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line deficiency®®' but their turn-over is de-
creased.’?a.bc  Adding choline to the diet, or in-
jecting it, causes a prompt increase in the turn-
over of liver phospholipid-phosphorus but
the effect is nonspecific, a similar increase
being produced by methionine, ethanolamine
or cystine.’® Plasma phospholipids of rats
are decreased in choline deficiency’! and there
is a marked reduction in the low-density
lipoprotein fraction of the serum.®4% Liver
damage due to prolonged lack of choline leads
to a decrease in the concentration of choles-
teryl esters in the blood serum of dogs,”** and
rats; 575859 with advanced cirrhosis the con-
centration of total serum cholesterol falls very
low. Restoring choline to the diet causes a
prompt nise in the serum cholesterol, back to
the normal level, long before there has been
any significant improvement in the condition
of the hepatic tissue.’®

CLINICAL AND LABORATORY STUDIES

Much less is known about the role of choline
in human nutrition.® 8 Lipotropic studies
in primates are not numerous. The original
preliminary studies by Mann, Andrus, Mc-
Nally and Stare®? are being confirmed and ex-
tended in our laboratory. Dr. G. F. Wil-
gram has been following 4 cebus and 4 rhesus
monkeys that have been fed a purified diet
for several years. Two animals of each
species have been on a choline-deficient ration,
and two have been given choline-supplements.
The monkeys getting choline grew well, in-
dicating that the diet is adequate with re-
spect to protein and calories. The choline-
deficient monkeys grew only very slightly.
When an exploratory laparotomy was per-
formed after 6 and again after 12 months, the
livers were seen to be fatty (by actual analysis
of biopsy specimens, 14, 15, 19, and 20 per
cent of total lipid) respectively. Histologic
examination showed the same predominantly
periportal lipid accumulation that is seen in
human kwashiorkor. The fat within the liver
cells appeared cytologically in a form very
similar to that observed in human cases of
protein malnutrition. Further experiments
on monkeys, designed to extend this basic
experiment and to test the curative effects of
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the lipotropic agents under conditions of
paired feeding are in progress.

Several clinical conditions that are char-
acterized by fatty livers and that are thought
by most workers to be of dietary origin* are
believed by some to represent clinical ana-
logues of the lesions produced by dietary
means in animals. It is generally stated
that in patients with fatty livers resulting
from alcoholism or kwashiorkor the distri-
bution of stainable fat differs histologically
from that produced in rats by choline defici-
ency: in the patients the distribution is largely
periportal ;% in the choline-deficient rat it is
centrilobular.64.6.66  We shall return to this
subject of the clinical significance of choline
after defining the term lipotropic and saying
a few things about the lipotropic agents and
certain lipotropic phenomena.

The term lipotropic was coined in 1935 by
Best, Huntsman and Ridout¥ to describe
the activity of dietary factors such as choline
and betaine that prevent the accumulation of
abnormal amounts of fat in the liver. Some
years later Sellers, Lucas and Best® pro-
posed that the coverage of the term be ex-
tended to include the hemorrhagic-kidney
lesions produced in weanling rats by choline
deficiency and the cirrhosis that develops in
rats or dogs maintained for long periods on
choline-poor rations. More recently, Wil-
gram, Hartroft and Best ® proposed a further
extension, to include the prevention of lipid
deposition in other locations, specifically in
the heart and blood vessels. The wisdom of
this was questioned by some of our colleagues
and one writer took vigorous exception to the
proposal. Mann’ would probably not have
raised his objection if the various manifes-
tations of choline deficiency had been dis-
covered and reported simultaneously.”

Choline is the key substance, i.e., the ul-
timate effective agent in lipotropic phenomena.
Betaine, methionine and to a lesser extent
thetins serve as dietary precursors of choline.
Choline is found ubiquitously in plant and

* A valuable collection of pertinent papers, experi-
mental and clinical, dealing with nutritional factors and
liver diseases, was published in Ann. New York Acad.
Sc. 57:615-962, 1954.
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animal products. The richest dietary source
of choline is egg-yolk which contains 15-17
mg/g; other rich sources are wheat germ,
liver, brain, kidney, and heart.®72 Good
dietary sources include lean meats, yeast,
soya beans, and peanuts (much choline re-
mains in the defatted meals), skim milk and
milk powders. Fruits and vegetables are
usually poor sources. It is difficult to de-
sign a diet low in choline from natural prod-
ucts, and to prepare a diet free from choline
is costly. A ration devoid of choline pre-
cursors cannot be considered an adequate diet,
a point we shall return to in a moment.

Information about the average daily intake
of choline by man is meager. Estimates vary
considerably but an intake of about 300 to
600 mg/day is probably common.%72 The
choline requirement of man is not known.
An absolute value probably cannot ever be
determined since factors such as the methi-
onine and cystine content of the diet, the
amount of betaine and certain thetins in the
food, the adequacy of several vitamins, par-
ticularly vitamin B,, and folic acid, as well as
the type of bacteria in the intestine will all
affect the choline requirement.

Large doses of choline chloride given to
sheep and dogs in experimental studies’ 74
and to man in clinical studies have failed to
increase the levels of either free or total cho-
line in plasma. Only a very small fraction
(under 10 per cent and usually 0.5 to 2.5 per
cent) was recovered in the 24-hour urine.
Approximately two-thirds of the dose of
choline given orally to some normal adults
was broken down to trimethylamine in the
intestine” before it could be absorbed but no
comparable urinary excretion of trimethyl-
amine followed the intravenous administration
of choline. Oral administration of antibiot-
ics with oral choline temporarily reduced the
excretion of trimethylamine, presumably by
suppressing bacterial metabolism. Similar de-
struction of ingested choline by the intestinal
bacteria of rats has been reported” but this
has not been observed by all workers.”” The
different findings emphasize the possible impor-
tance of the gastrointestinal flora in the over-
all metabolism of choline in man.

Shortly after the lipotropic effect of choline
and betaine? had been discovered in 1932, it
became apparent that dietary proteins are
also involved in lipotropic phenomena. The
efforts of Professor Channon, at Liverpool,
to account for this by testing various proteins
and individual amino acids are well known
(see reviews in references 22 and 72). In
the year 1937 the sulfur-containing amino
acid methionine was shown by Womack,
Kemmerer and Rose”™ to be essential for the
growth of rats and its lipotropic activity was
discovered by Tucker and Eckstein.’? Within
three years the lipotropic effect of methionine
was accounted for by Professor du Vigneaud
and his colleagues*® who found that its methyl
group is biologically labile. For a time it
appeared probable that the body cannot
make methyl groups and that methionine pro-
vides this essential unit for the biosynthesis
of choline. Later some limited synthesis of
methyl groups was shown to occur in animals,
and to be independent of bacteria in the gas-
trointestinal tract. The importance of vita-
min B, and of folic and folinic acids in the
metabolism of the one-carbon unit and in the
biosynthesis of methyl groups, and hence
indirectly in lipotropic phenomena, has been
established in the last decade.’!.52.83.84a.b

METHIONINE

Methionine occurs almost as ubiquitously
as choline.* Animal proteins as a rule con-
tain more methionine than do plant proteins:
lactalbumin 5.2 per cent, egg albumin 3.5,
animal muscle powder 3.3, casein 2.8-3.0,
fibrin 2.4, soya bean protein 1.0-1.2, defatted
peanut meal 0.6, whole wheat flour 0.25-0.35,
rice 0.25 and corn meal 0.2 per cent. Arachin,
the globulin of peanuts, is noted for its low
content (about 0.6 per cent) of methionine.?
The use of defatted peanut meal (or soya bean
meal or other pulses) permits one to design
diets low in methionine and practically free
from vitamin B;,. By extracting the meals
with dilute ethanol (50 per cent v/v), or
diluted methanol or propanol, followed by
treatment with 80 per cent (v/v) and finally
with warm 95 per cent alcohol, a product
almost free from choline or betaine may be
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obtained. (Dilution with water is essential
to leach out the betaine and certain choline
derivatives.)

Attempts to produce severely hypolipo-
tropic diets, by extreme limitation of the
methionine intake curtails not only the supply
of labile methyl groups but reduces also the
intake of amino acid sulfur and of the essential
amino acid itself. Provision of supplementary
cystine will correct the sulfur deficiency but
only methionine itself can correct the es-
sential amino acid deficiency.

If we accept the teaching that the nutritional
value of a protein is limited by the essential
amino acid present in lowest proportional
amount, many of the basal diets that we and
others have used in lipotropic work must be
considered protein-deficient, in spite of the
presence of from 15 to 25 per cent of protein
in the food offered. In other words, it seems
impossible to design a diet that is alipotropic,
or even severely hypolipotropic, in the sense
of being devoid of, or low in all choline pre-
cursors, without getting into protein de-
ficiency. Apparently, an alipotropic diet that
is otherwise adequate cannot be designed.
Unsuspected protein deficiency doubtless has
complicated many lipotropic studies.

The methionine requirement of man, in
the absence of dietary cystine, has been es-
timated by nitrogen balance studies to be
about 1.1 g/day and the recommended daily
allowance has been set at double this figure.”
Since normal diets contain considerable cys-
tine, which spares methionine, the actual
requirement for methionine is doubtless much
lower.®® Further, the presence of choline or
of betaine or thetins in the diet will also lower
the requirement. Thus the practical methio-
nine requirement of even normal men is not
known and that of patients with fatty livers,
cirrhosis orother diseased statesis still less clear.

BETAINE AND THETINS

Most articles on lipotropic phenomena give
betaine and the thetins little attention, if
they are mentioned at all. Yet betaine is of
widespread occurrence in plants (sometimes in
considerable amounts, up to 3 per cent of dry
weight) and it has been found in a number of

animal tissues, (malt, wheat germ, cottonseed
press cake, leaves and roots of the ordinary
red beet and of the sugar beet, various mush-
rooms and other plants, as well as in shrimps,
crayfish, mussels, cuttlefish, and several mam-
malian tissues).’®* The methyl groups of
certain thetins are labile®®! and hence these
compounds, the occurrence of which in plant
products appears to be more general than was
previously suspected,®®®® may play a minor
role as dietary precursors of choline. The
amounts of betaine and thetins in natural
diets are usually unknown but they may, in
some cases, contribute a considerable pro-
portion of the total lipotropic supply.

In 1944 Beveridge, Lucas, and O’Grady®*
pointed out that the lipotropic activity of a
protein is determined not only by its content
of methionine and cystine, but also by the
nature and amount of the other essential amino
acids associated with them. This had been
indicated by earlier studies of Channon and
his colleagues but the evidence was less clear.
More recently a number of papers,?® in-
cluding several significant contributions from
Dr. Sydenstricker’s laboratory,%:% have
elaborated this theme that dietary factors
other than choline and its precursors affect
the deposition of fat in the liver. Time will
not permit a fuller presentation of the interest-
ing findings in this field from the laboratories
of Professor Sydenstricker, Professor Elve-
hjem,¥-19! Dr. Stewart here in New York
and our own group, other than to mention
that in rats fed diets with protein deficiency
and amino acid imbalance the stainable fat
appears first in periportal regions and rarely
forms large droplets. The amount of total
lipids extractable by hot alcohol is increased
somewhat, but usually not greatly (possibly
to about twice or three times normal). In
choline deficiency the fat appears initially
around the central vein; when the lack of
choline is severe the lipids commonly form
immense fatty cysts in the liver, and the
amount of extractable fat is increased tre-
mendously (three to eight times normal).

CLINICAL STUDIES

As mentioned earlier, the fatty livers with
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or without cirrhosis seen in alcoholics and in
children with kwashiorkor, seem to offer clini-
cal analogues to the lesions produced by
dietary means in rats, dogs, and other animals.
It seemed reasonable, therefore, for the clini-
cian to deduce that the lipotropic factors,
whose efficacy in animal studies is well es-
tablished, might provide specific therapy
for corresponding pathological states in man.
Optimistic reports followed the initial clinical
trials of dietary supplements of choline and
methionine. Recently, more cautious clini-
cians®!.102.103 have suggested that both the
dietary and statistical control were inadequate
in most of the early clinical trials. It is prob-
ably still true that no metabolic or clinical
study has provided convincing proof that
deficiency of choline or of methionine exists
in patients with liver disease, although the
circumstantial evidence is strong. In patients
with alcoholism or kwashiorkor the distri-
bution of stainable fat is largely periportal;
in the choline-deficient rat it is centrilobular.
Stainable fat does appear in the periportal
areas of the livers of rats when they are fed
diets deficient in protein. Thus if man re-
sponds to lipotropic deficiency as does the rat,
the hepatic lesions attributable to nutritional
disturbances commonly seen in the clinic,
represent protein inadequacy, not choline
deficiency. The frequently reported failure
of choline to be of benefit in these cases would
then be only what one would predict, since
choline can be expected to cure only choline
deficiency. However, to add a little infor-
mation that may be confusing, we found, upon
histologic examination of the livers of choline-
deficient monkeys, the same predominantly
periportal lipid accumulation that is seen in
human kwashiorkor. Cytologically, the fat
within the liver cells appeared in a form very
similar to that observed in human cases of
protein malnutrition. Thus the work on
monkeys has not yet established with cer-
tainty the nature of the dietary defect causing
the lesions seen in alcoholics and in patients
with kwashiorkor. Dietary history and cytol-
ogy implicate protein but do not exclude
choline.

All clinical studies have failed to provide any

evidence that supplementing an adequate
hospital diet with choline, methionine, betaine
or vitamins, brought about any more prompt
or complete recovery of the fatty cirrhosis of
alcoholics or of kwashiorkor than did the
well-balanced diet alone. However, we in
Toronto have long contended, and Gabuzda®!
has recently pointed out, that the failure of a
lipotropic agent or other supplement to en-
hance the therapeutic value of a diet does not
necessarily mean that the supplement is not
concerned in the origin or treatment of the
disease. It may mean that the hospital diet
contains a maximally effective amount of the
nutrient in question and hence one could not
expect any further therapeutic effect.

The results of attempts to assess the thera-
peutic effect of lipotropic agents in man are
difficult to evaluate. Clinical trials of the
lipotropic agents have been made in patients
with fatty liver disease due to kwashiorkor
or to chronic alcoholism, usually under one of
the following conditions:

(1) Supplementation of a diet already con-
taining sufficient protein and lipotropic sub-
stances.

(2) Supplementation of a ‘‘purified’”’ diet
lacking any protein (intravenous or oral glu-
cose with vitamins and minerals).

(3) Supplementation of a diet that had
only a basic minimum of protein but that was
too low in calories to permit therapeutic
success.

None of these conditions can be considered
satisfactory to establish the point in question.
Only a very few cases have been studied in
which lipotropic supplements have been given
to patients maintained on an amino acid or a
protein mixture that was kept just at a border-
line level in amino acids and vitamins, and
which was sufficient in calories. Only under
these conditions could it be clearly shown
whether or not lipotropic substances play a
contributory part in the prevention of fatty
livers in human subjects.

As experimentalists we would remind the
clinician (1) that choline supplements to diets
lacking methionine and other essential amino
acids, are doomed to failure; (2) that when
the methionine content of a diet is not ade-
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quate, provision of choline spares some of the
methionine for maintenance or growth; (3)
when the supply of the lipotropic factors other
than methionine is not adequate a portion of
a supplement of this amino acid will be used
for the synthesis of choline.

The factor or factors in complete diets that
may account for their efficacy in curing fatty
and cirrhotic livers in alcoholics, and liver
damage in kwashiorkor, remain elusive. Cer-
tainly one would not exclude choline, betaine,
or methionine. Clinical experience indicates
that good natural protein is the most im-
portant factor and that it appears to carry
along with it any requisite accessory factors.

In the light of all the experimental evidence
it will be surprising if choline does not prove
to possess lipotropic activity in man when the
crucial test is made.
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