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* For a bibliography of these topics time readier is

referred to several reviews.’6”

berg et al.49 and Furman ci al.�#{176}observed a pro-

gressive decrease in all lipid and lipoprotein

fractions of blood plasma. On the basis of

their observations, the authors ascribe the fatty

livers of dogs receiving ethionine to a de-

creased mobilization of fats, possibly because

of an impaired synthesis of plasma lipoproteins

in liver. A similar defect in the synthesis of

enzyme proteins or lipoproteins could perhaps

explain the strong inhibition of fatty acid oxi-

dation which we have observed in our “acute”

experiments. Such inhibition could be at least

one factor for the production of fatty livers in

the rats injected with ethionine. At any rate,

it does not appear that choline deficiency was

responsible, since the effects of ethionine were

not prevented by the administration of choline.

On the other hand, in a few experiments in
which we have studied the incorporation of

we could not detect any marked inhibition

of the synthesis of lecithins in the liver of rats

injected with ethionine.

In Table XI, the results of our various

TABLE XI

A Conmparison of the Effects of time Admimmistration of

Clmohine, Triethylchohine, Dietimanolamine, or Etlmionine

Increases over (+), or decreases fronm (-) the controls

Choline-
containing

phospholipids

Fatty Rate
Substances

administered
Fatty

infiltr.
acid
oxid. Level

of syn-
thesis*

Chohmnet - + + +

Triethyicholinef - + + +

Diethanolammnet - + - -

Ethionine� + - ± ±

* Experiments with P32.

t Controls on choline-deficient diets.

� Controls on stock diet.

groups of experiments4’ are summarized and

compared also with previous data on the effects

of choline, triethyicholine, and diethanolamine

on the synthesis of liver lecithins.’2”3’47’5’ It

appears that, with all four substances tested,

changes in the rate of fatty acid oxidation in

vitro are accompanied by 0l)posite changes in

the degree of fatty infiltratiomi. However,

whereas choline and triethylcholine cause in-

creases in the synthesis and iii the level of liver

lecithins and also enhance fatty acid oxidation,

such a parallelism is not maintained after ad-

ministration of ethionine or diethanolaniine.

The results obtained with the latter compound

indicate that a low-fat content and a high rate

of fatty oxidation in vitro can be attained, even

when the rate of the synthesis and the level of

lecithins in the liver are markedly depressed.

The possibility remains that the enhance-

ment of fatty acid oxidation by choline admin-

istration in vivo is due to the increased forma-

tion either of a choline derivative other than a

phosphohipid, or of one type of lecithin which

exerts some specific role and may be a minor

component of the whole choline-containing frac-

tion of liver phospholipids.

Several reports indicate that phospholipids

are essential constituents of important en-

zymes, such as the ATPases of skeletal muscle,52

or liver nuclei.53 The lipoprotein nature of a

DPN-cytochrome c reductase isolated from rat

muscle has been described recently.54 More-

over, integrated enzyme systems, such as

succinoxidase preparations or mitochondria

where many oxidative processes, including the

beta-oxidation of fatty acids and the reactions

of the Krebs cycle, do occur, are rich in phos-

pholipids. When these preparations are

treated with phospholipases of various types, a

number of the enzymes present are inactivated,

and the inactivation parallels the destruction of

phospholipids. In the recent experiments of

Levy and Legrand,55 the ability of liver homog-

enates to oxidize octanoate was suppressed by

lecithinase D of Clostridium Welchii, whereas

the endogenous respiration was only partially

inhibited. The effects of the lecithinase were,
at least to a large extent, prevented by the ad-

dition of serum-containing specific antibodies

against the enzyme. Likewise, treatment of

mitochondria or of other polyenzymatic prep-

arations by detergents, by lipid solvents, or by

substances which may interact with phospho-

lipids, also inactivate many of the enzymes

present in such preparations. *

It is of course l)Ossible that phospholipids are

essemmtial for time orderly occurrence of complex
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processes involving a number of individual re-

actions (such as fatty acid oxidation) not neces-

surly because phospholipids are integral coin-

ponents of individual enzymes, but because

they contribute in maintaining the spatial con-

figuration of these enzymes in the granular

structures of the cells. Evidence for the latter

interpretation may be found in the observation

that a partial enzymatic splitting of phospho-

lipids inactivates succinic oxidase, whereas the

individual components (succinic dehydrogenase

and cytochrome oxidase) are still quite active.

From another viewpoint, it may well be that

the existence of common pathways for the syn-

thesis of phospholipids and neutral fats, which

has been pointed out by Dr. Kennedy, will some

day offer a basis for interpreting the apparent

relationship between fatty acid metabolism and

phospholipid turnover in the liver.

Whatever will turn out to be the final ex-

planation, it seems unlikely that it will include

the hypothesis of an actual incorporation of

fatty acids into phospholipids, as a preliminary

stage of fatty acid catabolism. Indeed, there

is no definite place for such a stage in the

present scheme of fatty acid catabolism, which

has been established much more firmly and

clarified to a very considerable degree during

the last few years.

III. DIETARY FACTORS OTHER THAN CHOLINE

INVOLVED IN FATTY ACID OXIDATION

The low-casein diets used in our previous ex-
periments on the in vitro oxidation of isotopic

fatty acids contained little methionine and

were practically free of cystine. Accordingly,

we also studied the effects of supplementing

these or similarly deficient diets with sulfur-

containing amino acids.’#{176} In Table XII, we

have compared the average results of experi-

ments, carried out simultaneously on the livers

of rats which had been maintained for the same

periods of time on various deficient diets, un-

supplemented, or supplemented with cystine,

choline, or mnethionine. It is apparent that

any one of these supplenments added to the ex-

perimental diets enhammced the oxidation of

fatty acids in vitro, the immcreases being of about

the same order of magnitude for each of the

three substances tested.

TABLE XII

Effects of Dietary Cystine, Clmolimme, or Methiiomii�me on

Fatty Acid Oxidation in Liver Honmogenates

Rats on diets low in cystine and methionine. Substrate:
stearate-1-C”, or palmitate.1-C”. Average relative values per

mg N

Dietary supplements*

Methio-
Cystine Choline nine

Respiratory C’402f

Number of experi-

rnents

277� 254 274 �

15 11 8

* L-cystine 1, choline chloride 0.4, DL-mmmetiiionine

1 (
It).

t Livers of rats on the unsupplemcmited diets = 100.

� Significantly different from 100.

In other experiments, the effect of tocopherol

administration was tested.6#{176} Indeed it is

known that a massive liver necrosis occurs fre-

quently with diets low in S-containing amino

acids, and that complete protection can be ob-

tamed by supplementing these diets with cys-

tine, or with tocopherol, or with the so-called

factor 3 (which is apparently an organic com-

pound of selenium).6’ Table XIII summarizes

the data of experiments, in which tocopherol

had been omitted from the vitamin mixture,

and the animals had been maintained on various

low-protein diets, without or with the addition

of tocopherol, or cystine, or both tocopherol

and cystine. The results indicate that tocoph-

erol alone is quite effective in maintaining a

high rate of oxidation of fatty acids added in

vitro.

TABLE XIII

Conmparisomm of Effects of Dietary Cystimie amid/or

Tocophmerol on Fatty Acid Oxidation in Liver

Honmogenates

Rats on diets low in cystine and methionine. Substrate:
stearate-1-C” or palmitate-i-C”. Average relative values per

mg N

Dietary supplements*

Cystine
Toco- + tot�o-

Cystine pherol pherul

194� 361� 20:3�

II 10 7

* Cystim,e 1.5, tocophmerol 0.025%.

f Livers of the rats omi time umisuppleimmemited diets =

lot).

� Significantly differemit fromii 100 (P < 0.05).
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Supplementation of the deficient diets with

either cystine, or tocopherol, or both, also en-

hanced the synthesis of fatty acids in liver slices

incubated with acetate-i-C’4. On the other

hand, choline injected terminally in the ani-

mals, stimulated the oxidation, but not the syn-

thesis of fatty acids in vitro. The effects of

choline injected into rats previously maintained

on deficient diets, unsupplemented, or supple-

mented with cystine, are summarized in Table

XIV.

TABLE XIV

Effects of Choline Injected Terminally on Fatty Acid

Oxidation, or Synthesis, in Liver Homogenates, or

Slices

Rats on diet 26, containing 5% casein. Average relative values
per mg N liver

Dietary
supplement*

Choline
injectedt

Homogenates:
CO, from

palmitate-C’ ‘�

Slices: fatty
acids from

acetate-C#{176} � -
GAA -

+

100

373�(7)

100

89(9)

Cystine -

+
241�(1l)

402�(6)

3l1� (9)

166(9)

* Guammidoacetic acid (GAA) 1.5, cystimme 1.5%.

t 250 �M of choline Cl/lOO g rat, in two doses, 2

hours and 1 hour before death.

� No. of experiments in parentheses.

§ Significantly differemmt from 100 (P < 0.05).

Because of these apparent differences in the

effects of choline and cystine on the oxidation

and on the synthesis of fatty acids, respectively,

we suggested that choline and cystine act on

fatty acid metabolism through different mech-

anisms and at different biochemical sites. In

this respect, the possibility was mentioned that

the effects of cystine, and perhaps of tocopherol

also, were due to the maintenance of high levels

of coenzyme A in the tissue. Indeed in the

livers of rats on cystine-deficient rats, Olson

and his associates have found decreased amounts

of CoA62 and a lower rate of incorporation of

cysteine-S35 into CoA.63

Likewise, changes in the amounts or in the in-

tracellular distribution of other factors, such as

glutathione,64 cytochrome C,6’ and especially

pyridine nucleotides,62’6’ �‘ have been described

in various conditions which lead to fatty or

necrotic livers (including choline deficiency).

In a number of unpublished experiments, we

have added several of these factors to prepara-

tions of the livers of rats which had been main-

tamed on deficient diets, unsupplemented or

supplemented with either choline or cystine.

The factors studied included : ATP, DPN,

CoA, cysteine, CoA and cysteine, cytidine tn-

phosphate and cytidine-choline diphosphate.*

In unfractionated homogenates, ATP generally

stimulated fatty acid oxidation, whereas with

most other factors, inhibitions rather than

stimulations were observed. In the expeni-

ments in which mitochondnial preparations

were used, an absolute requirement for ATP was

apparent. CoA, especially if added together

with cysteine, markedly enhanced fatty acid

oxidation. However, the stimulations ob-

served were of approximately the same order of

magnitude, whether the mitochondria had been

prepared from deficient livers, or from the livers

of rats which had received cystine, or choline.

Some of these findings are exemplified in Table

XV. Thus we are still unable to define the

specific deficiency, on deficiencies, which may

be directly responsible for the decreased rates of

fatty acid oxidation observed in the livers of

rats on our low-protein diets.

Furthermore, some other observations made

in the course of our more recent experiments

have added to the difficulties of interpreting our

earlier results. In a number of instances, in

which, instead of a 5 or an 8 per cent casein

* Kindly supplied by Dr. E. P. Kennedy.

TABLE XV

Effects of the in vitro Addition of CoA and Cysteine

on the Oxidation of Palmitate-1-C’4 in Liver

Mitochondria

Rats on diet 26, containing 5 per cent casein.
Values per mg N liver mitochondria*

Respiratory

C’4O2: c/rn

C’m-Acetoace-

tate: c/rn
Total C’4 fromn

fatty acids:

c/rn

RatA
(no dietary

supplement)

No CoA and
addi- cysteine
tions added

252 1780

230 2254

482 4034

RatB
(choline 0.4%

in diet)

No CoA and
addi- cysteine
tions added

541 2378

35() 3142

891 5510

* 3 Imours’ immcubatiomm in air.
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diet, we used a basal diet containing 15 per

cent of alpha-protein from soya bean, choline

supplementation of the diet did not raise the

oxidation of fatty acids in vitro.

Similar findings have been reported recently

by Fritz.” As mentioned before, this authortm#{176}

was able to almost exactly duplicate our re-

sults on the oxidation of isotopic palmitate,

added in vitro to the livers of rats on a low-

casein diet. However, in subsequent expeni-

ments in which a diet containing iO per cent

casein and 10 per cent alpha-protein was used,

the livers were quite fatty, but there was no de-

tectable decrease in the ability of the tissue to

oxidize palmitate.

A discrepancy between the lipotropic effect

of choline and its action on the in vitro oxida-

tion of fatty acids is also apparent from the re-

cent results of Bernhard et at.7#{176}These authors

maintained rats on a diet containing S per cent

casein and 12 per cent gelatin, with or without

addition of choline : during the last six days of

the experiments, all animals received daily in-

jections of a solution of acetate-i-C’4. Slices

of the livers of these rats were then incubated

for two hours, and the amounts and the radio-

activity of the tissue fatty acids and of the

CO2 produced during the incubation were de-

termined. There may be some question in the

interpretation of the results of such type of ex-

periments, since the slices of the choline-deficient

livers had an average content of labeled fatty

acids four or five times greater than those of

the livers of rats which had received choline.

However, the specific activities of the fatty

acids in the two types of livers were not much

different, nor was a significant difference detect-

able in the average specific activities of the

respiratory CO2. Assuming that, under the

conditions of these experiments, there was no

preferential utilization of a more actively me-

tabolized fraction of the newly synthesized fatty

acids,7’ and assuming furthermore that the

C14O2 produced was derived chiefly from the

isotopic fatty acids present in the liver at the

beginning of the incubation, the results of Bern-

hard et al.7#{176}would indicate that fatty acids pre-

viously synthesized in vivo from acetate were

metabolized in vitro at essentially similar rates,

whether or not choline had been added to the

diet. Yet, neutral fat accumulated in much

larger amounts in the livers of rats which had

been on the diet not supplemented with choline.

It appears today that the decrease in the rate

of the oxidation of fatty acids which occurs in

the liver of rats on low-protein diets, can be pre-

vented more or less completely by supplement-

ing the diets with choline, or cystine, or toco-

phenol, as well as by using higher levels of pro-

teins with a minimal content of sulfur amino

acid. At present, there is no satisfactory ex-

planation which might include these various

findings.

In long range experiments, the possibility of

a sparing action of choline by other dietary fac-

tors should perhaps be considered. At any

rate it would be difficult to explain the enhance-

ment of the in vitro oxidation of fatty acids by

choline injected terminally, if choline, or a

choline derivative, did not have some role,

direct or indirect, in the oxidation of fatty

acids. Since such a role seems to be clearly

demonstrable only in the liver of animals on

low-protein diets, one might think also of a pos-

sible relationship to the synthesis of proteins, or

perhaps more specifically, of lipoproteins, con-

taming lecithins as the lipid moiety. It may

be pointed out in this respect that a number of

other recent findings suggest that in choline-

deficient animals, profound alterations of the

metabolism not only of fat, but of proteins also,

may develop.727’

The possibility that choline, directly or in-

directly, might affect the formation in the liver

of lipoproteins which carry most of the fatty

acids in plasma, is attractive. Some results re-

ported by Olson and associates in a preliminary

form78 seem to be in line with such a possibility.

Other possibilities can also be visualized,

such as an effect of choline on the nonestenified

fatty acids of plasma. Indeed, recent data

suggest that these fatty acids which represent

only a small fraction of the total, may play a

considerable role in the transport of fatty acids.

IV. CONCLUSION

It appears today that the evidence for a role

of choline in fatty acid oxidation remains re-

stricted to the results of the experiments on

preparations of the liver amid of a few other
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tissues fromn rats, previously maintained on

low-protein diets. In these animals deficien-

cies of factors other than choline are also pres-

ent. Administration of choline to such ani-

mnals enhances the oxidation of fatty acids

added to tissues in vitro. This effect is gen-

erally accompanied by decreases in the amount

of fat and by increases in the rate of synthesis

and in the level of liver lecithins, thus suggest-

ing that choline may act on fatty acid oxidation

because it promotes lecithin formation. How-

ever, such relationships are not maintained un-

der all conditions : for instance, low-lecithin

levels together with low-fat contents and a high

rate of fatty acid oxidation have been found in

the livers of protein-deficient rats receiving di-

ethanolamine, a substance which probably in-

terferes with the formation of liver lecithins.

On the other hand, enhancements of fatty

acid oxidation in vitro similar to those caused by

choline administration, have been obtained by

supplementing low-protein diets with cystine,

or tocopherol, and also by raising the level of

dietary protein without substantially increas-

ing the supply of methionine and cystine.

Since with diets of the type last mentioned, fat

still accumulates in the liver, it appears now

that the lipotropic action of choline cannot be

explained merely as the result of an enhanced

oxidation of fatty acids in the liver.

In earlier and recent experiments in vivo with

D2O or with C’4-acetate, the amounts of

newly synthesized fatty acid present in the

liver and in the depots of animals receiving, or

not receiving, choline have been compared.

The interpretation of the results of this type of

experiment is complex and therefore subject to

some reservation. Since no evidence was ob-

tained for an increased rate of fatty acid oxida-

tion in the rats fed choline-supplenmented diets,

such results have been taken as an indication

that choline acts by enhancing the mobilization

of fatty acids from the liver. It should be

pointed out, however, that the two interpre-
tations are not mutually exclusive: indeed, the

possibility exists that more thamm one mechammismn

isinvolved in the lipotropic action of choline,

amid that perhaps the relative immiportamice of

these mmmechammismns mmmay vary under differemmt

nutritional conditions. At ammy rate, since

it is unlikely that phospholipids represent a

major form either for the transport of fatty

acids in plasma, or for the oxidation of fatty

acids in the liver, the mode of action of choline

in favoring one, or the other, or both processes,

remains to be clarified. At the present time,

one might only speculate on a relationship be-

tween these processes and the synthesis of

lecithin-containing lipoproteins in the liver.

Aside fronm this or similar speculations, the

most recent findings have introduced a number

of complications and uncertainties in the inter-

pretation of results which a few years ago

seemed to clearly suggest an important role of

choline in the oxidation of fatty acids in the

liver. At the present time, and until we shall

be able, first, to define such a role in chemical

terms and at the molecular level, and, second,

to decide whether, and to what extent, the ef-

fects observed in the experiments in vitro can be

extended to the conditions of the intact ani-

mals, I feel that perhaps the title of this paper

should be followed by a question mark. In

other words, the role of choline in fatty acid

oxidation seems to be still a field wide open to

future investigations.
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DISCUSSION

Dr. Al. Bates (University of Pittsburgh, Pittsburgh,

Pa.) : Certainly one of time most ilmteresting problems

concermming the fatty livers associate(l with choline de-

ficiency is the origimm of time excessive amnounts of fatty

acids whicim accumulate iii the liver. Time possibility

that the chmoline-containing phosphmohipids are impor-

tant as a vehicle in the transport of the fatty acids

from the liver has been pretty well eliminated. The

evidence is controversial as to whether there is in-

creased fat synthesis in the liver of time choline-deficient

animal (K. Bernhard, C. Ulbrecht, M. Ulbrecht, and

H. Wagner, Helv. C/tim. Acta 37: 1439, 1954; K. Gug-

genheim and R. E. Olson, J. Nutrition 48: 345, 1952).
Dr. Olson’s and Dr. Artom’s data would suggest that

fat of “normal” specific activity accumulates in the

liver of the choline-deficient rat. In addition, the

in vitro work described by Dr. Artom would indicate

that decreased oxidation of fatty acids may also occur

in these fatty livers.

Dr. Artom has shown that in choline-deficient ani-

mais there is a decrease in the amount of choline-

containing phosphohipids in the liver and that after

an injection of cholimie there is a marked increase in

the amount of this type of phospholipid. Has he tried

to correlate the concentration of choline-containing

phosphohipids in the liver and the amount of fatty acids

oxidized? If a correlation did exist it might give some

support to the idea that the choline-containing phos-

pholipids are concerned with the oxidation of fatty

acids.

Several papers have shown that when a choline

deficient liver slice from a rat or dog is incubated with

choline there is an increased rate of formation of the

choline-containing phospholipids (M. C. Fishier, A.

Taurog, I. Penman, and I. L. Chaikoff, J. Biol. Chem.

141:809, 1941; C. Artom and M. A. Swanson, J.

Biol. Chem. 193:473, 1951; N. R. DiLuzio and D. B.

Zilversmit, J. Biol. Chem. 205: 867, 1953). In the work

Dr. Artom described, the in vitro addition of choline

to liver slices did not result in an increased fatty acid

oxidation, and in some cases an inhibition resulted.

Wouldn’t this suggest that the choline-containing

phospholipids are not involved in fatty acid oxidation?

Dr. Kennedy: There is just one comment I would

like to make about Dr. Artom’s interesting work.

Now that the enzymes which catalyze the oxidation of

fatty acids have been isolated in pure form in so many

laboratories, it would appear that a direct requirement

for choline or even for phospholipids in the action of

these enzymes is ruled out.

There is one problem remaining, however, and that

is the form in which the fatty acid is presented to the

mitochondrial fatty-acid oxidase system, whether it is

presented as free fatty acid which is activated by ATP

plus CoA or whmether it is presented as phospholipid or

as a neutral fat. It certainly has been well established

that the actual form in which the fatty acid is oxidized

is the CoA ester and not as phospholipid. In view of

time fact that recent studies have shown that the un-

esterified fatty acids of the blood are the major form in

which fats are transported, perhaps it is the unesterified

or so-called free fatty acid fraction which is acted upon

by the fatty acid oxidase system of time liver cell as well.

Dr. A rtorn (closing remarks) : In reference to Dr.

Bates’ remarks, it seems to me that our data indicate

that a rough parallelism between the amounts of

choline-containing phospholipids in the liver and the

ability of the tissue to oxidize fatty acids does occur

in many, but not in all conditions. Therefore, these

findings give little or no convincing evidence for the

idea that choline-containing phospholipids are neces-

sarily involved in fatty acid oxidation.

In this respect, Dr. Bates has also pointed out that,

while choline administered in vivo stimulates both the
synthesis of phospholipids and the oxidation of fatty

acids, there is some discrepancy in the effects of choline

in vitro. Choline added in vitro does not stimulate

fatty acid oxidation, whereas in our earlier experi-

ments on the synthesis of phospholipids the addition of

choline to liver slices from protein-deficient rats was

partially effective. I believe that in similar experi-

ments omm the livers of choline deficiemmt dogs, Dr. Zilver-

smit found that choline, added in vitro, stimulated the
formation of lecithins to values even higher than in

those found in liver slices from dogs on an adequate diet.

Concerning the suggestion made by Dr. Kennedy,

I must admit that I have speculated on the same

possibility which Dr. Kennedy has mentioned : that is,

that unesterified fatty acids, which are only a very

small fraction of the total fatty acids of blood plasma,

may represent the form most active metabolically, not

only for the transport in blood, but also inside the

cells. The data I have shown concerning the distribu-

tion of C’4-fatty acid at the end of the incubation

indicate that in the livers of both normal and choline-

deficient rats, the oxidation occurred at the expense

of the nonesterified fraction. Possibly the role of

choline in this regard is somewhat ilmdirect. Perhaps

choline promotes the formation of some lecithin-

containing lipoproteins in the liver, which may be

important either, as I mentioned, in maintaining the

spatial configuration of the enzymes in the mitochon-

dna, or, as Dr. Kennedy has suggested, in favoring the

binding of the substrate to the enzymes on the surface

of the mitochondria. Moreover, these lipoproteins

synthesized in the liver, may represent the form in which

fatty acid are carried away from the liver to the depots.

The last point I want to make refers to the effect of

cytidine triphosphate and cytidine diphosphate choline.

Dr. Kennedy was kind enougim to send us some of his

compound. Neither cytidine triphosphate or cytidine

diphosphate choline had any effect upon the oxidation

of fatty acids in vitro.
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