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Selenium deficiency in rats results in increased carbon metabo-

lism, approaching twice the rate of selenium supplemented animals

(normal). This is also reflected in a 50 percent increase in lyso-

somal enzyme activity in tissues of selenium deficient animals.

Isolation of rat liver lysosomes shows a 17 percent increase in

membrane thickness of selenium deficient rats. Lamb muscle lyso-

somes could not be completely separated from other organelles.

The level of arachidonic acid in selenium deficient tissues from both

lambs and rats is elevated upwards to 50 percent above normal.

Injection of 14C-acetate into normal and selenium deficient rats shows

a rapid uptake of radioactivity into the liver phospholipids by selenium

deficient rats which was approximately 100 percent greater than



normal. However, no accumulation was evident because of a precipi-

tous drop of radioactivity to normal levels within 36 hours, Phospho-

lipid arachidonate is also synthesized in selenium deficient rats

approximately twice as rapidly as in normal but again does not

accumulate. Vitamin E is rapidly oxidized and excreted by selenium

deficient rats. Nearly 30 percent of a vitamin E dose is excreted

within 48 hours by deficient animals as opposed to only 18 percent by

normal. This apparently results in aberrations of metabolic path-

ways requiring vitamin E. For example, heme levels in the liver

microsomes of selenium deficient rats are only 50 to 60 percent of

normal.

These data suggest a direct dependence of vitamin E metabolism

on the presence of selenium. Since selenium deficiency has been

shown to cause a decrease in glutathione peroxidase activity, fatty

acid peroxides would accumulate in these animals. These peroxides

apparently oxidize vitamin E which is then rapidly excreted, producing

an inadequate vitamin E status.
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THE EFFECT OF SELENIUM DEFICIENCY
ON THE FATTY ACID METABOLISM

OF RATS AND LAMBS

INTRODUCTION

The discovery by Schwarz in 1957 that the addition of trace

amounts of selenium to Torula yeast diets prevented liver necrosis

in rats has aroused interest in the biochemical function of this

element (1). Subsequently, other researchers have reported other

selenium-responsive pathologies in avian and mammalian animals.

These include exudative diathesis in chicks (2), nutritional muscular

dystrophy in poultry (3), white muscle disease (WMD) in calves and

lambs (4) and hepatos is diatetica in swine (5). Diverse methods have

been employed in the attempt to elucidate the mechanism by which

selenium exerts its biochemical effect. The progress since the pio-

neering work of Schwarz has been summarized in several reviews

which examine the chemical, biochemical and nutritional aspects of

selenium (6-8). Only recently have data been collected which produce

a realistic, unified biochemical mechanism for this unusual element.

Selenium Chemistry and Metabolism

Prior to considering the specific biochemical mechanisms, it is

necessary to briefly review the chemical characteristics of selenium.
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Selenium is a sulfur analog with valences of 2, 4, 6 and -2. It occurs

in compounds such as H
2 2
Se 0 3' H

2
Se0 3' H

2
Se0

4
and H

2
Se which are

the analogs of thiosulfutric, sulfurous, sulfuric acids and hydrogen sulfide

respectively (8). It has been reported that food crop plants which con-

centrate large quantities of sulfur will also concentrate abnormally

high amounts of selenium (9). Antagonism between sulfur and sele-

nium was reported as early as 1938 attesting to the well known chemi-

cal similarity of these two elements (10). Woolley has reviewed the

antagonism between sulfur and selenium in detail (11). The use of

enzyme levels as indications of severity of WMD in lambs has shown

that dietary sulfur has the ability to delay the onset of the disorder

but does not influence the incidence (12). In this way it has been

shown the sulfur is capable of influencing selenium metababolism but

is not able to substitute for it. An increase in the incidence of WMD

was reported when sheep grazed grass pastures treated with gypsum,

a treatment known to increase the concentration of sulfate in plants

(13). In more highly controlled experiments it has been shown that

increased levels of dietary sulfate decreased the effectiveness of

dietary sodium selenite (14, 15).

At the molecular level selenium-sulfur antagonism is also well

known. Replacement of "volatile sulfur" by selenium in several non-

heme iron containing, electron transport proteins has been reported.

Adrenodoxin (16, 17) and parsley ferridoxin (18) are examples which
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retain full biological activity when sulfur is replaced with selenium.

Selenium has been shown to be capable of replacing sulfur in the

transfer ribonucleic acid of E. coli (19). Selenium is also reported to

be able to substitute for sulfur in vitamins and coenzymes. For

example, selenopanthine is as effective a growth factor for Lacto-

bacillus helveticus as panthine (20). Seleno-coenzyme A has been

shown to be synthesized by normal rats, however the biochemical

function of the seleno-cofactor has not yet been confirmed (21)0

Many examples of low molecular weight selenium compounds

which are sulfur analogs can be found in plants which require high

levels of soil selenium for proper growth. Astragalus pectinatus con-

tains 1. 5 to 2.0 mg selenium per gram dry weight. Nearly 67 percent

of this is in the selenium analog of cystath.ionine (22). Water extracts

of A. bisulatus yield S-methylcysteine and its selenium analog (23).

The seeds of this plant contain a gamma-glutamyl peptide of Se-

methylseleno-L-cysteine (24).

Further evidence of the biochemical similarity of sulfur and

selenium is the incorporation of selenium into analogs of sulfur amino

acids and subsequently into proteins and enzymes (25)0

The biochemical requirement for selenium has been traced to

its incorporation into proteins, A 10,000 molecular weight selenium-

containing protein of yet unknown function has been isolated from the

heart and semitendonosis muscle of normal lambs. The protein
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contains a heme group and has spectral properties similar to those of

cytochrome c (26-28). Studies with E. coli have indicated selenium is

a component of the formate dehydrogenase enzyme complex (29). In

the clostridial reductase system the selenium containing protein A was

the first example where this element was shown to be ogligatory in a

specific electron transfer process (30-33).

Another selenium-containing enzyme which has generated

interest because of its similarity to the proposed function for vitamin

E is glutathione peroxidase. This has been isolated from the blood of

mammals. The enzyme complex has a molecular weight of 84,000

and is composed of four equal subunits. There are four gram atoms

of selenium per mole of protein, ostensibly one per subunit. The

hydrogen donor is specifically reduced glutathione but the enzyme

metabolizes all peroxides and is especially active against lipid

peroxides (34-38). Undoubtedly there will be more examples of

seleno-enzymes found which will help elucidate its biochemical role.

The case for selenium has been presented, but what are the

characteristics of this element responsible for its unique ability to

prevent pathological conditions? These are unaffected by sulfur, an

element very similar chemically to selenium. Selenium is known to

possess oxidation-reduction properties quite different from sulfur. It

has been established that selenium is superior to sulfur as a peroxide

inhibitor and decomposer (39), Examples of this are numerous.



5

Selenoproteins have been found to be 20 to 500 percent more effective

than control proteins in the inhibition of linoleic acid (40). In the

same studies the selenoproteins were found to be 50 to 500 times

more effective peroxide inhibitors as vitamin E on a molar basis.

The sulfur amino acid, methionine, was found to react with

hydrogen peroxide more rapidly than any other sulfur amino acid or

selenium analog. However, the decomposition of peroxide by methio-

nine was never greater than one mole of peroxide per mole of amino

acid (41). Selenocystine, on the other hand, was found to decompose

up to three moles of peroxide per mole of amino acid. In these

studies all sulfur amino acids and their selenium analogs were more

active in the decomposition of hydrogen peroxide than organic perox-

ides. Selenium compounds protect sensitive sulfhydryl enzyme

activity in in vitro incubations with conditions favoring oxidation.

Cystine showed virtually no protective effect when either alcohol

dehydrogenase or creatine kinase were incubated with hydrogen

peroxide. However, selenocystine was observed to slow the rate of

alcohol dehydrogenase deactivation two to three times and creatine

kinase deactivation five to fifteen times (42).

Vitamin E Metabolism

The biochemistry of selenium cannot be adequately discussed

without the consideration of vitamin E. Either vitamin E or selenium
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has been observed to protect against a number of pathological condi-

tions in experimental animals. Among these are liver necrosis and

carbon tetrachloride poisoning in rats (1, 43-47), muscular degenera-

tion and exudative diathesis in chicks (48-52) and carbon tetrachloride

poisoning in sheep (53).

The biological antioxidant theory has been accepted by some

investigators as an explanation for the metabolic function of vitamin

E (54), The similarity of selenium containing compounds (40) to

vitamin E and synthetic antioxidants (55) in the prevention of oxidation

of the polyunsaturated fatty acids (PUFA) was once accepted as irre-

futable evidence for this function. Although much of this theory was

supported by many of the observed phenomena of selenium and vitamin

E deficiencies, it was based on the detection of the breakdown products

of lipid peroxidation, This was assumed to consist primarily of

malonic dialdehyde (7). This compound reacts with thiobarbituric

acid to produce a red compound absorbing strongly at 535 nM and the

amount of color is frequently referred to as the TBA value or TBA

score. Correlations of the TBA scores with various selenium and

vitamin E deficiency symptoms have been presented but a recent

review indicates that these may be the result of post-mortum effects

and are not necessarily due to antioxidant deficiencies (56),

A few examples illustrate the inconcistencies and problems of

the biological antioxidant theory. Several synthetic antioxidants
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thought to substitute for vitamin E actually exert their influence by

sparing small quantities of vitamin E in the diet or in the gastrointes-

tinal tract (57). Malonic dialdehyde has been shown to be independent

of the development of liver necrosis in the rat, a condition previously

thought to be caused by antioxidant deficiency (58). No relationship

has been established for the TBA score and the development of exuda-

tive diathesis in chicks (59). Very little malonic dialdehyde is actually

found in the tissues of vitamin E deficient animals (60). This sug-

gests that, if it is being formed at all, it is very labile in vivo,

Generally the TBA score is now assumed to be an unrealiable indica-

tor of lipolysis or vitamin E deficiency (61).

In addition to the increasingly unreliable correlations being

reported as evidence against the biological antioxidant theory as a

result of the unreliability of the TBA score, work on peroxide forma-

tion has failed to show the presence of these compounds in tissues of

selenium or vitamin E deficient animals. Peroxides have not been

found in the liver, kidney or testes of rats or chicks with or without

added dietary vitamin E, using a sensitive thiocynate method (62).

The biological antioxidant theory assumes large quantities of peroxide

have accumulated and at any given time a detectable amount would be

expected to be present in the tissues, Studies with rat adipose tissue

have indicated that any lipid peroxides formed should be relatively

long lived (63),
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As the evidence against the biological antioxidant theory has

accumulated, researchers have started looking for other possible

metabolic functions for vitamin E. These have proven to be quite

enlightening. Vitamin E has been shown to maintain the integrity of

the intestinal cells (64) and it has been suggested that fat which has

undergone peroxidation might exert its damaging effects against the

vitamin E deficient intestine before reaching other organs (65).

Vitamin E is also known to be required for the transport of several of

the essential amino acids (66). The nuclei of cells have been reported

to concentrate large quantities of vitamin E (67-72). Evidence has now

been reported that vitamin E not only controls the synthesis of ribo-

nucleic acid but subsequent protein synthesis as well (73). In

another proposal, Dip lock has suggested that one of the primary

functions of vitamin E is to prevent the oxidation of selenium when it

is present in proteins as the selenide form (74)0

Utilizing many of the strong points of the biological antioxidant

theory, a recent proposed biological function for vitamin E has been

reported as a cofactor in the biosynthesis of heme (75). The con-

centration of two of the precursors of heme, -amino-levulonic acid

and porphobilinogen, are lower than normal in vitamin E deficient

animals. The author notes that catalase, a peroxide scavenging

enzyme, contains a heme group. The obvious implication from this is

that inadequate heme biosynthesis would result in lowered levels of
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catalase activity and increased peroxidation would then be likely to

occur. Other heme containing compounds such as the mitochondrial

cytochromes, hemoglobin and heme-containing enzymes have been

observed to be significantly lower in vitamin E deficient animals than

in normal. The microsomal detoxification and steroid synthesis sys-

tems require heme containing compounds and are apparently affected

by vitamin E deficiency.

Further support for this theory comes from work with pigs and

mice. Iron is a well known initiator of peroxides. When animals are

given large injections of iron to prevent anemia they usually die sud-

denly (76-78). These animals are protected, however, if given vita-

min E at least one day prior to the iron injection. If the iron and

vitamin E are given at the same time no protection is observed. This

time effect suggests that either vitamin E metabolites or compounds

stimulated by the presence of the vitamin protect against the iron

toxicity. The stimulatory effect on the biosynthesis of heme contain-

ing proteins such as catalase or the peroxidases would fit these data.

The metabolic functions of vitamin E have been an enigma ever

since its discovery. Whether it is directly or indirectly related to

the action of selenium has not yet been determined. Although the

answer appears to be close, upon reading the publications of leaders

in the field one gets the impression that much work will be needed

before its elucidation,
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Fatty Acid Peroxidation

The peroxidation of membrane fatty acids is an active contem-

po'rary field of research. The extent and results of membrane damage

by this process may prove significant in many of the selenium and

vitamin E deficiencies.

Several sources of peroxide have been identified in the cell, the

most commonly investigated being the enzymatic oxidation of NADPH

by the microsomes (79, 80), Transient lipid peroxides are formed

from PUFA which are then presumably degraded to aldehydes. Free

fatty acids do not appear to react in this fashion, only the PUFA of the

structural phospholipids. Reportedly, as much as 15 percent of the

total phospholipid PUFA may be affected, Vitamin E has been shown

to inhibit the formation of TBA-reactive products but is itself con-

verted to a more polar compound during the process. In experiments

with rats on a diet supplemented with high levels of vitamin E, the

TBA score of the liver microsomes begins to increase about the same

time vitamin E was no longer detectable in the reaction mixture.

Electron microscopy of the damaged microsomes indicated that the

structural integrity was maintained. Other antioxidants known to pre-

vent the formation of TBA reactive products are butylated hydroxy

toluene (BHT) and butylated hydroxy anisole (BHA). As antioxidants,

these are believed to function similarly to vitamin E (55),
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Production of lipid peroxides and TBA reactive products is not a

completely general phenomenon observed in all cell types. Normally

tissue homogenates and their membrane systems form peroxides in

the presence of oxygen and ferric iron or other catalysts. However,

homogenates of rapidly growing He La cells do not, Some type of

inhibitory mechanism, as yet unidentified, has been suggested (81)0.

The products of lipid peroxidation have also been the subject of

intensive research. The primary product is believed to be malonic

dialdehyde. The level of this compound,as measured by the TBA score,

is directly proportional to lipid peroxidation and inversely proportional

to the vitamin E level in in vitro systems (82). In tissues in which

lipid peroxidation has occurred, accumulation of fluorescent lipo-

fus chin pigments have been reported by these authors. These have

similar spectral properties to the products formed when amino acids

react with malonic dialdehyde. The products of fatty acid peroxida

tion have been shownto be toxic to rats, and the damage does not

appear to be confined to any particular cell type (83). These toxic

products are believed to cause impairment of lipid transport or

mobilization by interfering with lipoprotein synthesis.

The susceptibility of fatty acids to peroxidation has been shown

to increase with the increase in the number of double bonds in the

molecule (84), It would be expected, therefore, that the amount of a

highly unsaturated fatty acid, such as arachidonic acid, would be
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lower in antioxidant deficient animals. Supporting this, the levels

of linoleic and arachidonic acids have been reported to be lower in the

hearts of WMD lambs than in normal animals (85). In the semi -

tendonosis muscle the level of linoleate, the precursor of arachido-

nate, was also reduced. However, work with vitamin E deficient rats

indicates directly opposite results. In the skeletal muscle, liver and

testes the level of arachidonate is observed to be increased over

normal levels (86-88). These two opposing trends have not yet been

satisfactorily rationalized. However, it has been shown that vitamin

E deficient rats are capable of fatty acid synthesis at a rate which

could replace PUFA as they are being destroyed (88)0

Lysosomes

Lysosomes were first reported as subcellular particles con-

taining hydrolytic enzymes active at acid pH in homogenates of rat

livers by DeDuve in 1 955(8 9), They have since been found in the

brain, spleen, kidney and lymph nodes of mammals (90-92) and have

been identified in some invertebrates (93, 94), These organelles

contain enzymes capable of hydrolyzing all known cellular components

(95). The function of lysosomes with respect to allergic reactions,

bacterial infection, viral infection, rheumatoid arthritis and cancer

in addition to the normal metabolic function of the cell has been

recently reviewed (96). The lysosomes are recognizable in the
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electron microscope and have been identified as particles surrounded

by a single unit membrane having a positive staining reaction for acid

phosphatase (97).

After a few early attempts, it was recognized that differential

centrifugation was not an adequate technique for the isolation of pure

lysosomes. The peroxisomes and mitochondria both have sedimenta-

tion coefficients approximately the same as the lysosomes, 0.25 x 10-9

sec in 0.25 M sucrose (98). A method has since been developed which

allows isolation of pure lysosomes with no apparent interference with

the enzymes or membrane structure (9, 100). The rats are injected

intraperitoneally with Triton WR-1339 detergent four days prior to

isolation of the lysosomes. The particles then take up the detergent

but are either unable to digest it or degrade it very slowly. Accumu-

lation of the detergent in the lysosomes decreases the density but

does not affect the sedimentation velocity, allowing separation from

both the nuclear fraction and the microsomal fraction by sedimenta-

tion velocity differences. Triton WR-1339 apparently has no effect on

the density or movement of the peroxisomes or mitochondria in a

gravitational field. After isolation of a lysosome-rich fraction by

differential centrifugation, the pellet is resuspended in sucrose and

layered on a discontinuous sucrose gradient for separation of the pure

lysosomes. The lysosomes have a density of 1. 06 g /ml after treat-

ment with the Triton WR-1339 and float at the interface between 0.25
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and 0. 75 M sucrose. The mitochondria have a density approximately

the same as the peroxisomes at 1. 30 g/ml and float on top of a 2, 0 M

sucrose cushion at the bottom of the centrifuge tube, Lysosomes pre-

pared in this manner exhibit no urate oxidase, cytochrome oxidase

or glucose-6-phosphatase activities, enzymes found exclusively in

the peroxisomes, mitochondria or microsomes respectively.

Although the classification of lysosomes and lysosome pre-

cursors is a complicated system, two primary types of functional

lysosomes have been identified (101). In cells noted for their phago-

cytic activity, such as the macrophages, fibroblasts, leucocytes and

epithelial cells, the density of the lysosomes is decreased by injection

of Triton WR-1339. Muscle cells possess neither phagocytic or

secretory functions and do not take up this detergent. Therefore,

lysosomes isolated from animals following injection of Triton WR-1339

are of the phagocytic type.

The membranes of lysosomes isolated by loading with Triton

WR-1339 have been chemically analyzed (102). They contain 0.256

F.J.M of lipid phosphorus per milligram of protein. There are large

quantities of linoleic and arachidonic acids even though the fatty acids

of the phospholipids are slightly more saturated than other mem-

branes of the cell. Relatively large amount of cholesterol, amounting

to 0.52 1.1,M per p.M of lipid phosphorus, is also found in these lyso-

somal membranes. This probably helps compact and stabilize the
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membrane by its interaction with the saturated fatty acids.

One of the interesting phenomenon observed in the living cell

is cellular autophagy, which is the digestion of cellular components

by agents within the cell. Cytoplasmic organelles are observed to

become encased in membranes and the entire structure has been

designated a cytosegresome. Lysosomal enzyme activities have been

observed within these cytosegresomes. Observation of these struc-

tures is taken as evidence that cellular autophagy is occurring (103)0

This phenomenon is postulated to be the mechanism by which the turn-

over of cytoplasmic organelles is accomplished. The mitochondria

of rat liver, which have a half life of approximately 10 days, have

been reported to be removed in this manner (104). Various chemical

treatments or sublethal injury to cells is reported to increase cellular

autophagy (105, 106). Ionizing radiation is reported to increase cellu-

lar autophagy in mouse livers (107). Fasting is another method of

inducing cytosegresomes. Euglena gracilis and the American cock-

roach are two of the lower organisms which react in this manner (108,

109). Cells of rodents and bats subjected to long fasts react in a very

similar way (110-112). Cold exposure has also been used to increase

the number of cytosegresomes in mammalian tissues. The animals

used in this experiment were fasted during the course of time the

data were being obtained, making the interpretation of the results

questionable (113). In any case, the experiment did show that, under
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stress, animals do show an increase in the process of cellular auto-

phagy. The hypothesis put forth by the authors is that cellular auto-

phagy in cold stressed or fasting animals is one method by which the

essential nutrients may be retained within the organism instead of

being lost through normal excretory processes.

Interactions

In a highly integrated system such as the living cell the study of

a single, isolated aspect or system reveals little about the pathway or

process of interest. The manifestations of selenium deficiency are the

result of many diverse, though interrelated molecular mechanisms.

The preceding sections present the individual aspects which must be

coordinated into what has become known as the biological antioxident

theory. This hypothesis may be broken down into three steps: a) per-

oxidation of the membrane phospholipid PUFA due to insufficient

antioxidants either as vitamin E or as selenium in glutathione peroxi-

dase, b) resultant damage to biological membranes in general and

lysosomal membranes in particular as a result of the damage to the

structural lipids and c) finally the release of hydrolytic lysosomal

enzymes into the cell with concomitant disruption of cell function and

tissue structure. Although there are many inconsistencies apparent

in the literature, these should not be misconstrued as negating the

basic premise. They do, however, provide markers to show where

more work is required,
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The role of vitamin E in selenium deficient pathologies adds an

interesting new dimension. For example, WMD was found to be higher

in lambs fed a diet high in PUFA, Vitamin E was shown to protect

against this condition (114-117). In rats, selenium deficiency symp-

toms have been shown to be independent of the level of dietary vitamin

E once the minimum daily requirement has been reached (118).

Chicks show an interesting paradox. Both vitamin E and selenium

have been shown to be of equal potency for the prevention or cure of

exudative diathesis (119). The authors hypothesize that selenium,

as a component of glutathione peroxidase, prevents peroxidation in the

aqueous phase of cells and that vitamin E prevents peroxidation in the

lipid phase of the membranes. However, other work has shown

selenium to have an obligatory function, Poor absorption of vitamin

E or lipids is found in selenium deficient chicks and degeneration of

the pancreas usually occurs within 12 weeks (120). The addition of

bile salts or other emulsifiers only slightly improves this condition,

Attempts to verify the requirement of selenium for proper vitamin E

absorption have met with only limited success. Both the absorption

and retention of vitamin E in selenium deficient rats have been

reported to be normal, but the plasma levels are significantly differ-

ent (121). This could represent an alteration of the distribution of the

vitamin or perhaps a species difference, It was reported by the

authors that the excreted vitamin was more polar in deficient rats than
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for selenium supplemented animals. This might indicate a greater

rate of vitamin E oxidation in the deficient rats.

The biological antioxidant theory provides an explanation for the

prevention of peroxidation of the PUFA in tissues. Data reported for

normal and WMD lambs support this theory (85). The authors sug-

gested, however, that selenium is involved with the metabolism of

the long chain PUFA and did not give serious consideration to

increased fatty acid turnover due to peroxidation. It has been reported

that rats are capable of replacing the fatty acids destroyed due to

peroxide formation in selenium deficient animals (86-88). Further

evidence indicating that the role of selenium is in the prevention of

peroxide damage, and not fatty acid synthesis, is the work showing

WMD is produced by diets high in PUFA. This, however, is pre-

vented by dietary vitamin E (114-117). This myopathy was delayed

but was not completely prevented by supplemental selenium (85).

The effect of dietary PUFA on the severity of vitamin E and

selenium deficiencies has generated considerable interest. High

dietary levels of unsaturated fatty acids have been reported to result

in increased glutathione peroxidase activity in tissues most suscep-

tible to vitamin E deficiency symptoms (123). The ratio between the

PUFA and vitamin E has been further investigated in humans (122),

Persons consuming diets high in saturated fats require as little as

5 mg of vitamin E per day. However, persons consuming diets high
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in PUFA require at least 30 mg of vitamin E per day. If test subjects

are maintained on a diet providing 60 grams of highly unsaturated

corn oil per day, 30 mg of vitamin E per day is scarcely sufficient to

reverse high peroxide hemolysis. The erythrocyte life span of these

persons is significantly shortened,

The kinetics of fatty acid peroxidation have been reported by

Witting, indicating that a diet high in PUFA would lead to peroxide

damage if some type of protection was not being afforded (84)0

Although the exact nature of the initiation of peroxide damage is not

very well understood, several sources of peroxides have been identified

in the cell, The flavoproteins involved in the dehydrogenase reactions

produce one mole of peroxide per mole of substrate oxidized (124).

Other common methods of producing peroxides in vitro are simply to

use the common nutrients; iron and ascorbic acid (55).

The effect of peroxidation on biomembranes has been well

studied. The lysis of mitochondria can be directly related to the

degree of lipid peroxidation (124), This is further substantiated in

another study where reduced glutathione was added to a suspension

of washed rat liver mitochondria and the release of glutathione peroxi-

dase monitored (125), Swelling and lysis were observed with the

accumulation of lipid peroxides which were inversely proportional to

the remaining glutathione peroxidase activity, The importance of the

role of the fatty acid moities are illustrated by further work with
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vitamin E deficient rat liver mitochondria, When these organelles

were aged for various times and at various temperatures, the break-

down of the membrane could be monitored by the loss of respiratory

control. Mitochondria from vitamin E deficient rats were less stable,

losing respiratory control more rapidly than norrnal, If, however,

the mitochondria from normal rats were incubated with suspensions

of vitamin E deficient microsomes or suspensions of fatty acids, they

would mimic the instability of the deficient mitochondria. This effect

could be reversed by the addition of bovine serum albumin (125).

Mammalian erythrocytes are another membrane system that has been

studied in a similar manner, When erythrocytes treated with ionizing

radiation are subjected to the in vitro hemolysis test, the results are

directly correlated with the fat and vitamin E content of the diet fed

the animals, The erythrocytes from animals given a diet high in

PUFA without supplemental vitamin E are approximately 30 percent

more susceptible to hemolysis than are erythrocytes from vitamin E

deficient animals maintained on a diet containing fully saturated fats.

When adequate levels of vitamin E are added to the diet, an approxi-

mate two-fold resistance to hemolysis was observed regardless of the

degree of saturation in the dietary fatty acids (126),

The effectiveness of the various forms of vitamin E against

peroxide damage has been studied at different temperatures (128),

The most effective antiperoxidant at 20°C or below is a -tocopherol,
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An interesting paradox is that the 6 form is the most effective at

physiological temperatures whereas the a form is the most common

in nature. Of course, if the primary role of vitamin E is not as an

antioxidant but some other function, it becomes logical for the a form

to be the most widely distributed one.

The effectiveness of vitamin E or selenium in maintaining the

integrity of biological membranes does not depend solely on their

content in the diet at adequate levels or on the polyunsaturated fat

content alone. It is necessary to establish a proper balance. With

diets containing 5 to 30 mg of vitamin E per kg, selenium has been

observed to reinforce the action of the vitamin up to a point. When

levels of selenium approached approximately 50 p.g per kg of diet an

antagonistic effect on vitamin E was observed (129). One ppm sele-

nium in the diet for rats has been reported to have the same protec-

tive ability as 15 I. U. of vitamin E per kg of diet in the prevention of

peroxide damage (130), Although this suggests that vitamin E and

selenium exert their sparing effect in a similar manner, it should be

reemphasized that a metabolite of selenium, presumably glutathione

peroxidase, is responsible. This has been shown by several workers.

When homogenates of vitamin E deficient rat livers are incubated with

either selenomethionine or seleno cystine, the TBA score increases.

However, if either of these two seleno amino acids is included in the

diet, the TBA score of homogenates incubated with either of these two
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amino acids remains constant (129). In another report, selenomethio-

nine given as the only source of dietary selenium has been shown to

result in levels of glutathione peroxidase activities directly propor-

tional to the logarithm of the level of selenium in the diet (130).

Before moving away from peroxidized cellular components, it

is useful to consider another result of this process besides swelling

and lysis. One of the breakdown products of peroxidized fatty acids

is malonic dialdehyde (7). This three carbon compound is highly

unstable and reacts quickly with free amino acids. This causes the

accumulation of fluorescent pigments resembling "age spots" and is

characteristic of peroxidized tissue (83). A direct linear relationship

between the TBA score of these tissues and the quantity of this

pigment has been observed (131).

Biological membranes may be stabilized by factors other than

vitamin E or selenium and these could be related to the prevention of

peroxidation. Studies with metals and metal complexes have shown

an interesting consistency. Zinc, cadmium and lead have been

observed to stabilize the lysosomal membrane without interfering

with enzyme activities. Copper, iron and mercury, however, labi-

lized the lysosomal membrane. The authors concluded that metals

with a single oxidation state have stababilizing effects on the lysosomal

membranes because no change in electronic state can occur. The

metals with multiple oxidation states were proposed to labilize the
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membranes because of the redox reactions between the states and in

so doing, produce peroxides (132). In further work, it has been

established that this stabilizing effect is associated with the outer

surface of the lysosomal membrane. Zn:8-hydroxyquinoline is a

complex which is unable to penetrate the lysosomal membrane. When

lysosomes were incubated in the presence of this complex, the mem-

brane was stabilized similar to incubation with just zinc, suggesting

that the metal in the complex interfered with the peroxidation of the

surface phospholipid fatty acids (133).

Another group of membrane stabilizers are the thiols. These

could conceivably serve as a minor source of antioxidants (134). In

homogenates of vitamin E deficient rat livers, those reagents which

protect against oxidative decline also have been shown to protect

against the decline of free sulfhydryl groups. Vitamin E is, of

course, one of these reagents. It protects sulfhydryl groups and

lowers the sensitivity of a -ketoglutarate oxidation to arsenite and

cadmium ions (135). The relationship between sulfhydryl groups and

selenium deficiency has also been recently reported (136). In semi-

tendonosis muscle from WMD lambs, an increase was observed in

both the total and non-protein bound sulfhydryl groups. This is

accompanied by a decrease in the protein bound sulfhydryl groups. In

selenium deficient rat livers a decrease in the protein bound sulfhydryl

groups was observed and a similar increase in both the total and
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non-protein groups. Selenium was suggested by the authors to take

part in the metabolism of sulfhydryl compounds because evidence of

disulfide bond formation due to selenium deficiency could not be

found. Significant accumulation of reduced glutathione was found in

WMD lamb muscle no doubt due at least in part to the reduced

activity of glutathione peroxidase.

Contrary to what has been suggested in this section, the

presence of antioxidants does not guarantee an intact lysosomal

membrane. For example, the common food additives, BHT and BHA,

are known to enhance the solubilization of proteins from the lysosomes

and mitochondria while concurrently providing protection against

peroxidation (137). Orally administered BHT has also been shown

to deplete cells of acid phosphatase activity (138).

The problem of the effect of lysosomal enzyme activity in

selenium deficiency is not one which is easily answered. The single

unit membrane enclosing the particles is easily damaged (97).

Preparation of the cell-free systems in which these are to be studied

must be carefully examined or the data could be easily misinterpreted.

Another problem which compounds the complexity of studies of

deficiencies in vivo is the process of cellular autophagy. This is

known to increase in animals on vitamin E deficient diets (139).

These are two of the complications which must be considered when

trying to interpret data.
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Intact lysosomes treated with equimolar quantities of ferrous

and ferric iron have been reported to rupture and release hydrolytic

enzymes into the cell (140). This process may be prevented by ade-

quate levels of vitamin E or selenium (141). In the semitendinosus

muscle of WMD lambs, the free activity of lysosomal enzymes such

as p -glucuronidase and aryl sulfatase are elevated and their activities

may be correlated with the severity of the disorder. Also shown in

this study were decreased activities of lactate dehydrogenase,

glutamic oxaloacetic transaminase and peroxidase in the affected

tissues (142). In another study the isoenzymes of lactate dehydrogen-

ase were found to be redistributed in tissues of WMD lambs (143).

Presumably, these effects are the result of activities of released

lysosomal enzymes upon cellular membranes. Although there is

evidence to warrant continued study of the release of lysosomal

enzymes into the cell and the resultant damage, it is not possible to

say at this time whether this is due directly to selenium deficiency.

It is possible that these are secondary effects.

So far only the effects of vitamin E and selenium on various

aspects of cellular metabolism have been examined. The effect of

vitamin E on selenium is no less interesting or important. An acid

labile form of selenium, selenide, has been reported in the mito-

chondrial and the smooth endoplasmic reticulum fractions of rat liver

cells (74). This is rapidly lost if the animal is placed on a vitamin E
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deficient diet or if vitamin E is not included in the isolating medium.

The authors note that vitamin E stabilizes the membrane phospholipid

fatty acids and thereby stabilizes the membrane. This stabilized

surface may then form the site of attachment for a selenide containing

protein. The hydroxylated ring of vitamin E would provide the appro-

priate reduced environment for the maintenance of such a protein.

Models have indicated that the methyl groups of vitamin E would fit

into the pockets formed by the double bonds of PUFA. Orienting the

vitamin E molecule on the fatty acid so that the ring would protrude

out of the membrane, the methyl group on the number four carbon

would fit into the cleft formed by the double bond nearest the carboxyl

group of the fatty acid. The methyl group attached to the number

eight carbon would then be in a position to fit into the pocket formed

by the third double bond. Arachidonic acid fits this perfectly (144,

145). The protein which appears to be attached to this site contains

selenide selenium as well as a non-heme iron. If vitamin E is

removed from the diet, this non-heme iron is replaced by another

form which is not easily oxidized. In the absence of selenium it is

possible that the site normally occupied by selenide is replaced by

sulfur. The selenide form of selenium has been observed to return to

the mitochondria and smooth endoplasmic reticulum within five days

after the experimental animals are placed on a vitamin E supple-

mented diet (146).
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Several ways appear to exist to explain the effects of selenium

deficiency and the metabolic relationship of this trace mineral to

vitamin E. An understanding of where these mechanisms fit in the

overall effect of the gross selenium deficiency symptoms needs to be

established so that a well integrated model can be designed.

Experiments are presented which attempt to fill some of the

gaps in the mechanisms of selenium deficiency pathologies and pro-

vide a basis for a compromise between the strengths and weaknesses

of the biological antioxidant theory.

Lamb tissue was used as a starting material because the well

defined symptoms of WMD would be easy to correlate with the results.

The tissue fatty acid determinations were used to set the direction

for the rest of the work. Attempts at isolating lamb muscle lysosomes

and electron microscopy of tissue and semi-purified organelles were

used to assess the effects of selenium deficiency.

Confirmation of the lamb data was attempted by similar studies

of rat livers. The lysosomal enzymes, both total and free, were

assayed to determine membrane stability. Liver lysosomes were

isolated for study by electron microscopy and chemical composition

to attempt to determine the nature of any structural alterations.

Liver fatty acid composition was determined to confirm the

trends shown in sheep. The turnover of rat liver fatty acids was

determined to provide supporting data for the model of Witting (88),
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and the metabolic rate of rats was determined to assess fatty acid

turnover in light of the total metabolism of the intact animal.

Peroxide formation and erythrocyte stability were determined

to assess the antioxidant status of the animals. This was followed

by the study of the metabolism of vitamin E. The liver heme content

was finally examined to determine whether selenium deficiency

affected heme biosynthesis.
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METHODS AND MATERIALS

Chemicals

Torula yeast was obtained through the W. Glenn Wonder ly

Company, South El Monte, California, from the Lake states Paper

Company. Sucrose and cottonseed oil were obtained locally. Other

materials for diets were obtained from Nutritional Biochemicals

Corporation, Cleveland, Ohio. The following chemicals were

obtained as indicated. Triton WR-1339 was obtained from Ruger

Chemical Company, Irvington, New Jersey: 2-thiobarbituric acid

was obtained from Eastman Organic Chemicals, Rochester, New

York; p-nitrophenyl phosphate, bovine serum albumin, Triton

X-100, cytochrome c, phenolpthalein glucuronic acid, glucose-

6-phosphate and cholesterol were obtained from Sigma Chemical

Company, St. Louis, Missouri; Omni-Flor was obtained from

Bio Rad Inc. , Richmond, California; tritiated tocopherol, 14C-

1-glucose and 14C-6-glucose and 14C- 1- acetic acid from

Amersham /Searle, the Radiochemical Centre, England; lipid

standards were obtained from the Hormel Institute, Madison

Wisconsin; all supplies related to gas-liquid chromatography were

from Applied Sciences Laboratory, State College, Pennsylvania;
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chemicals for the preparation of samples for electron microscopy

were obtained from the electron microscope laboratory, Department

of Botany, Oregon State University; thin layer chromatography plates

were purchased from the Arthur H. Thomas Company, Philadelphia,

Pennsylvania; all other chemicals were of reagent grade and were pur-

chased from the Chemistry Department stockroom, Oregon State

University. All organic solvents except toluene were redistilled in a

glass still prior to use. Toluene was purified by passing it through a

column of activated silicic acid.

Animals and Diets

The lambs used in these studies have been described previously

(13). Pregnant ewes were fed alfalfa hay beginning in November. In

January they were gradually switched to synthetic diets. This usually

took approximately two weeks, During the time they were on synthe-

tic diets they were injected with 700 I. U. of vitamin E weekly and

one mg of selenium biweekly. The lambs were maintained on synthe-

tic diets selected for low vitamin E and selenium content. The

composition of this diet mix is shown in Table 1.

The rats were from our own closed colony of 0.S. U. Brown

Rats. Selenium deficient animals were second generation deficient

and were maintained on a selenium deficient diet throughout the course

of the experiments (118). Normal rats were obtained from the stock
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Table 1. Purified diet for sheep.

Ingredients

Urea

Glucose (cerelose)

Starch

Corn oil (distilled)

KHCO
3

NaHCO
3

Ca 3(PO4)2

Vitamin mix

Mineral mix 2

Vitamin A

Vitamin D2

Percent

4. 6

30. 0

24. 6

1. 0

4. 0

6, 0

1. 6

3. 0

5. 0

1, 000 IU/kg

250 IU /kg

1

2

For 1. 36 kg; 113. 45 g choline chloride, 11. 34 g
inositol, 4. 66 g vitamin B12, 1. 42 g Ca- pantothenate,
1. 13 g nicotinic acid, 1. 13 g p-aminobenzoic acid,
850 mg riboflavin, 570 mg pyridoxine° HC1, 400 mg
thiamine- HC1, 115 mg menadione (vitamin K) and
1. 225 g cerelose.

For 2. 268 kg: 388 g Na2HPO4° 7H20, 273 g KC1,
239 g NaCI, 76 g MgO, 732 g K2SO4, 40, 731 mg
FeSO4- 7H20, 2, 864 nag Cu-Acetate- H2O, 9, 810 nag
MnC12. 4H20, 11, 228 mg Zn-Acetate. 2H20, 40 mg
CoC12- 6H20, 12 mg KI, 20 mg Na2Mo04° 2H20 and
495 g cerelose.
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colony animals that were fed Purina Laboratory Animal Chow or

selenium deficient rats placed on a diet containing 0. 1 ppm selenium

as selenite (termed recovered). Four weeks was the maximum time

required for these animals to show normal growth and hair coat. No

differences could be detected between these two sources of normal

animals. Originally, male and female rats were segregated for each

experiment. However, significant differences were not observed and

they were used randomly in later work. The composition of the basal,

selenium deficient Torula yeast diet has been described previously

(118) and is shown in Table 2.

Gas Chromatography of Lipids

Methyl esters of fatty acids were prepared with 5 percent

methanolic HCL These were heated with an equal volume of diethyl

ether in sealed glass tubes at 90°C for 90 minutes, After phase

separation by the addition of double distilled water and extraction with

hexane, the esters were concentrated under prepurified nitrogen gas

without additional heat. The residue was redissolved in a known

volume of hexane and chromatographed on a Hewlett Packard model

700-12 gas chromatograph fitted with a flame ionization detector.

The 60 m, 0. 35 mm 1> D. stainless steel column was coated with a

5 percent solution of ethylene glycol succinate and maintained iso-

thermally at 165°C. The flow rate of the carrier gas, helium, was



Table 2. Composition of low selenium ration.

Ingredients Percent

Torula yeast 40. 0

Sucrose 41. 5

Vegetable oil' 5.0

HMW salt mixture2 5.0

Vitamin mixture3 1. 0

Solka Floc 7. 5

1 Wesson Oil, refined cottonseed oil, Wesson
Sales Company, Fullterton, California.

2Hubbel,
R. B. , L. B. Mendel and A. J. Wakeman,

A new salt mixture for use in experimental diets.
Journal of Nutrition 14:273-279. 1937.

340 mg thiamine HC1, 200 mg Ca-panthothenate,
10 mg menadione (vitamin K), 20 mg folic acid,
25 mg riboflavin, 20 mg pyridoxine. HC1, 10 mg
biotin, 1 g vitamin B12, 10 g choline chloride and
lactose to make 100 g. Ten mg vitamin A acetate,
60 mg vitamin E acetate and 0. 1 mg vitamin D2
were supplied in 95 percent ethanol/kg of diet,

33
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maintained between 55 and 60 cm 3 per minute. Fatty acids were

identified by chromatographing standards and from relative retention

times published in the literature (147-149).

Experiment I. Determination of Lamb
Tissue Fatty Acids

Lambs fed the various synthetic diets were necropsied at six

weeks of age and samples of heart, liver and semitendinosus muscle

taken. After portions of this tissue were taken for enzyme assays the

tissues were stored at - 15 °C for periods from 2 weeks to 6 months.

The tissues were thawed at room temperature and portions removed

for lipid extraction by the method of Bligh and Dyer (150). Following

methylation, the fatty acid methyl esters were stored in hexane at

15 °C under nitrogen gas until gas chromatographed.

Experiment II. Preparation of Lamb
Muscle Lysosomes

Semitendinosus muscle of lambs from ewes fed low selenium
p

alfalfa hay (13) and from ewes injected with 5 mg selenium (as sodium

selenite) 90, 60 and 30 days before estimated parturition were used

in these studies. Twenty to 50 g were used in each preparation.

Samples of this tissue were delivered to the electron microscope

laboratory of the Botany Department for electron microscopic exam-

ination.
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Fresh tissue was minced with scissors and homogenized in

6 volumes of cold 0.25 M sucrose containing 0. 5 mM ethylenediamine-

tetraacetic acid (EDTA) for 2 minutes in a Sorvall Omni -Mixer in

the cold. The crude homogenate was centrifuged twice at 1, 000 x g in

a Sorvall RC2-B refrigerated centrifuge for 10 minutes to remove the

nuclei and cellular debris, The lysosomal fraction was removed by

recentrifuging the supernatant at 12, 000 x g for 35 minutes. A portion

of this pellet was delivered to the electron microscope laboratory of

the Botany Department for electron microscopic examination. The

remainder of this fraction was suspended in 3 ml of 0. 25 M sucrose

and layered on a continuous sucrose gradient. The gradients were

altered to attempt to find the optimum concentrations for separating

the lysosomes from the mitochondria, The highest concentration was

always 2 M but ranged down to 0. 25 M. After centrifuging the gradi-

ents at 100,000 x g in a type SW 25. 2 swinging bucket rotor in a Beck-

man L2-65 preparative ultracentrifuge for 150 minutes, the tubes

were punctured near the bottom and fractions of 2 ml withdrawn with

a syringe. These were assayed for acid phosphatase, p -glucuronidase

and cytochrome oxidase activities (151-153).

Experiment III. Determination of Rat Liver Lys osomal
Enzyme Activity

Twelve normal and 12 selenium deficient rats were chosen for
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the determination of lysosomal enzyme activity in liver homogenates.

In order to obtain activities as close to physiological as possible,

the animals were not fasted the night before. After sacrifice with

diethyl ether, the livers were rapidly excised and chilled in cold

sucrose solution in ice. Any remaining connective tissue was

removed and the liver minced with scissors. To prevent excessive

damage to the subcellular particles, a portion of this was homogenized

in a glass mortar with a loose-fitting teflon pestle in 0.25 M

sucrose, 0. 5 mM EDTA. A ratio of 6 ml of sucrose solution per

gram of tissue was the standard dilution.

A portion of the crude homogenate was saved for total enzyme

activity determinations. The remainder was centrifuged twice at

12, 000 x g for 15 minutes, The remaining microsomal supernatant

was carefully decanted and a portion saved. The remainder was

centrifuged at 105,000 x g for 110 minutes, The supernatant was

decanted and a portion saved.

The samples of crude, homogenate, microsomal supernatant and

soluble fraction were assayed for acid phosphatase and 1

glucuronidase as representative of the lysosomal enzymes,

Experiment IV. Electron Microscopy of
Rat Liver Lysosomes

Intact, purified lysosomes prepared by loading with Triton WR-

1339 and density gradient centrifugation, described in detail later,
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were suspended in 5 percent glutaraldehyde in cold 0. 1 M phosphate

buffer at pH 7. 0. After allowing the suspension to stand in the cold

for 10 minutes the material was centrifuged at 12, 000 x g for 20

minutes. The pellet was suspended in non-nutritive agar to facilitate

handling. Fixation with 0s04 was followed by dehydration with

increasing concentrations of acetone, the final concentration being

70 percent. The samples were then stained with 70 percent acetone

saturated with uranyl acetate. Final dehydration was accomplished

with three 15-minute changes of 100 percent acetone. After imbed-

ding in Bojax plastic mixture (154) the samples were thin-sectioned

with a Porter-Blum MT-1 or MT-2 ultramicrotome fitted with a dia-

mond knife. The sections were stained with lead citrate and viewed in

a Phillips EM-300 electron microscope fitted with a high resolution

stage. Because of their dimensional stability, Eastman-Kodak glass

photographic plates were used for all photography. Magnification of

all membrane preparations was 170, 000. A prior check of the mag-

nification revealed a maximum error of 4 percent. All measurements

were made directly from the glass plates with a 10X magnifier fitted

with a graticle graduated at 0. 1 mm intervals. Seventy-five measure-

ments were made of each sample of normal or selenium deficient rats,

Experiment V. Determination of the Chemical
Composition of Lysosomal Membranes

Livers from 7 to 10 normal or selenium deficient rats were
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typically used for each preparation of pure lysosomes. The animals

used in these preparations had an average weight from 120 to 135 g.

The isolation procedure was modified from the methods of Trouet (98)

and Tappel (155). Each animal was injected intraperitoneally with

85 mg of Triton WR- 1339 per 100 g of body weight 96 hours prior to

isolation of the lysosomes. Twenty-four hours prior to sacrifice with

diethyl ether, the animals were deprived of food but not water. After

sacrifice, the livers were quickly excised and placed in cold 0. 25 M

sucrose, 0. 5 mM EDTA in an ice bath. All steps were performed at

4
oC or in an ice bath unless otherwise indicated. All centrifugations

were in a Sorvall RC2-B refrigerated centrifuge fitted with an SS-34

rotor unless otherwise indicated. After removal of any connective

tissue, the livers were weighed and homogenized in 6 volumes of

0.25 M sucrose containing 0.5 mM EDTA for 30 seconds at low speed

in a Waring Blendor, The crude homogenate was centrifuged twice at

1, 000 x g for 10 minutes to remove nuclei and cellular debris. The

supernatant was recentrifuged at 7, 500 x g for 10 minutes to remove

most of the mitochondria. The lysosomes were isolated from the

supernatant by centrifugation at 12, 500 x g for 35 minutes. The pellet

was washed with the homogenizing solution and resuspended in 2 ml of

1. 5 M sucrose. This was layered over a 2 ml cushion of 2. 0 M suc-

rose, Above this was layered 15 ml of 10 0 M sucrose and 5 ml

layers of 0. 75 and 0.25 M sucrose. These gradients were centrifuged
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at 105,000 x g for 150 rr inutes in a type 30 rotor in a Beckman model

L2-65 preparative ultracentrifuge. At the end of this period, fractions

were removed from the top of the gradient rather than from the bot-

tom. It was found that cleaner fractions could be obtained in this

manner. The 3 ml fractions were assayed for acid phosphatase, p

glucuronidase and cytochrome oxidase activities. The lysosomes pre-

pared this way were found to be free of contamination by electron

microscopy and marker enzyme activities. The fractions containing

substantial acid phosphatase activity, arbitrarily set at an A410 of

0.5 or above after incubation of 0.1 ml of fraction in the reaction

mixture for 30 minutes, were combined and slowly diluted with 1/2

volume of cold distilled water with constant mixing. The combined

and diluted fractions were centrifuged at 27,000 x g for 15 minutes.

The lysosomal pellets usually appeared as a light brown residue in the

bottom of the tubes although there was occasionally a slightly darker

brown center in the pellet, This material was resuspended in 0,5 ml

cold distilled water and stored frozen until used in 13,5 ml polyallomer

centrifuge tubes for the Beckman type 50ti Rotor, The lysosomal

membranes were prepared from these lysosomes by freezing and

thawing ten times with a dry ice:acetone bath and a 37°C water bath.

The membranes were diluted to fill the centrifuge tube and centrifuged

in a Beckman type L2-65 preparative ultraventrifuge in the type 50ti
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rotor at 100,000 x g for 60 minutes. At the end of this period the

supernatant was decanted and the membranes resuspended in cold,

distilled water and stored at -15°C until used

For determination of the chemical composition of the mem-

branes, the preparation was diluted to a known volume and a portion

removed for protein determination. The membranes were solubilized

in 0.2 percent, final concentration, sodium deoxycholate at 37°C.

Protein was determined by the method of Lowry et aL (156) with

bovine serum albumin as the standard.

The membrane lipids were extracted from the remainder of the

preparation with three 4-ml portions of chloroform: methanol (2:1)

and a single 2 ml portion of chloroform. The combined lower phases

were washed by the method of Folch et al. (157). The solvents were

removed under dry nitrogen gas without heat and redissolved in

chloroform. Lipid preparations were analyzed as soon after extrac-

tion as possible but any storage was at -15°C under dry nitrogen gas

in tightly sealed tubes.

Polar lipids were separated from the neutral lipids on 2 g

silicic acid columns. The neutral lipids were eluted with 25 ml of

chloroform. The polar lipids could be broken down into two fractions

with this column. The glycerol-containing phospholipids were eluted

with 75 ml of chloroform:methanol (1:1) and sphingomyelin was

eluted with 60 ml of chloroform:methanol (1:15). The fraction
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containing the glycerol-phospholipids was concentrated first with a

Buehler Flash Evaporator at 25°C and then under dry nitrogen gas

without additional heat. The lipids were taken up in 0. 1 ml of chloro-

form and spotted across the bottom of a 250 p, silica gel G thin-layer

chromatography plate. The tube was rinsed with two portions of 50 p.1

each to insure that all the lipid was removed. Development was with

chloroform:methanol:acetic acid (25:15:6), followed by visualization

with minimal exposure to iodine vapor and aspiration from the plate.

The lipids were eluted from the silica gel with chloroform: methanol

(1:1). After methylation, the esters were gas chromatographed and

the lipid phosphorus was determined by the method of Lowry and

Tinsley (158).

The neutral lipids were fractionated on 1 g silicic acid columns.

It was found necessary to continuously activate the silicic acid at

105 oC to insure reproducibility. The lipids were concentrated to

dryness with dry nitrogen and taken up in 1 ml of hexane for applica-

tion to the column. The tubes were rinsed with two 0.5-ml portions

of hexane to insure that all the material was recovered. Cholesterol

esters were eluted with 6 ml of 2 percent diethyl ether in hexane.

Triglycerides were eluted with 20 ml of 5 percent diethyl ether in

hexane. The cholesterol was eluted with 10 ml of diethyl ether. All

methylations were performed with HC1 catalyst. Cholesterol was

determined by the method of Chiamori (159).
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Experiment VI, Rat Liver Fatty Acid Composition

Portions of livers from animals used in other experiments were

used. A total of 49 normal and 57 selenium deficient rats were

sampled for this experiment.

The portions of liver, averaging approximately 1/2 g each,

were extracted by the method of Bligh and Dyer (150). Following

methylation the fatty acid methyl esters were stored in hexane under

nitrogen gas at -15°C until analyzed by gas-liquid chromatography.

Experiment VII. Metabolism of Arachidonic Acid

Forty rats, 20 normal and 20 selenium deficient, were injected

intraperitoneally with 00 2 }Xi 14C-1-acetate in 0. 9 percent KCl per

g of body weight. Four animals from each diet group were sacrificed

with diethyl ether at 4, 12, 24, 36 and 48 hours after injection. The

livers were removed and extracted with 6 ml of chloroform:methanol

(2:1) per g of tissue in a Sorvall Omni-Mixer at full speed for 30

seconds. The cup was kept immersed in an ice bath during the

homogenization procedure. After filtration through acid-washed filter

pulp, the lipid was concentrated with dry nitrogen gas without addi-

tional heat. The concentrate, approximately .5 ml, was washed by the

method of Folch et al, (157) and the lipid phase concentrated to dryness

with nitrogen gas. The residue was immediately redissolved in
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0. 5 ml of chloroform and chilled in ice for 1/2 hour. Ten ml of cold

acetone was added to precipitate the phospholipids. The samples

were allowed to stand in ice for another 1/2 hour before centrifuga-

tion at 1, 000 x g for 10 minutes in the cold. The supernatant contain-

ing the neutral lipids was decanted and the residue washed twice with

cold acetone. The remaining acetone was removed with nitrogen gas.

The phospholipids were then dissolved in 10 ml of chloroform.

Portions of 0.2 ml were taken from this stock solution and added

to 10 ml of scintillation cocktail' for the determination of 14C-acetate

incorporation into the phospholipids. An equal portion was taken for

the determination of arachidonic acid turnover. This was methylated

and extracted by the same method used for gas chromatography of

fatty acids. The methyl esters were then, however, chromatographed

on a 2 g column of 25 percent silver nitrate impregnated silicic acid.

The saturated and monoenoic fatty acid methyl esters were eluted

directly into scintillation vials with 10 ml of 10 percent diethyl ether

in hexane. The dienoic, trienoic and tetraenoic fatty acid methyl

esters were eluted into scintillation vials with 10 ml of 50 percent

diethyl ether in hexane. This fraction was not further purified. The

primary dienoic fatty acid is linoleate, supplied in the diet, and

'Dilute 100 ml of a 10 percent solution of Omni-Flor in toluene with
534 ml Triton X-100 and 1360 ml toluene.
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therefore contains only small amounts of radioactivity, Arachidonic

acid comprises the bulk of this fraction with only trace quantities of

the other fatty acids. Most of the radioactivity was assumed to come

from the arachidonate.

All samples were evaporated to dryness with nitrogen gas and

the residue was taken up in 0, 5 ml hexane, Ten ml of scintillation

cocktail was added to the vials and the samples counted in a Hewlett

Packard Tri Carb liquid scintillation counter.

Experiment VIII, Determination of the Metabolic Rate
of Selenium Deficient Rats

Six selenium deficient rats, all litter mates, were chosen for

this experiment. Because the body weights differed greatly between

selenium supplemented and deficient rats of the same age, the animals

'were used as their own controls, They were placed on a diet with

0, 1 ppm selenium as sodium selenite, after the first determination.

The rats were fasted overnight prior to each experiment, Each

animal was dosed by stomach tube with 0. 5 IJ.Ci of glucose labeled with

14C in either the one or six carbon, The total dose was 1 g of

glucose in 1 ml of solution, The animals were immediately placed in

metabolism cages. The cages were connected through ionization

chambers to a vacuum pump which exhausted through a fume hood,

This provided a steady flow of air through the cages, The ionization
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chambers were connected to Cary model 31 electrometers which were

connected to calibrated strip chart recorders. By this method the

expired 14CO2 could be continuously monitored (171). Within 3 hours

the rate of expiration of 14CO2 was less than 5 percent of the dosed

activity per hour and steadily declining. The rats were monitored for

a minimum of 4 hours,

At the end of the first determination, the rats were placed on a

diet containing 0. 1 ppm selenium, At 7, 14 and 28 days on this diet

the experiment was repeated with the same animals. Within two

weeks the hair coat and weight gain had returned to normal,

Experiment IX. Determination of Antioxidant Sufficiency

The reaction of thiobarbituric acid with rnalonic dialdehyde has

been confirmed as a method of assaying for lipid peroxidation (119),

Eight normal and eight selenium deficient rats were chosen for this

study. Each group consisted of four males and four females. The

animals were sacrificed with diethyl ether and blood taken by heart

puncture. The livers were quickly excised and ground in cold 0. 9

percent KCL Rapid and careful handling were necessary to prevent

post-mortum oxidation. The TBA score was performed on a minimum

of 5 g of liver according to Tappel (164),

The blood from these animals was centrifuged at 1, 500 x g for

20 minutes. After removing the plasma and buffy layer, the cells
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were prepared for determination of vitamin E sufficiency by the in

vitro hemolysis test (160).

Experiment X. Metabolism of Vitamin E by Rats

A total of 16 selenium deficient and 16 selenium supplemented

rats was used in this experiment. Four rats from each diet group

were sacrificed at 4, 12, 24 and 48 hours after dosing with

tritiated vitamin E. Each animal was given by stomach tube 120 5

[iCi 3H- -tocopherol acetate suspension in 5 percent ethanol and 0, 5

percent sodium deoxycholate per 250 g of body weight. At selected

times the animals were sacrificed with chloroform and blood was

taken by heart puncture. The livers were rapidly perfused with 00 9

percent KC1 and a representative sample taken. Urine was collected

in flasks and the floors of the cages were washed with distilled water.

The blood was centrifuged at 2, 500 rpm in a clinical centrifuge

for 10 minutes, A 0. 5 ml portion of the plasma was removed and

placed in a scintillation vial, The remainder of the plasma was

removed along with the buffy layer. The cells were washed twice

and diluted with three volumes of 0. 9 percent KC1. A 0. 5 ml sample

of the diluted cells was placed in a scintillation vial. The cells and

plasma were digested with 0.2 ml of 70 percent perchloric acid at

75 C for 1 hour in sealed vials. The plasma was decolorized with

0.2 ml of 30 percent hydrogen peroxide and the cells were decolorized

with 0. 4 ml of 30 percent hydrogen peroxide for 1 hour at 75°C,
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The liver samples were patted dry and a representative sample

of 100 mg ± 10 mg placed in scintillation vials. The tissue was

digested with 0, 3 ml of 70 percent perchloric acid for 1 hour at 75°C

followed by decolorization with 0.4 ml of 30 percent hydrogen peroxide

at this temperature for 1 hour.

The urine samples were diluted to 50 ml with distilled water,

A 3 ml portion was placed in a screw cap tube, An equal volume of

benzene was added, the tube sealed and shaken for 5 minutes, This

was then centrifuged for 10 minutes at 2, 500 x g in a clinical centri-

fuge to insure phase separation, The top layer was removed to a

25 ml volumetric flask and the extraction repeated four more times.

Following the last extraction, the aqueous phase was washed into a

10 ml volumetric flask, All samples were diluted to their respective

volumes with either benzene or water, One ml samples of the benzene

phases were placed in scintillation vials and 15 ml of scintillation

cocktail added, Samples of 0. 5 ml of the aqueous phase were

decolorized by the addition of 0, 2 ml of 30 percent hydrogen peroxide

and heated to 75°C for 1 hour in sealed vials,

After cooling, the chemiluminescence was quenched in all

samples decolorized with hydrogen peroxide by the addition of 25 ill

of 4 percent ascorbic acid and 7, 500 units of catalase. Fifteeen ml

of scintillation cocktail was added to each of the vials which were

then allowed to stand overnight at room temperature in the dark,
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After cooling in the refrigerator, the samples were counted in a

Hewlett Packard Tri Carb liquid scintillation counter.

Experiment XL Determination of Heme

Portions of the purfused livers from the animals used for the

study of the metabolism of vitamin E were also used in this study.

Two grams of tissue were homogenized in 20 ml of cold 0.25 M suc-

rose, 0. 5 mM EDTA for 30 seconds in a Waring Blendor. The crude

homogenate was centrifuged twice at 1, 000 x g for 10 minutes to

remove nuclei and debris. The supernatant was recentrifuged for

15 minutes at 12, 500 x g to remove mitochondria and lysosomes.

The remaining microsomal supernatant was carefully decanted and

recentrifuged at 105,000 x g for 110 minutes. The supernatant was

decanted and the pellet carefully washed with 00 1 M phosphate buffer

at pH 7.0. The microsomal pellet was resuspended in 4 ml of

phosphate buffer for heme determination.

Cytochrome P450 content was determined from the difference

spectra of reduced and carbon monoxide treated forms between 490

and 450 nM (161), Cytochrome b
5

was determined from the difference

spectra of oxidized and reduced forms between 424 and 409 nM (162).

Total microsomal protoheme was determined from the difference

spectra between reduced and oxidized forms at 575 and 557 nM (162).

Sodium dithionite was used to reduce these heme compounds.
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RESULTS AND DISCUSSION

Experiment I

The results of the determination of the relative percentages of

total lamb muscle fatty acids are shown in Table 3. The saturated

fatty acids are essentially equal in all groups indicating that the

effects of selenium deficiency do not appear as aberrations of fatty

acid synthesis or as alterations in the stability of these relatively

inert fatty acids. Oleic acid (18:1), an endogenous fatty acid, reflects

the treatment of the animals. In lambs from ewes injected with

selenium with or without vitamin E, this fatty acid is approximately

38 percent of total. However, in the absence of selenium its level

depends on the presence of vitamin Eo In lambs deficient in this

vitamin and selenium, it is the only appreciable unsaturated fatty

acid, being highly significantly elevated (P <0. 001) over muscle from

lambs on the selenium treatments. These animals are grossly

deficient in antioxidants. The greater stability reported by Witting

(84) for oleic acid may account for its increased level. In animals on

the +E-Se treatment, the level of oleic acid is reduced (P < 0.05) in

comparison to the +E+Se and the -E+Se treatments. This is probably

due to the relative increase in the level of linoleic and arachidonic

acids,
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Table 3. Total fatty acids from semitendinosus muscle of lambs from
ewes fed purified diets with or without vitamin E or selenium.

Fatty
acids

Treatment
+E+Se
(N = 6)

-E+Se +E-Se -E-Se
(N = 5) (N = 5) (N = 4)

16:0 13, 04 ± 0. 57 14, 95 ± 1:13 9. 68 ± 0. 78 15, 66 ± 1. 37

18:0 14, 11 ± 1.92 12,86 ± 0.96 12,64 ± 1,43 11.59 ± 1.32

18:1 39. 13 ± 3. 21 36, 77 ± 2, 75 24. 59 ± 3, 92** 52.01 ± 4. 55***

18:2 12. 44 ± 0. 99 14, 09 ± 1. 24 20. 62 ± 1, 44** 6. 22 ± 0, 59

18:3 1. 90 ± 0. 35 2, 22 ± O. 56 0, 96 ± O. 57* 2. 49 ± 0, 72

20:4 9. 27 ± 1. 11 7, 71 ± 1. 92 19. 36 ± 4. 67*** 2. 66 f 1, 57***

22:5 0. 43 ± O. 12 0, 77 ± 0. 32 0, 81 ± 0. 22 0. 53 ± 0. 19

22:6 2. 55 ± 0. 47 2, 44 ± 0. 68 1. 75 ± 0. 92* 0. 37 ± 0. 76**

aNumber of carbons:number of double bonds, Values are means ±
standard deviation. Numbers in parentheses are the number of
determinations.

aw

Different from lambs on the +E+Se treatment at the 90 percent
(P < 0. 10) level.

Significantly different from lambs on the +E+Se treatment at the
95 percent (P < O. 05) level.

***Highly significantly different from lambs on the +E+Se treatment
at the 99 percent (P < 0. 01) level,
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Linoleic acid (18:2) is also influenced by the treatment given the

animals. In the presence of selenium it is approximately normal at

13 percent. In antioxidant deficient animals, -E-Se, it is only half

this level (P < 0.05), possibly due to a combination of greater peroxi-

dation, greater use as the precursor of arachidonate and poor absorp-

tion caused by peroxide damage to the membrane fatty acids. This

fatty acid is slightly elevated (P < 0. 10) in the +E-Se animals,

probably to furnish the starting material for arachidonate. It may

be protected by vitamin E in this case.

Linolenic acid (18:3), another endogenous fatty acid, is nearly

equal in all diet groups but is slightly lower (P < 0. 10) in muscle

from the +E-Se lambs.

Arachidonate (20:4) is apparently unaffected when selenium is

available. However, its lability is reflected in the extremely

depressed level (P < 0. 01) in the absence of selenium and vitamin E.

In the absence of only selenium this fatty acid is approximately

doubled in quantity (P < 0.01). This probably reflects a greater rate

of synthesis that could mask the action of peroxides.

The remaining two fatty acids are suggestive of the animal's

ability to synthesize fatty acids to meet its needs. The highly labile

22:6 is decreased significantly (P < 0. 05) in the -E-Se group only.

The levels of these fatty acids in the muscle phospholipids

follow the pattern in the whole tissue but not to as great an extent as
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shown in Table 4. Once again, the saturates are essentially equal.

The animals receiving selenium are nearly equal in the relative levels

of the remaining fatty acids. The -E-Se animals have a slightly

increased (P < 0. 10) content of 18:1 and decreased contents of 18:2

(P < 0.05) and 18:3 (P < 0. 10) in comparison to the control group. In

contrast, the +E-Se animals have a slightly decreased level of 18:1

(P < 0. 10) and a significantly increased content of 20:4 (P < 0. 05).

The changes in the -E-Se lambs are probably the result of

increased peroxidation and the changes in the +E-Se lambs may be

a reflection of a greater rate of synthesis. The decreased content of

18:1 and increased content of 20:4 in +E-Se lambs would appear to

support this possibility.

The fatty acid composition of the muscle mitochondrial and

microsomal fractions is shown in Tables 5 and 6. The trends shown

in the whole tissue are reflected here also. The effects of selenium

deficiency are general and not confined to any particular fraction of

lipid class. Table 7 shows the fatty acid composition of muscle taken

from lambs raised on a low selenium hay diet. Once again the pattern

of fatty acid distribution is similar.

The total heart fatty acids are shown in Table 8. Different

patterns from the muscle are apparent. No significant differences

in the fatty acid content of muscle of lambs on the +E+Se or -E+Se

treatments were found but significant differences between these groups
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Table 4. Phospholipid fatty acids from semitendinosus muscle of
lambs from ewes fed purified diets with or without vitamin E
or selenium.

Fatty
acids

Treatment
+E+Se
(N = 6)

-E+Se
(N = 5)

+E-Se
(N = 5)

-E-Se
(N = 4)

16:0 8. 45 ± 1. 12 7. 61 ± 0. 87 7. 47 ± 0. 66 10. 21 ± 1. 72

18:0 10. 17 ± 2. 01 8. 97 ± 1. 33 9. 45 ± 1. 54 13. 25 ± 2. 21

1 8 : 1 22. 97 f 3. 92 21. 3 2 ± 2. 56 15. 92 * 3. 66* 27. 1 2 ± 3, 45*

18:2 15. 34 ± 3. 24 21. 0 1 ± 4. 0 2 21. 69 ± 2. 73 11. 23 ± 4. 12 **

18:3 2. 23 ± O. 57 1. 95 f 0. 33 2, 01 ± 0. 84 0. 83 ± 0. 21*.

20:4 18. 21 ± 2. 94 15. 83 ± 3. 56 24. 03 ± 2. 44** 14. 27 ± 3. 68

22:5 7. 6 2 ± 1. 03 7, 59 ± O. 97 6, 0 2 ± 1. 22 7. 45 ± 0. 73

22:6 2. 58 ± 1. 03 4. 20 ± 0. 99 3. 10 ± 0. 76 3. 59 ± 1. 23

aNumber of carbons:number of double bonds. Values are the means
± standard deviation. Numbers in parentheses are the number of
determinations.

Different from lambs on the +E+Se treatments at the 90 percent
(P < 0. 10) level.

Significantly different from lambs on the +E+Se treatment at the 95
percent (P < 0.05) level.
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Table 5. Mitochondrial fatty acids from semitendinosus muscle of
lambs from ewes fed purified diets with or without vitamin
E or selenium.

Fatty
acidsa

Treatment
+E+Se
(N = 6)

-E+Se
(N = 5)

+E-Se
(N = 5)

-E-Se
(N = 4)

16:0 16. 32 ± 4.43 16.44 ± 2. 73 15. 52 ± 3. 36 16. 89 ± 3. 02

18:0 12. 84 ± 1. 29 11. 77 ± 1. 16 11. 69 ± 1. 30 12, 11 ± 2. 18

18:1 480 28 ± 1. 93 46. 19 ± 2. 18 38. 13 ± 3. 96** 50.39 ± 5. 24

18:2 6. 20 ± 1. 6 5 7. 18 ± 1. 94 8. 07 ± 1. 8 2 4. 26 ± 1. 13*

18:3 3. 79 ± 0. 39 3. 60 ± 0. 74 3. 70 ± 1. 0 2 3. 94 ± 1. 27

20:4 1. 43 ± 0. 88 1. 37 ± 0. 56 5. 71 ± 2. 47** 1. 26 ± 0. 89

22:5 1.02 ± 0. 26 1.00 ± 0. 38 3. 37 ± 1.49* 2. 34 ± 0. 66

22:6 0.38 ± O . 07 0 . 4 6 ± 0 . 1 1 1.02 ± 0.57* 1.11 ± O. 52

aNumber of carbons: number of double bonds. Values are the means
± standard deviation. Numbers in parentheses are the number of
determinations,

**

Different from lambs on the +E+Se treatment at the 90 percent
(P < 0, 10) level.

Significantly different from lambs on the +E+Se treatment at the
95 percent (P < 0. 05) level.
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Table 6. Micros omal fatty acids from semitendinosus muscle of
lambs from ewes fed purified diets with or without vitamin
E or selenium,

Fatty
acidsa

Treatments
+E+Se
(N = 6)

-E+Se
(N = 5)

+E- Se
(N= 5)

-E-Se
(N = 4)

16:0 18. 59 ± 1. 99 16.42 ± 2. 18 14. 81 ± 2.71 17. 34 ± 3. 12

18:0 13. 62 ± 1. 45 14.01 ± 1. 52 13. 29 ± 2. 49 14. 11 ± 1. 98

18:1 44. 15 ± 2. 19 40. 21 ± 3, 86 34. 35 ± 5. 32** 46. 23 ± 2, 76

18:2 6. 21 ± 1. 51 5. 96 ± 1, 17 8. 83 ± 1. 11* 4, 21 ± 1. 22

18:3 2. 96 ± 0. 38 1. 83 ± O. 92 2, 46 ± 1.05 2. 22 ± 0. 87

20:4 2. 76 ± 1.01 2. 45 ± 0, 96 7. 47 ± 2. 82** 1. 98 ± 0. 99

22:5 1. 32 ± O. 59 1. 21 ± 0. 37 4. 70 ± O. 86** 2.02 ± 0. 39

22:6 O. 80 0. 53 0. 97 0. 45 1. 31 ± O. 39 1. 13 ± 0. 24

aNumber of carbons:number of double bonds. Values are the means
± standard deviations. Numbers in parentheses are the number of
determinations.

J.

Different from lambs on the +E+Se treatment at the 90 percent
(P <0. 10) level,

Significantly different from lambs on the +E+Se treatment at the
95 percent (P < 0. 05) level.
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Table 7. Total fatty acids from semitendinosus
muscle from lambs fed low selenium
hay with or without selenium.

Fatty
acidsa

+Se

(N = 5)

-Se

(N = 5)

16:0 13. 74 * 2, 74 10. 46 ± 2. 18

18:0 14. 63 ± 3. 06 13.46 ± 1. 65

18:1 38. 24 ± 2. 85 25. 44 ± 3. 87*

18:2 13. 47 * 1. 84 21. 03 ± 3. 10*

18:3 2. 24 ± 0. 78 1. 34 ± 0. 64

20:4 10. 03 ± 1. 21 19. 87 ± 4. 59*

22:5 0. 56 ± 0. 13 O. 87 * 0. 21

22:6 2. 49 ± 0. 67 1. 63 ± 0. 55

aNumber of carbons: number of double bonds,
Values are the means ± standard deviation.
Numbers in parentheses are the number of
determinations.

Significantly different from lambs on the +SE
treatment at the 95 percent (P < 0. 05) level.
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Table 8. Total fatty acids in hearts of lambs from ewes fed purified
diets with or without vitamin E or selenium.

Fatty
acidsa

Treatments
+E+Se
(N = 6)

-E+Se
(N = 5)

+E-Se
(N = 5)

-E-Se
(N = 4)

16:0

18:0

18:1

18:2

18:3

20:4

22:6

13. 17 th 2. 35

14, 63 ± 1. 99

3 2. 0 2 ± 3. 94

16, 79 th 2,44

1. 12 ± 0. 33

10. 82 ± 1. 63

2. 57 ± O. 65

10. 29 f 2. 74

12, 34 th 0. 98

21. 67 ± 2. 86**

22, 99 ± 4, 23*

1, 36 ± 0, 57

18, 92 ± 4, 21**

2. 63 ± 0. 4 2

11. 86 th 1. 98

12. 99 f 1, 54

25, 94 ± 2, 98*

21.10 ± 3. 96*

O. 75 ± 0, 43

18. 06 ± 2, 57**

2. 04 th 0, 73

13. 24 ± 2, 66

13. 67 f 1. 23

35. 12 ± 4, 56

15,21 th 3, 24

2, 06 ± O. 76*

10, 82 ± 2. 13

1, 96 ± 0, 43

aNumber of carbons:number of double bonds. Values are the means
± standard deviations. Numbers in parentheses are the number of
determinations.

Different from lambs on the +E+Se treatment at the 90 percent
(P < 0. 10) level.

**Significantly different from lambs on the +E+Se treatment at the
95 percent (P < 0. 05) level.
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are foundin the heart. The relative percentage of 18:1 is significantly

lower (P < 0.05) whereas 18:2 (P < 0. 10) and 20:4 (P < 0.05) are

higher in hearts from -E+Se lambs than +E+Se lambs. The fatty acid

patterns in hearts from +E-Se lambs showed a pattern similar to the

-E+Se lambs with respect to the +E+Se lambs, The percentages of

18:1 (P < 0. 10) were slightly lower whereas that for 18:2 (P < 0. 10)

and 20:4 (P < 0. 05) were higher than the +E+Se lamb hearts. The

relative percentage of 18:3 (P.< 0. 10) was the only fatty acid in

hearts from -E-Se lambs that appeared to be slightly different from

the +E+Se lambs.

In contrast to the muscle and heart, only one fatty acid, 18:3,

appeared to be slightly different between the treatment groups as

shown in Table 9. This fatty acid was slightly lower (P < 0. 10) in

livers of lambs on the +E-Se treatment only. Therefore, the magni-

tude of fatty acid differences between these tissues appears to follow

the same pattern that has been observed histopathologically. The

muscle is affected first in WMD, followed by the heart as the defi-

ciency becomes severe. Only in advanced cases of WMD is the liver

affected.

Experiment II

Figure 1 shows the distribution of marker enzymes from

normal lamb muscle. It was found to be impossible to separate the
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Table 9, Total fatty acids in livers of lambs from ewes fed purified
diets with or without vitamin E or selenium.

Fatty
acidsa +E+Se

(N 6

Treatment
-E+Se +E -Se
(N = 5 (N = 5)

-E-Se
(N = 4)

16:0 110 92 ± 2032 9.75 f 1.86 11.45 ± 2.01 11.73 ± 10 24

18:0 15, 21 ± 3. 21 14, 22 ± 2, 61 140 05 ± 1, 97 17.01 ± 3, 65

18:1 290 35 ± 5, 26 290 67 ± 3. 22 26, 31 ± 2. 11 26, 86 ± 2. 34

18:2 12. 97 ± 1. 34 14, 23 ± 2, 67 13. 94 ± 10 53 130 46 ± 2, 33

18:3 2,34 ± 0, 65 1. 97 ± O. 32 1, 10 ± 00 25* 20 37 f 0. 39

20:4 10, 60 ± 10 23 12065 ± 2, 56 15004 ± 3,63 12, 29 ± 2043

22:5 0. 12 ± 0. 03 00 25 ± 00 15 00 61 ± 0.42 00 53 ± O. 34

22:6 6,03 f 1.04 4. 38 ± 0. 78 5e12t 1029 60 0 7 ± 1022

aNumber of carbons:number of double bonds. Values are the means
± standard deviations. Numbers in parentheses are the number of
determinations,

Different from lambs on the +E+Se treatment at the 90 percent
(P < 00 10) level,
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fed alfalfa hay.
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mitochondria from the lysosomes on a simple sucrose density gradi-

ent without some type of treatment. Loading with Triton WR-1339

would not help because the muscle lysosomes do not take up this

detergent (101).

Figure 2 shows the distribution of marker enzymes from WMD

lamb muscle. Acid phosphatase, presumably representative of the

lysosomes, had a broader distribution throughout the gradient than

that from normal muscle. It was concluded that muscle would be a

difficult tissue to use for the isolation of pure lysosomes. This is

apparently a difficult problem judging by little or no information being

available in the literature on the subject. Spreading the gradient out

showed no significant improvements. In all cases the results are

similar to published results with untreated tissue (98). This experi-

ment was intended to show whether the lysosomes from WMD lambs

were more fragile than those from normal animals and thereby

indicate whether lysosomal membrane breakdown was a significant

factor in the production of WMD.

Representative sections of the electrophotomicrographs of the

samples of material taken to the electron microscope laboratory at
I

the Oregon State University Botany Department are shown in Appendix

I. No definitive statements can be made from these photographs.
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Experiment III

Table 10 shows the measured levels of lysosomal enzymes in

normal and selenium deficient rat livers. Total enzyme activity was

measured in the crude homogenates and possibly provides a measure

of the relative metabolic rates of the animals. The obvious conclu-

sion from the total enzyme activity measurements is that the specific

activity of acid phosphatase drops 34 percent when the animals are

placed on a selenium containing diet. The specific activity of

glucuronidase drops 20 percent when the rats are given selenium,

Examination of the soluble enzyme activity does not support the

theory that selenium deficiency results in the release of hydrolytic

enzymes into the cell which destroy the tissues. Although the specific

activity of the soluble activity in selenium deficient liver is slightly

higher than normal, the percent of total activity which is in the soluble

fraction is less. Only 1.76 percent of the total acid phosphatase

activity and 10. 34 percent of the p gluc ur onida s e activity from

selenium deficient rat liver is the soluble fraction. This compares to

2.62 percent and 10. 69 percent of the acid phosphatase and p -

glucuronidase activities respectively in normal animals, The differ-

ences between these two groups of rats based on these percentages

are not significant. The high total lysosomal enzyme specific activity

is taken only to indicate that the total metabolism of selenium deficient
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Table 10. Characteristics of liver lysosomes from selenium deficient
and supplemented rats.

Characteristic +Se -Se

Total enzyme activity (LA/mg protein)

Acid phosphatase 7.95
p - glucur onidas e 2. 32

± 0. 26
± 0. 07

12.08
2. 91

± 1 73***
± 0. 30*

Soluble enzyme activity (AA/mg protein)

Acid phosphatase O. 208 ± 0.016 0. 213 ± 0. 029
p - glucur onidas e 0. 248 ± O. 049 O. 301 ± 0. 037*

Lys osomal membrane thickness (X) 75 ± 6 88 ± 7**

Recovery of lysosomal
membrane protein
(mg ig liver) 0. 053 ± 0. 014 0.043 ± O. 011*

Different from selenium supplemented rats at the 90 percent
(P < 0. 10) level.

** Significantly different from selenium supplemented rats at the
95 percent (P < 0.05) level.

***
Highly significantly different from selenium supplemented rats at
the 99 percent (P < 0.01) level,
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rats may be increased. However, considering the fragility of the

lysosomal membrane, it is easy to see how rough handling could

cause breakage and an apparent increase in the soluble activity.

Experiment IV

The measurements taken of the selenium deficient and selenium

supplemented lysosomal membranes are listed in Appendix II. To

insure that the measurements reflect the membrane dimensions and

not oblique orientation in the plastic, only areas showing uniform

protein-lipid bilayers were measured. The measurements are sum-

marized in Table 10, Selenium supplemented rats have a lysosomal

membrane thickness averaging 75 X. The average thickness of

lysosomal membranes from selenium deficient rats is 88 X. Although

the range of thickness of the selenium deficient membranes was from

normal up to 100 X, most of the measurements were in the surpris-

ingly narrow range from 84 X to 90 X. Originally the object of this

experiment was to locate areas of the membrane which showed rup-

turing due to damage from peroxides. The data from free lysosomal

enzyme activity suggested that lysosomal fragility was not a major

source of selenium deficiency induced aberrations. Consistent with

this, no areas of damage could be located which could not be attribu-

ted to preparation of the samples. Thin sections, however, would not

be the ideal method of preparation for finding this type of damage.
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This is a surface phenomenon and improvements in the resolution of

scanning electron microscopy might offer help in obtaining these data.

The possibility that no damaged lysosomes survived the preparatory

steps also warrants consideration. Lysosomes were isolated from

tissues homogenized to release the organelles followed by high gravi-

tational force centrifugations and subsequent resuspension by agitation.

This procedure might well have eliminated any of the more fragile

organelles leaving only the most nearly normal ones for examination.

This would preclude finding damaged lysosomes. Table 10 indicates

slightly less (P < 0. 10) lysosomal membrane protein was recovered

from livers from selenium deficient rats. About 18 percent less

material is recovered per gram of tissue although there is nearly 50

percent more lysosomal enzyme activity in the livers of these

animals per unit weight. This lends support to the theory that the

lysosomes may be damaged prior to isolation. Another possibility

is that the areas of the membrane which have become thickened are

the result of enzyme activity either engaged in the repair of the

membrane or the result of lysosomal enzyme activity. However, the

most obvious answer from the current data is that the large damaged

areas being sought just do not exist. They are either too small or

are repaired rapidly enough to maintain the integrity of the organelle.
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Experiment V

The composition of the lysosomal membranes of both selenium

supplemented and deficient rats is shown in Table 11. No significant

differences (P < 0. 05) between either group were found and these

measurements agree with published values (102). Protein is the pri-

mary component of the membrane comprising 72 percent of the total

weight. The phospholipids are the next highest component comprising

14 percent of total. The cholesterol and cholesterol esters are the

next two components comprising 7 and 2 percent respectively. Traces

of triglycerides were found which were difficult to duplicate quanti-

tatively, raising the question of whether this lipid class is a real

component or a contaminant. Sugars are generally not affected by

peroxides and were not determined.

Table 12 shows the distribution of the total phospholipid fatty

acid content of the rat liver lysosomal membranes. Unexpectedly,

the level of saturated fatty acids is significantly (P < 0.05) lower in

selenium deficient animals than in supplemented ones. This is pri-

marily reflected in stearic acid, 18:0. However, this is partially

compensated by a slight increase in the level of oleic acid, 1801, in

the deficient animals.

The levels of linoleic and arachidonic acids must be considered

together. Note that both are elevated in the selenium deficient rats.
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Table 11. Chemical composition of liver lysosomal membranes from
selenium deficiert and supplemented rats.

Component +Sea -Sea

Protein 7 2. 16 ± 3. 16 74. 29 ± 2. 75

Phos pholipids 14. 21 f 2. 14 13. 98 ± 3.02

Phosphatidyl Choline 31. 41 ± 4. 72 32. 98 * 3. 86
Phosphatidyl Ethanolamine 12. 29 ± 1. 27 11. 18 f 2. 04
Phosphatidyl Se r ine /Inos itol 6. 98 ± 1, 16 7. 21 ± 1. 29
Sphingomyelin 37. 97 ± 8. 24 36. 84 ± 7. 12

Cholesterol 7.42 ± 1. 24 7.01 ± 0. 97

Cholesterol Esters 2.02 ± 0. 37 2. 36 ± 0. 68

Triglycerides traces traces

aRelative percentage of dry weight composition. Mean ± standard
deviation.
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Table 12. Relative percentages of phospholipid fatty
acid content of liver lysosomal membranes
from selenium supplemented and deficient
rats.

Fatty
acidsa

Diet
+Se -Se

16:0 18. 38 ± 2. 57 17. 35 ± 2. 76

18:0 20. 22 ± 4. 57 13. 50 ± 0. 77**

18:1 3. 98 ± 0. 65 6. 5 2 ± 1. 33**

18:2 5. 5 2 ± 1. 59 10. 10 ± 2. 77**

18:3 0. 94 ± 0. 50 0. 55 * 0. 41

20:0 0, 88 ± O. 18 1. 0 2 ± 0. 22

20:3 3. 66 ± 0. 53 4. 05 * 0. 52

20:4 14. 13 ± 2. 14 18. 58 ± 1. 54*

22:2 2. 26 * 0. 28 1. 94 ± 0. 16

22:3 0. 66 ± 0. 24 0. 65 ± 0. 04

22:4 13. 21 ± 1. 58 12. 57 ± 1, 25

22:5 7.71 ± 1. 12 5. 92 ± 1.01

22:6 1. 51 ± 0. 24 traces

aNumber of carbons:number of double bonds.

Different from selenium supplemented rats at the
90 percent (P < 0. 10) level.

**
Significantly different from selenium supplemented
rats at the 95 percent (P < O. 05) level.
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This is similar to the trend seen in the whole liver lipids and reflects

the increased requirement for these fatty acids, It also reflects the

increased synthesis of arachidonate to maintain the required level of

this fatty acid.

The remaining fatty acids are essentially equal in quantity

although one, 22:6, requires cursory examination. This highly

peroxidizable acid is present in reproducible quantities in normal rat

liver lysosome phospholipids but in the selenium deficient animals

shows up in only trace amounts. This again may indicate that peroxi-

dation is a major source of the anomalies seen in these animals.

The level of cholesterol and cholesterol esters is essentially

equal in both normal and selenium deficient animals. Although this

is taken to indicate that these two sterols are being metabolized

equally by the two groups of rats, it must be recalled that dietary

cholesterol contributes much of this material. It is not possible to

say from these data whether this lipid is being synthesized normally.

Another point is that these compounds are easily oxidized and may

indicate that the interior of the lipid bilayer is relatively well pro-

tected.

Experiment VI

Table 13 shows the quantitative distribution of the fatty acids

in the whole liver of normal and selenium deficient rats. Within each



Table 13. Relative percentages of rat liver fatty
acids from selenium supplemented and
deficient rats.

Fatty
acidsa

Diet

+Se -Se

16:0 14, 30 ± 1. 72 12. 15 ± 1. 13

18:0 15. 88 ± 2.01 16. 47 ± 2. 20

18:1 10. 81 ± 1. 42 7. 49 ± O. 51*

18:2 17. 60 ± 1. 88 18. 32 ± 1. 24

20:4 28. 27 ± 1. 75 33. 72 ± 5. 97**

22:4 1. 11 ± 0. 22 1.05 ± O. 31

22:5 3. 21 ± O. 54 3.01 ± 0. 69

22:6 4. 54 ± 1. 02 4. 71 ± 0. 89

aNumber of carbons:number of double bonds,

Different from selenium supplemented rats at the
90 percent (P < 0. 10) level.

Significantly different from selenium supplemented
rats at the 95 percent (P < 0. 05) level.

71
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diet group no significant differences were noted for the various ages,

ranging from 30 days to 180 days past weaning, or for either sex.

As anticipated from examination of lamb data from Experiment I, the

relatively stable, saturated fatty acids are essentially equal in normal

and selenium deficient rats, accounting for approximately 30 percent

of total. In selenium deficient rats the level of oleic acid is approxi-

mately 31 percent lower than normal. This is nearly identical to the

trend seen in the lamb tissues indicating that selenium deficiency may

affect the same biochemical pathways in lamb semitendinosus muscle

as in rat liver. At present, no data are available to indicate whether

this difference is related to the effect of increased arachidonic acid

or to consumption of easily peroxidized long chain PUFA of the oleate

family. This trend is directly opposite to that shown by Pendell et aL

(85). They reported an increase in heart oleate and equal levels in

the other tissues of WMD lambs. These differences may, no doubt,

be reconciled by more careful study of fatty acid metabolism.

Perhaps the most interesting observation in this table is the

increase of arachidonate (P < 0.01) in the livers of selenium deficient

rats. A range in relative percentage from normal up to nearly 50

percent higher in these animals was observed. Dip lock and Lucy

have summarized the various hypotheses for the action of peroxides

on the unsaturated fatty acids (144). Their work would certainly

indicate that the level of arachidonate would decrease rapidly in
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antioxidant deficient animals. However, the results of this experiment

bear striking resemblance to the work of Witting and the fatty acid

content he reports from the rat tissues deficient in vitamin E (86-88).

Arachidonate is synthesized from linoleic acid, a fatty acid required

in the diet of rats. This is desaturated, followed by an elongation

step in which an acetate moiety is added, and followed by another

desaturation step. For the arachidonate to increase, the rats must

be obtaining an adequate level of linoleate in the diet. However, if, as

Witting suggests, arachidonic acid is a major source of double bonds

available for attack by peroxides, the rats might well be at a disad-

vantage by having the necessary linoleate in the diet to produce and

maintain a high arachidonate level. Privett has shown the products of

lipid peroxidation to be highly toxic and the accumulation of these

breakdown products could easily be amplifying the effects of selenium

deficiency in the cell (83). The increased level of arachidonate in the

selenium deficient rat liver is consistent with Witting's conclusion

that animals on an antioxidant deficient diet synthesize this fatty acid

at an increased rate in order to maintain sufficient reserve (84).

These data are consistent with a preliminary report from Pendell

et aL (170), who observed the desaturase and elongation systems to be

more active in selenium deficient rats than normal, It should also be

noted that the fatty acid content of the diet, especially the linoleate

content, exerts intense influence on the development of certain
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selenium and vitamin E deficiency symptoms. For example, selenium

does not protect chicks against encephalomalacia when either linoleic

or arachidonic acids are included in the diet. However, chicks given

a diet low in unsaturated fats, which produces a low incidence of

encephalomalacia, are protected by inclusion of selenium in the diet

(163), Extrapolating these observations to the rats, the linoleic acid

in the diet of selenium deficient rats is probably an antagonist for

the physiological conditions observed. This hypothesized antagonistic

effect is further substantiated by data showing erythrocytes from mice

given coconut oil as the only dietary fat, a fully saturated fat source,

to be protected in some way against ionizing radiation (126). Rats fed

a diet lower in linoleate might reflect a greater resistance to the

effects of selenium deficiency.

A possible contradiction of the antiperoxidant function of seleni-

um shows up in the levels of the highly unsaturated, labile, 20:5,

22:4, 22:5 and 22:6 fatty acids. These are equal in both selenium

supplemented and deficient rats. Extension of Tinberg's report on the

relative susceptibility of the various fatty acids to peroxidation (53)

would suggest that these fatty acids would be destroyed at a rate

exceeding that of arachidonic acid. This hypothesis has been con-

firmed by Witting (84). The fatty acids of the linolenate family would

be derived from endogenous fatty acids. If these fatty acids are being

destroyed by peroxides it does not show up in their relative
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percentages. However, there is evidence in the experiment to suggest

that the metabolic mechanisms of the cell are capable of offsetting

any peroxidation which might be occurring. Of course, this would be

another source of arachidonate depletion and would be expected to show

up as a reduction in the level of this fatty acid. Considering the

increased level of arachidonate, however, it is not difficult to explain

how the levels of the tetraenoic and pentaenoic fatty acids of the

linoleic acid family are maintained. The only current explanation of

the increased level of arachidonate, however, has been that of

Witting (84). The level of fatty acids could also be the result of

increased metabolic rate of the rats as is shown in the following

sections.

The overall conclusion from this experiment is that the meta-

bolic pathways for fatty acid biosynthesis are not impaired in selenium

deficient rats but the levels of the PUFA are maintained in the tissues.

Experiment VII

The percentage of radioactivity injected as 14C-1-acetate which

is recovered in the fatty acids of rat liver phospholipids for both

selenium deficient and supplemented rats is presented in Figure 3

and Appendix III. The greatest difference is within the first 24 hours

of the experiment. Four hours after injection, the selenium deficient

rats have incorporated nearly twice as much radioactive acetate into
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the phospholipids of the liver as did the supplemented animals

(P < 0.01), This is presumably past the peak of incorporation, since

the 12 hour sample shows a precipitous drop in the level of radio-

activity in the selenium deficient rats which is only 23 percent of the

4 hour sample. This is in contrast to the normal rats in which the

peak of incorporation was reached only after 4 hours but probably

prior to the 12 hour sample. This was 15,.5 percent greater than the

4 hour interval. This slower incorporation of radioactivity seen in

normal rats could be due to one of two things 1) lower overall

metabolic rate resulting in slower uptake of the acetate, or 2) recy-

cling of the acetate, or acetate metabolite, from other metabolic path-

ways. It is apparent from these data that the synthesis of liver

phospholipid fatty acids is much more rapid in deficient rats than in

selenium supplemented animals. The apparent rapid incorporation

and sharp decrease in radioactivity seen at 12 hours in deficient rats

indicates a more rapid turnover of phospholipid fatty acids. This is

consistent with the liver fatty acid composition, Twenty-four hours

after injection of labeled acetate, both the normal and selenium

deficient rats appear to be approaching equilibrium in the amount of

retained carbon. This is finally achieved at the 36 hour sample with

no significant difference at 48 hours. There is no significant differ-

ence in the percentage of radioactivity in either the normal or sele-

nium deficient rats at these last two time periods.
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Although this is suggestive of a greater turnover rate of phospho-

lipid fatty acids in the selenium deficient rats, it does not indicate

whether it was the PUFA which were being metabolized. The saturated

and monoenoic fatty acids are all synthesized by the rat and are con-

sidered as a single group. The dienoic fatty acids were eluted from

the silver nitrate impregnated silicic acid as a group and showed

essentially no radioactivity. The primary dienoic fatty acid was

linoleate, supplied in the diet. Trienoic fatty acids were eluted with

the tetraenoic fatty acids. Only small quantities of trienes are

present in the rat liver fatty acids, especially in the phospholipids,

and these were assumed to contribute only insignificantly to the radio-

activity in the arachidonate fraction. In later work, the dienes were

not separated from the trienes and tetraenes. The more highly

unsaturated fatty acids were not adequately resolved to allow quanti-

tation of the 14 C-acetate incorporation.

Figure 4 shows the percentage of the total phospholipid fatty

acid radioactivity recovered in arachidonic acid at the same time

periods shown in Figure 3. The data are presented in Appendix IV.

At 4 hours, the normal rats have incorporated approximately 12

percent of the radioactivity incorporated into the phospholipid fatty

acids into arachidonic acid. The selenium deficient rats at this time

period show that 25 percent of the phospholipid radioactivity is in the

arachidonate, approximately double the level of incorporation in
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selenium supplemented rats, At the end of the experiment, 48 hours,

the remaining radioactivity in the arachidonate fraction is approxi-

mately 42 percent in the normal rats with intermediate determinations

showing a linear increase. In contrast, at 48 hours the percentage of

remaining radioactivity in selenium deficient rats has increased only

slightly to 32 percent, Once again, this was a linear increase.

The rats have established an equilibrium in the turnover of

phospholipid PUFA over these periods. The increase of arachidonate

in selenium deficient rats, however, is only 7 percent between 4 and

48 hours as opposed to a 30 percent increase in normal rats in the

same time period. The slight but steady increase in arachidonate of

selenium deficient rats indicates more rapid turnover, possibly

caused by peroxidation and increased metabolic rate.

If the 4 hour level of incorporation of acetate is indicative of

the rate of arachidonate synthesis, this suggests that twice the normal

amount of this fatty acid is being replaced every 4 hours in selenium

deficient rats. These animals were not fasted prior to the initiation of

the experiment and were given food and water ad libitum during the

course of the experiment, ruling out the possibility that this was due

to fasting.

This series of experiments appears to substantiate the hypothe-

sis that the turnover rate of the long chain PUFA is greater in defi-

cient rats, and indicates that they can synthesize the PUFA as well as

selenium supplemented animals,
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Experiment VIII

Examination of Figure 5 shows the recovery of radioactivity as
14 CO2 from rats dosed with 14C-1-glucose. The selenium deficient

rats show extremely rapid metabolism of glucose. Recovery of

carbon within 3 hours averages 55 percent. After being fed a diet

with 0.1 ppm selenium selenite for only 7 days this dropped signifi-

cantly (P < 0.01) to an average of 24 percent, less than half the origi-

nal recovery. After 14 days the recovery had dropped slightly more

to 22 percent. Finally, after 28 days on the selenium supplemented

diet, the recovery of carbon had increased to 29 percent, still only

slightly over half the original value. It is of interest that a slight

delay in the appearance of 14CO2 occurred at 28 days, but then

increased above the 7 and 14 day values at the end of 3 hours. No

significant differences between the 7, 14 or 28 day determinations

were found although all were significantly lower (P < 0.01) than the

deficient rats at any of these time periods. It was observed during

the course of the experiment, at 28 days, that the rats were more

active than previously. Instead of spending their time sleeping in the

metabolism cages, they were actively grooming themselves. Whether

they were feeling better or were grooming because the hair coat had

returned is open for speculation. This increased activity, however,

is assumed to account for the very slight increase in the recovery of
14CO2 at this time period.
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Figure 6 shows the recovery of 14CO2 from rats dosed with

C-6-glucose. A similar pattern to that from animals dosed with

C-1-glucose was found. Approximately 57 percent of the dose was

recovered within 3 hours from the selenium deficient rats. This had

significantly (P < 0.01) dropped to 32, 25 and 28 percent at 7, 14 and

28 days of selenium supplementation respectively. Once again the

increase seen in grooming activity observed at the 28 day interval is

assumed to account for the increase in 14 CO2 recovery. Again, the

glucose metabolism at this time period for label in the six carbon

shows a lower initial rate, followed by a rapid increase which, unlike

the label in the one carbon, does not exceed the 7 day level. This

trend could be due to a slight shift in metabolic pathways away from

glycolysis to the pentose phosphate shunt. It is possible that the

equipment used would not be able to make a definitive identification

of this change but it may be worth further investigation. Also, the

calculations of the ratio of CO2 produced from 14C-1-glucose and

14C-6-glucose for selenium deficient and normal rats revealed no

differences suggesting that the contributions of the pentose phosphate

shunt were not significantly different in these groups of rats.

In summary, the results are consistent with the slower PUFA

metabolism seen in selenium supplemented rats. It is evident that

the metabolic rates in the selenium deficient animals are much
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greater and this could account for the increased turnover rate of fatty

acids noted in the previous experiments.

Experiment IX

The inherent protection against peroxides in the rat have been

estimated by the TBA score and the in vitro hemolysis test. Although

the validity of the TBA score is presently in question (56), it probably

can be assumed to provide a rough estimation.

The TBA scores for normal and selenium deficient rat livers

are 0. 356 ± 0.087 and 0.589 ± 0. 132 respectively for 5 g of tissue.

Thus the TBA score of selenium deficient rats is elevated approxi-

mately 65 percent above normal. This is compared to Tappel's

report from normal and vitamin E deficient rat livers of 0.098 ± 0.02

and 1. 193 ± 0. 93 respectively for 5 g of tissue (164). This high TBA

score is unexpected if, as Tappel has reported, the malonic dialde-

hyde, the product of lipid peroxidation, reacts quickly with amino

acids to form lipofuschin pigments (82). This would effectively

remove the material determined by the TBA score from the tissue.

The lower value seen in selenium deficient rats is probably due to the

care exercised in the prevention of post-mortum peroxidation which is

probably what Tappel's measurements included.

The in vitro hemolysis test indicates that both normal and

selenium deficient rats are equally protected. Only 6 percent of the
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erythrocytes from either group were hemolyzed by this procedure. It

has been reported that hemolysis less than 10 percent is incipient and

is indicative of adequate antioxidant levels (160), Therefore, these

tests indicate that low levels of peroxides as well as good resistance

to hemolysis of their erythrocytes are characteristic of both groups

of rats.

Experiment X

Lowered levels of vitamin E in the tissues of selenium deficient

chicks have been indicated by Scott (119). The report by Cheeke and

Oldfield was inconclusive in its attempt to verify or refute Scott's

work (121). When this was repeated at shorter time periods than the

72 hours used by Cheeke and Oldfield, the results were not in agree-

ment with Scott's chick data. This is seen in Figures 7-10.

In Figure 7 and Appendix V it is seen that normal rats quickly

accumulate radioactivity from tocopherol into the plasma which

rapidly disappears. Within 8 hours after reaching a peak, the level

has dropped to less than half the highest level. At 24 hours the level

has stabilized and no major changes were seen at 36 or 48 hours. The

rapid decline between the 4 and 12 hour samples is tentatively being

attributed to deposit of the vitamin in the fatty tissues. In contrast,

the level of radioactivity in selenium deficient animals did not peak

until 12 hours and shows a slow decline over the next 36 hours. Since
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the selenium deficient rats are notably lacking in fat deposits, this

may contribute to the continued elevated plasma tocopherol level.

Figure 8 and Appendix VI show a different pattern of tocopherol

uptake by erythrocytes than was seen for plasma. The selenium

supplemented rats reach a peak at 12 hours, a time coincident with

the selenium deficient animals. This is followed by a decline to

a steady level by 24 hours. This is in contrast to the selenium defi-

cient rats in which a very rapid uptake was apparent up to 12 hours to

a level higher than normal (P < 0.01) and then declines rapidly over

the next 36 hours.

The erythrocytes are frequently used as model membranes.

These data indicate that the erythrocytes of selenium deficient rats

are possibly also deficient in vitamin E although the TBA scores and

in vitro hemolysis do not suggest this. The rapid uptake of radio-

activity is seen as a replenishment of the vitamin in the membranes,

The rapid decline could be interpreted as a release of the oxidized

vitamin E due to its peroxide scavenging ability.

A comparison of the percentage of radioactivity which is

recovered in the plasma of normal and selenium deficient rats is

shown in Figure 9. It has been reported that an equilibrium is

established in the partitioning of vitamin E between the plasma and

the erythrocytes of human blood (165). This equilibrium is observed

to alter with various metabolic disorders. It has also been reported
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by these authors that the lipoproteins are the transport vehicles for

vitamin E. Examination of Figure 9 verifies the trends suggested by

Figures 7 and 8. Initially the normal rats are seen to incorporate an

average of nearly 75 percent of the radioactivity into the plasma,

probably the lipoproteins. At 12 hours after injection, however, this

has decreased to about 15 percent and by 24 hours equilibrium is

reached at approximately 11 percent. This supports the hypothesis

that the vitamin E is being deposited and that this deposition is not in

the erythrocytes. Therefore, the animals must be in a state in

which the blood is receiving and retaining adequate levels of vitamin

E. This is contrasted to the selenium deficient rats in which only

24 percent of the radioactivity is in the plasma at 4 hours, This

rapidly reaches equilibrium at about 11 percent and no significant

changes are apparent at the 12, 24 or 48 hour periods. The lack of a

high relative percentage of radioactivity in the plasma of the deficient

rats suggests once again that the erythrocytes are deficient in this

vitamin and the absorbed tocopherol is used to satisfy the require-

ments of the cells by removal from the plasma.

One inconsistency with published data must be noted for this

experiment. In humans the equilibrium of plasma and erythrocyte

levels is 10 percent in the cells and 90 percent in the plasma (165).

This is just the opposite observed in these rats. The explanation of

this discrepancy may be due to the difference between the ways the



92

test subjects were treated prior to initiation of the experiment. The

human subjects were normal, well fed members of the laboratory

staff given a 1 g dose of non-radioactive vitamin E in 90 ml of heavy

cream. The level of vitamin E was determined colorimetrically from

blood samples taken at approximately the same intervals as for the rat

experiments. This is in contrast to the rats which were given approxi-

mately twice the minimum daily requirement of vitamin E in the diet

with a strictly controlled fat content, The animals were dosed with

carrier free a -tocopherol acetate labeled with tritium in the number

5 methyl group. Incorporation was measured by liquid scintillation

counting so that only the dosed, not the dietary, vitamin E was meas-

ured. These procedural differences may explain the different results.

However, it should be noted that additional laboratory work should be

carried out to specify the source of the discrepancy. It is always a

possibility that the species difference is the cause.

Figure 10 and Appendix VII show the uptake of vitamin E by the

liver. A trend similar to that seen in the erythrocytes is observed,

although not to as great a degree. Up to the 24 hour period the

normal and selenium deficient rats parallel each other in the uptake

of radioactivity although the deficient rats take up a greater per-

centage (P < 0. 01) than normal at both 12 and 24 hours, At the 48

hour period a leveling off or slight decrease in the radioactivity in the

normal rat liver was observed. This is contrasted to the selenium
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deficient animals which show a rapid decline to slightly, but insig-

nificantly, lower than normal. Extrapolation of this to 72 hours shows

good correlation with the work of Cheeke and Oldfield (121). This

may be the reason they did not see a significant difference between

normal and selenium deficient rats.

In order to determine the relative rates of metabolism of

vitamin E in normal and selenium deficient rats, the excreted radio-

activity was partitioned between aqueous and benzene phases. The

data for the two diet groups at the various time intervals are shown in

Appendix VIII. Essentially all of the excreted vitamin E had been

oxidized.

Examination of Figure 11 shows the recovery of the originally

dosed radioactivity. The normal rats are seen to excrete approxi-

mately 17 percent of the total dose within 48 hours. This compares

to excretion of approximately 28 percent of the original dose by

selenium deficient rats, which is about 65 percent higher than normal.

This indication of greater vitamin E metabolism in the selenium

deficient rats correlates well with increased carbon metabolism and

lysosomal enzyme activity. Whether this increase is due to increased

lipid peroxidation or is indicative of some metabolic aberration cannot

yet be determined. The results of this experiment could indicate a

possible degree of vitamin E deficiency and an increased turnover

rate of vitamin E in the selenium deficient rats.
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Experiment XI

The quantitative determinations of microsomal hemoproteins

are shown in Table 14. The levels of cytochrome P450, cytochrome

b
5

and total protoheme are 0. 52, 0. 36 and 1.29 nm per mg of protein

respectively for selenium deficient rats. These correspond to levels

of 40, 41 and 43 percent lower than normal. These levels also

correlate well with data published for vitamin E deficient rats (166).

This, in relation to the previous experiment on the alteration of

vitamin E metabolism, may indicate an induced vitamin E deficiency

in selenium deficient rats. On the other hand, the work of Burk

indicates an impairment in cytochrome induction by phenobarbitol in

selenium deficient rats, suggesting this element to be necessary for

cytochrome formation (170). Thus both vitamin E and selenium may

be necessary for proper levels of these cytochromes.

Table 14. Microsomal hemoproteins from rats deficient
or supplemented with selenium,

Diet

+Se -Se

Cytochrome P450 0.87 ± O. 17a 0.52 ± 0. 11a

Cytochrome b5 0, 62 ± 0. 09a O. 36 ± O. 06a

Total heme 2.29 ± O. 39a 1.29 ± 0, 29a

anm per mg protein
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CONCLUSIONS

Data have been presented which indicate that the selenium status

of animals influences the tissue fatty acid content, fatty acid metabo-

lism, vitamin E metabolism, basal metabolism and tissue hemopro-

tein levels. These results substantiate a metabolic function for

selenium in addition to vitamin E. The work with rats, in which

vitamin E was supplied in the diet, demonstrates a close dependence

of each of these nutrients upon the other.

In both lambs and rats the same general pattern of tissue fatty

acid content was evident. An increased content of arachidonic acid

and a lower content, although less significant, of oleic acid were

observed in tissues of selenium deficient animals. The semitendinosus

muscle of WMD lambs and the livers of deficient rats were the tissues

with the most significant changes in the fatty acid levels. These cor-

respond to the tissues which are most notably affected histopathologi-

cally in the respective deficient animals. From these data it would

appear that selenium has an effect on fatty acid metabolism. How-

ever, this could be a secondary effect. Hence, further experimenta-

tion is needed to distinguish between primary and secondary effects

of selenium deficiency.

The significant increase of arachidonic acid in affected tissues

of deficient animals is the opposite of the expected results if selenium
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is serving as an antioxidant. Conversely, if greater destruction of

the unsaturated fatty acids is occurring in deficient animals, the

biological systems may be synthesizing these acids at a greater rate

in order to replenish the acids lost through peroxidation. A signifi-

cant increase of the desaturase and elongation systems has been

reported in vitamin E deficient rats (167) and this could account for

the greater concentration of arachidonic acid reported in the tissues

of these animals (86-88). Likewise, a preliminary report has noted

greater desaturase and elongation activity in selenium deficient rats

than in supplemented animals (168). This may account for the

observed fatty acid patterns in the present study. Therefore, vitamin

E and selenium deficiencies appear to result in similar effects on

these systems.

An explanation of the similar effects of vitamin E and selenium

has been presented (35). The authors suggest that vitamin E pre-

vents formation of peroxides whereas selenium, as a component of

glutathione peroxidase, is involved in the breakdown of peroxides

once they have formed. Hence, similar biological effects would be

observed because common compounds, peroxides, are influenced.

An analogous situation could be involved in the fatty acid patterns

observed in the present work.

Although the significant increase in the free activity of lysoso-

mal enzymes in WMD lamb tissues is indicative of lysosomal damage,
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attempts in the present study to demonstrate this were unsuccessful.

The electron microscope studies of either whole muscle or the

lysosomal rich fraction did not indicate such lysis. This could be

interpreted to indicate that lysosomal lysis does not occur in deficient

tissues or that the method of preparation disrupted these organelles to

the same extent from both sources. Another possibility could be

that the increase of free lysosomal enzyme activity in WMD lamb

tissue is a result of increased phagocytic infiltration rather than

lysis. This remains a perplexing paradox.

Although relatively pure lysosomes were obtained from the

livers of rats, these organelles were not separated from the mito-

chondria of muscle homogenates on sucrose gradients. The paucity

of information in the literature on preparing lysosomes from muscle

is apparently due to this difficulty. Therefore, definitive studies on

these organelles from normal and WMD lambs could not be made.

There are apparently two general processes disrupted in the

selenium deficient animals which may both be linked to increased

peroxidation. The first is the destruction of PUFA and the resultant

increase in the metabolic rate of selenium deficient rats for the

replacement of these moieties. The second is the destruction of

vitamin E and the resultant aberrations in the metabolic pathways

requiring this as a cofactor. Instead of regarding vitamin E as a

biological antioxidant, it becomes useful to view it as a cofactor
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which is easily oxidized. With the barrier imposed by the antioxidant

theory removed, the interrelationships between selenium and vitamin

E can be seen in a way which is supported, not only by the previous

experiments, but also by the literature.

The metabolic relationships of selenium and vitamin E are

summarized in Figure 12. At the center of the figure are noted two

sources of peroxides, fatty acid peroxides from PUFA and hydrogen

peroxide from NADPH oxidation, for example. In a normal rat these

peroxides would be removed enzymatically. Catalase, a heme

containing enzyme, reduces hydrogen peroxide to water (169).

Glutathione peroxidase, a selenium containing enzyme, reduces all

peroxides but is especially active against fatty acid peroxides (35).

In the absence of selenium, glutathione peroxidase is, understandably,

low or missing from the cells, allowing the accumulation of fatty acid

peroxides and their metabolites.

The accumulation of fatty acid peroxides is prevented, in the

initial stages of selenium deficiency, by the presence of vitamin E

which is in the lipid phase of the cell membranes. The results of the

oxidation and subsequent removal of the vitamin from the cell are

depicted in the lower left corner of Figure 12. This is where the

antioxidant theory breaks down. According to this theory, all should

now be fine within the cell. The peroxides have been reduced and the

vitamin E, having done its job, is excreted. This is shown by

Experiment X.



ALA
Synthetase

Vitamin
E

ALA
Dehydratase

PUFA NADPH

Oxidation

Oxidized
Vitamin E

Heme

/Microsomal
Detoxification

(Cato lase (heme)

GSH-px (Se)

Figure 12. Proposed metabolic interactions of selenium and vitamin E.



102

It is obvious from the appearance of the selenium deficient

animals that their condition is not satisfactory despite the level of

vitamin E shown in Tables 1 and 2. Therefore, it is necessary to

re-examine the biological functions of vitamin E presented in the

introduction. The hemoproteins, presented in Experiment XL were

chosen as representative of these other functions because of the ease

of determining their relative levels.

Two of the enzymes of the biosynthetic pathway of heme shown

to require vitamin E for optimal activity are 5-aminolevulonic acid

synthetase and 5-aminolevulonic acid dehydratase (75) which are

shown in the upper left corner of Figure 12. Without adequate levels

of vitamin E, either because of a nutritional deficiency or oxidation

because of a metabolic aberration such as abnormally high lipid

peroxidation, these enzymes would not exhibit proper activity,

resulting in a decrease in heme biosynthesis. This would show up as

a reduction in the level of hemoproteins as demonstrated in Experi-

ment XI and depicted in the upper right corner of Figure 12. Reduc-

tion in the level of catalase would then ensue, resulting in a decrease

of the second peroxide scavenging system. Thus, this cycle would be

affected whenever one of the intermediates, in this case vitamin E or

selenium, are altered. Now the accumulation of hydrogen peroxide,

or more probably hydrogen peroxide damage, is possible.
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The results of this cycle are evident in several other metabolic

systems. Experiment III has shown that the lysosomal activity is

increased in selenium deficient rats. This could be due to two meta-

bolic functions, the most simple being the digestion of damaged

molecules. The second is cellular autophagy, either as an attempt to

retain various micronutrients or to remove damaged organelles and

membranes from the cell. No data are available to suggest which is

happening but it is probably part of both.

The other metabolic pathway observed to be functioning at an

accelerated rate is the carbon metabolizing system, especially with

respect to fatty acid biosynthesis. A rapid turnover of PUFA was

observed in the livers of selenium deficient rats, presumably due to

peroxidation. Experiment VII suggests that as much as 25 percent of

the liver phospholipid arachidonate is replaced every 4 hours. This

puts a tremendous load on the carbon supply in the diet, both as a

source of energy, as shown by Experiment VIII, and a source of

material for fatty acid synthesis. This also probably contributes to

the poor growth rate of selenium deficient rats and their character-

istic lack of fat deposits.

These results suggest a relationship between selenium and

hemoprotein synthesis. The hemoproteins measured in Experiment

XI are involved in the microsomal detoxification system. The pro-

ducts of lipid peroxidation have been shown to be highly toxic (83).
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With 40 percent of the microsomal detoxification system missing in

selenium deficient rats, it must be assumed that an increase in the

level of toxic materials would have deleterious effects not seen in

normal animals. This would be amplified by other toxic metabolites

which could now accumulate in addition to the abnormal level of

peroxides.

The elucidation of the interactions of selenium and vitamin E

has been a unique enigma. Despite their similar redox capabilities

they are not interchangeable. The mechanism proposed herein is

probably the first to clearly show with experimental evidence the

dependence of vitamin E metabolism on dietary selenium. Although

there are many obvious subtleties to be added to Figure 12, each

step of the proposed cycle is supported either by the literature or by

the previous experiments.
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APPENDIX I

Figure 13. Whole muscle from normal lamb.

Figure 14. Whole muscle from WMD lamb.
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Figure 15. Lysosomal pellet from muscle of normal lamb.

Figure 16. Lysosomal pellet from muscle of WMD lamb,
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APPENDIX II

Measurement of Lys osomal Membranes

Angstroms Number of Measurements
+Se -Se

60 4 0

64 6 0

70 12 0

76 25 6

80 26 10

84 2 20

90 0 23

96 0 10

100 0 6
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APPENDIX III

Percent Incorporation of 14C-Acetate into
Phospholipid Fatty Acids

Time
(hr)

Diet

-Se a +Sea

4 1. 76 ± 0. 12 1. 05 ± 0. 09**

12 0. 50 * 0. 07 1. 23 ± 0. 11**

24 0, 32 ± 0. 07 O. 49 ± 0. 08*

36 0. 30 ± 0..05 0. 22 ± 0. 07

48 0. 25 ± 0. 06 0. 20 ± 0. 05

aMean ± standard deviation.

Significantly different at the 95 percent (P < 0. 05) level.

** Highly significantly different at the 99 percent (P < 0. 01)
level.
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APPENDIX IV

Percent of Incorporation of 14 C-Acetate into
Phospholipid Arachidonic Acid

Time Diet
(hr) -Sea +Sea

4 25. 0 ± 3. 2 10. 3 ± 3. 4*

12 27. 6 ± 2. 6 1 2 . 0 ± 1 . 1

24 27. 1 th 4. 7 26. 1 th 3. 3

36 29. 2 ± 1 . 4 2 8 . 7 ± 2 . 1

48 31. 4 ± 2. 1 4 2. 3 ± 3. 7*

aMean ± standard deviation.

Highly significantly different at the 99 percent (P < 0. 01)
level.
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APPENDIX V

Percent of Uptake of Radioactivity in Plasma of
Rats Dosed with 3H-a -Tocopherol

Time
(hr)

Diet

-Sea -Sea

4 0.063 ± 0.021 O. 124 ± O. 017*

12 0.096 ± 0.011 0.059 ± 0.016*

24 0.085 ± 0.013 0.0 22 ± 0.011*

48 0.057 ± 0.007 O. 0 20 ± 0.009*

aMean ± standard deviation.

Highly significantly different at the 99 percent (P < 0.01)
level.
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APPENDIX VI

Percent Uptake of Radioativity in Erythrocytes of Rats
Dosed with H- a - Tocopherol

Time
(hr)

Diet

-Sea +Sea

4 0. 261 * O. 127 0.096 ± 0.061*

12 0. 194 * 0. 239 0. 231 ± O. 101*

24 O. 875 * O. 196 0. 143 ± O. 044*

48 O. 411 * 0.044 O. 112 ± O. 037*

aMean f standard deviation.

*
Highly significantly different at the 99 percent (P < 0. 01)
level.
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APPENDIX VII

Percent Uptake of Radioactivity in the Liver of Rats Dosed
with 3H-a -Tocopherol

Time
(hr)

D jet

-Sea +Sea

4 1. 72 ± 0. 18 1.21 th 0. 12*

12 2,55 ± 0. 29 1. 80 ± 0. 41*

24 2.54 ± 0. 22 1.62 ± 0. 29*

48 1. 39 ± 0. 37 1.41 ± 0. 24

aMean ± standard deviation.

*Highly significantly different at the 99 percent (P < 0.01)
level.
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APPENDIX VIII

Urinary Excretion of Radioactivity of Rats Dosed
with 3H- a- Tocopherol

Time

(hr)a

Diet

-Seb +Seb

4 (99. 2) 1. 51 ± O. 32 1, 36 ± O. 47

12 (98, 7) 11. 8 2 ± 1. 26 8.32 ± 1.01*

24 (99.6) 18. 29 ± 2. 11 13. 71± 3, 22*

48 (95. 9) 27, 3 2 ± 2. 37 18. 11 ± 2. 63**

aTime (percent of radioactivity remaining in the aqueous
phase).

bMean * standard deviation.

Significantly different at the 95 percent (P < 0. 05) level.

**
Highly significantly different at the 99 percent (P < 0. 01)
level.


