make the 
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sample to 4.1 ml with water, and add 0.5 ml. 10 N sulfuric acid. 

Add 0.4 ml. Fiske-Subbarow-molybdate reagent and heat for sample 

tubes. 

P/0 ratios: Phosphate was determined withovit digestion as for 

the standards. 
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APPENDIX N 

Scintillation Fluors 

. Toluene fluor was used for all lipids. Aquasol was used in 

14 determination of  CCL collected in KOH, 6N, by diluting the KOH to 

approximately 0.5 N before adding the fluor. Samples in Aquasol were 

stored 24 hours in the dark prior to counting to eliminate chemilumin- 

escence. 

Toluene fluor (Ayres, 6) 

4 g. PPO 

40 mg. POPOP 

1 1. scintillation grade toluene 

Aquasol (New England Nuclear) used directly. 

Scintillation counting. 

Lipids were dissolved in chloroform or chloroform/methanol 2:1 

and counted in 15 ml. toluene fluor. Correction was made for chloro- 

14 
form quench.  The  CO samples were counted in 3 ml. aquasol to 

14 which had been added 1 ml. water and „1 ml. KOH- C0„ solution from 

the center well of Gilson respirometer flasks. The fluor was put 

into Kimble 1 dram "Opticlear" vials, 15 x  45 mm,  with polyethylene 

caps. These were placed inside a regular 15 ml. glass vial for 

counting.  Counting efficiency in this system was 90%.  (Counting 

efficiency in the lipid samples depended on the quantity of chloro- 

form in the toluene.) 
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APPENDIX 0 

Preparation of Subcellular Fractions 

1. Livers were homogenized in 2-3 volumes of suspending solution 

and centrifuged at 600 x g to remove nuclei, plasma membranes, and 

debris. 

2. The supernatant was centrifuged at either 12,000 or 20,000 x g 

for 20 minutes. Electron microscope examination of pellets showed 

that 20,000 x g centrifugation gave a better mitochondrial prepara- 

tion than 12,000; dilution with 3 volumes of sucrose or buffer was 

better than with 2, and that washing the mitochondrial pellet once 

was absolutely essential to remove contaminating particles, 20,000 x g 

pellets were therefore resuspended and spun down a second time. 

When P/0 determinations were to be done, 0„/CCL 95:5 was gently 

bubbled through the final resuspended mitochondria for 10 seconds. 

3. Conventional microsomal preparation (modified from Silverman 

and Talalay, 164). The post-mitochondrial supernatant was centrifuged 

in a Beckman model L-2 ultracentrifuge at 105,000 x g (maximum)for 

90 minutes, the supernatant decanted, and the pellet resuspended in 

buffer (potassium phosphate, pH 7.2). 

4. For lipid extraction of subcellular fractions, all resuspended 

pellets and the post-105,000 x g supernatant were added to 3 volumes 

of CHC1_/CH_0H 2:1 and shaken immediately following isolation. Lipid 

extraction was then carried out as usual. 
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5.  Calcium precipitation of fish liver microsomes (modification of 

Kamath and Rubin, 87). 

To the post-mitochondrial supernatant (in 0.25 M. sucrose) 

was added 4 volumes of .0125 M sucrose which was 8 mM in CaCl9. 

When cytochrome P450 was to be determined, prepurified N_ was bubbled 

through the suspension to deoxygenate it and reduce lipid oxidation. 

Centrifugation was done at 600 x g for 10 minutes and the supernatant 

carefully decanted. The pellet was resuspended in either buffer or 

0.25 M sucrose with 2-3 strokes of a teflon pestle or by bubbling N 

through the solution. 

Some of the pellets were difficult to resuspend adequately for 

Cytochrome P450 measurements, but sonication for 5-10 seconds solved 

the dispersion problem. Use of N^ reduces conversion of P450 to P420 

substantially. 
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APPENDIX P 

Determination of P/0 Ratios 

Mitochondria in 0.25 M sucrose were isolated by the procedures 

previously described.  CL-CO 95/5 was bubbled through the resuspended 

pellet to prevent deterioration of mitochondria. Oxygen uptake was 

measured using a Gil son Differential Respirometer and 17 ml flasks 

with a side arm and center well. Potassium hydroxide, 6N CCL-free, was 

placed in the center well with a filter paper wick to absorb CO-. 

Clark's procedure was used, substituting in one experiment Sodium 

citrate, 0.5 M, and 2.4 pM    Acetyl CoA. (Acetyl CoA concentration in 

the reaction mixture was approximately 1 JJM.) The reaction mixture 

contained 3 yM ATP,.025 M potassium phosphate buffer, pH 7.2, 15 yM 

MgCl2, 150 yM glucose, 0.3 yM NAD* 3 yM EDTA,.0625 M sucrose, and 

.5 ml microsomal suspension. Substrate was .2 M glutamate plus .05 M 

pyruvate or citrate-acetyl CoA as above. A 0.2 ml. aliquot of the 

initial reaction mixture was taken for phosphate determination, and 

placed into 4.8 ml. 10% TCA to precipitate protein. Flasks were 

prejncubated    5 minutes at 250Ci  the flow-through tubes closed, 

and incubation at 250C with shaking was continued for 30 minutes. 

The micrometer valves were turned far enough to bring the indicator 

fluid up to the zero line, the flasks removed, and a second 0.2 ml. 

aliquot of reaction mixture taken for phosphate assay as before. The 

protein precipitate in the TCA was spun down and a 0.1 ml sample of 
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the TCA solution used for phosphate assay by the method of Bartlett 

(10). Oxygen was determined according to the formula in the Gilson 

instruction booklet. 
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APPENDIX Q 

Neotetrazolium Reductase Assay (Williams and Kamin, 189) 

Materials 

Nicotinamide Adenine Dinucleotide Phosphate (Sigma) 

Glucose-6-phosphate (Sigma) 

Glucose-6-phosphate dehydrogenase, Sigma type XII, 420 units/mg 
protein 

Neotetrazolium chloride (NT)(gift from Dr. L. C. Terrierre) 

MgCl 

.05 M potassium phosphate buffer, pH 7.2 

A reaction mixture containing 0.80 units glucose-6-phosphate 

dehydrogenase, 1.5 MM glucose-6-phosphate, 0.3 ]M NADP, 15 yM MgCl2, 

and 0.15 yM neotetrazolium chloride in 0.2 ml. of .05 M phosphate 

buffer was preincubated in a 15 ml. stoppered conical centrifuge tube 

for 5 minutes in a shaker bath at 37° C. The tubes were returned to 

ice and 0.1 ml. microsomal suspension (original cell volume diluted 

1/3) was used. Incubation was resumed at 37° for 10 minutes. The 

reaction was stopped by the addition of 3 ml. acetone and a few 

crystals of NaCl to salt out protein. Precipitated protein was 

sedinjented in a clinical centrifuge and absorbance of the supernatant 

determined in a Beckman DBGT spectrophotometer at 555 ran. 

. „. .„     AO.D. x 1000 
Activity =  -r— =" J      mg. protein x mm. 

The assay is less sensitive to small changes in absorbance than 

would be desirable.  It was discovered about halfway through the 
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experiments that the peak for the reduced pigment is at 510 nm. 

However the authors of the original paper had cytochromes in their 

assay mixture and the absorbance interfered with the peak of reduced 

NT. Since the other experiments had been done using 555 nm, the 

procedure was not changed. 

Neotetrazolium chloride is relatively insoluble in water.  To 

overcome this problem, the NT was dissolved in acetone and added to 

the MgCl? solution made up with half the necessary volume of water. 

Acetone was boiled off and the solution was brought up to the required 

volume. 

Microsomal preps used for this reaction were prepared either by 

calcium precipitation or the post-20,000 x g supernatant used as a 

crude microsomal fraction. 
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APPENDIX R 

ATP Assay (experiment 10c)(McElroy and Seliger, 112) 

Livers were frozen in liquid nitrogen as described in the text. 

To the frozen livers was added 0.50 ml 10% trichloroacetic acid (TCA). 

The livers were thawed slightly and homogenized in the TCA. The 

homogenates were transferred to 12 ml. pointed centrifuge tubes and 

the protein sedimented out in a clinical centrifuge.  This pellet was 

used for micro-Kjeldahl determination of protein nitrogen. Superna- 

tant solutions were kept frozen until immediately before use. 

ATP standard solutions were made up 0.3-0.003 mg./ml in 0.04 M 

tris-borate buffer,pH 9.2. A 0.1 ml aliquot of each standard solu- 

tion or sample was diluted to 3.0 ml in the tris-borate buffer. A 0.2 

ml aliquot of this final dilution was added to 2.3 ml of a lucifer- 

ase mixture in a cuvette in a Beckman DB spectrophotometer. All assays 

were run in duplicate. The luciferase reaction mix is as follows: 

13.5 ml. water 
5.0 ml. 0.1 N NaAsO , pH 7.4 
2.5 ml. MgS04-7H20,

460 mg./ml. 

2.0 ml. reconstituted firefly lantern extract 
(Sigma) 

To compute total ATP per sample, it was assumed that 80% of the 

initial liver weight was water. Concentration of the 0.3 rag.  ATP 

standard following the final dilution gave 0.01 mg./ml and trans- 

mittance was 14%. There was 0.03 ng. ATP added to the luciferase 
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mixture in the cuvette. ATP in the unknowns was calculated as 

follows: 

ATP in sample = i^ x %T of sample 
14-6 

(ATP in sample) [(0.8 x liver weight) + 0.5 ml. TCA] = total 
ATP/liver 

Total ATP/liver weight = ATP/g. liver 

Total ATP/mg. protein nitrogen = ATP/mg. protein 
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APPENDIX S 

Experiments (Numbers) 

33 1.-2. Injection of  PO.. J 4 
32 

3a.  Injection of  PO.. 

32 3b.  Perfusion of  PO. fish from same group as 3a. 

14 4. Injection of 1- C-palmitate; liver total lipids determined. 

14 5. Injection of 1- C-oleate, liver total lipids determined. 

14 6. Injection of 1- C-oleate, subcellular fraction lipids determined. 

14 7a.  Injection of 1- C-oleate using diets D-D., (casein) . 

14 7b.  Injection of 1- C-oleate using diets C-C^FPC)^ Subcellular 
fraction lipids determined in 7a and 7b. 

8a. P/0 ratios determined over a 14 day period using diets C-C. and 
D-D1; 280 g fish. 

8b. Cytochrome P450 determined  using calcium precipitated 
microsomes from 8a livers. 

14 14 
9a.   CO- production from 1- C-oleate was determined over a 5 day 

period using diets D-D,, E-E  (high and low protein FPC). 

9b. Neotetrazoliura reductase assayed using fractions from 9a livers. 

10a. P/0 ratios determined using 10-15 g fish over a 14 day period 
(diets as in 9a.) 

14 14 10b.  CO- production from  C-oleate was determined over a 2 week 
period. 

10c. Neotetrazoliura reductase assayed using fractions from 10a livers. 

lOd. ATP assayed using fish from the same groups as used in 10a. 
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APPENDIX T 

Per cent amino acid composition of diets 

High protein diet Low protein diet 

CASEIN FPC CASEIN FPC 

lys       3.37 4.51 2.30 3.03 

his       1.33 1.04 0.89 0.70 

arg      2.35 3.74 1.78 2.68 

asp       3.44 5.03 2.39 3.43 

thr      1.88 2.13 1.26 1.43 

ser      2.31 2.02 1.58 1.39 

gin      10.15 7.79 6.87 5.35 

pro       5.31 2.74 3.83 2.17 

gly       2.37 3.51 2.14 2.87 

ala      1.90 3.16 1.48 2.30 

1/2 cys   0.08 0.34 0.05 0.22 

val      2.90 2.52 1.95 1.71 

met      0.96 1.30 0.65 0.87 

ile      2.30 2.21 1.52 1.47 

leu      3.94 3.86 2.63 2.58 

tyr      2.50 1.62 1.64 1.07 

phe       2.42 2.04 1.63 1.39 

try      0.43 0.59 0.27 0.38 



APPENDIX U 

Diets Usad 

Group I 

Ingredient 

Casein(NBC vitamin-free) 

Fish protein concentrate 

Gelatin 

Dextrin 

Salmon Oil 

Tristearin (NBC) 
2 

Alpha cellulose 
3 

Mineral mix 
4 

CMC 

70% choline chloride 

Vitamin E (660 I.U./kg.) 

Methyl sterculate 

Vitamin mix 2.0   2.0    2..0   1.0 Z.O 2.0    2.0   2..0 

Cerulose, CPC International, Inc., Englwood Cliffs, N.J. 07632 
2 
Bemhart-Toinarelli salt mix: J. Nutr. 89:405 (1966) modified by addition of NaF and CoCl„ 
at 0.002 and 0.02% respectively. ^ 

3 . 
As described by Lee et. al., J. Nutr. 92:93 (1967) with the exception of cobalamine being 
fed at the level of 0.053 mg/kg instead of 0.159 mg/kg. 

4 
Carboxymethyl cellulose,,Hercules Powder Co., 120 Montgomery St., San Francisco, Calif. 

A Al 
B Bl .B2 

C c. C2 

49.5 49.5 49.5 49.5 49.5 — ___ 

        39 39 39 

8.7 8.7 8.7 8.7 8.7 9 o 9 

15.6 15.6 13.6 15.6 15.6 7 -__ 

9 9 10 10 10 20 20 20 

1           

7.7 7.7 7.7 7.7 7.7 17.8 17.8 17.8 

4.0 4.0 4.0 4.0 4.0 20 20 20 

1.3 1.3 1.3 1.3 1.3 2.0 2.0 2.0 

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

  .02 --.- .02 .03 --.-- .02 .03 

en 



Group II D Dl 
E El 

F Fl 
G Gl 

Casein 49.5 49.5 32.0 32.0 

FPC         49.5 49.5 32.0 32.0 

Gelatin 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 

Dextrin 15.6 15.6 17.1 17.1 15.6 15.6 17.1 17.1 

Mineral mix 4.0 4.0 4.0 4.0 2.5 2.5 3.2 3.2 

CMC 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Cellulose 8.2 8.2 18.0 18.0 9.7 9.7 19.0 19.0 

70% choline 
chloride 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Vitamin mix 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Herring oil 10.0 10.0 16.0 16.0 10.0 10.0 16.0 16.0 

DL-tryptophan     0.2 0.2         

Methyl Sterculate   .02   0.02 .02   .02 

kcal/gram diet 3.46 3.46 3.46 3.46 3.46 3.46 3.46 3.46 

% protein calories ; 57.8 57.8 40.6 40.6 57.8 57.8 40.6 40.6 

% carbohydrate cal .. 16.2 16.2 17.8 17.8 16.2 16.2 17.8 17.8 
% fat calories 26.0 26.0 41.6 41.6 26.0 26.0 41.6 41.6 

4* 
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APPENDIX V 

Cytochrome P450 assay (Qmura and Sato, 121) 

Calcium-precipitated microsomes were used for this. The pellet 

was resuspended by sonication in phosphate buffer equal to the volume 

of the post-20,000 x g supernatant and prepurified nitrogen bubbled 

through the suspension. This was diluted 1:10 prior to use.  2.5 ml. 

of this was placed in each of 2 matched cuvettes. 

A pinch of sodium dithionite was added, and air bubbled through 

the reference cell and CO through the sample cell for 15 seconds. The 

samples were scanned from 500-400 nm in a Beckman DBGT spectrophoto- 

meter. The E.[.n-E.(-n was used to compute the quantity of P450. 

Extinction coefficient of P450: 91 x 10 M. 

To compare amounts of P450 in experimental and control groups, 

P450 and P420 peak heights were added. 


