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ABSTRACT

All cellular and subcellular membranes are composed rrinci-

pally of proteins and lipids.
ranges from 20-75%.

'rhe protein content of membranes

Lipids and proteins may combine with enzymes

leading ultimately to a functional membrane.

Indeed, catal;\"tic

proteins associated with these membranes may depend upon a precise
lipoprotein configuration for activity.

Certain enzymes however can-

not be isolated from their membranes without concomitant loss of activity.

It was conjectural as to whether or not membrane bound en-

zymes are dependent upon their association with phospholipids until

--

Fleisher et al (1962) suggested a criteria for such a dependency.
Since then there has been a plethora of lipid-requjring enzymes recognized.

'rhese enzymes can be divided into either those enzymes

activated by mixed lipids or those enzymes which show a specific
lipid class requirement.

Why?

The crux of the matter is that the

understanding of the role of the fatty acid moiety in enzyme activation
is in a primeval stage.
When Sprague-Dawley rats were placed on a fat-free diet from
gestation until 135 days and then placed on supplemental diets, a.n

interesting set of results unfolded.
A fat-free diet broug.'it about a decrease in the specific activity of the 'marker' enzymes succinic dehydrogenase. monoarnine

vi

oxidaset and 5'-nucleotidase while increasing glucoae-6~hosphatase

activity.

With linoleic acid supplementation, succinic dehydrogenase
increased over deficients but remained low.

Monoamin.e oxidase

rose above controls vhile glucose-6-phosphataae decreased and

5'-nucleotidase remained unchanged.
Linolanic acid in direct contrast brought about complete
activation of 5'-nucleotidase and even higher specific activities in succirdc dehydrogenase, monoamine oxidase. and glucose5-phosphataae.
It appears that 5'-nucleotidase binding to the cell membrane
is mediated via an elongation product of linolenic acid--poaaibly
docosahexaenoic acid.
(

The w3 conf iguratiou might provide unique

spatial prerequ.iaitea and all.ow hydrophobic binding for maximum
enzyine adhesion.

Glucose-6-phosphata.se activity is negatively

modified by essential fatty acids in a 11'14nner analogous to allosteric inhibition.

Here docosahexaenoic acid, being more unsat-

urated that 18:2w6 metabolic byproduct, would result in a comparativelv more fluid milieu manifested in a less rigid configurational alignment

~ith

suestrate formation.

resulting greater ease for proper enzyme-

Monoam.ine oxidase appears to need cardiolipin

for enzymatic activity.

Although 18:2w6 is the main fatty acid of

cardiolipin, 18:3w3 can also reactivate the enzyme.

Apparently steric

effects are at work with monoamine oxidase, the greater the degree
of unsaturation, the less constraints on the rotational movements
and the greater the specific activity.
~ ..

vii

With succinie dehydrogena.se,

both ltnolE-1.c ,9.nd ltnoleni.c ac:f.ds alter favorably the conform-

ational a.rranir,eml!!nt of the phospholipid, thereby bringing via
proper liponrotein interactions hetween hydrophobic and hydrophilic
re.active sites, the necessary and proper spatial alignment of the
various electron transport system complexes.

This allows n fluid

environ:M.ent in which electron transport particles can freely move,
thus

allowin~

for activity.

Therefore, it is established that the nctive pa.rt of a phos-

pholipid is the fatty acid acyl moiety.

It ia th.is moiety which

is responsible for the activity of t!le membranous enzymes studied.
T!'le various

m~chanisma

all show a dependency upon what appears to

he a spatial confon11ation allowed the photJpholipid by its fatty

acyl moiety for proper lipoprotein interactions upon which enzymatic activity depends.

Some histopathological and cerebral fatty

acid chnnge5t a.re also noted.

viii

ADDENDUM

In the liver 5'-nucle.ot:f.dase has been shmm to be a "markerlt enzyme
for the plasma membrane.

HOW'ever. recent

ex~erimental

data (K. M.

t~.

Keough and W. Thompson. J. 'Meurochemistt'y, 17:1-11. 1970) has shown that
in rat neural tissue. S'-nueleotidase' activity is more specifically
located in the heavy and light myel.in, 13% and 26% respectively.

However.

the myelin is a "type" of plaama membrane emanating from the oligodendrocytes during myelination.

Therefore in rat neural tissue 5'-nucleotidase

is a "marker' 1 enzyule for the plasma membrane. more specifically, the
myelin sheath.
,.

INTRODUCTION

The term "essential'' fatty acids has been used in several
contexts since the term was coined by Burr and Burr in 1929 (1)
The term described certain fatty acids, the rigid dietary exclusion of which caused a deficiency syndrome and its reversion
brought about by the inclusion of such.

Essential fatty acids are

those fatty acids that either cannot be endogenously biosynthesized
or are biosynthesized in amounts inadequate to Maintain homeostasis.
sources.

These essential fatty acids must be supplied via exogenous
A requirement for essential fatty acids has been estab-

lished in a multitude of species ranging fron the bacterium !:':._·_.!=o_li_,
calves (2), dogs (3), insects (4},

in~.cuding

man himself

(G4).

Generally there are three recognized essential fatty acids, linoleic

<A9 ' 12 -octadecadienoic)

trienoic)

acid, linolenic <ta9112115 -octadcca5,8,ll,14
acid, and arachidonic (fl
-eicosatetraenoic) acid.

All three of these essential fatty acids are capable of alleviating
symptoms manifested during an essential fatty acid

d~ficiency.

Linoleic, linolenic, and arachidonic acids are also syrbolized
18:2w6, l8:3w3, and 20:4w6.

acids are designated as such:

In the abbreviated formulae the fatty

the chain length is given followed

by a colon indicating the number of double bonds.

Tl1e

number fol

lowing the letter (w) denotes the number of carbons between the
terminal double bond and the end methyl group.

Since the

conju·~

~ated

divinyl methane system occurs in polyunsaturated fatty acids

in the mammalian system, the cis isomers are the only isomers
referred to.

Trans fatty acids have neither essential fatty acid

activity nor anti-essential fatty acid activity-, postulated to be
due to the improper configurational or spatial form possessed by
the isomeric trans form (5).

The biosynthesis of polyunsaturated

fatty acids proceeds from the 9-monoenoic acid by the desaturation

6 7
position followed by elongation to the next higher

of the6 '
analogue.

The enzymatic capacity for desaturation beyond carbon-9

has been lost sometime during Metazoan evolution.

The structures

of the essential fatty acids are shown here:
non-essential

18:1

*double bonds formed here
**double bonds not formed here
COOH

-

\..

essential

18: 2 H3C ~

~___,.,,,.

""<:::===:::r

OOH

18:3 H C'

3

OOH

and their metabolism here:

··.22:4
: 6.6, 7
45,6
6.4,5
18:1 (.69) ~)18:2
(66,9)
) 20:2 (68,11)~20:3~22:3
i 68,9
t 67,8
·20:1 ~
::::>22:2
2 • 1 .----;;./
w6 Family
18:2
(69,12)
•
l5J0,11

w9 Family

181

( A9)

64

18:2(69,12)~ ){
.
w3 Family

-18:3 ·---} 20:'3~20:4---722:4
·.f22 :5
~
't68,9
t 6.7,8
~20:2~22 2 ~ 22:3

:

18:3

ts.6,7

6

10,11

(.69,12,15)

6.5,6
64,5
18:3(69.12,15)~18:4--7 20:4~ 20:5 -~22:5 --:-722:6
---. t 68,9
., 67,8
~20·3
22:4
• ------~ .610 11
~22:3

'
2

f

I

As can be seen from the above, there occurs only intrafamily
conversions, not interfamily conversions which require dietary
inclusion of essential fatty acids.
In light of the fact that arachidonic acid. considered an

essential fatty acid, can be biochemically tailored from linoleic acid, it may be that essential fatty acids are essential

either in themselves or in the form of their elongated more unsaturation end product viz. 20:4w6 from 18:2w6.

From the above

diagram essential fatty acids possess the terminal double bottd

at positions 12 and 15.

Essential fatty acids with their terminal

double bonds at carbon 12, belong to the linoleic (w6) acid fam-

ily characterized by both antidermatitic and growth promoting activity.

Those with tentinal double bonda at carbon 15. belong to

the linolenic (w3) family characterized by possessing only antidermatic activity.

Fatty acids of the oleic (w9) family have

neither antidermatitic nor growth promoting activity associated
with essential fa.tty acids.

Saturated fatty acids have no activ-

ity but they may increase the need for essential fatty acids since
the feeding of hydrogenated coconut oil increases the need for
essential fatty acids (192).

Several series of polyunsaturated

fatty acids have the ability to cure many of the symptoms that
develop when higher animals are fed a fat-free

diet~

the term essential fatty acid ia a functional one.

therefore,
Although the

w9 series seems to represent more suitable structures for cell-

ular function, the extent to which other families shov "essential-

ity'' depends upon a similarity of fatty acids to the w9 family,
at least in rats

(C).

In

experi~ents

in which infants for var-

ious medical reasons were fed intravenously saturated fatty
acids for extended periods of time they developed dermatitis and
eventually died, with the resulting dermatitis being like that
produced in experimental animals.

There can be no question that

essential fatty acids are required by humans in the

sa~e

sense

that animals require them.
The requirement for essential fatty acids is nultifactorial.
Sex is a factor in that females of all species studied, demonstrated a lesser requirement than their male counterparts

(193).

Age plays a definite role in that an essential fatty acid deficiency was easier to demonstrate with the young of a species as
opposed to the adult (193).

Pyridoxine alters polyunsatured

fatty acid levels which suqgests its role in polyenoic fatty
acid metabolism (7).

Vitamins E (B), A (9), ubiquinone (10),

choline ( 11) , ethionine ( 12) , biotin (13) , and panthothena te (14)
have also been irnplicated in essential fatty acid metabolism.
Animals fed a diet in which fatty acids were rigidly excluded, exhibited a myriad of deficiency

sympto~s.

The essential

fatty acid deficient symptoms vary somewhat in different species
depending on the particular tissue (15) preferentially affected.
Miller et al (16)

found substantial concentrations of linoleic

(18:2w6) and arachidonic (20:4w6}

in adipose tissue of hens

reared on a low fat diet for 10 months.

4

A linoleic free diet

fed from hatching showed a aubeequent lack of this particular
acid in l'JlUscle adipose cells (17,18).

Concomitantly it was

found that chicks exhibited decreased egg production with low
fertility and hatchability.

There also waa a marked propensity

toward pulmonary infections.

The supplementation of linoleate

to the diet alleviated all of theae symptoms.

Reproduction in

essential fatty acid deficient chicks could be stimulated by the
polyunsaturated fatty acids of menhaden oil, demonstrating a requirement for polyenoic fatty acids in which fish oils are rich.
In rabbits, diminished growth and loss of hair had been
to a deficiency in essential fatty acids (15).

attributed

The testes of rab-

bits, fed a diet deficient in easential fatty acids. showed a decreased total lipid and phospholipid content.

Separation and 1de.nt-

1fication of the various fatty acids had revealed a marked increase
in 5,8,11-eicosatrienoic acid (20:3w9) and a decrease in fatty acids

of the linoleate (w6) family.
tenttive

de~enerative

Histological atudiea have shown ex-

changes to the seminif eroua tubules with no

evidence of maturation beyond the secondary spermatocyte stage.
Those observations were coupled with a finding of reduced secretion
of male androgenic hormonest i.e •• testosterone.

Thi• may account

for the findings of decreased fertility among rats with the possibility of primary impairment of adenohypophysial function.

Con-

sectuently, a link between adenohypophysial function and essential
fatty acids can be postulated.

It may be that the pituitary reg-

ulates, via enzymes with B as a cofactor, the metabolism of easen6
5

ti!!l fa.tty acids via a f aedback mechanism.

The essential

fatty acid deficiency vould thus impair pituitary function
which in turn would alter essential fatty acid concentrations
leadin~

ultimatelv to more pronounced eymptom.s in a cyclic

manner.
Nicalaides and Woodall (19) reported tllarked depigmentation
when Chinook salmon were fed a diet deficient in essential fatty
acids

~or

16 week.l!I.

turn to normal

Remission of all dermal

~itmientation

the•~

and a re,-

'followed sup?lemental therapy using

trilinolein at a level of 1% of calories.
confirm<ed

S)Tll'll>toma

Higashi ..!! al (20)

results using rainbow trout.

essential fatty acid deficiencv led to

~ross

Using swine, an
dermal symptoms accom-

panier! by a marked decrease in •lienoie and tetraenoic fatty acids

Rnd an increase in monoenoic and trienoic fattv acids (21,22).
Growth was also impaired by the essential fatty acid deficiency.
Supplementation of linoleate at 2% of calories caused an increased
~rowt~ res~onse

following feeding.

diet for ,rolonged periods of
body 4nd brain

wei~ht,

time~

Rats. subjected to a fat-free
showed symptoms of decreased

increased water consumption, scaliness of

tail with naerosis of the caudal re1d<>n, loss of fur around the
neck and face or a change in coloration,

dermatitis~

erythemia of

aucocutanaous junctions, decreased fM"tility with a propensity
tovar.d hyperkinesis.
There 'is a plethora of infortl'.ation regarding the role of
linoleic acid in nutrition but a paucity

6

regardi~

the role of

linolenic acid.

Tinoco et al (23), unable to alter the growth

of rats over three generations, regarded linolenic acid as a
nonessential fatty acid in rats.
fatty acids are

ten11ciou~ly

They reasoned that since w-3

retained by the rat, the function of

w-3 fatty acids were probably not directly related to these symptoms.

This work. hovever, has been criticized by Crawford and

Sinclair (24).

Linolenic acid has been demonstrated to be a

requirement for growth and tail development of trout (25), for
f li~ht wing development of insects (26) such as Ephestia )cuehniel;.~

and for the microorganisms tactobacillus and Microcoecus.
Studies were conducte<l to find out what tissues were affected
in an essential fatty acid deficiency.

Male veaning rats, given

a fat-free diet for periods of 10 weeks, exhibited n rapid decrease
in polyenoic fatty acids with the plasma and liver lipids showing
a

~rcater

effect than heart lipids (27).

Reduction in the levels

of linoleic acid and its derivatives arachidonic, docosnpentaenoic
acid~

etc., with increases in w-9 fatty acids derived from oleic

acid has been demonstrated in a variety of tissues such as erythrocyte lipids (28).

The changes in permeability, measurable by

the rate of hemolysis, accompanied the changes of the cellular
membrane essential fatty acids.

Increasing levels of essential

fatty acids caused the reverse.

The diaphragm (29) and adrenals

(30) of essential fatty acid deficient rats were also effected.
Contrarily, there seemed to be no significant loss of arachi<lonie acid from the intestinal mucosa which is indicative of

retention of.' essential fatty acids of a selective nature (31).
7

Liver is af f ecte<l m1trkedly according to the work of
Fischer and Glein (32) and Brtar et al (33).

They showed

that feeding a fat-free diet for 12 weeks increased the level
of 5,8,11-eicosatrienoic acid in all phosphatides with the exception of cardiolipin.

Polyeno:lc fatty acids of cardiolipin

are replaced by oleic (18:lw9} and by palmitoleic {16:lv7)
acids.

When supplemented with either linoleie or linolenic

acid there was a suppression of eieosatrienoic acid (20:3w9).
While linoleic brought about '1n increase in doeosatetraenoie
acid (22!4w6) in phosphatide fractions, linolenic brought about
an increase in eicosapenta.enoic acid (20: 5v~ 1 i in all phospbatide
fractions.

Due to the ease in raising rats, they have been used

extensively to elucidate the role of fatty acids.

'nle liver,

under deficient conditions, exhibited a decrease in palmitic
(16:0), linoleic

(18~2w6)~

eicosatetraenoic (20:4w6), eicoaapent-

enoic (20!.5w9) and docosahaxaenoic (22:6) acids.

The adult rat,

started on a fat-free diet at weaning, showed a decrease in linole1c, eieosadienoic (20:2v6), arachidonic and docosatetraenoic
(22;4w6). docosapentenoic (22:5w3), And docosahexaenoic (22:6w3)
acids and an increase in oleic

(1S:lw9)~

eicosamonoenoic (20:1w9),

eicosadienoic (20:2w9), aicosatrienoic (20:3w9), and docosatrienoic
(22~3v9)

acids.

free diet.

A general trend emerges with animals fed a fat-

This is reflected in a generalized decrease in poly-

un."taturated (9olyenoic) fatty acids of the linoleat:e (w6) family
represented by a decreased 20:4w6 content and in the linolenat:e

8

(w3) family represented by a decrease in 22:6w3.

These results

were confirmed by Galli et al (34, 35), Hoilund, Briocck and
Sun (36, 37).

The increase occurs in the trienes of the oleic

(w9) family such as 20:3w9.

The changes in the brain relative

to the liver show a less dramatic alteration with oleate, the
major unsaturated fatty acid, and a low linoleic acid level
(38-41).

The changes are thought to be due either to the

lower turnover of brain fatty acids which are constituents of
complex lipids located in subcellular membranes of the nervous
system or to the blood-brain barrier which is thought to restrict
the passage of fatty acids in to the brain (42), for when the
blood-brain barrier is circumvented, 14c-acetate is incorporated

(

into 14 c lipids (43).
findings.

Klenk and Kremer (44) reported similar

An essential fatty acid deficiency can be quantitized

by being of the classic triene/tetraene ratio; the smaller the
ratio the less deficient and vice versa.

This ratio is indic-

ative of polyunsaturated fatty acid content and is applicable to
all species studied (65).
All cellular and subcellular membranes are composed principally of proteins and lipids.
varies widely from 20\ (myelin)
branes).

The protein content of membranes
to 75% (inner mitochondrial mem-

Some proteins are relatively easily dissociated from

the membrane and do not appear to have a determining effect upon
membrane ultrastructure.
extrinsic.

These proteins are termed peripheral or

Other proteins obtained only after membrane destruct-

9

t~1e

former are ':lOt.

1'1te role of proteins ie assumed to be

functional in mcmhrane tran.sriort:. permeability, etc.

A recent-

ly found st.ructural proteh1 has hcen i9olated from a beef heart

nitochondria.
sped.e~>

Structural protein has l·cen found in a varietv of

i.nclud.!.np: ~~4::t~;"_()_E2~l:'.~ ~.P.·

It hns nt."> biod-.emical function

and it :'!ee;;ts likely that the structural '.')rotein layo doun a foun.cl:ition to whic•1 it ea.n bi'.'l.d co1'lrilexes 1,;ith varim.rn n!1oapholipids

an<l enzynes le.ading ulti.matelv to n functional membrane.

has been obtained verifying thi3 (45, ltf).
Ji.splay

1:i

specif:1c nffinity for lipiris

Structural p:roteing

(!~G)

bncl(hone upon which to build a mer.i.brarie.

makinf then an ideal

Attached either by

ionic or hydrophob:f.c bonds nre t'1e 1 ipldB.
~n.ajority

Evidence

At neutral pH. the

of m.embrane p"1osph0Hp!ds (phosph.atidyl-choline. phospha-

tL1vleth11nolamine and sphim:i;omyelin are zvitterio::is and the lesser
lird,fo (phosphatidylfrnrine. phosphatidylinositol. cardiolipin, and

phosphati<l.vl!;!lvcerol) are negatively
'h."ti'ls of

t~~,e

ch.ar~c!<.1.

Tho

hv~1rophobic

membrane phospholipids are av-1ilal>le for

static bin<ling··-possibly with protein.

Henk, the proteins can

~e

electro·~

If the5e attr.n.ctiocis are

ea;;;ily soluhilizeJ

(c~·:trinsic

proteins).

Integr:il proteins arc probably held bv hvdrophohic forces in
a~diti.on

tn electrostatic Attractions.

A considerable variety

tn membra:ie linirl composition can occur both ln k:tnd and in
relativP ahtmdance '.

the

~enu3 ~

the species, the fa:n:Uy, and t'w
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cell type down to each specific subcellular organelle, play
a determinitive role in lipid class differences; the differences

being reflected in the membrane properties.

In other words the

net membrane constitution will reflect the interplay of lipidlipid, protein-protein, and lipid-protein interactions which can
occur in the aqueous phase that constitutes the milieu of the
membranes.

The main reason is that different membranes can possess

a multitude of :functions mirrored by the vast number of combinations

of phospholipid fatty acids.

The structure of some major phospholipids

and sphingolipid.s are given below:
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PHOSPHATIDYLCHOLINE

PHOSPHATIDYLSERINE

0

II
H2C-O-C-R"

R'-

I
H..0-CH
I

0

ll

,_

H2C·-O-P-O (

0
SPHINGOHYELIN

PHOSPHATIDYLETHANOLAMINE

·.

?-~OH

0

HO-P-0
I

o H2C-O-C-R"
f
R'-C-0-CH

0

I
II
H2cr-o-rOH

0
H

.

Q
P-0-CHz O

.

H

HC-0-g_R'
I

~o
H OH
'

H

H C-0-C-R"
2
11
.0

H

1-PHOSPHATIDYL-L-MYOIT\TJSOTOL

1-PHOSPHATIDYL-L-MYOINISOTOL-4-PHOSPHATE

In the above diagrams, either the R' or R" moities or both could

be substituted with different fatty acids including polyunsaturated
fatty acids.

Considering just phosphatidylcholine alone, if just the

linoleic and linolenic acids were the substitutions available, phosphatidylcholine would consist of four molecular species, with the conversion of each species into other molecular species.
1?

'
!

vig elongation and desaturation.
m~jor inten~ediate

Combinations involving the

metabolites of linoleate. and linolenate

can lead to thousands of molecular species.

Knowing that

oleie. stcaric. plllmi tic, arachidonic. etc. , also bind in
the .J(. an<l

;6

positions. f.t is clearly seen that: a membrane's

function at any given instant in time is the net result of
all combinations of molecular species.

It is postulated that

in the membrane there are lipids in a liquid-paracrystalline
milieu in whtch the lipophil!c tails are embedded and the mobility of the hydrophilic heads are depanneut upon the degree of

unsaturation of the lir>ids.

The

de~ree

of unsaturation of the

milieu allows for mobility and flexibilitv of various catalytic
proteins bound to the membrane.

It can be deduced that proper

physiological functioning of a membrane will be dependent upon
tho unsaturation inda.""C of its phospholipid architecture, espec-

!ally the polyenoic f ntt:y acids which play an indispensable and
an integral role.
membranes~

As previously stated. enzymes are bound to

the ty?e and the Mount arc dependent upon the mem-

branea' functional duties.

Certain enzymes cannot be easily

isolated from the membrane without concomitant loss of activity.
It is thought that thase enzymes in some way de?end upon and
require phosnholip:f.ds for their enzymatic activity.

em:ym~~ iare succinate - 0 , cytochrome
2

c.

.Amon~

coenzyme Q (47).

these

P -

hydroxybutyra.te dehydrogenase (48), pallllitate aeyl-CoA synthetase
{49), glucoae-6-phosphatase (50). adenyl cyclase (51) and succinate
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dehydrogenase {52) to name only a few.
phospholipids varies.

The requirement for

Mixed lipids activate adenyl cyclase,

succinate-o 2 -cytochrome C - coenzyme Q, palmitate acyl-CoA
synthetase and glucose-6-phosphatase, phosphatidylinositol,
with cardiolipin having the greatest effect on the former two
but not on the latter two.

o( -hydroxybutyrate dehydrogenase

show a specific lipid class requirement utilizing only phosphatidylcholine.

Knowing that various enzymes are dependent upon

the phospholipids which make up the membranes, researchers have
looked at essential fatty acid deficiency and a correlation with
altered membranes.

Burr and Burr in 1930 proposed the earliest

suggestion that an essential fatty acid deficient rat may possess
"abnormal" membranes.

Since then, altered membrane integrity and

dysfunction was investigated as the cause of skin changes (53),
transepidermal water depletion (54), and capillary frigility (55)
in essential fatty acid deficient animals.
The direct evidence comes from the swelling of mitochondria
in vitro of essential fatty acid deficient rats.

Liver mito-

chondria, prepared from essential fatty acid deficient rats,
swell rapidly in vitro under conditions that do not alter normal
mitochondria.

Hayashida and Portman observed no swelling of nor-

mal liver mitochondria in the presence of ATP (adenosine triphosphate) but swelling in essential fatty acid deficient mitochondria.

This lead Johnson (56) to suggest that on ATP-Mg +2

mitochondrial relationship existed in normal mitochondria and destroyed in an essential fatty acid deficiency associated with a

defective respiratory and/or phosphorylating mechanism.

Ito and

Johnson ( 57) observeu. that in a h:7·potonic mediuzr. essential fatty
acid, deficient liver mitochondria carried. on the oxidation
of exogenous :'lADh at a slower rate cor:ipared to normals.

The

firnlins of a. normal compliment of respiratory chaJn components
.led to the conclusion that differences in the mitochondrial menbrane were at pla:;.

A correlation between membrane integrity

and dietA.r~ fat was suggested by Centur:; and Horwi t t ( 58) 1 who
found that when rats were fed corn ojl or cod liver oil, the
liver mitochondria swelled more in the presence of silver ions
a.nd less in the presence of thyroxine than when supplemented with
uietary fat.

Van Deenar" ( 59) reported that alterations in phospho-

lipids can varr membrane properties other than mitochondria.

He

also found a high degree of parallelesm between low palmitate/oleate
and phosphatiu;y lcholine/sphingolll.j elin ratios, loose.ly bound phospholipids and a decrease in permeability of :ni..ammalian erythrocytes toward
penetration of nonelectrolytes.
'rhe overa.J..l picture can be visualized as follows: animals,
put on an essential fatty acid deficient diet• bring about subs ti tuti ons of the fatty acy 1 portions of phospholipids from unsaturated to saturated fatty acids, therehy decreasipnthe unsaturation
ind.ex of the respective membranes.

This substitution of saturated

from unsaturated fatty acids results in a loss of fluid:it:y
of the lipid :milieu.

Altering the fluidity of fatty acid acyl

chains ma:j interfere with the hydrophobic environrr;ent vhich provides the required rotational freedom to allow enzymes within mem-

11)

branes to under&;o conformational changes and movements associateci

"1th enzyn:e activity.

Changes in the prorerties of the nenbrnnes

bJ alteration, molecular configurational rearrangement or specific
constituents may be ir.i.JJorta.nt regulatory influences on some membrane-bound lipid-dependent enzyn:es.
To study this, the "acUve" :portion of phospholipids, the
essential fatty acids will be supplemented after an essential fatty
acid deficiency and its influence on enzJ'l'.llS.tic activity will be

studied.

The aim of this project is to help elucidate the role

of the essential fatty acids, linoleic and linolenic on the aforementioned..

It is quite possible that iE, .!i!2, changes in the lipid

environment •ay be a factor in metabolic control.

The enzymes

studied will be 5'-nucleotid&se--a "marker" enzyme of microsomes
(fragmented endoplasmic reticuJ.u,~), monoamine oxidase and succinic
debydrogenase--marker enzymes for the outer and inner mitochondrial
membranes.

The above enzymes are specifically and firmly bound to

their respective membranes (60,61,62 1 63), and therefore may be
dependent upon fatty acids.
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MATERIALS AND METHODS

Animals
Pregnant rats of the Sprague-Dawley strain were maintained
on a fat-free diet (Nutritional Biochemicals, Cleveland, Ohio)
starting from the tenth gestational day and carried throughout
lactation.

The objective was to affect brain enzymes which show

dramatic increases in activity during the brain "growth spurt"
(66, 67).
days

(68)

This occurs from birth to 20 days, maximizes at 11
and parallels active myelination (69).

The offspring

were continued after weaning for a period of 135 days.

Control

rats were raised in the same manner on a laboratory diet.
control and experimental rats were given water ad libitum.

Both
After

weaning, rats were caged individually in stainless steel metabolic
cages equipped with "false" bottoms to prevent coprophagy and to
help maintain hygienic conditions.

Rats caged in groups reveal

a marked propensity towards cannabilism, possibly behavioral in
origin.

Thereafter, all rats were maintained in individual cages

in an animal room equipped with a 12-hour light-dark cycle.

The

0

temperature was maintained between 71-72 c and the humidity was
held at 45\.

Water was changed daily and cages were cleaned weekly

at which time each rat was weighed.
It was originally thought that rats could maintain a substan-

Criteria for Scoring of Rats

TAIL
5432-

tail normal and pink with visible veination
tail dry
tail slightly scaly
tail very scaly
1- tail red with orange pigmentation with no visible
veination, also scaly
NOSE
5432-

pinkish-white and moist
pinkish-white and dry
red
runny
1- dry, red, and runny
HAIR
5432-

smooth, glossy, and white
off-white coloration
dry
rough
1- dry off-white, non-glossy and patchy
PAWS
all four pink, non-scaly with hair present
three pink, non-scaly with hair present
two pink, non-scaly with hair present
one pink, non-scaly with hair present
1- all four red, scaly, dry, loss of hair
5432-

MUCOCUTANEOUS JUNCTIONS

5- normal (moist and pink)
4321-

dry
sore
red
red, dry, and sore
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Essential Fatty Acid Deficient Rats Subdivided
into Tetracycline and Non-Tetracycline Tested Groups
Scoring System for Essential Fatty Acid Deficient and Normal Rats

Rat

Tail
54321

Nose
54321

Mucocutaneous
Junctions
54321

Hair
54321

Paws
54321

x

x

x

1.

(NT)

2.

(NT)

x

x

x

x

x

3.

(NT)

x

x

x

x

x

4.

(NT)

x

x

x

x

x

s.

(NT)

x

x

x

x

x

6.

(NT)

x

x

x

x

7.

(NT)

x

8.

(T)

x

9.

(T)

x

10.

(T)

11.

x

x

x
x

x

x

x

x

x

x

x

x

x

x

(T}

x

x

x

x

12.

(T}

x

x

x

x

13.

(T}

x

x

x

x

14.

(T}

x

x

x

x

x

15.

(T)

x

x

x

x

x

16.

(T)

x

x

x

Xi

x

17.

(T)

x

x

x

x

18.

(T)

x

x

x

x

x

x

x

Score of Rats receiving Tetracycline

x
x
x

x
x
x

x
x

=

2.60

Score of Rats not receiving Tetracycline
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=

2.23

Scoring System for Essential Fatty Acid Deficient and Normal Rats

Control Group

Mucocutaneous
Junctions
54321

Rat

Tail
54321

Nose
54321

Hair
54321

Paws
54321

1.

x

x

x

x

x

2.

x

x

x

x

x

3.

x

x

x

x

x

4.

x

x

x

x

x

5.

x

x

x

x

x

6.

x

x

x

x

x

7.

x

x

x

x

x

8.

x

x

x

x

x

9.

x

x

x

x

x

10.

x

x

x

x

x

Score of rats receiving Tetracycline

=

2.60

Score of rats not receiving Tetracycline = 2.23
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tial endogenous source of polyenoic fatty acids via intestinal
floral biosynthesis.

To test this, half of the experimental

rats were qiven a tetracycline hydrochloride (0.25\ w/v) ad
libitum via their water supply.

A scoring system was devised

and the animals scored accordingly (see scoring chart).

The

scoring system revealed no significant differences between controls and experimentalsr and administration of the antibiotic was
terminated.

Fecal fatty acids were also analyzed as an index for

endogenous polyenoic fatty acid biosynthesis (see fecal analysis).
Gas liquid chromatography provided biochemical verification of
the semi-objective scoring system which showed no significant divergence from normal.
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Phospholipid Analysis
Fecal Fatty Acids:

Fecal fatty acids of rats lllaintained on

a fat-free diet for one month were compared to that of control
rats.

Equal amounts of fecal matter were pulverized and desiccated.

J..n. vacuo and kept refrigerated under nitrogen at 4° C to prevent
lipid peroxidation until extracted.

Lipids were extracted by the

Folch procedure (70) using butylated hydro:xytoluene ( 0 .1%) as
an antioxidant.

Insoluble proteolipids were eliminated by passing

the lipids through a scintered glass filter under

vacuu.~.

Saponi-

fication was accomplished using methanolic potassium hydroxide

--

according to the method of Metcalf' et al (71).

The non-saponif-

iable lipids and neutral lipids were then separated via column
chromatography anddliscarded.

The phospholipid fraction acid-

ified to pH l.O and extracted using petroleum ether.

Methylation

was carried out using boron trifluoride (14% w/v) according to

--

Mitchell et al (72), Metcalfe and Smith (73), and Morrison and
'

Smith (74).

Boron trifluoride, which is in the form of its

coordination complex with methaa.Dt,ftltcts as a catalyst in fatty
acid esterification.

The methyl esters were injected into

a Varian Aerograph Series 2100 flame ionization gas-liquid
chromatograph with a Varian model 475 integrator (Varian Instru-

menu

Division, Palo Alto, Caltfornia).

The GLC specifics are

column-length-6', inner diameter-2mm, coating
AlSi (80/90 mesh).

5%

DEGS,

sup~ort

The carrier gas was He under 22 PSI at

1850 C with a detector and insertion temperature of 250°c add
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255°c r e s pe ctiv e l y.

? ange

Individual fatty acid s

. . . y
sens1t1v1t

wer e

s tated

as

wa~

r. e t

at 1 (.: - 11 .

n pe rcent o f

total

phospholipid fatty acids with individual peaks identified h y

(10 : 0 ).

their retention times with respect to stearic acid

Diets

dcr

a! ·ov e.
Ly

Th e

t.1e r at.

Ce
in cold

(;>: 1

salt ) ,

nl,

Virtis
Yn rl ) .

r· lig h t

and Dy er

(75).

antl tten run und e- r

T 1ey were

~vapora t ed

and
T: ..

:! 4 h o urs

in

Gar dner,

' [ <"1'

a cids w~r" extracted u sing t h e

The fatty

in).

a

r,t:H ,. 1 o f

via dist i lla t i0 n

vacuum through a s ilicic a c id c:o l u

i

2.~· ·l
y

x :i.0 <:

Cl1"

( ODx l)

1•a cked

~·i th

P io -rj l
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!! l\,

/w)

7.r

i n)
,00 1

1·J

325 r.esh

( Bio -P ri.d

, ~

Laboratories, Richmond, California).

Neutral lipids were

eluted off the column with chloroform and phospholipids eluted with methanol.

Esterificiation with BF /MeOH followed

the procedure outlined above.
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CONTROL DIET

TABLE A.

____________
Protein
of __________
total amino
%

.

Arginine
Cystine
Glycine
Histidine
Isoleucine
I.euc ine

..,._ ..

23.20

acids
Lysine
Methionine
Phenylalanine
Threomine
Tryptophan
Valine

1.42

0.35
1.16
0.62
1. 28

1.85

1.40
0.44
1.07
0.89
0.27
1.17

Fat \ of total

4.50

Fiber \

3.80

of total

77.00

TDN
NFE

(by

52.50

difference)

Ash

Calcium
Phosphorus
Potassium
Magnesium
Sodium
Chlorine
Flourine (PPM)
Iron (PPM)
Iodine (PPM)
Manqanese (PPM)
Copper (PPM)
Cobalt

Vitamins

6.00

Carotene (PPM)
Menadione
Thiamine (PPM)
Riboflavin (PPM)
Niacin (PPM)
Pantothenic (PPM)
Choline (PPMxlOO)
Folic Acid (PPM)
Pyridoxine (PPM)
Biotin (PPM)
B
(mcg/lb)
vitamin A (IU/m)
o(-Tocopherol (IU/16)
Ascorbic Acid

1.01
0.74
1. 08
0.21
0.42
0.52
65.00
1.97
1.17
54.40
15.10
0.37
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5.60
10.90
4.50
60.00
12.50
19.00
1.70
4.30
0.30
14. 00
12.00
18.00

Tl\BLE B

FAT-FREE DIET

"Vitamin-free" Casein*

21.10%

Alphacel "cellulose"

16.45%

Sucrose

58.45~

Salt mixture 4.0i:
Cupric' sulfate 0.48 g11, Ferric amn>oniun citrate 94.33 gm,
manganes sulfate 1.24 gm, ammonium alum 0.57 gn, potassiur.
iodide 0.25 gm, sodium flouridc 3 13 gn, calcium carbonate
68.8 grn, calcium citrate 308.3 gm, calciu~ biphosphate 112.8
gm, magnesium carbonate 35.2 gm, magnesium sulfate 38.3 gn,
potassium chloride 124.7 gm, dibasic potassium phosphate
218.8 gm, sodium chloride 77.1 (all compoundR are expressed
as grams per kilogram).

Choline chloride 272.5, nicotinic acid 27.25, inositol 13.75,
A (200,000
/gm) 4.5, D (400,000
/gm) 3.0, ~-tocopherol
10.225, mcnadione 0.102, thia~ine 1.0, pyroxidine l.O, ribo-

flavin 1.0, calcium pantothenate 2.05.

**

Vitamins A, D, E, and K are synthetic crystalline water
soluble.
B-complex are natural

Thiamine 1;c1
Riboflavin

Niacin
Pyridoxine HCl
Fat

0.15
0.50
0.30
0.65
.(0.01%

Pantothenic
Biotin
Folic A.cid

n12

0.15
0.0013
0.030
0.003

Subcellular Isolation
At the appropriate time, rats were sacrificed by cerv·tca.1

fracture~

and the cerebral hemispheres were excised

io;enerl!l.lly tdthin 20 seconds.
co 1n~ sucrose was.h

They were then placed into a

., ti on ro
'A'
, • "5
~
:, sucrose, 1r). 3 u. ' ...s:.DTA , p11:.

!"IO.~u

7. 6), dosil$uated as }redium A, prior to homogenization and iso-

latton of mitochondria and microsomes on a discontinuous sueroae

~radient.

After an initi.al wash in Hedium A. the cerebral

he!'lispheres were then homogenized in two volumes of cold
Dounce homogenizers (4 passings with pestle A and

Hed1.mn A.

10 passings with pestle :B) brou3ht about a very gentle tissue
<lisruri:::tcm.

An aliquot was taken for plasma membrane analysis

because of the difficulty in isolating and purifying plasma menl'-

branes from neural tissue.
~own

twice

!!: Y_!CU<!

The remaining homogenate

"-'8.S

spun

and refrigerated, for 10 minuteR at 3000

RPM ( 800xg) in a Spinco Mo<lel L preparative Ultra Centrifuge
(Beckman

Instruments~

Palo Alto, California) using a Spinco

type 30 rotor (30,000 RPM maximum) discarding the pellet.

The

pooled !'!upernatant A wa.."Y spun down at 12,500 RPM ( 13,600xg}

for 20 minutes yieldlng pellet B which contained the crude
mitochondrial fraction and supernatant B containing the crude
microsomal fraction.

Pellet B is tan (mitochondria) with a

creamy myelin layer which was discarded.

The microsome-

containing supernatant B was tvice spun tt:t 20,000 RPM ( 35,000xg)
for 15 minutes, discarding the pellet.
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The combined supernatant

'

D obtained for the 35,000xg spin was brought up to a sufficient volume with

~edium

A for high speed centrifugation and

spun at 42,000 RPM ( 120,000xg)

for 120 ninutcs in an IEC

Preparative Ultracentrifuge (Model B-60, Needham Heights,
Mass.) with an IEC type No. A-211 rotor yielding a pinkish gellike microsomal (fragmented endoplasmic reticulum) pellet.
Pellet D was resuspended in medium F, which contains medium
A plus 6% Ficoll (Pharmacia, Piscataway, New Jersey) , Ficoll
being a polydextroae which served to eliminate rnyelin contam!nation from mitochondrial preparations, and was spun at 13,000
RPM ( 15,000xg)

for 20 minutes.

Pellet c was very gently re-

suspended in 5.0 ml of medium A using teflon pestle (clearance
of O.l-0.15 mm) and is layered onto a sucrose gradient consisting of 0.8 M, 1.0 M, 1.2 M, and 1.4 M sucrose (all containing
10

-3

M EDTA and buffered at pH 7.6 with Tris base).

The gradient

was then spun for 120 minutes at 24,000 RPM ( 59,000xg) with a
Spinco SW 25.1 swinging bucket rotor.

The crude mitochondrial

pellet was picked up from the 1.2 M-1.4 M sucorse interphase
and slowl_y. diluted with cold distilled wator and mixed by inversion to a final sucrose concentration of 0.4 M.

This was

then spun down at 13,000 RPM ( 15,nOOxg) for 20 minutes dis-

carding the fluffy layer.

The above scheme is

scheryiati~ally
j

drawn below.

!

The pellets were worked up according to the

procedure below for EM verification.

I
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ISOLA1'ION PROCEDURE

~-·~~~~~-

Cerehrull!

l
I

"••h with :..fed. A

'Homop,enize

'~ed

• 0. 32

~1

sucrose. +

10-J M EDTA, pH 7.6
10'

repent
2x
Pellet

2000 P...'PH (SOOxg)

···A«------'---~

Suf'ernatant A

l~n·

(Discard)

e500 RPM (14,000xg)

Pellet - B~

:::i

Supernatant B
15 1 repeat 2x

Med A+ 6%

Fi coll

20 • 000

RP~1

(35, OOOxg)

20', 13,000 RPX
(15. OOOxe;)
::,\

Supernatant C

Pellet - C

~

'\/

Pellet - D

Supernatant D

(Discari)

{Discard)

120'
42.000 RPH
(120,000xg)

Homogenize
with 5 ml.
Med. A

Layer/onto
Sucrose r,radient
(O.S, 1.0, 1.2, 1.4 M Sucrose
10-3 M EDTA ~n 7.6)

"J,

120 I

•

24. 000 !tPM

'\)/

Microsomes

(so. 000xg)

Take M.itochondria

~ l.1 -

2 1 4

20', 13,000

•

lay~ilute to

..

0.4 N with DR.,O
Mitochondria

Total Time
Fig. I.

8-12 hours

Fragraents of mitochondrial and r1icrosomal pellets were
prepared for electron microscopy as follows.

Pellets were

fixed in 3.125% phosphate-buffered gluteraldehyde (Fischer
Scientific Co., Chicago, Ill.) a.ta pl! 7.2 for a minimum of
90 minutes.

Washing was accomplished with phosphate buffer

pH 7.2 overnight.

Fixation and post osmification was achieved

using 1% osmium tetroxide {Engineering Materials, New York, N.Y.)
buffered with 0.15 M phosphate buffer and left unexposed to
light for one hour.

oso

was always used under a ventilated
4
hood because of oxmium tetroxide's precarious nature towards
mucous membranes

(eyes, nose, throat, etc.}.

Serial dehydra-

tions were carried out with two 10 minute washings each of
35\,

soi,

70,, 80,, 95%, and 100\ ethanol with all the above

steps carried out in the cold.

The pellets were embedded suc-

cessively in propylene oxide for two 10 minute periods followed
by two 45 minute periods

in which the pellets were

a 1:1 and 3:1 mixture respectively of propylene oxide:

Epon.

Pre-polymerization involved two embeddings with Epon for l
and 8-10 hours.

in

i~mersed

hour,

The final embedding was carried out with pure

Epon and allowed to polymerize for 72 hours at 65°c.

Epon was

prepared using 16 volumes Epon, 10 volumes Duodecyl succinic
anhydride

(DDSA) ,

9

volumes methyl nadic anhydride (MHA)

0.6 volumes Dimethyl aminoMethyl phenol

Fullom Inc., Schnectady, N.Y.).
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(DMP-30)

and

(Ernest F.

EM blocks were cut to a

thickness of 700-QOQ

R with

a Porter-Blum MT-2 ultramicrotome.

Double staining was done using Uranyl acetate and lead citrate
according to Fraska and Parks (76).
according to Reynolds.

Lead citrate was prepared

Grids were scanned with a RCA EMU-3rr

electron nicroscope.
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r

Fig.

2.

Mitochondrial pellet isolated via procedure outlined
Post stained with lead citrate and uranyl

above.
acetate.
16,000

Bar represents one mi cron.

x
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Magnification

Fig. 3.

Microsomal pellet isolated via above p rocedure.
Post stained with lead citrate and uranyl acetate.
Bar represents one micron.

33

Magnification 84,000 X

'

,.

...

't,

•

, ....

' ·,.

Purified Fatty Acids
Both linoleic acid (l8:2w6), purity 99%.... obtained from
NuChek Preparations,

E~·sian,

Minnesota and linolenic acid

(l8:3w3) purity 95% obtained from the Hormel Institute, Minneapolis, Minnesota, were in the form of methyl esters.
Histol~

Preparation of discontinuous gradient
The layering of the gradients was accomplished by layering the lightest sucrose layer on the bottom of the centri:fuge tube by means of a 30 cc syringe equipped with a 15 gauge
needle, the next heaviest layer was added by positioning the
needle on the bottom of the centrifuge tube (cellulose nitrate,
capacity 26 ml (IEC, Needham Heights, Massachusetts) and by
introducing the heavier layer under the lighter.

This was re-

peated until the desired gradient was prepared.

When completed,

\,'

the lighter layer was above each succeeding heavier layer.

The

gradients were then kept a 4oc for 60-120 minutes and then kept
at room temperature for a subseauent period of 10-30 minutes before use.

This offered the distinct advantages of rapid preparation

and a cleaner subcellular organelle separation.
Enzyme Assays
Monoamine Oxidase (E.C. 1.4.3.4)
Monoamine oxidase (MAO) was determined by the method of

,

Weissbach
substrate,

tl & (77).
; 36 0

" ........

,.

Using kynuramine dihydrobromide as

is followed using a Beckman DB Spectro-

photometer eouipped with a circulating bath ("'Haake type F,
Berlin, West Germany).

Specific activity is stated as

360/hr/mg mitochondrial protein at 30°C.

MAO is a "marker"

enzyme for the outer mitochondrial membrane.

In the assay,

monoamine oxidase catalyzes the oxidative deamination of the
end-chain amino group of kynuramine to the aldehyde which can
either condense to 4-hydroxyquinoline or be oxidized further
to the lactane, 4, 4-dihydroxyquinoline.

Kynuramine dihydro-

bromide is an artificial substrate which offers the advantage
of not bein oxidized to any great extent by synaptosomal mitochondrial monoamine oxidase (78).
The frozen mitochondrial pellet was resuspended in medium

A and gently homogenized on ice, using a ground glass homogenizer
attached to a Bodine motor (model 115, Talboys Instrument Company,
Emerson, New Jersey) with a rheostat setting of 20.

A total

of 15 strokes was used--stopping after each 5 to avoid thermal
inactivation of the enzymes.

Homogenization seems to expose

the membrane fully to the solvent, hence to the solute (substrate) (79).
SUillillary of Rx:

Kynuramine + H2o
0

"

~C-(CH2)2NH2

~NH2

4-Hydroxyquinoline
Monoamine
oxidase

0

l
I

/:

I

I
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l

Glucose-6-phosnhatase (E.C. 3.1.3.9)
Glucose-6-phosphatase was assayed according to the method
of Swanson ('80) using glucose-6-phosphate as substrate.
Glucose-6-phosphatase is an organelle-specific enzyme bound
to the membrane of the endoplasmic reticulum specifically
cleaving the phosphate moiety at C6 leaving glucose and inorganic orthophosphate as the reaction products.

Incubation

was carried out in a utility water bath (model NW-1130A,
Blue M Electric Company, Blue Island, Illinois) equipped with
a water circulator.

Specific activity was defined as micro-

moles of phosphate liberated per hour per milligram of micro0

somal protein at 3! C.
Glucose + P0

Summary of Rx:

4

H

uo--

I

...I

H
I

I

Of.I

Succinic Dehydrogenase (E.C. 1.3.99.1)
Succinic dehydrogenase was assayed according to a modified
method of Massey (81) using succinate (J. T. Baker Chemical
Company, Phillipsboro, New Jersey) as substrate.

The modifica-

tions include elimination of exogenous SDH from the mixture and
avoidance of deproteinization prior to assaying.

The method is

based on the oxidation of the reduced enzyme by phenazine

I
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l

I
l

methyl sulfate (Sigma Company, St. Louis, Missouri) and
cytochrome C (Type VI, horseheart, MW .12,384, purity 95-100%,
Sigma Company, St. Louis, Missouri).

Phenazine methyl sulfate

(PMS) acts as an electron carrier between succinic dehydrogenase
and cytochrome c.

Oxidation of phenazine methyl sulfate does not

effect the determination.

Succinic dehydrogenase is a "marker"

·enzyme for the inner mitochondrial membrane.
is stated as

Specific activity

6 550/hr/mg mitochondrial protein at 30°c.

Su:m.Tllary of Rx:

Succinic
Dehydrogenase

+ PMS

Fumarate + PMSH

PMS + 2 cyto+ 2

+

2

+

5' Nucleotidase {E.G. 3.1.3.5)
5'-nucleotidase is assayed according to the method of

\)

Neu and Heppel (82) using 5'-adenosine monophosphate (Nasalt, type II (yeast) purity 99-100%, Sigma Chemical Company,
St. Louis, Missouri) as substrate.

5'-nucleotidase is a plasma mem-

bra.ne specific enzyme which cleaves of the phosphate moiety of
the nucleoside phosphate, 5'-AMP at

c5

with the nucleoside adeno-

sine and inorganic orthophosphate as products.

Specific activity

is defined as micromoles phosphate liberated/hr/mg homogenate
prot e i n a t 37 oc.
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Summary of Rx:
5'-adenosine monophosphate + H2o

·~

~'-nucleotidase ~

~\a
~)<tj><H

CH2 - 0 -

Phosphorus

adenosine + P0 4

f_-

lh~CHzOH

0::

0

N

H

Phosphorus is determined by the Bartlett (83) method-- a
modified Fiske and

SubbaRow method.

assay are soaked at least 24 hours in
exogenous phosphorus contamination.

I

All tubes used in the

6.o

N HCl to prevent

II

The intensity of the phos-

l

phomolybdate color complex is read at 800 mu against a reagent
blank.

Phosphorus standards are run also as a check.

.._I

Protein
Protein was determined by the Folin-Ciocatleu method (84)
with 1% bovine serum albumin (BSA) (crystallized and lyophylized) (Sigma Chemical Company, St. Louis, Missouri) as a standard.

Dilute solutions of BSA were not good for a working

standard because of a marked tendency to undergo surface denaturation.

l

I
j

I

I

Histology
Tissues for routine histological survey were dissected
immediately after sacrifice and placed in cold

4%

l
~

para.formalin

buffered with Millonigs phosphate buffer until processing and
staining with Hematoxylin and Eosin stain.
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Rats were fed the purified linoleic and linolenic acids
for 10 days by eye-dropper at a level of 0.2 ml/day providing

4\ of the dietary calories as essential fatty acids.
normal growth

lt is required (85).

For

RE:SULTS

Gross HorpholOf.il' and liistopa.tpplou
Rats sustained on a fat-free diet for extended periods
exhibited a symptomology characteristic of an essential
fatty acid deficient:)'".

The symptoms were bein manifested at eight

weeks corresponding well with other workers (86. 87).
symptoms were alterations in maternal behavior.

The first

Observations

similar to those described by Steinberg .!:,l .!!, ( 88) were noted.
Among these were a lack of retrival of the young and cleaning
of the afterbirth. also, contrarily nesting was observed.
Both mothers and pups exhibited hyperkines1s.

This could be

--

tentatively explained by the findings of' Hasta.g et al ( 89)
in which a decrease in the levels of pyridoxal phosphate (B )

6

is concomitant with an essential fatty acid deficiency.
Pyridoxal phosphate is a B-complex vitamin required for naintens.nee and integrity of the nervous system.

Wokel (90) aug-

gested that pyridoxal phosphate and pyridoxarnine phosphate accelerate the incorporation of acetate units

durin~

elongation.

Ha.stag and coworkers showed also that B6 augments the biosynthesis
of polyunsaturated (polyenoic) fatty acids from linoleic add

with a corresponding increase in arachidonic acid in the liver.
1~e

corollary was increased growth and lipid metabolism.

"

-

l

Tulpule and Patwardhan (91) showed that an essential fatty
acid deficiency state can be enhanced via a decrease in B6 •
Contrarily, Bhat and Belauady (92) found that an essential fatty
....
acid deficiency lends itself towards a riboflavin (B 2 ) deficiency, but not the reverse as experiments with B •
6
Although there is a paucity of information regarding the
significance fo vita.min depletion during or following essential
:fatty acid deficiency, the role of vitamins cannot be overlooked.
Prostaglandings also act on the central nervous system of
:-:reducing activity.

It may be recalled that the.tissues of

animals deficient in essential fatty acids showed a decrease
in certain essential fatty acids viz: linoleic (18:2w6) and
linolenic (18:3w3).
Linoleic and linolenic acids are
prostaglandins of the E family.

a~~

E2E. for various

PGE 1 formed from homo-

linolenic acid, is derived from 18:2w6; PGE 2 reauired arachidonic
acid (20:4w6) from linoleic (18:2w6) acid;, and PGE

is. formed
3
from eicosa- 5, 8, 11, 14, 17 pentaenoic acid from linolenate.
The possibility exists that B-vita.mins, especially pyridoxal
phosphate, function as cofactors in prostaglandin synthesis
from essential fatty acids, which can lead to alterations in
nervous.functions.
As previous stated, deficient rats caged in groups exhibited cannabilism which rr..ay have behavioral origins and
significance.

'

l

'j

Their symptoms included dermatitis (37, 94)

(see Fig. A, B), disorientation, and deprivature of hair (94),

'I
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scaliness of the caudal tail region (q5) (see Fig. C, D),
which sometimes lead to necrosis and to loss of the neerotic area.
observed.

Erythemia of mucocutaneous ,junctions were all
Otherworkers found primary adenohynophysial im-

pairment and gonadal degeneration (93) that led to decreased
reproductive capacity.
Local application of prostaglandin PGE 2 (96) alleviated
dermal s:ymptoms leading to skepticism that essential fatty
aa.id deficiency caused these.
~~

This view is shared by Privett

(91) who got dermal symptoms similar to those manifested

with an essential fatty acid deficiency with immature hypophysectomized rats with linoleic acid.

Regarding Zibak and

Hsias' work, it seems pertinent to point out the fact that
prostaglandin PGE

2

is biosynthesized from arachidonic acid,

linoleic being a precursor.

Hypophysectomy as in Privett's

work may well have severed the hypophysial-hypothalamic feedback mechanism necessary for the conversion of 18!2w6 to PGE 2 ;
the abundance of 18:2w6 would be of no consequence.

It will

be recalled also that a symptom of essential fatty acid deficiency is a primary adenohypophysial impairment.

Also the

alleviation brought about by local PGE 2 application would be
due to the low dermal catabolism o"!' PGE

2

(98) which would,

in effect, act as an increase in PGE •
2

Pregnant rats fed an essential fatty acid deficient diet
(or rats fed at weaning) (34), gave birth to pups with reduced
body ( 7) and brain ( 34) weights.

The weights stayed below nor-
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mal throughout post-natal development

(37}.

Consistently

around 30 days there was rise in mortality approximating
50% of the litter.
and Higashi et

~

This was confirmed by Alling
(100).

Hoilund et al

(36)

~ ~

(99)

postulated that

the high mortality rate was due to a chronic deficiency.

The

chronic type was attributed to the rats inability to store and
to the rapid depletion of essential fatty acids.
(101)

Soderhjelm

proposed that lipids essential to fetal brain growth

were depleted due to a malabsorbtion syndrome occurring in
essential fatty acid deficiency.

Sternberg

(88) postulated a

decreased concentration of prostaglandin as the cause.
That the symptoms were due to an essential fatty acid regime
was borne out.

Rats fed Menhadden oil at 10% of calories for

30 days and maintained on a fat free diet, showed reversion
of all essential fatty acid deficiency symptoms synchronized
with an elevated growth response.
Rats that showed similar manifestations as those prior to
death, marked an increase in all deficiency symptoms, dramatic
weight loss, slow motor reflexes, lumbar-sacral disorders, were
sacrificed, with various tissues

(liver, lung, spleen, heart,

kidney, suprarenal gland, pancreas, brain, and intestine)
scrutinized for any pathophysiological deviations from the normal.

The most dramatic changes occurred in the lung, spleen,

suprarenal gland and the pancreas.

An abundance of hemosiderin

leading to stimulation and proliferation of fibrous tissue in
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the spleen suggestive of accelerated hemolysis and tissue
repair tmder these conditions were found (Fig. C,
sided.n, a pigment form of excess

iron~

n.

I).

Rem.o-

correlates with the fact

that erythrocyte membranes a.re more apt to lyse under essential
fattv Acid deficiency {102) due to a depletion in phospholipids.

The liver showed areas of marked focal necrosis indicative
of early cell injury similar to the findings of Roilund et al {37).
Pocel hepatic necrosis is caused in one way, by biliary obstruction <lue to elevated hemosiderin levels.

The suprarenal gland

showed outstanding hype?:l)lasia of the glucocorticoid producing
cellR of the zona fasieulata with no apparent changes in the zona

glomerulosa (Fig. J, K).
varil~d.

The cause of this hyperplasia can be

Among those would be a

patholo~!cal

response to

1a.:t:1;.i~

tional stress which would be a naivete to assume th.at stress was

not involved.

Other workers (37) have reported pyknosis of nuclei

localized in the zona i:tlomerulosa, a loss of "foamy 0 cytoplasm
of the steroid producing cells of the zona fasiculata, and an increase
in nlasmacytoid cells of the medulla.

The pancreas in

deficient rats showed marked acinar cell necrosis with an apparent
attempt at regeneration as exemplified by the prese.nsion of mitosis
(Fig. L, H).

lioilund et .al found enlarged acinar cells with dim-

inished basop?1iU.c cytoplasm.

The lungs showed extensive hyper-

emia coupled with congestion--the congestion not being due to
pneumonia (Fig. M, 0).

Marked reddish coloration cl1aracterized

the hyperemic lungs that were readily discovered upon autopsy.
The renal glomeruli showed a

~ecrease
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in cell number (hypoplasia)

Fig. A.

Essential fatty acid deficient rat.

Note dermatitis

and scaliness characteristic of the de f iciency syndrome.
Front paws showe d si milar res u lts.

Fig . B.

Norma l rat.

Note comp lete absence of dermatitis and

scaliness as compared to rats deficient i n essential
fat ty acids.
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Fig. C.

Tai l of rat deficient in essential fatty acids.
S caliness is evident.

Exteme caudal region may undergo

necrosis.

Fig. D.

Appearance of tail from normal rat.
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Compare with above.

Fig. E .

Essential fatty acid rat.

Overall view.

Note

characteristics mentioned previously.

Fig. F.

View of rats in control group lacking symptoms
characteristic of an essential fatty acid deficiency.
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Fig . G.

Spleen from rat deficient in essential fatty acids.

The

r eticulo-endothelial macrophages (arrow) laden with hemosiderin are abundant throughout the parenchyma.
Magnification X 40

I
F ig. H.

Sp leen f ro m rat d e fici en t in essential fatty aci d s .
the p r esence of e x t e nsive fibrosis
danc e of h e mosiderin.

Note

(arrow) and th e abu n -

Magnification X 4 0

Fi g . I.

Sp leen from normal rat.
ma c~ophages

Both hemosiderin laden

of the reticulo-endothelial system and

e xtensive fibrosis are nonapparent in this control
t issue in contrast to the splenic tissue observed in
F igures G and H.

Maqnification X 40

.I

so

F i g. J.

Suprarenal qland from rat deficient in essential f atty
a cids.
(arrow).

Fig. K.

Hyperplasia characterized the zona fasic ul a t a
Magnification X 40

S up r a r e na l g l and of n o rm al r a t.

Hyp erp lasi a of zo na

fa sicula t a i s abse nt wh en comp ar ed wi th F i g ur e J.
Ma gnifi ca t io n X 40

~ 1

Fig. L.

Pancreas from a rat deficient in essential fatty
acids.

Some acinar cells possess marked necrosis

and degranulation (arrow A) while others appear to
be morphologically normal.

An attempt at regenera-

tion is exemplified by the presence of a mitotic fi g ure
(arrow B).

Magnification X 40
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Fig . M.

P ancreas from normal rat.

When compared with

F igure L, the pancreas from the control animal is
d evoid of pathological alterations.

x

40
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Magnification

Fi g . N.

Lung from rat deficient in essential fatty acids.

The

lung displays extensive hyperemia and marked congestion
(arrow).

F i g . O.

Magnification X 10

Lung from normal rat.

Note the absence of hyperemia

an d congestion in the normal tissue.

Mag nification X 10

l

Electron Microscopy
The liver, the brain, the kidney, and the spleen were
examined by electron microscopy according to the procedure
outlined in Materials and Methods.

Of the above tissues,

only the spleen appeared normal at the ultrastructural level.
Plate I

is an electron micrograph of a section of normal

rat hepatic parenchymal tissue magnified 32,000

x.

The mito-

chondria {MIT) are seen as ovoid organelles delimited by two
membranes, an outer and an inner membrane.

The inner mito-

chondrial membrane is convoluted to form tubular "finger-like"
projections called cristae (Cr), which project into the homogenous matrix (M) that fills the cavity of the mitochondrion.
These infoldings represent the localization of the respiratory
enzymes, the electron transport system and the Kreb cycle enzyme
succinic dehydrogenase.

The number of cristae present as well

as the size and shape of the mitochondrion correlates with the
energy demands of the tissue.
proximately 40

mp

Electron dense 9ranules (Gr) ap-

in diameter are also evident in the mito-

chondrial matrix and are thought to represent accumulated
bound divalent metallic ions required for mitochondrial enzyme

systems.

In the normal liver mitochondrion, the cristae mito-

chondriales are of variable length and form a series of transverse septa.

Rough endoplasmic reticulum can be seen in the

upper left corner of Plate I and appears normal.
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Plate I.

Hepatic parenchymal tissue from normal rat.
The
mitochondria (MIT) possess an outer limiting membrane
and an invaginated inner membrane that forms the
cristae (Cr).
Electron d ense g ranules (Gr) appear
to be present in the mitochondrial matrix (M).
32,000 X ma g nificat i on
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A diet deficient in essential fatty acids, however,
causes marked ultrastructural alterations as can be seen
from Plates II, III, and IV.
Plate II is a micrograph of hepatic parenchymal tissue
magnified 23,200

x.

This electron micrograph shows mito-

chondrial irregularities beginning.

These ultrastructural

changes include a beginning loss of mitochondrial matrix
accompanied by a start of inner membrane cristae disorganization.
Plate III is an intermediate stage in mitochondrial alterations.

The mitochondria appear to be extensively swollen

(arrow) and the matrix is markedly attenuated as compared with
the normal hepatic ultrastructure.

In some mitochondria, the

cristae appear to be diminished in many numbers, while in
others, the cristae appear to be totally absent.
Plate IV shows an advanced stage of mitochondrial degeneration with maximized loss of mitochondrial matrix and totally
disorganized inner cristae membrane.

There appears to be some

form of inclusion bodies present in a few mitochondria and the
close proximity of some mitochondria are suggestive of either
altered division or fusion of mitochondria under essential
fatty acid conditions as proposed by Stancliff (104).
Swollen enlarged mitochondria characterized by additional
central cristae have been found in the liver of rats deficient
in essential fatty acids by other workers

(105, 106).

The

endoplasmic reticulum and plasma membrane appeared unaltered
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under these conditions.

Smithson reported enlarged liver

mitochondria with central stacking of enlarged cristae.
Similar findings

(107) show enlarged liver mitochondria in

situ and an irregular organization of the inner membranes in
vitro.

Contrary to the findings of other investigators who

support the view that the enzymatic integrity of the inner
mitochondrial membrane is unaltered in the essential fatty
acid deficient state, I have substantly disproved this concept
by enzymatic analysis and ultrastructural evidence.

P l a te

II.

Mi. tochondr ia from the liver of essential fatty acid

Mitochondrial degeneration appears
d eficient rat.
t o be at a beginning stage prior to complete and
total d isruption of matrix and inner cristae membrane.
Note apparently less dense matri x .
Magnification
23, 2 00 x
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Plate III.

Hepatic parenchyma from a rat deficient in essential
fatty acids.
This appears to be an intermediate
stage.
The mitochondria (MIT) appear to be swollen
(arrows) and the matrix (M) is altered comp ared with
normal hepatic ultrastructure.
In some mitochondria,
the cristae (Cr) ap pe ar to be totally a b se n t.
Magnification 32,0 0 0 X
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Plate IV.

Advanced stage of mitochondrial degeneration accompanied by extensive swelling of the mitochondria with
almost complete loss of the mitochondrial matrix and
diminished number of cristae.
Those cristae present
are morp hologically different from the normal.
Magnification 23,200 x

l
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Palmer and Hall (107)

contend that extraction of 90% of

mitochondrial lipidsby dimethyl ketone had no effect on the
architecture of the inner membrane.
l

This suggested that the

inner membrane is maintained in the absence of lipid by nonlipid material which may bridge the gap between the layers of
the lipid membranes.
Plate V shows a section of rat cerebral cortex magnified
45,000

x.

Subcellular organelles characteristic of nervous

tissue can be readily discerned.

Among these structures are

myelin (My) which consists of a multilayered lipoprotein
sheath organized concentrically.

The myelin sheath serves

as an electric insulator for axons

(Ax).

Synaptosornes

(S)

and their synaptic vesicles containing neural transmitters are
also present.

The area of contact between the axon and dendrite

(Den) can be seen as the junctional comples (JC).
the ribosomes

The bulk of

(R) are not attached to the surf ac~ of the endo-

plasmic reticulum.

The inner and outer mitochondrial membranes

are morphologically normal and the cristae traverse the entire
width of the mitochondrion.

The tubular cristae show prominant

intracristae spaces and the mitochondrial matrix appears to be
quite homogenous.
As in the liver, the brain mitochondria in essential fatty
acid deficient rats show marked morphological distortions
(Plate VI).

There is a readily discernable lack of the mito-

chondrial matrix accompanied by a markedly diminished number
of cristae and a total lack of inner mitochondrial membrane

f)

2

organization (arrow).

This would definitely show a morpho-

logical basis for the greater than 90% decrease in the specific activity of succinic dehydrogenase in an essential fatty
acid deficiency.

Since succinic dehydrogenase is firmly

bound to the inner mitochondrial membrane, disorganization
of the membrane ultrastructure provides a morphological confirmation of decreased functional activity.
Plate VII is a photomicrograph of normal kidney tissue
magnified 32,000

x.

Specifically, the section is off the

proximal convoluted tubule.

As expressed, this section of

the kidney has a great abundance of mitochondria.
nature of the cristae mitochondriales

The tubular

(TC) is evident in sev-

eral places where they have been cut transversely and appear
circular.

In a true cross section of a mitochondrion, cristae

appear as lamellar structures.

The mitochondria lie in close

proximity to the Golgi Complex in the basal region of the cell.
In this region of the cell, the plasma membrane (PM) invaginates
and forms narrow islets within which the mitochondria are enclosed.

Exterior to the basement membrane is the thin endo-

thelium of the capillary (Cp).

The endothelium is typified by

the presence of fenestrae or pores (P) which are not open but
rather are covered by a single-layered diaphragm.

The normal

mitochondria contain a regular array of cristae mitochondriales
supported by a homogenous matrix.
The kidney from the rat on the essential fatty acid deficient diet (Plate VII, VIII, IX, and X)

shows very striking mor-

phological changes at the ultrastructural level.

The mito-

chondria of the proximal convoluted tubule display more
dramatic morphological alterations than those observed in
both the brain and the liver from essential fatty acid deficient rats.

For example, aside from being decreased in

number, the mitochondria are swollen.

The cristae appear to

have an increase in the number of membranes as well as distorted ultrastructural features.
Plate VIII shows what appears to be an intermediate
stage of mitochondrial damage.

The mitochondria display

swollen appearances coupled with inner membrane cristae distortions and a very non-homogenous mitochondrial matrix.
IX is a higher magnification of the same area.

Plate

Plate X shows

an advanced stage of mitochondrial damage characterized by
grossly swollen mitochondria, by vacuolazation of the mitochondria and by total disorganization of the inner mitochondrial
matrix.
As presented by the previous ultrastructural evidence, it
appears that the main effect of an essential fatty acid deficiency is on mitochondrial morphology.
by Ito and Johnson

This view was taken

(108) and Stancliff (104).

Stancliff found

that the inner mitochondrial membrane was more irregularly
organized in vitro and larger in situ.

Enlarged mitochondria

could reflect abnormalities in mitochondrial formation either
by increased fusion or by failure of division with the size
possibly constituting a mechanism to maintain a constant mito-
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chondrial volume in the cell.

Within the mitochondrial ultra-

structure, the major alterations occur within the inner mitochondrial membrane.

Weiner and Neupert (109) found that the

inner mitochondrial membrane contains 23\ less lipid than the
outer mitochondrial membrane.

One would expect that the former

would be more susceptible to alterations in its lipid content
than the latter.

This observation has been confirmed in the

ultrastructural study of rats deficient in essential fatty acids.

/

Plate

v.

The myelin sheath
Cerebral cortex of the normal rat.
(My) serves as an electric insulator for axons (Ax) •
An area of
Note the presence of synaptosomes ( s) •
contact between an axon and dendrite (Den) can be seen
The bulk of the riboas the junctional complex (JC).
somes (R) are not attached to the surf ace of the endoThe mitochondria (MIT) appear morplasmic reticulum.
Magnification 45,000 x
pholoqically normal.
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Plate VI.

Altered state of cerebral cortex from rat on a diet
deficient in essential fatty acids.
There is a
readily discernable lack of the mitochondrial matrix
accompanied by a markedly diminished number of cristae
and a total lack of inner mitochondrial membrane organization.
Abbreviations: Ax, axon; Den, dendrite ;
My, myelin; s, synaptosomes ; JC, junctional comp lex.
Magnification 31,800 X
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Plate VII.

Proximal convoluted tubule from a normal rat.
The
morpholo9ically normal mitochondria possess cristae
(TC) supported by a homogenous matrix.
The basalar
plasma membrane (PM) is invaginated.
Exterior to
the basement membrane (BM) is the fenestrated (P)
endothelium of the capillary (Cp).
Magnification
32,000

x
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Plate VIII.

Kidney mitochondria in what appears to be an intermediate stage of mitochondrial damage.
The mitochondria display a swollen appearance, a distorted
inner membrane cristae and an increased membrane
content.
Magnification 23,200 X
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Pla te I X.

Approximately same area as Plate VIII at a higher
magnification for greater detail.
Mag ni f ication
45,200 x

7

Plate

x.

Proximal convoluted tubule of rats fed an essential
fatty acid deficient diet, showing an advanced stage
of mitochondrial deterioration.
The mitochondria display a greatly swollen appearance, and distorted cristae
which appear to possess an increased number of memb ranes.
There is also a decrease in the number of mitochondria
present.
Magnification 32,000 X
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Biochemical Analyses
As can be found from Figure IV there is a considerable
reduction in the growth rate of rats where the maternal organism was fed a diet deficient in the essential fatty acids and
continued through weaning to four months of age.

The decreased

growth response means that the caloric efficiency is lower on
a deficient diet as compared to normal.

This would be expected

since the diet is deficient in fats with fats being the major
source of metabolic energy.

Significant weight reductions are

evident by the third postnatal week, although diff·=rences at
birth were recorded by Dobbing and Sands (110).

By the third

postnatal week, the rats raised on the essential fatty acid
deficient diet weighed 50% of the weight of the controls.

The

weight difference was maximized at the eighth week where normal
rats weighed 168% more than the deficient rats.

Rats fed the

deficient diet decreased the weight difference to 57% of normals
by the twelfth week.

Therefore, throughout the time period

measured, the rats on the essential fatty acid deficient diet
always weighed significantly less than their counterparts fed
a normal diet.

This data is confirmed by C. Galli et al (34).

--·

Also, as can be seen from the graph, the increase in weight
per unit of time is very marked in the control rats leveling
off at around the sixteenth week.

In contrast, rats fed the

diet deficient in essential fatty acids exhibited a less strik-
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Fig. IV.

Weight ;n grams_

Week

Essential Fatty Acid Deficient
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•
•
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*
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25
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*

DATA*

290 •

10
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75

Average of 10 rats/group

Fiq. IV.

Comparison of growth curves of normal rats and
rats deficient in essential fatty acids.
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r

ing weight increase per unit of time leveling off at around
the twentieth week.

Brain phospholipi<l fatty acids and food

fatty acids were analyzed by gas-liquid chromatography (see
lipid analysis).
As rnentioned in the section on Gross Morphology and
Histopathology earlier, it was postulated by Hoilund et

.~l

(37)

that two types of essential fatty acid deficiencies exist--an
Some essential fatty acid deficient rats

acute and a chronic.
around three

~onths

showed a marked acceleration of essential

fatty acid deficient symptoms.

Concomitant with this accelera-

tion of deficient symptoms, there is extreme emaciation and a
propensity towards hypokinesis and death.

The symptoms most

exaggerated were erythemia of mucocutaneous junctions, sores
and dermatitis on tail and paws, and alopecia around front paws
and neck.

Growth was progressive and normal until the R9th day

at which time the weight stabilized at 220 grams.

By day 104,

the weight started to drop and was down to 159 grams by day 110
(A) •

This corresponds to a decrease of 61 grams in six days or

a 28% decrease in weight.
Cognizant of these observations which indicated that death
was imminent, menhaden oil was given as a supplement.
On the llOth day,

rats were fed orally by eye dropper 1.0

ml. of menhaden oil daily
calories.
(111)

(Fiy. V).

This corresponds to 10% of

Using menhaden oil at 10% of calories, Privett et al

cured dermal symptoms due to a lack of essential fatty

acids and stimulated growth.

By the third day the weight was up

75

r

I

GROWTH

RESPONSE

CURVE

IACW

OF -EFA

WITH

DEFICIENT

RATS SUPPLEMENTED

MENHADEN OIL

280

240

(/) 200
~

ct

0::
<!>

z
II
<!>
lLJ

160

120

3::

80

40

0
25

45

65

85
TIME

Fig. V.

IN

105

t

125

145

DAYS

Growth response curve of essential fatty acid deficient
rats supplemented with menhaden oil.

76

Fig.

V.

Time in Days

*

DATA*

Weight in grams
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Average of 3 rats/group

Fig. v.

Growth response curve of essential fatty acid
deficient rats supplemented with menhaden oil.
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10% and erythemia started to clear.

Day 12 (c) brought about

a growth of hair and weight increase of 30%.

By day 18 (d)

the rats displayed a relative hyperkinesis and a weight increase
of 50%.

Complete remission of alopecia was evident by the 20th

day of menhaden oil supplementation (e).

In other words, 30

days of menhaden oil supplementation resulted in a 167\ increase
in weight and an alleviation of all gross-morphological manifestations exhibited by an essential fatty acid deficiency showing that fatty acids play a direct role in this symptomology
(see lipid analysis for fatty acid phospholipid analysis and
and fatty acids of menhaden oil).
Linoleic Acid Supplementation:
After 135 days on an essential fatty acid deficient diet,
the deficient rats were supplemented daily, via eyedropper
with a dose of linoleic acid corresponding to 4\ of calories
for 10 days (Fig. VI).
acid (A) was given.

Initially 0.4 ml. of purified linoleic

This resulted in an immediate decrease in

growth from 230 grams to 216 grams in one day.
peared to be too high.
50\ (B)

This level ap-

The dose was subsequently reduced

by

in the hope to alleviate a further decrease in growth

response and reverse the effects.

Fortuitously, it was found

that when the dose level was reduced, there was a concomitant
elevation in the growth response.

It took, however, three days

after overloading to reverse the response.

The supplementation

with 0.20 ml. of linoleic acid daily resulted in a final weight
higher than the initial weight and 11% above the reduced weight
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which was caused by the overloading with linoleic acid.
Logically, it can be deduced that linoleic acid when given at
a level of 4% of calories can reverse the growth response of
an essential fatty acid deficient condition; however, a level
of 8% of calories causes a further decrease from that exhibited
during a deficiency, indicating that linoleic works advantageously within a narrow concentration range.

Scaliness of the

tail started to disappear on the third day and culminated by
the tenth.

Of the 25 rats placed on a linoleic acid supplement-

ation, 96\ showed a positive growth response and 4% succumbed
to upper respiratory tract infections.
Linolenic Acid Supplementation:
At the end of 135 days on an essential fatty acid deficient
diet, rats were fed daily, via eyedropper, purified linolenic
acid for 10 days

(Fig. VII).

The initial dose given of lino-

lenic acid was 0.40 ml. corresponding to approximately 8% of
calories.

Initially there was a growth spurt from 165 grams

to 183 grams in two days.
two days.

The rats stayed at this level for

When the dose level of linolenic acid was halved

to 4% of calories

(0.20 ml.), there followed an initial decrease

in weight down to 177 grams followed by a noticeable positive
growth response.

The growth response resulted in a final weight

surpassing the initial weight by 16%
weight)

(27 grams above initial

and 8% above the decreased weight due to linolenic acid

overloading.

Contrary to other workers, rats supplemented with
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DATA•

Time in Days

*

Weight in Grams

0

230 ±

5

1

215 ±

5

4

215 ±

5

6

220 ± 60

8

240

±

60

10

240

±

5

Average 25 rats/group

Fi9. VI.

Growth response of rats supplemented with
linoleic acid for 10 days.

81

linolenic acid and an unrestricted water intake, exhibited
an alleviation of dermal symptoms in 50% of the rats tested.
Weight increase occurred in 71% of animals tested.

There-

fore, approximately 66% of the animals exhibiting an increase
in their growth response showed alleviation of dermal symptoms.
Although with linolenic acid it took twice as long to alleviate
dermal symptoms as with linoleic acid.
From the above two growth response curves it is ascertained that (1) the growth response curve is more sensitive
to linoleic acid than to linolenic acid after overloading
with these acids;

(2) that both linoleic acid and linolenic acid

aid, in conjunction with unrestricted water intake, the alleviation of dermal symptoms of essential fatty acid deficiency, although linoleic acid is more effective in this respect that
linoleic acid is twice as active as linolenic acid 1

(

3) the

overall weight increase prior to overloading is greater with
linolenic

tha~

linoleic acid.

Without water restriction, both linoleic and linolenic
acid were equally effective in bringing about a positive growth
response.

This work has been confirmed by Houtsmaller (112).

He also found that linolenic acid, besides linoleic acid, can
cure dermal symptoms.

Similar to Higashi, et

al~

(20) the

mortality rate was greater with linoleic acid than with linolenic acid supplementation forthwith a factor of 2.5.
Fecal Total Lipid Fatty Acid Analysis:
Noting that rats exhibit coprophagy from which they may
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obtain polyenoic fatty acids, rats were placed in metabolic

(

cages.

Sinclair (113), however, found that rats consume a

large portion of their feces directly from the anus.

There-

fore half of the rats were placed on 0.25\ tetracycline (w/v)
in order to see if bacterial polyenoic fatty acid production
can be reduced.

After one month, the feces were collected and

fatty acids extracted, methylated and run through a gas-liquid
chromatography column by the procedure outlined in Materials
and Methods (See Fig. I).

Individual fatty acids are expressed

as per cent of total fatty acids.
It is readily seen that the relative amounts of any individual fatty acid does not change markedly whether or not the
rats are given tetracycline hydrochloride or not.
The changes that do occur are a decrease in the following
saturated fatty acids:

capric (10:0; 100\), !auric (12:0; 100%),

myristic (14:0; 18%), stearic (18:0; 19%), and in the following
unsaturated fatty acids:

oleic (18:lw9; 6%), arachidonic

(20:4w6; 22\), linoleic (18:2w6; 41\), linolenic (18:3w3; 37%),
eicosamonoenoic (20:lw9; 6\), eicosadienoic (20:2w6; 58\),
eicosatetraenoic (20:4w6; 22\), eicosapentaneoic (20:5w9; 33%),
docosatetraenoic (22:4w6; 42\), docosapentaenoic (22:5wl;

33%).

Increases were found with palmitic (16:0; 44%), palmitoleic
(16:lw7; 46\), eicosatrienoic (20:3w6; 37%), and docosahexaenoic
(22:6w3; 277%) fatty acids.

However, the only fairly signifi-

cant _changes occurred with palmitic, stearic, oleic, linoleic,
linolenic, eicosatrienoic and arachidonic acids.

BS

These results

.

(

are all relative to controls and show two interesting facts:
(l) that as early as four weeks biochemical changes appear indicative of an essential fatty acid deficieq.cy are evident;
this is an indication of a decrease of polyunsaturated fatty
acids of the linoleate (18:2w6) and linolenate (18:3w3) acid
families and an increase in trienes, especially 20: 3w9 derived
from oleic acid (18:lw9); (2) it shows that there are subtle
biochemical changes taking place prior to gross morphological
manifestations exhibited by an essential fatty acid deficiency,
although the changes are not yet marked.

This is confirmed by

the triene/tetraene ratio of 0.568 in rats receiving tetracycline and o.464 in rats not receiving the antibiotic.
Fatty Acid Analysis of Control and Fat Free Diets:

....
Fatty Acids of both the control diet and the fat-free
diet were analyzed by gas-liquid chromatography.

(Table II).

Percentage of individual fatty acids are based on per· cent
of total saponifiable fatty acids.

At the level of 4% of

calories, linoleic acid in the fat-free diet a.mounted to 7 x

io-3 mg/gm and linoleic acid in the fat-free diet amounted to
4 x io-3 mg/gm.
Tlie major decreases in the fat-free diet were a decrease

'l,
in palmitic acid by a factor of 2.6 and in linoleic acid - down

4.5 times, and in linolenic and in oleic acid down 30% and 37%
respectively.

Contrarily, lauric acid and myristic acid in-

\.'

creased 17 times and 3 times respectively.
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TABLE I
(Fecal Fatty Acids as \

of Total Fatty Acids)

Tetracycline present*

Tetracy_cline Absent

10:0

trace

0.74

12:0

trace

5.82

14:0

7.70

9.34

16:0

27.90

19.40

16:lw7

30.30

20.80

18:0

9.80

12.07

18:lw9

7.90

10.04

18:2w6

3.00

5.08

18:3w3

1. 20

1. 90

20:lw9

2.80

2.96

20:2w6

1. 20

2.85

20:3w6

1.30

0.95

20:4w6

2.20

2.80

20:4w3

0.70

0.76

20:5w9

0.60

0.91

22:4w6

1. 50

2.58

22:5w6

0.60

0.90

22:6w3

0.50

0.18

*

(0.25% w/v)
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TABLE I I

(

(Fatty Acids in Diet as

'

of Total Fatty Acids)

Control Diet

Fat-Free Diet

12:0

0.78

13.18

14:0

3.15

9.54

OMA

0.44

0.71

16:0

16.65

19.48

16:lw7

23.92

9.22

4.07

13.39

18:lw9

20.88

15.26

18:2w6

40.04

8.83

18:3w3

3.68

2.68

20:lw9

0.80

1. 63

20:2w6

0.80

2.42

20:3w6

0.80

20:4w6

0.12

22:6w3

l . 20

18:0

,_.,
''

88

3.58

TABLE III

(

Gas Liquid Chromatography Data and Supplementation Oils
(Fatty Acids expressed as \ of Total Fatty Acids)

Menhaden Oil*

Linoleic acid

12:0

Linolenic Acid
0.04

14:0

0.21

0.08

16:0

1.05

0.12

l6:lw7

0.72
0.04

17:0
19:0

2.85

18:1w9

8.87

0.26

0.11

18:2w6

2.38

99.58

0.34

18:3w3

2.27

0.16

95.02

20:lw9

6.57

20:2w6

1.14

20:3w6

0.49

20r4w6

3.22

0.11

20:4w3

3.56

0.11

20:5w9

30.68

22:4w6

1.63

22:5w6

0.67

22:5w3

6.33

22:6w3

26.79

*

0.06

2.89

1. 08

A concentrate of some of the PUFA obtained
by mol. distillation (personal comm. from M. E. Stansby)
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TABLE IV

(

Cerebral Fatty Acid Analysis under various conditions
(Expressed as

'

Normal

of Total Fatty Acids--average of two experiments)

Essential Fatty
Acid Deficient

+18:2w6

12:0
14:0

Menhaden
oil

1. 40

0.62

0.27

0.35

14:lw5
16:0

+18:3w3

1. 26

2.27
25.23

16:lw7

24.58

26.11

16.00

19.18

2.92

7.32

1. 32

l . 88

18:0

19.02

20.01

13.10

13.58

16.65

18:lw9

21.50

22.54

19.75

17.18

23.00

18:2w6

1. 55

.(0.01

3.78

1.06

l8:3w3

0.26

0.36

3.71

2.71

20:lw9

2.28

1.12

/ 0 .16

1. 54

2.28

1. 21

{ 0.16

5.10

0.23

6.55

5.71

3.65

~

1. 64

20:2w6
20:3w9

t

20:3w6

0.38

20:4w6

10.46

20:4w3

0.32

20:5w9

0.08

.t?. 55

9.10

7.53

r-65

3.65

7.84

l . 41
1. 35

22:3w9

trace

3.03

0.83

1.61

4.48

0.89

4.43

l . 80

22:4w6

2.63

o.73

2.18

22:5w6

0.35

2.57

2.91

22:5w3

0.41

22:6w3

14.15

8.14

1. 94

trace

1.40

1.15

5.23

13.34

14.47

Fatty Acid Analysis of Menhaden Oil, Linoleic, and
Linolenic Acids:
The methyl esters of menhaden oil, linoleic, and linolenic acids were run through a gas-liquid chromatography
column for fatty acid analysis, and to check on the purity
of the essential fatty acids.

Privett et

~-!.

(111) calculated

that menhaden oil must contain 2% of linoleic acid based on
dermal scores.

Values expressed are as per cent of total

fatty acids and oil are shown below in Table III.
It can be seen that menhaden oil contains around 2% linoleic acid as postulated by Privett

~..!

al.

Also the purity of

both linoleic and linolenic acids are greater than 95\, thus
assuring that the effects noted after supplementation are attributed only to the essential fatty acid added.
Brain Phospholipid Fatty Acid Analysis:
The phospholipid fatty acids of rat brain of normal rats
and rats supplemented with menhaden oil, linoleic, and linolenic acids were analyzed by the methods previously outlined.
Results are tabulated in Table

IV~

Analysis shows the following:
tains mostly palmitic acid (16:0)

the normal rat brain conand oleic acid (18:0), the

percentages being 25.23 and 22.00 respectively.

The major

unsaturates are oleic (18:lw9)--21.50%, docosahexenoic acid
(22:6w3)--14.l5%, and arachidonic acid (20:4w6)--10.46%.

In

order of percentages the w9 family ranks highest with 24%
,

followed by the w6 and w3 families averaging about the same--

91

15-16\.

The triene/tetraene ratio of the normal brain phos-

pholipid fatty acid is 0.045 indicating a normal condition.
Remember that the greater the extent of an essential fatty
acid deficiency, the greater the numerical value of the triene/
tetraene ratio.

This is attributed mostly to the rise in eico-

satrienoate (20:3w9) and to a decrease in arachidonate (20:4w6).
Feeding an essential fatty acid deficient diet for 135
days brought about the following changes:

linoleic acid dropped

to a trace while its end product arachidonic decreased by 28%.
Linolenic acid stood essentially at the same level while its
metabolic product docosahexenoate (22:6w3) decreased significantly by 43\.

Docosatetraenoate (22:4w6) and eicosatrienoate

(20:3w6) both decreased by 72% and 100% respectively while on
an essential fatty acid deficient diet.

Very significant in-

creases were found in eicosatrienoic (20:3w9) and eicosapentenoic
(20:5w9), their increases being 28 times and 17 times greater
than normal.

In other words, the fatty acid deficiency caused

a generalized decrease in the fatty acids belonging to the
linoleate (w6) and linolenate (w3) acid families while there
was an increase in trienes of the oleate (w9) families.
After 135 days on an essential fatty acid deficient diet,
the triene/tetraene ratio increased from 0.045 in normals to
0.791 in essential fatty acid deficient rats--a high triene/
tetraene ratio indicative of an essential fatty acid deficiency
(Holman, 114).

,.

These results correlate well with other

workers (115).

92

After establishment of the deficiency of essential fatty
acids, the rats were fed purified linoleic or linolenic acid.
After 10 days at 4% of calories of linolenic acid, the following cerebral fatty acid pattern was found:
in linolenic acid from 0.26% to 2.71%.

a marked increase

Also paralleling the

increase in linolenic acid, was a 40% increase in linolenic's
metabolic end product docosahexenoic acid (22:6w3) over deficient rats.

There is an increase in palmitic acid relative

to deficient and control animals (288\).

Oleic acid (18:lw9)

decreases 13% below the level established in normal rats.

The

same results are observed with eicosamonoenoic acid (20:lw9;
28%), and eicosatrienoic acid (20:3w9; 100\).

A 224% increase

in eicosadienoic acid (20:2w6) and an 168\ increase in docosatetraenoic acid (22:4w6) beyond that level exhibited in controls was observed.
With fatty acid supplementation w6 and w3 fatty acids
exhibit a rebound phenomenon (34, 115) in coaparison to controls.
The fact that linoleic acid and its metabolites eicosatrienoic
(20:3w6) and docosapentenoic (22:5w6) acids are decreased
slightly is probably due to the competitive inhibition of linoleic by linolenate (94).

Supplementation with linolenate for

10 days at 4\ of calories alleviates somewhat the effects of
an essential fatty acid deficiency as seen by a triene/tetraene
ratio of 0.538 comparable to 0.791 found in rats deficient in
essential fatty acids.

This corresponds to a 36% increase

above deficient rats.
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Suprlement:ttion with linoletc acid for ten days sho\4ed

the follmrfng cerebral fatty acid

pattern~

an elevated lino-

1.eie acid accounted for by the overloading of linolcic at the
level of 4% of calories.

Stearic acid (18!0) vas down below

32% of normal and equal to rats supplemented with linolenic
acid.

Th.ere is also, however, a very marked 14-fold elevation

of linolenate.

Oleie acid (1$:1w9) and eieosapentanoic

(20:5w9) acid decrease slightly beyond that of normals, oleic

8% and 20:5w9 decreased from 0.03 to trace amounts.

'!'here is

a major increase in eicosatrienoate (20:'3w6) well above that
found in normal ratR (43x) while arnehidonic acid (20!4w6)
stayod essentially the same (10.467. vs. 9.10%).

Doeosstrienoate

also increased under these conditions from trace to 1.61%.
Docosatetraenoate decreased 20% while docosahexaenoate decreased
6'.l%.

Contrastly docosapentaenoic increased 271%.

Mohrhauer and

Hol.man (116), using Approximately 5% of calories as linoleic
acid~

had a trieue/tetraene ratio of about 0.484, indicating

linoleatea greater propen9it:y towards alleviation of essential
fatty acid deficiency symptoms than linolenates t>There a triene/
tetraene ratio of n.538 is obtained.
It can be seen that supplementation with both linoleic
acf.-l and linolenic acids at 4! of calories ean reverse the
effects exhibited by an essential fatty acid deficiency.

This

is indicated by both a decrease in the triene/tetraene ratios.
The rebound phenomenon is manifested by an increase in w6 fatty

94

' ,,

acids and a decrease in w9 fatty acids beyond that of normal
animals.
Supplementation with menhaden oil at

10~

of calories for

30 days resulted in the following changes in cerebral fatty
acids relative to a deficiency state:

myristic,

, eico-

samonoeic, eicosadienoic, and eicosatrienoic were elevated
by 203\,

160\, 326%, and 326% respectively.

There was also

an increase in docosapentaenoic acid of the w3 family of 100%
and docosahexenoic acid (55x and 28x).
in o 1 e i c

( 1 7 %) , pa lm i ti c

{1 0 0 %)

1

Decreases were found

lino 1 e i c

( 1 0 0 %) ,

1 in o 1 en i c

(100%), eicosadienoate (40x), the w6 docosapentacnoic (75%),
and docosatetraenoic (26\) acids.

Stearic acid was constant.

The decrease in linoleic and linolenic acids are reflected in
an increase in their longer chained more unsaturated metabolic
deriviatives docosahexenoic aoid (22:6w3;
enoic acid (22:5w6; 100\).

44~),

and docosapent-

The triene/tetraene ratio after

30 days was reduced to 0.262 indicating a very great capacity
to alleviate essential fatty acid deficiency symptoms.
A useful index in studying the effects of essential fatty
acid deficiency and fatty acid supplementation are the productprecursor ratios

(Table V).

Three especially useful ratios are

(1) oleate/eicosatrienoate (18:lw9/20:3w9),
arachidonate (18:2w6/20:4w6}
(18:3w3/22:6w3).

and (3}

(2)

linoleate/

linolenate/docosahexenoate

These ratios all show a marked decrease in

numerical value after 135 days on a fat free diet, the greatest
decrease occurring with the w6 and wq family product-precursor
ratio {99') , while the w9 family decreased 94\ with the notice-
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TABLE V

(~

Precursor-Product Ratio
As \ fraction of total cerebral fatty aoids

18:lw9/20:3w9

19:2w6/20:4w6

l8:3w3/22:6w3

93.47

0.148

0.018

3.44

0.001

0.044

+18:2w6

19.75

0.415

2.710

+18:3w3

17.18

0.140

0.203

Men. oil

14.02

-

Normal
EFAD

a

a--cannot be calculated because all 18:2w6 is in 20:4w6
b--cannot be calculated because all 18:3w3 is in 20:6w3
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b

TABLE VI

Parent-End-Product of Cerebral Fatty Acids
of Normal, EFA Deficient and Supplemented Diets

18:lw9/20:5w9

~;2w6/22:Sw6

1B:3w3/22:6w3

4.43

0.018

16.70

0.004

0.044

+18:lw6

(..14.43

<5. 60

+18:3w3

5.67

1. 06

27.70

1.94

Normal

259

EFAD

Men. oil

'~\:

•

97

<.

2. 910

0.203

TABLE VII

Triene/Tetraene Ratios of oere,bral Fatty A(lids of
Normal, Deficient, and Supple~ented Diets

normal
0.045

0.791

+l8:2w6
--

+l8ilw3

0.484

o.538

Menhaden Oil
0.262

able exception of the linolenate/docoaahexenoate ratio
which increases 244% due to a decreased level of docosabexenoic
acid.

With lfnoleic acid supplementation there is a four-fold

increase in the oleate/eicosatrienoate ratio above the deficient

value.

The linoleate/arachi-ionate ratio sh0ti1s a 415-fold

increase above the deficient value and
fold increase above normal.
ratio increased 62 times

a~proximately

three-

The linolenate/docosahexenoate

durin~

supplementation as compared to

deficient rate and 151 times above

normal rats.

Linolenate

supplementation brought about an increase in both the linolenate/arachidonate and

linolenate/doco9~hexenoate

ratios (140x

and 4.6x) with the greatest increase occurring with the w6 product-precursor ratios.

When the parent-end-product ratios

were studied (Table VI), namely the oleate/eieosapentenoate,
linoleate/docosapentenoate and linolenate/docoaahexenoate
ratios--they showed similar results and therefore. it can generally be stated that with respect to the w6 and w3 ratios.
linoleie acid exhibits a greater propensity tM1ards normalization
of the various ratios than does linolenie.
marized in Tables V

throu~h

The results are sum-

VIII.

After excision from the body and during extraction of the
phospholi~ids

fatty acids, various measurements were recorded.

During an essential fatty acid deficiency, the wet weight of
the cerebrum decreases by 38%.

Addition of either linoleate

or linolenate to the diet restores the wet weight to normal

(Table VIII).
The <lt'Y weight decreases slightly (7%) cfaring the essen99

tia.1 fatty acid deftciency.

With l!noleante, the dry

weight rises only sHghtly (3%) in contrast to a marked

13% elevation after linoleate supplementation.
Total lipids decreased by 47% during the essential
fatty acid deficiency and increased 30% with linolenate addition.

Contrarily, supplementation with linoleic acid returned

the total lipid weight to 150% of normal.
The phospholipids remained unaltered during the essential
fatty acid deficiency and increased 30% with the addition of
Hnolena.te.

t.inoleic acid supplementation brought about a

1.6 fold increase in phospholipid weight.

With linolenate,

71% of the total lipids are phospholipids while with linolenate, virtually all of the linid is phospholipid ( 99%).
Contrast this to normals in which phospholipids are 41% of
the total lipids and in an essential fatty acid deficiency
where phospholipids constitute 77% of the total lipids.

These

are summarized below in Table VIII.
Enzymes other than 5 '-nucleotidase were assayed on pur"·

ified subcellular fractions--the mitochondrial fraction purified
80 times over

homo~enate

and the microsomal fraction purified

about 3 times over homogenate (117).
fication is three-fold.

The upper limit of puri-

All eneyme assays were run in duplicate.

With each assay a boiled enzyme plus substrate and a blank
plus substrate was run to test for non-enzymatic and substrate
hydrolysis respectively.

In all C&$es, non-enzymatic and sub-

strate hydrolysis was not present to any appreciable extent.
Assayin~

for the marker enzyme of the plasma membrane 5'100

T~BLE

VIII

Essential Fatty

Normal

Acid Defi_ciency

+18:2w6

+18:3w3
------

Wet Weight

l.50 IJY!l

0.94 gm

1.50 gm

1.50 gm

Dry Weiqht

340 m9

318 mg

455 mq

350 mg

Total Lipid

251 mg

135 mg

379 mg

192 mg

Phospholipid

104 mq

104 ln<J

378 mg

148 mg

1i)1

nucleotidase, the following results were found.

After 135

days on an essential fatty acid deficient diet, 25 deficient
rats were subdivided into five groups of five rats each.
Control rats were also subdivided into five groups of five
rats each.

The mean specific activity of 5'-nucleotidase,

stated in micromoles of phosphorus liberated per hour per
milligram protein, decreased from 6.58 in normals to 2.47 in
the deficient rats.

This represented a decrease of 64\.

It

appeared that the enzyme 5'-nucleotidase is to some extent
dependent upon fatty acids, possible essential fatty acids,
for their activity.

If this is true, then supplementation with

essential fatty acids should bring back the specific activity

To test this hypothethis, two exper-

into the realm of normal.
imental groups were set up.

The first group which received

linoleic acid consisted of ten deficient rats subdivided into
5 groups of 2 rats each.

The second group consisted of 18

deficient rats subdivided evenly into six groups and received
linolenic acid.
In the defieent group fo rats fed linoleic acid, the mean
specific activity of 5'-nucleotidase (Table IX)

did not show

any appreciable recovery from the deficient towards the normal
(2.476 vs. 2.602 with the linoleic acid).

With the linolenic

acid fed rats, however, supplementation resulted in an activity
97% of normal.

Based on the decrease in specific activity as-

sociated with an essential fatty acid deficient died, the linolenic data support that s•-nucleotidase is lipid dependent.
With the linolenic acid supplementation, the specific activity

lC~

of 5'-nucleotida.se increased 2.56 times above the deficient
value and increased to 96.6% of norm.al.

It appears that

the enzyme 5 '·-nucleotidase required linolenic acid for its

enzymatic activity--an activity which appears to be indepen-·
dent of linoleic acid.
Statistical calculations support the significnnce of the

data.

The 9robability of having a large or larger in size by

chance between the (1) normal value and the essential fatty
acid deficient value, (2) the essential fatty acid deficient

value and linolenic acid supplementation and (3) normal values
~nd

linoleic acid supplementation are at a probability level

of less than 0.005 (P < 0.005).

The t-value between the essen·-

tial fatty acid def icieut rats and linoleic acid supplementation
was at a -probability level of lese than 0.05 (P , O.fl5) writh

the probability level of the t-value between the normals and
linolenic acid sup?lementation was less· than 0.01 (P

0.01).

Enzymatic assays involvi.ng the micTosomal ''marker enzyme"

glucose-6-phosphatase (Table X) showed the following.

Rats

fed an essential fatty aci<l deficient diet for 135 days showed

an increase in specific activity compared to normals (specific
activity stated as

~icromoles

per milligram protein).
experimental error.

phosphorus liberated per hour

The 22% increase is above that of

It showed that when fatty acids are omitted

from. the diet there was an increased activity of gluco&e-6-phoaphatase.

In other words. if a fatty acid is inhibiting. then

supplementation should cause a decrease in specific activity-if these essential f attv acids play any role in regulating
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activity.

This is confirmed with both linoleic and linolenic

acid supplem.entation.

With linoleic acid supplementation,

the specific activity decreases by 65% relative to normals
and 71% relative to deficient rats.

I,inoleic acid appears

to inhibit or to dec't'ease the specif le activity of microsomal
glucose-6-phosphatase.
Linolenic acid BU'fl?lettentation followed the pattern found
with linoleic acid.

Linolenie acid fed to essential fatty

acid deficient rate results in a. 58% decrease with respect to

normal and 48% decrease with

res~ect

to the deficient rats.

It seems. however, that linoleic acid is more inhibiting than
linolenic acid with respect towards the specific activity of
glucose-6-phosphatase as seen by both the normal and the essential fatty acid deficient data.
Statistical evaluation using the t-test, shoved that the
probability level of comparison of (1) normal versus essential
fatty acid deficient, (2) essential fatty acid deficient versus
linoleic acid supplementation, (3) essential fatty acid deficient
versus linolenic acid supplementation, (4} normal versus linoleic acid. (5) nol'.'IMl versus linolenic acid supplementat:i.on were
less than 0.005 (P

< 0.005).

This proves that statistically none

of the data could rationally be caused by chance, therefore
representin~

a real phenomenon.

Contrary to 5'-nucleotiJase

which required linolenic acid for activation, glucose-6-phosphatase iA inhibited by both linolaic acid and linolenic acid.
Succinic

dehydro~enase

is a natarker'' enzyme for the inner
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mitochondrial membrane and the results indicated that it's
activity is dependent on either 11.noleic acid or linolenic
neiA,, but to various degrees.
fatty ncid regime show a

96~

(specific activity stated as
per milligram protein).

Rats subjected to an essential
decrease in specific activity
chan~e

in O.D. at 550 mu per hour

Succinic dehydrogenase appears to have

an absolute requirement for fatty acids.
leic acid

brin~s

The addition of lino-

about a 272% increase in specific activity

Yith respect to the deficient value and comes to within 74% of
normal.

Therefore, linoleic acid is needed for the specific

activity of suecinic dehydrogenase, but the requirement is not

ag absolute as linoleic is for st-nucleotidase.

The addition

of linolenic acid, however. shows a marked elevntion of specific
activity of succinie dehydrogerutse over that exhibited of linoleic acid. the increase being 64% with respect to normals and

272% compared to deficients.

Therefore, linolenie acid is more

effective as an activator of succinic dehydrogenase than linoleic acid by a factor of 2.5 (Data presented in Table XI).
Statistically, the probability that the t-test value comparing (1) normals versus essential fatty acid deficients,

(2) essential fatty acid def ie1ent versus linoleic acid supplementation, (3) essential fatty acid deficient versus lino-

lenate supplementation and, (4) normal versus linoleate suppleinentation are attributed to chance and are less than 0.005
(P

0.005).

The probability that the t-test values of normal

versus ltnolenate supplementation being due to chance is greater
than 0.01 (P

0.01).

Therefore, the data represents a phenomenon
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not eauserl hy chance.
:1onoamine oxidase is a "marker 1 ' enzyme for the outer

mitochondrial membrane.

The results obtained are contrary

to that obtained with glucose-6-phosphatase.

After 135 days

on an essential fatty acid deficient diet, the specific ac-

tivity

(speeif ic activity measured as change in absorbancy

at 360 mu per hour per milligram protein) decreased 57%.
thereby indicating a requirement by monoamine oxidase for
fatty

acids.

Supplementat:fon experiments indicate an abso-

lute requirement for both linoleic and linolenic acids.

With

linoleic acid, the specific activity ie increased 200% over
the deficiency state and increases 24% beyond the normal
state.

With linolenic acid the increase is more dramatic

rising 24% beyond normals and 216% above the deficiency state.
Linolenatc is more active than linoleate in restoring to normalcy the specific activity of monoamine oxidase (Data presented
in Table XII) •

Statistic9 involving the t-test values comparing (1)
normals vereus essential fAtty acid deficiency, (2) essential
fatty acid deficiency versus linoleate addition, (3) eHential
fatty acid deficiency versus linolenate addition and (4)
normal versus linoleate supplementation were at the probability

level of less than 0.05 (P

0.05) while the t-test value compar-

ing normals ver!:!us linolenate supplementation was greater than
0.02 (P

0.02),

indicatin~

that the data is not due to chance.

All values :for specific activities and various
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~statistical

parameters are shown below in Tables x, XI, XII, and
XIII, and qraphically in Pi9ure VIII and Figure IX.
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TABLE IX
Specific Activity of 5'-Nucleotidase
and Statistical Parameters unJer various conditions*

Norm.al

EFA Def icienc:z:

+18:2w6

+18:3w3

7.68 + 0.498***

2.38 + 0.06

2.13 + 0.139

4.06 + 0.838

6.12 + 0.498

2.43 + 0.06

2.87

± 0.139

6.65 + 0.838

6.36 + 0.498

2.62 + 0.06

2.90 + 0.139

6.11 + 0.838

S.07 + 0.498

2.62 + 0.06

2.56 + 0.139

4.71 + 0.838

7.68 + 0.498

2.33 + 0.06

2 • .55 + 0.139

9.94 + 0.838

6.86 + 0.838
(N-5)**

(N•S)

(N•2)

(N-3)

6.562

2.476

2.602

6.358

1.248

0.018

0.096

4.215 variance

1.113

0.136

0.311

2.053

0.248

0.0037

0.019

0.702 mean var.

0.498

0.060

0.139

0.838

* All values result of duplicate
** Numbers of animals per run
*** + Std. error of mean

tnean

std. dev.

std. error
of mean

runs

****Essential fatty acid deficient (EFAD); normals (N)

t-values (of two s!!Pl• meaus)
tN-EPAD****

tEFAD-18:2
tEPAD-18:3
tN-18:2
tN-18:3

16.371
1.660
9.349
15.395
4.750

probability level mean as % normal
p

L

p .c:.

0.005

o.os
o.oos
o.oos

p 4.
p .c.
p £... 0.01

108

37.61
39.53
96.59
105.08
256.78

TABLE X
Specific Activity of Glucose-6-Phosphataae
and Statistical Parameters 1111der various conditions
NoTinai

+18:2w6

EJ'A Deficiency

+18:lw3

± 0.094

2.20 + 0.053

0.600 + 0.057

1..116 + 0.078

2.06 + 0.094

2.18 + 0.053

0.818 + 0.047

0.800

2.00

± 0.094

2..32 + 0.053

0.600

± 0.047

1.330 + 0.078

1.66

+

2.10 + 0.053

0.552 + 0.047

1.940 + 0.078

± 0.053

0.703 + 0.047

1.123 + 0.078

1.90

0.094

1.58 + 0.094

2.40

1.070

± 0.078

± 0.078

{W-5)

(N-S)

(N•2)

(N-3)

1.840

2.240

0.654

1.081 mean

0.444

0.014

0.011

0.036 variance

0.210

0.119

0.106

0.192

0.008

0.002

0.002

0.006 mean var.

o.o::-

0.053

0.047

0.078

t-valuea (of two •!!!Pl• aaeans}
~D'AD
tuAD-18:2
tnAD-18: 3

tN-18:2
tx-18:3

probabilitz 18Vel

7.413
44.78
25.541
22.570
ll.239

std. erTor
of ..an

uaeau as % normal

0.005

121.73

P..c.... 0.005

35.54
58.69

p .,;._
p L._

29.19
48.21

p

L

., .c..
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std. dev.

o.oos

o.oos
o.oos

TABLE XI
Specific Activity of Sueeinic Dehydrogenase
aad Statistical Parameters under various conditions
Normal

11'.A Deficiency

+18:2w6

+18:3w3

2.40 + 0.219

± 0.015
0.140 ± 0.015

1.66 + 0.219

o.12s

± o.01s

0.395 + 0.012

0.841 + 0.100

1.34 + 0.219

0.210 + 0.015

0.436 ! 0.012

0.806 + 0.100

1.29 + 0.219

0.1.50

± 0.015

0.396 + 0.012

1.125

1.20 + 0.219

0.150

0.395 + 0.012

0.700 + 0.100

± 0.012

1.250 + 0.100

0.451

± 0.100
1.125 ± 0.100

(W-S)

(H-5)

(N-2)

(11-3)

1.578

0.152

0.414

0.016 aean

0.241

0.001

o.ooo

0.067 variance

0.491

0.034

0.026

0.260 std. dev.

0.048

o.ooo

o.ooo

0.011 aean var.

0.219

0.01.5

0.012

0.100 std. error
of mean

t-.~ (of two

tw-D'AD

tD'AD-18:2
ta-AD-18:3
t11-1s :2

tN-18:3

!!'91• aeauJ
12.990
27.317
16.351
10.614
4.213

erobabilitz level
p

L..

.,

-4

0.005

o.oos
o.oos
o.oos

p . :'.'.
p .c:.
p ., 0.01
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mean as % normal

9.63
26.23
64.38
272.36
668.42

TABLE XII

Specific Activity of Honoamine Oxidase
and Statistical Parameters under various conditions

_!!_onnal

E"FA Deficiency

+18:2w6

+18:3w3
--------

1. 72 + 0.082

0.965 + 0.034

1.630

+ 0.097

1.718 + 0.205

o. 082

0.924 + 0.034

1.633

+ 0.097

2.566 + 0.205

1. 79 + 0.082

0.835 + 0.034

2.097

+

0.097

1.123

+

1.46 + 0.082

o.~48

+ 0.034

1.600 + 0.097

1.822

+ 0.205

0.784 + 0.034

1.578 + 0.097

2.287 + 0.205

1.44 +

1.37

+ 0.082

0.205

-

2.075 .:t 0.205
(N'•5)

(N•S)

(N•2)

(N•3)

1.558

0.891

1.707

1.931 mean

0.033

0.006

0.047

0.252

0.183

0.078

0.218

0.502 std. dev.

0.006

0.001

0.009

0.042 mean var.

0.082

0.034

0.097

0.205

variance

std. error

of mean

t-yalues.. (of two sample means).
tN-F:P'AD

tE'FAD-18:2
tuAD-18:3
~-18:2
tN·-18:3

£robability level

15.027
15.877

J>.L. 0.005
p.::: 0.005
p..:: 0.005
P 4 0.05
p..:.0.02

10.145
2.346
3.456
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s1.1a
109.56
123.94
191.58
216.72
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DISCUSSION

During the entire process of ontogenesis, the developing
organism is susceptible to a greater extent against harmful
external factors, such as nutrition, toxins, viruses, etc.,
than at any other time.

The period during which the brain

growth is the most prolific was termed the 'growth spurt'
by Dabbing (118).

The nature of the vulnerability which is

atypical from other developmental periods, and is quite separate from the earlier known teratological period in which
minor insults result in gross and lasting deformities.

Con-

cerning the brain, there are no true deformities nor is there
any focal destruction of tissue.

It seems necessary only to

retard growth during the period of the brain growth spurt for
there to be irrecoverable distortions of pattern as well as
quantitative biochemical defects which can be detected in the
adult brain.

The reason is that the brain cells undergo a

once and for all growth hyperplasia (68).

The major growth

spurt may be said to begin in all species at about the time
the adult number of neurons is virtually achieved--which in
the rat --is at birth (66), and at six months prenatal for
humans.
In Figure I

it is seen that pregnant rats fed a diet

deficient in essential fatty acids give birth to offspring

with reduced bo~- (and brain) weight.

Prom Table VIII

it is seen that the rats fed a diet deficient in essential
acids have brain weights 63% of' normal.

'l'he body weights

of essential fatty acid deficient rats during the time
studied, ranged from 25-50# of normal.

The decrease in

brain weight is due to a. curtailment o'f both protein syn-

thesis and DNA synthesis resulting in a permanently stunted
brain contatning fewer cells of normal size.

Stepwise, mal-

nutrition leads to an increased ribonuclease activity causing

polysomal disaggregation, resulting in reduced protein synthesis leading ultimately to a decreased synthesis in deoxy-

ribonucleic acid (119).

Increased P!rAase also leads towards

increased FNA catabolism {llf).

Therefore, a fat free diet,

a form of malnutrition, can bring about these effects wlthh
lead to atypical body growth curves.

Thus, the observation

by Dobbing (1972), is con~irmed that if the brain is retarded

nutritionally prior to the brain growth spurt, in this case

the 10th-15th gestational day, not only the brain but also
the

bo~-

fails to catch up.

Reteeding experiments. hovever, using linoleic and/or
linolenic acid, brought back the brain wet weight to normal.

This confirmed the work of Winick and !fl>ble ( 120).

There is

found to be a reduction in total brain lipids similar to

humans suffering from malnutrition (121).
phosphol1pid content remains unaltered.

Contrarily, the
Refeeding of lino-

leic and/or linolenic acid brought an increase in bra.in dry

weight with linoleic being more potent than linolenic.

Con-

cernin~

phospholipids. linoleic acid restored the phospho-

lipid content above a.nd beyond that of controls.
acted similarlJ

1

Linolenj c

butrto a leBser extent than linoleic, wtth

linoleic acid being 2.5 times as active as linolenic.

This

is attributed to the ease with which linoleic can cross the
blood brain uarrier as compared to linolenic.
Experiments by Doss (122) elucidated the effects

01"

neonatal undernutri ti on on the 1:1evelopment of the rat cerebral

cortex.

Hy histological examination, the experiments revealed

a. plethora of undifferentiated neurons, a severely (iecreased

neuropil and a. paucity of

r,:lial cells, suggestive o""

~ature

a retardation in the rate of glia.l cell mieration into the
cortex and decreased :proliferat1on of' axodendritic fibers and
yr1a.pse formation.

Und:i fferentiatell gli al cells U.estined to

!:.'igre.te into tD.e cortex accunulatad in the white matter.

Part

of. the loss in brain weight was caused 1..:y a decreased pro-

liferation of large di'!Deter dendritic nrocesses of undifferentiated neurons, dininished glial cells etc.

A measurement

of total ganp:lioside sialic acid, a. neuronal membrane con•pon-

ent, reached only 50% of' it's normal valeu..

A correlation

with decreased total r;anr,li osicte and tne increased mortality
ha.s

been pro-posed.

A

close relation ·between ea.nglioside

sialic acid and behavioral abnormalities was also postulated.
'.rhis could be attributed to a lipid derletion vhen the J".'\other
is in stress.

My!lination was also decreased by 50% due to

a la.ck of glial cell precursors for

~elin

biosynthesis--the

precursors were li:pidR in which the diet is deficient.

,,

(.'

'l'he

above events give ample reasons for a decreased brain
weight in an essential fatty acid deficiency.
Burr and Burr used reduced body weight as a criterion
of the efficacy of their experimental diets.

In general,

the decreased body weight is caused by a decrease in T 3 •

A possible sequential ordered mechanism is:

a. diet def-

icient in essential fatty acids causes an atrophy of the
thyroid gland (123)

leading to an inhibition of tetraiodo-

thyronines' deiodination to triiodothyronine, the More active
form.

The decrease in T 3 causes a decreased lipid metabolism

(124) ,

decreased skeletal size and a decrease in growth med-

iated by growth hormone.

The decrease in T 3 also accounts

for the decrease in brain cholesterol found by Dabbing (1972).
El-Ridi

£~

al

(125)

found that essential fatty acids en-

hanced the deiodination of thyroxine to triiodothyronine.
Therefore, this would account for the positive growth response
exhibited after supplementation with linoleic and linolenic
acid.

From Figure II and Figure III it appears that linoleic

acid has a greater inhibition on T 4 than linolenic acid.

This

is probably caused by the interrelationship of T 3 with insulin
which can influence the conversion of linoleic into longer
chain essential polyunsaturated acids

(123).

Apparently the

conversion of 18:2w6 occurs more readily than 18:3wS.

This

would alter the above feedback mechanism to come into play

..

activating growth hormone resulting in a positive growth
response.

~1ectron

microscopic studies revealed ultrastruc-

tural changes in the kidney, the liver, and the brain, with
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histopathological changes in the spleen, the liver, the
adrenal gland, and the lung.

It is important to observe

that the brain, the liver and the kidney have proven to be
particularly involved in fatty acid metabolism.

These organ8

normally contain large amounts of unsaturated fatty acids
and retain these fatty acids tenaciously during periods of
fat deprivation.

In these organs th.ere appears to be a direct

relationship between pathological alterations and lipid necessity could exiat in these organs.
a marked hyperplasia.

The adrenal glands show

This hyperplasia can he explained in view

of the finding of a pronounced decrease in pituitary acidophiles
with presumptive reduced androgen secretion.

T!1ere is a known

reciprocal relationship between testiclular androgen secretion
and adrenal aize.
Light microscopic study of the spleen showed an abundance
of hemosiderin appearing as areas of brown pigmentation.

This

is attributed to an accumulation of hemoglobin breakdown products which the spleen serves as a filter.

This accumulation

is ascribed to the fact that increased erythrocytic fragility

follows an essential fatty acid def ieiency caused by delipidating the erythrocyte membrane.
The fatty acid composition of brain lipids are known to
be relatively constant and not readily respondant to dietary
fat composition as are lipids of other tissues.

This pl1.en-

amenon is called the brain sparing ef'fect and is caused by the

lower turnover of brain fatty acids (34).

This concept was

based on the work of Waelsch ,!!.. al (1941) and other investi-
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~a tors.

Waelsch

~- ~3:_

found that deuterium labelled fatty

acids were incornorated into brain lipids only in traces
comparable to incorporation into other organ lipids.
e~.

Witting

al (1961) noted changes in the concentration of linoleic,

arachidonic, and doeosahexaenoic acids of brain mitochondria
in feeding experiments with coconut oil, cod liver oil, etc.
With thh in

mind~

the fatty acid compo9ition of cerebral

phosnholinids were studied with respect to the essential
fatty aci<i deficient state with linoleic and linolenic acid
sup'f)lementation.

!n an essential fatty acid deficiency the following changes
occurroo~

saturated fatty acids such as lauric (12:0}l

myristic (14!!':J). and to an extent palmitic

(16~0)

are decreased.

Hetabolic studies with radioactive lauric and. palmitic acids
revealed that these acids are absorbed and metabolized (via
beta oxidation) to co 2 and not for utilization of growth at
rates inversely proportional to chain length linoleic decreases
i'lrasticallv under essential fatty acid deficient conditions' however, the
linoloic is converted to

~ocoeapentaenoic

acid via arachidonic.

Linolenie acid remains essentially the same--possibly converting tmto
its

~~tabolic

endproduct docosahexaenoate.

C'btntr.es are with eicosatrienoate (20:3'-A).

The most obvious
It is presumed

that eicosatrienoate is biosynthesized from oleate as a
substitute for arachidonate.

The arachidonate 19 derived

from linoleate (37) and not a direct replacement by 18:2w6
but bv its longer chained more polyunsaturated product.
Contrary to Sun's work, the brain under essential fatty acid
119

gators.

Waelsch

~

!:;! found that deuterium labelled fatt:r

acids were incorporated into bra.in lipids only in traces
comparable to incorporntion into other organ lipids.

Witting

~ !l_ { 1961) noted chan£;es in the concentration of linoleic •

arachidonic, and docosahexaenoic acids of brain -:dtochondria

in feeding experiments with coconut oil, cod liver oil, etc.
With this in

~ind,

the fatt) acid composition of cerebral

phospholipids were studied with respect to tbe essential
fatty acid deficient state with linoleic and linolenic acid
supplementation.
In an essential fatty attd deficiency the following

changes occurred:

saturated fatty acids such as lauric (12:0l

myristic (14:0), and to an extent pal.mitic (16:0) are decreased.
Metabolic studies with radioactive lauric and palmitic acids
revealed that these acids are absorbed and metabolized (via
beta oxidation) to co,., and not for uti liza.tion of growth at
'-

rates

inversely proportional, to chs.i n length linoleic decreases

drastically under essential fatty acid deficient conditions; however, the

linoleic is converted to docosa.pentaenoic acid via ara.chidonic.
Linolenic acid remains essentially the same--possibly converting into
its metabolic endproduct docosahexaenoa.te.

The :most obvious

changes are with eicosatrienoate (20:3w9).

It is presumect

that eicosatrienoate is biosynthesized from oleate as a
substitute for arachidonate.

The arachidonate is derived

from linoleate (37) and not a direct replacement by 18:2w6
but by it's longer chained more

polyunsa~urated

product.

Contrary to Sun's work 9 the brain under essential fatty acid

deficient conditions is not resistant to changes in docosahexaenoic acid.

Sun (37) observed increases in doco-

sapentaenoic acid.

No explanation was given.

Inter:family
1'..

-,

conversion, although not established, may exist under stress
conditions.
Table V and VI also provide useful data when oompared
to the normal state.

The oleate/eicosatrienoate rationde-

creases very markedly under essential fatty acid deficient
conditions.

''

This is caused by the enzymatic elongation and de-

saturation of the acyl group of l8:lw9 forming 20:3w9.
severity of the deficiency parallels the decreased
value of the oleate/eicosatrienoate ratio.
'

," I

The

numeric~l

The v6 family product

.~

precursor ratio 1 also decreases\ but to a greater extent than the

w9 family product precursor ratio.

This is attributed to the

:fact that a.rachid.onic acid is the major metabolic metabolite
of linoleic acid which causes ammarked decrease in the numerical value of the w6 ratio.

The w3 product precursor ratio

shows a reverse trend, increasing instead of decreasing as did
the w6 and w9 ratios.

--

Galli et al (34) reported no changes
'

in the w3efatty acids until after six months on an essential
fatt)· deficient diet.

Changes occurring thereafter were

decreases.
The increase in the lin&lenate/tlocosahexanoate ratio can
1¥

be accounted for by the increase in linolenate and a decrease
in docosahexanoate relative to normals.
Table VI is a calculation of parent-endproduct ratios
utilizing oleic, linoleic, and linolenic acids and their

metabolic end products eicosapentaenoic, docosapentaenoic
and docosabexaenoic acids.

The trend is the

the product precursor ratios.

sa~e

as with

The linoleic/docosapentaenoic

acid ratio is negatively affected more than the oleate/
eicosapentaenoiate ratio; and the linolenate/docosaheaenoate
ratio increases.

The triene/tetraene ratio under essential

fatty acid deficiency conditions reflects this.

According

o.4

or lees is

to Holman (127), a triene/tetraene ratio of

indicative of an essential fatty acid deficiency.

20:3wi/20:4v6 as his criterion, this
a triene/tetraene ratio of 0,218.

investig~tor's

UUng
rats

h~d

By the classical triene/

tetraene ratto, the greater the essential fatty acid deficiency
the greater the triene/tetraene ratio; thus, essential fatty
acid deficient rats manifest a ratio of o.791 whereas normals

are only 0.045.
F'rom Table VIII it is seen that total lipids decrease but
the amount of phospholipids is constant provinp; that in an
essential fatty acid deficiency the sh.lft is not towards increased phospholipids but towards more unsaturated phospholipids• therefore, the increased w9 and decreased w6 'fatty
acids maintain a constant unsa.turation level index.
In 1971. Dhopeshwarkar ~!!. (128) found that both linoleic and linolenic from the w6 and w3 polyunsaturated fa.tty
acid fami1ies are taken up by the brain directly without extensive oxidation to acetate.

This occurs in the adult brain,

where I11¥elina.tion is virtually complete and does not offer any
restriction by way of the blood brain barrier.

Therefore,

while linoleic and linolenic were given to rats for possible
enzymatic effects. a study was made of cerebral phospholipid
fatty acids after supplementation with these respective
fatty acids.

Linoleic acid supplementatad at 4% of calories

resulted in a very marked increase in linoleic which is not
unexpect~

since it probably overloaded the system responsible

for its metabolism.

The principle positive result of linoleic

addition are incr«ases in it's own metabolic products. chief
among these are araehidonic. eicosatrienoic, and eicosatetraenoic
acids.

Linolaate addition causes a decrease in eicosatrienoic

acid (20:3'19) greater than

~"lat

present in normalst and less

than deficients, while the others are not so dramatic.

This is

a manifestation of the rebound phenomenon which occurs with
w6 and w9 fatty acids after either resumption of control diet
or addition of fatty acide.

With linolenate, eicosatrienoate

disap-pears indicating an inhibition of the rebound phenomenon
and activation of a pathway leading to its conversion to docoaatrienoate.

The inhibition of linolenate metabolism in lino-

lenate metabolism in linoleate supplemented rats suggest a
competition between 18:2w6 and 18:3w3.

It was found (129)

that linoleic acid is needed at 3.2% of calories to inhibit

linolenic metabolism.

It has also been observed that the

amount of ole.ate is inversely proportional to the intake of
linoleic and linolenate.

From Table VIII it is seen that the

total lipide and phospholipids increase markedly; the increase
in phospbolipids accounts for the increase in total lipids
caused by an oversaturation of w6 fatty acids and the effects
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for water retention as exetnl'lified by an increase in transepidet"tnal water loss from skin of essential fatty acid deficient rats.

The increase in total lipid and J?hosphol:Lpid

is in part caused by the abundant amount of 18:2w6.
Data obtained from linolenic acid in Table IV shows an
abundance of linolenic acid for the

~rune

reason as stated above>

overloading of the system required for its metabolism.

This

overloading is ref.lected in a very marked increase in linolenics' chief metabolic endproduct docos.ahexaenoic acid.
~,fohrhauer

and Holmar (116) observed that linolenate decreased

the content of arachidonate, and to a slight extend docosahexaenoate formed from ara.chidonate or Hnoleate.

This investiga-

tor observed. however, a marked decrease in 22:6w3.
the linolenate was fed at a high

level~

Also. when

brain linoleate de-

creased, thereby decreasing linoleates' conversion to arachidonate.

Table V reveals that the oloata/eicosatrienoate ratio

increases beyond that of the deficient state while the linoleate/arachidonate ratio increases to normal.

Table VI, how-

ever, shows that the ratio is much much leas than with linoleate addition indicating an inhibition of 13:2w6 metnboli8tn
by 18:3w3.

Lastly, the linolenate/docosahexaenoate ratio is

increased.

The 18: lw9 /20: 3w9 and 18: '3w3/22: 6w.3 ratios agree

well with the product-precursor values.
These values can be interpreted to indicate that linolaate

and linolenate compete f o~ a

COlll'AOn

system of enzymes for

elongation and desaturation to their longer chained more highly
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unsaturated

deriv~ives

such as arachidonate from linoleate.

Also, the more unsaturated the fatty acid is, the greater the
affinity for the enzyme system; this would explain the inhibition of linoleate to arachidonate by linolenate and to
a lesser extent the inhibition of linolenate to docosahexaenoate by linoleate.

This explanation would also explain the

ability of both linoleate and linolenate to decrease the level
of eicosatrienoate derived from oleate in animals supplemented
with the above fatty acids.

This agrees with the hypothesis

of Dhopeshwarkar and Head (131)

that oleate and linoleate

compete as substrates for the enzymes involved with the transformation of linoleic acid to arachidonic acid.
The triene/tetraene ratio indicates that linoleate has
a greater capacity to alleviate the essential fatty acid
deficiency conditions than linolenate, although linolenate
addition does bring about significant reduction in the triene/
tetraene ratio.
Table VIII indicates that, like linoleate, the wet weight
of the cerebrum can be restored to normal with linolenate.
Cerebral dry weight is also normalized.

Total lipids do not

quite reach normal1 but the phospholipid fraction overshoots
normal.

As with l8:2w6 this indicated a retention of fatty

acids by the brain.

The parallel rise of phospholipids with

the total lipids indicated that the increase in total lipids
is caused by phospholipids.
It appear that the competitive inhibition between linoleate and linolenate can be displaced in either direction,

'.

that the direction and extent of the directional displacenent is dependent upon the levels of linoleate and/or linolenate to the other fatty acid series.
Dietary experiments indicate that the accumulation of
polyunsaturated members of a particular series in aninal tissues depends on the presence and amount of other acid series.
The competitive inhibition may possibly be located at one of
elongation, desaturation, or esterification.
18
The fact that c
unsaturated fatty acids compete for the sane
three areas:

oxygenase in the order 18:3 1 18:2 1 18:1 supports this
Holman

(129)

l8:2w6 and

(132).

showed that the competitive phenomenon between

1B~3w3

is not dilution effects.

such an effect

would increase the concentration of linoleic proportional to
the increase in linolenate and its netabolic products.

Con-

trarily, the concentrations of substances formed by the dehydrogenation steps respond to dietary inhibition in a distinct
exponential manner; whereas, those formed hy chain elongation
respond in a non-distinct linearity.
Concomitiant with the brain growth spurt is an increase
in membrane proliferation-myelin, in microsomes, in mitochoncria, in plasma membranes, etc.

All subcellular membranes

are composed of lipoprotein complexes.

The proteins

are

bound by either electrostatic bonding, by hydrophobic bonding
or by ionic interactions.

The proteins of the lipoprotein

membrane complex can he either extrinsic or intrinsic as discussed in the introductory remarks.

12~

The proteins we will be

concerning ourselves with are catalytic in nature, i.e.,
enzymes.

It has been known that each membrane possesses

a considerable number of enzymatic activities.
atic

act~vities

Some enzyni -

are localized in one membrane (or organelle)

only; and, therefore often serve as "marker enzymes" for this
membrane during cell fractionation.

Succinic dehydroqenase is

exclusively and firmly bound to the inner mitochondrial membrane {13 3, 134, 13 5) , mono amine oxidas e is

~trictly.

mitochondrial membrane enzyme (135, 136, 137, 138).

an outer
Glucose-

6-phosphatase has been proven to be a microsomal enzyme (139,
140, 141, 142, 143, 62).

The cell membrane has 5 1 -nucleotidase

as its' marker enzyme ( 140, 141, 142, 143, 62) •
The period known as the growth spurt is a time when many
enzymes are being rapidly elaborated resulting in dramatic increases in their specific activity (144, 145) raising the possibility that the developing enzymology of the brain may also
be directly and permanently restricted.

The fact that the

brain "growth spurt" in rats occurs from birth to 20 days and
that succinic dehydrogenase, monoamine oxidase, glucose-6-phosphatase, and s•-nucleotidase reach maximal activity at 50, 42,
•50 and 120-135 days

(146)

respectively makes it plausible,

especially when pregnant rats are deprived at the 10th-15th
gestational day.
It is postulated that lipids in the membrane are in a
liquid-paracrystalline milieu in which the lipophilic tails
are embedded and in which the mobility of the hydrophilic heads
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chondria.

Enzymes deactivated by phoer>holipase treatment

include liver Na+ - ~ ATPase (149), bacterial glucose-3phosphate acetyltransfera.se (155), microsomal glucose-6-phos-

phatase (161). UDP-glucuronyltransferase (154), beef heart
mitochondrial / - hydroxy dehydrogenaae, and rat liver ~ nttrophenolphosphatase (162).

Detergents and sulfhydryl agents h3ve

altered the enzymatic activity of rat liver glucose-6-phosphatase

(151)~

microsomal UDP-glucuronyltransferase (154) and

NADPH dependent hydroxylase (163), and bacterial phosphoenol~yruvatc

transferase (164).

This list is far from complete.

txporimants on the lipid dependency of m91'.l1brane bound
enzymes were aimed generally toward specificity in lipid class
requirements.

Sarne enzymes were demonstrated to be lipid class

specific as to their reactivation such as PEP-tranaf erase requiring phosphatidylglycerol, as K+-nitrophenol?hoapltatase
and ~ -hydroxybutyrate dehydrogenase (145, 162) requiring phos-

phatidylcholiue. as ATPase requiring phosphatidylinoaitol (165),
as FAD-dependent malate dehydrogenase requiring cardiolipin {166),

as adenyl cyclase requiring phosphatidylserine (167).

Lipid

requirements may also be of a general nature where reactivation
can be achieved by mi..'ted lipids as is the case of glucose-6-

phosphatase (168), UDP-glucuronyltransferase (154), of palmitate acyl CoA synthetase (160), succinate-02-cytochrome C,

of Coenzyme Q (170). and of phosphatide phosphatidase (171).
The above studies prove that certain enzymes, after deactivation by various means. can be reactivated by either
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specific phospholipids or by a mixture of two or more phospholipids.
Until recently it was merely conjectural as
what really caused reactivation.
phospholipid,

~hat

t~

In the case of a specific

part of the phospholipid was responsible;

and in the case of a mixture of phospholipids, what

made~

phospholipid more reactive than the others; and ultinately,
what

~

of that particular phospholipid was responsible?

When subjected to an essential fatty acid deficiency, the
acyl moiety of phospholipids becomes more saturated, thereby
decreasing ultimately the unsaturation index of the membrane.
Bearing this in mind that this substitution results in a loss
of fluidity of the para-crystalline lipoid milieu (199) , the
alteration of the fluidity of the fatty acyl chains may interfere with either (1) the hydrophilic environment and result
in, via rigid conformational membrane changes, the required
rotational motion needed for the activity of membrane bound
enzymes.

It may also interfere with (2) phospholipid-protein

binding of the enzyme with the membranes' phospholipid fatty
acid moiety.

Keeping in mind the role of essential fatty acids,

linoleic and linolenic, was studied in lieu of the total phospholipid.

It was also hoped to formulate a mechanism for enzyme

activation by the essential fatty acids.
With 5'-nucleotidase, the specific activity of the enzyme
decreased to less than 40\ of normal.
a lipid dependency for 5'-nucleotidase.
Narau (177)

confirmed this.

This was indicative of
ChandraAkhraru and

They found that liver plasma 5'-

l

~

.,

nucleotidase decreased 54% when rats were fed an essential
fatty acid deficient diet.
et al

(1973}

Recent work hy Ten-Ching Lee

and by Pletch and hy roffey (1972)

elucidated that 5'-nucleotidase is a lipoprotein

(173, 174)
~n

associated only with the phospholipid sphingomyelin.

~ivo

Previous

to this, 5'-nucleotidase was thought to have no lipid requirement; however, this was in

(173)

Pletsch and co-workers

i~ v;tr~.

found that 5'-nucleotidase is tightly bound to the

plasma membrane.

Coupled with the fact that the plasma

rneM-

brane has a very high concentration of sphingomyelin, it
appears that in an essential fatty acid deficiency the enzyme
5'-nucleotidase is not dissociated; but there is a decrease in
the amounts of sites available for binding to the plasma membrane.

Enzymatic analysis shows that supplementation with lino-

leic does not alter the enzymatic activity beyond that of a
deficiency state.

on the other hand, linolenic supplementa-

tion brought about an almost complete reactivation of the enzymatic activity of S'-nucleotidase.

These facts lead to the

conclusion that the binding of 5'-nucleotidase to the plasma
membrane is mediated via an elongation product of linolenic,
possibly docosahexaenoic acid rather than by eicosatetraenoic
from linoleic metabolism.

~pparently,

linolenic or one of its

metabolic products is conducive to the right configurational
alignment for the binding of 5'-nucleotidase to sphingomyelin
and hence stabilizes the activity.

DeP_:_ury and Collins (158)

have demonstrated that the hydrophobic bonding between the

1:n

membranous lipoid and protein rnoieties is not a non-specific
attraction; but it may instead be influenced by the phospholipids fatty acid composition.

The spatial configuration of

the cis-cis double bonds of the tetraenoic (arachidonic) and
the hexaenoic (docosahexaenoic) and the pentaenoic (docosapentaenoic) provide a hooked hydrocarbon tail to the fatty
acid.

The degree of curvature of the hydrocarbon tail is dir-

ectly dependent upon the degree of unsaturation.

This is

related to the penetration of protein by the lipid (175).
Collins (170) proposed that special sites exist for the binding of this type of hydrophobic configuration.

The more un-

saturated the hydrocarbon tail, the greater is its penetrating
difficulty but the more tenaciously it is held to the membrane.
This type of reasoning may hold for docosahexaenoic acid.
The w3 configuration might provide unique spatial prerequisites
and hydrophobic binding as compared to docosapentaenoic or
arachidonic acid for penetration of the lipid portion of the
membrane of the protein.

Heyden and Taylor (176) have dem-

onstrated that direct hydrophobic interactions involved penetration of the beta configuration of the protein.
Glucose-6-phosphatase behaves quite differently than 5'nucleotidase.

The specific activity of glucose-6-phosphatase

increases above normal under essential fatty acid conditions.
The increase was statistically significant (P( 0.005).

If an

essential fatty acid deficiency causes an activation of glucose
-6-phoephatase, then one would expect an inhibition when rats
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were refed with lenoleic and linolenic acide.
he the case.
activity

This was found to

With linoleie acid supplementation, the specific

decrease~

to less than 40% of controls.

With the

addition of 11nolenic acid, the specific activity remained
low--at less than 60% of controls.

The dependence of glucose-

6-phosphatase on lipids waa confirmed by Garland and Cori (176).
It seems, however, that the phospholipid environment exerts
negative restraints in the maximal enzyme activity.

Zakim (177)

found that phospholipids are negative modifiers of glucose-6phosphatase because they increase the F''ln of glucose-6-phosphatase
for

~lucose-6-phosphate.

creaees the

~

A form of inhibition which 1.n-

is allosteric inhibition.

Allosteric effectors

are thought to act aa inhibitors by acting at a second site,

thus producing an altPration in en:gyme configuration and catalytic activity.
ap~ear

Here linoleic acid or its metabolic endproducts

to be more of an allosteric inhibitor than either lino-

lenic ac1.d ()r its elongation products.

Li.nolenic acid's meta-

bolic byproduct, docosahexaenoic acid. is more unsaturated
than that of linoleic.

This would t>OSSibly result in a com-

paratively more fluid milieu manifested in a less rigid conf if!!Urational

ali~ent.

with resulting greater ease for proper

enzyme-substrate formation.

This would produce a higher

specific activity than with linoleic, the latter acting in

a aore rigid mannet" and manifested in a less f lu.f.d medium and
conaequently a decreased specific activity.

The essential

fatty acid deficient diet would act in a reverse manner by
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"deU.vida.ting" the mi.crosoMal membrane (the majority of

whose lipt.1.s are phospholipirle).
the

M.~chanism

In

t~le

deficient state.

of enzymc,-substrate c0tnplex formation ia quite

easily ac!1ieved and results in an activity superseding normal.
•1onoamine oxl<la::;e auggests yet a. third mechanism of en-

zyme control.

Monoamine oxidase reactivation

seemin~ly

appears

to have no specificity for either polyanoic fatty acid, since

both linoleic and linolenic acids are capable of activating
monoam.ine oxidase to within 5% of ea.ch other.

With both

essential fatty acids the specific activity exceeds normal.
Mouoamine oxidase ha.s been shown by various workers to blnd
specifically with the acidic phospholipi<l ca.rd.iolipin (187,
188. 189).

Honoamine ox:f.dases 1

the anionic portion of the

cationic moiety is bound to

m~branes

phospholipid with 8

molecules of ca:rdiolipin bound to one molecule ,,f monoamine
o:ddase.

In tha brain, cardiolipins possess the highest lino-

leic acid content of all brain phospholipids (173).

The fact

that cardiolipin contains more linoleic acid than linolenic
acid makes the increases of linolen.ic. over linoleic seem more
apparent than real.

The loss of monoamine oxidase activity

found on the fat-free diet would be consistent with observations
that this enzvme has a phospholipid requirement for activity
_:ln :!~~ (179).

Apparently when sub.1ected to an essential

fatty acid deficient diet, the fatty acid acyl portions, once
occupied by linoleic or linolenic become saturated.

T'ne

~ore

saturated they bocooe, the more they lose their affinity for
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monoaminl?. md dase.

causes a 507.

The resulting eonfut'ational derangement

re~uet1on

in the specific activity of MAO.

Upon subsequent ref eedin~ with linoleic and/or linolenie
acict!3,

ther~

is a reversal of the above and a return to a

more unsaturated cardfolipin fatty add moiety.

The incor-

poration of linoleie and linolenic onto eardiolipin is par-

alleled by a reactivation of monoam1.ne oxidase to above nor-

mal levels.

It is posgible that linoleic and 11nolenic acids

bind to cardiolipfo of lipid-depleted mitochondria in a way
favorable to a proper confiJ'.lnt:'rttional arrangement, so that a
large proportion of the negatively charged heads are directed
outward tow11rd the external environment, thus allowing monoamine oxidase to bind electrostatieally.

The findings of

Hayashida an•l Portman (180) proved that in essential fatty

acid deficient mitochondria linoleie deereaaes by 90%.
could induee steric effects.

.!! al (181) • Briar

~

'nlis

This is confirmed also by Stancliff

al;. (182) and 'Palmer and Hall (183) who

found that in the cardiolipin fraction where linoleic is the
predom:f.nant polyunsaturated fatty acid, an essential fatty acid

deficiency results in replacement of linoleic with palmitoleic,
stearic) and with eicosatr1enoic.
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This could be reversed with

linoleic acid for 16 days.

The most dramatic changes occurring during an eseential
fatty acid deficiency happen with the enzyme complex succinic
dehydrogenase.

The specific activity of auccinic dehydrogenase

under essential fatty acid deficiency decreases to less than
10% of normal.

This is suggest:l.ve of an extreme lipid dependency
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for 9Uccin1c <lehydrogenase.

Replacement with li11olaic acid

reactivates somewhat which restores specif le activity to 30%
of normal, indicating that linoleic is not a potent activator
of succinic

Addition of linolenic acid

<lehydro~enase.

causes an elevation of succinic dehydrogenase to 60% of normal,
as was the case with

glucose-6~phosphatase.

Linolenic acid

appears to be twice as potent as linoleic as an activator of
succinic dehydrogenase.

The analysis towards constructing

a mechani:Jtic explanation of the role of essential fatty acids
is not clear cut.

The crux of the problem is that succinic

dehydrogenase does not appear to be a single enzyme, but rather
a multi-e."lzyme complex.

Ambe and Crane (184) found that the

SDH complex is composed of succinoxidase and succinic cytochrome
C reductase.

Brieriey and Merola. (185) found that removal of

phospholipid decreases succinoxidase activity and that addttion of coenzyme Q and a

11

lipo~rotein1r

the activity of succinoxidase.

to the mixture increases

Fleisher and Fleisher (157)

found that there is a definite requirement of succinate cytochrome C reductase for phospholipids.

DePury and Collins (158)

found that the activity of succinate-cytochrome C reductase from
li.pid depleted mitochondria can be restored in
~

v~

and

!!'!.

by incubating with ubiquinone 50 and micelles of mixed

phospholipids: and the amount of activity restored is proportional to the amount of phospholipid bound by the extracted
mitochondria.

Brierley and Merola (185) found that reactions

involving Coenzyme Q ~nd cytochrome C take place in a lipid
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milieu.

The electron transport system which plays an imp-

ortant role in the oxidation of succinate, as a whole is
dependent upon phospholipids.

Succin~c

dehydrogenase ac-

tivity is actually incorporated into the electron transport
particle to form an integral part of the respiratory chain
in the catalytic oxidation of succinate (186).
divided functionally into four complexes&
NADH:

The ETS is

Co~plex

I is the

CoQ (oxido) reductase, Complex II .is the succinate:

CoQ (oxido) reductase system, Complex III and IV are the hydro
CoQ:

cytochrome C (oxido) reductase complex and cytochrome

oxidase (cytochrome Ci o

2

oxidoreductase) complex respectively.

Their per cent Jipids as phospholipids are 22,, 26%, 29\, and
27\

respectively~

Complex I

~s

a lipoprotein-NAD· dehydrogenase

linked to CoenzyNe Q--coenzyme Q requiring a phospholipid milieu
for activity.

To Complex I, CoQ and Complex III is

linke~.

succinate dehydrogenase-cytochrome-b (Complex II)--a complex
requiring phospholipid.
II and cytochrome

Complex IlI is linked to CoQ,, Complex

c via phospholipids.

Cytochrome C haa a link

between Complex III and IV bridg•d by phospholipids.
and Patwardhan (91) found that cardiolipin binds Fe

+2

Tu~pule

; there-

fore an essential fatty acid deficiency will decrease cardio-,
lipin

~nd

also the effective concentration of iron necessary

for the proper functioning of the cytochrome system.
and, Crane

Ambe

(184) found that in the SDH complex there are

thr~e

alternative pathways by which quionones mediate the oxidation
of succinate.

The first, is mediated by menadione, 2,3-dimethoxy-
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-5-methyl benzoquionone and short chain CoQ homoloques terminatinq at external cytochrome C.
by lipophilic homoloques of CoQ

at molecular o 2 •

(Q

The second, mediated only
2

, Q ,
3

o5 ,

0 10 > terminates

This step requires bound cytochrome C which

requires phospholipids.

Therefore it is possible that an es-

sential fatty acid deficiency

hit~

broad spectrum of l!po-

protein linkages and not specific lipoprotein linkages as is
assumed to be the case with 5'-nucleotidase, monoamine oxidase,
and

glucos~-6-phosphatase.

On an essential fatty acid deficient diet, one or more
than likely a number of these

l~poprot6in

linkaaes will be

conformationally (spatially) altered, thus forming a discontinuity amongst the various complexes leadinq to the sequential
'

"

•

oxidation of succinate.

•

~

•

<

The addition of linoleic, and even

more especially, linolenic, a•id, would be to alter favorably
the conformational arranqernent of phospholipids, thereby brinqing, via proper lipoprotein interactions between hydrophobic
and hydrophilic reactive sites, the necessary and proper spatial
aliqnment of the various ETS complexes which allows a fluid
environment in which ETP's can move freely.

This allows for

the particular activity of the complex with reqards to the
oxidation of succinate.
Ultrastructu•ally, there appears to be some evidence in
support of the almost totally non-existent SDH activity.

Al-

though present to a lesser extent than in the liver and kidney,
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the brain mitochondria under essential fatty acid deficient
conditions show the followinq morphological alterations:
(1) there is a readily discernable lack of the mitochondrial
matrix,

(2) a markedly diminished numher of cristae and most

importantly (3) total lack of inner mitochondrial membrane
organization.

There is a definite structure and function

relationship between the inner mitochondrial membrane and succinic dehydroqenase activity in the cerebral cortex.

The es-

sential fatty acid deficiency appears to cause a total disruption in the inner mitochondrial cr!stae which contain the electron transport system with the total disruption causing spatial
derangement and a halt to the sequential order of complexes
necessary for the oxidation of succinate.

The outer mitochon-

drial membrane appears to be very much normal.

This would be

consistent with the view that monoamine oxidase is an extensive
protein while succinic dehydroqenase is an intrinsic protein.
Monoamine oxidase attached via an elongation product of either
linoleic acid or linolenic acid whlle succinic dehydroqenase is
firmly embedded in the l!poprotein matrix of the inner mitochondrial membrane.

The data proves that the active part of a

phospholipid is the fatty acid moiety and that it is the moiety
which is responsible for the activity ot the membranous enzymes
studied in this investiqation.

The var,ous mechanisms all

show a dependency upon what appears to be a precise spatial
conformation allowed the phospholipid by its fatty acid (s)
for proper lipo-protein interactions, upon which the phospho-
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lipid enzymatic activity depends.
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