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THE LIPOTROFIC FACTORS
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HISTORICAL uVIKK OF THE DoVELOZW.NT OF THE CORCEST CF LIFPQUzOPLSM

Shortly after the production of experimental diabetes by von Mering
and Minkowski in 1889 it was noted tha* the pancreatectomized dog manifested
not only impairment of carbohydrate metabolism but evidence of altered fat
metabolism as well «ith a tendency to deposit fat in the liver.,

Sandmeyer in 1895 demonstrated the beneficial effect of feeding raw pancreas
in “he amelioration of this complication and postulated that the presence of
certain digestive enzymes of the pancreas was essential for the prolonged
survival of dogs after pancreatectomy.

In 1921 Banting and Best sacrificed dogs which had been kept alive for
10 weeks with insulin and remarked on the fatty chanwes in the livers. Long
term studies from this laboratory were reported in 192« by Allan, Bowie, Macleod
and Robinson who found that fatty livers developed in pancreatectomized dogs
maintained with insulin after periods ranging from one to szven months. Havinge
considered and then discounted a possible toxic effect from *he tricresol
preservative in the insulin, they concluded: 'In some way or other the continued
absence of the pancreas leads to a pathological condition of the liver cells and
as a result fat accunulates in them.' They restated the sugvestion made by
Sandmeyer 30 years earlier that pancreatectomy deprives the animal of some
enzyme required for the mobilization of fat. Lthey beran feedine their dogs
surplements of rew pancreas and noted a disa.pearance of the manifestations
of increased liver fat.

Almost simultaneously Fisher in Chicago reported that the survival of
pancreatectomized dogs appeared to be related to the degree of regeneration of

the pancreatic stump. However, h= concluded, 'The marked dereneration of the
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liver and the extreme arterial sclerosis developing in dozs on long insulin
management indicates either diabetic processes not controlled by insulin, chronic
toxic action of insulin itself, or such toxic action of other substanc:s in the
insulin mixture.'

In 1331 Hershey and Soskin demonstrated that the fatty liver of pancreat-
ectomized docs could be prevented as effectively by feeding crude ess yolk
lecithin as by feeding minced pancreas.

Research on the nature of these fat-mobilizine substancss was facilitated
by the discovery that fatty livers could be vproduc=d in rats by dietaryv means.

In 1932 Best, Hsrshey and Liuntsman showed that the fatty liver which develops
in these animals on a l2an meat and sugar diet could bes prevented or alleviated
by the use of the choline mo=2ity of the lecithin molecule in amounts as small
as 1.0 mg. per rat per dav. vCholine was leter shown to be equslly effective in
the prevention and trearment of the fa*ty livers of tpancreatectomized dogs
maintained with insulin.

Best and Huntsman (1932) demonstrated the effectivsness of naturally-
occurring choline in retarding or preventing the develorment of fatty livers
in experimental anims1ls and speculated that choline mi ht be a distary essential
for the rat. Its lipotropic effect was subsequ-ntly demonstrated in various
other specizs in prctection against faftty livers of dietary and toxic oriein.

In 193¢ Chsnnon and Wilkinson noted that the ability of a di=t to induce
fatty livers was inv rsely proportional to its rrotein content provided that
the choline intak=2 was maintain:d at a constant suboptimum l=vel. This suerested
thet certain amino acids micht be convzrted into choline or betaine by methylation

in the tissues. ©Simultaneocusly this effwct of dietary protein was being studied

in Toronto by Best, Mawson, McHenry and Ridout (1936) who found that 1.0 gm. of
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protein exerted about the seme eifect as 5 - 6 mg. of choline.

Tucker and ickstein (1937) simplified the problem somewhat when they
demonstrated that *the lipotroric effect of proteins was larsely inherent in
their methionine content but the interrelations between choline and mothionine
remained puzzlinge until du Vieneaud d=v=loped the concert of trunsm=thvlation.

In 19%6 Bes*, Urant and nidout introduc=d *the t=-m 'lipotrovic' to
describz the =2ff=ct of choline and relatzd substences in the prev:ntion and
amelioration of fatty livers in animals. 4t this time it wes eenerally considsred
that choline accounted for the anti-fatty liver activity of the pancreas.
dowever in 196 van rrohaska, Uracstesdt ani Harms reported the extraction of
'lipocaic' a so-called fat-metabolizing hormone occurring in pancreatic extracts
and showins activity in amcunts so small as to preclude the likelihood that its
effect was due to contained choline.

Almost simultaneously Linaikoff and Kaplan reported that they had
disccvared an 'anti-fatty liver factor' in the external secr=tion of the pancreas.
The nature of 'lipocaic' still remains in doubt but the activs ingredients of
Chaikoff's extract apvsar from rec:nt work to be protein-splittins enzvmses,

In 1941 Gavin end sicH2nry reported that inositol exerted = lipotrorvie
effect und:r cartain conditions. Sincz inositol is probably one of the less
important lipotropic factors it will be consid-rec briefly and finally in the

following section.
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INOSITOL

Inositol is a hexahydroxycyclohexane comparable to the cyclic form of
glucose. 1t is a water-soluble, sweet-tasting crystalline compound sufficiently
stable to resist strong acid and alkali treatment. 1he biologically active
form is one of the optically inactive forms czlled m=so-inositol which has a

molecular weight of 216 and the following stereochemical structure:-

mo QW

N\
_

ol
mQom
oo QL

Inositol was first isolated from meat by Scherer in 1850 and has long
been considsred by chemists to be a substance intermediate between carbohydrates
and aromatic compounds, because on one hand it has the same empirical formulae,
taste and solubility as slucose and on the other hand is readily oxidized to a
typical gromatic compound, tetrahydroxyquinone. Fisher (1945) has summerized
his work demonstrating the interconvertibility of inositol and glucose, proving
that glucose can be cyclized to from inositol, and conversely, that cleavagce
of the inositol ring gives rise to d-glucose,

Inositol is found widely distributed in plents and animals in an average
concentration of 0.05 - 0.5%. Beef heart, the richest source, contains 1.6%
inositol. Of many naturally-occurring forms only meso-inositol possssses

nutritional activity.
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This isomer occurs naturally in at least four forms:

Free inositol

Meso-inositol

Plants and animals.

Fhytin

The celcium and magnesium
salt of inositol hexa-
phosphate,

Cereal grains, sceds,
erythrocytes of
chickens and turtlss.

Lipositol

A phospholipid complex
containing inositol mono-
phosphate linked to galactose
and combined with ethanol-
amine, tartaric acid, oleic
acid and various saturated
fatty acids.

Phospholipids in plent
and animal tissues, in
tubercle bacillus, soy
beans, cephalin of the
brain and spinal cord.

Combined Inositol

A water-soluble, non-
dialyzable complex.

Liver, heart and most
other animal tissues,

Biological Functions of

Inositol:

Barlier studies on this substance were concerned with its possible gluco-

genic function, and considerable evidence suggests that inositol is a reserve

form of carbohydrate in certain siscies such as the shark and particularly in

certain organs such as heart nmuscle (Winter,l944). By means of isotope

trecers Stetten and Stetten (1946) showed that about 7% of inositol fed to

phlorizinized rats was converted to glucose,

Vitamin-like activity was not attributed to inositol until 1928 when 'bios I
was identified as inactive inositol by Bastcott. It was shown to be a distary
essential for mice by Wooley in 1940, the deficiency svsndrcme being characterized
by alopecia. In rats, the 'spectacled eye' syndrome, so called becauss of
peri-orbital alopecia and exudation, was attributed to inositol deficiency by
Paveek and Brown (1941) and was prevanted and cured by the feeding of this vitamin,

In 1941 Gavin and McHenry reported the lipotropic action of inositol in the

prevention of the 'biotin fatty liver' of rats and in this respect it was said

to resemble 'lipocaic' since it prevented the accumulation of both cholssterol

and triglyccriaes,
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The possibility that incsitol was the active princicle of 'lipocazic'
was explored but evidence esdduced from work on dogs indica*ted 'lipccaic' was
more active than an =qual amount of inositol. Furthermore, inositol ex=srits
strictly a lipotropic =zffeet on pancrestectomized doss, and unlike 'livocaic'!
fails to influenc: the survival time, the incressed insulin tclzrancs or the
loss of body fat -- f2atur:s considered by Dragstedt to be 'livocaic deficizncy’
menifestations. (Ow%ns, Allen, Stringer and Draestedt, 1941; =cubin and Ralli,
1941). In therapeutic trials in men Abels, Kupel, Pack and 2hoads (1943)
demonstrated an appar:nt lipotropic effzct of 'lipocaic' in the prevention of
fatty livers in patiznts with carcinoma of tae rastro-intsestinal trsct. 4n
amount of inositol squivelent to that occurring in a cor-resyponding dose of
'lipocaic' proved eyually efficacicus according to their obs=rvasions,

Engel (1942b) induced fatty livers in rats by manipulations of +the
proportions of thiamine, riboflavin, pvridoxine, pantothenic zcid, corn oil 2nd
choline in the diets, He found a maximum lipotro.ic =ff=2ct from choline at a
level of 10 m~. per ret per day out fetty livars were net complet:ly cured
unless a su,planent of 3 mg. of incsitol wes rovided. It was his @pinion that
pyridoxine was also required for the full effec: of cheline,

The possibility that incsitol ~ould =xart its lipotro:ic =2ffect only in
the pres-nce of cortain fatty acids was -xplored by Beveridge in 1944,
Unexpsctedly he fcund that waile the addition of corm oil enhanced the lipotroric
action of choline, przsumably bﬁ suoplying fasty acids for phospholipid synthesis,
it obliterated the lipotrc.ic effect of inositol.

Handler (1946) confirmed¢ the lipotroric =ffect of inositol in the so-callad

'biotin fattyv-liver' and in a type of 'fat fatty liver' of rats. However, if the

experimont were cac~ried cn more than Z4 deys there was such & d-cline in
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growth rate as a r-sult of the dietsry restrictions that the demand for lipotropic
factors =11 and the sucply of inositol from symnthesis by the int-stinal flora
became sufficient for the animals' reyvisamcnts. Under thess conditions choline
alone sufficed to prev:int fatty livers. dowzver, if the synthesis of inositol
by intestinal bacteria was inhibitzd by succinylsulphathiozcle, cietary supplements
of inositol =again became nec-ssary, Handler confirmed &ngcl's cbservations on
the inhibition of inositol by unsaturated fatty acids, but failed to find
evidence to surport the contention of blicHznry that inositol exsrts selective
activity for cholesterol esters rather than triglycerides., #orbes (1943) and
Beverides and Lucas (1945) 1like=wise failed to note any such effect,

bicHenry's group have continued in thzir efforts to devis= diestery conditions
which will producs 'cholesterol' fatty livers scansitive to inositol but resistant
to cholins., bacFariand and Mcidenry (1945) modified =arlier opinions regarding
the inseunsitivity of the 'biotin fatty liver' to choline and point out that the
tvpe of experimental fatty liver that resists cholins and is sensitive to
'lipocaic' and inositol is that induced by feedine a beef liver fraction to rats
on hizn carbonydrate, fat-free diet. Confusion arose from the fact that this
type had previously bsen designatgd as the 'biotin fetty liver' wnereas the %true
bictin fatty liver requires both choline and incsitol Tor its prevention. These
authors found that the addition of thiamine alone to the basal diets produced
fatty livers responsive *o choline (confirmed bv Handler,1946), while the
addition of other B vit=mins such as in crude beef liver fraction, liver fraction
eluate or biotin and folic acid resuited in fetty livers resistent to choline,
McHenry admits, as Handler sur-cested, that the =:Tect of dietavry manirulations
on the lipotropic action of incsitol nmay be pa-tly mediated throush the altered

nutritional status of the animals., However, he maintains that there is also s

specific factor in the vitamin B surplaments.
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The mechanism of the lipotropic effect cf inositol has besen the subjzct
of speculation. attributing to it an action parallel to that of choline,
McHenry and Petterson (1944) postulated that inositol was incorporated into
certein phospholipids. Inositol-conteinineg phospholipids have besn isolated
from bacteria and plants (4nderson et al, 1930,1938) and from 2nimal tissues
(Folch and Wooley,1942), but there is no evidence that ingsitol—containing
~hospholipids are implicated in conditions of elt=:r2d metabelism in either
animals or man.

To confuss the matter more therourshly Ralli and Rubin (1942) have shown that
inositol is the anti-lipotrcpic or lipoc:nic acsnt in dried liver or aguscus
extracts of liver wiich has been repeetadly found since 1931 (Bollman and Mann)
to inducs fatty livers in animals,

In summsry then, inositel aprzars to be lipotropic only under certain
rigidly ceantrolled concitions in cartaein speciss and in any cese is active
only when fat is absaznt from the diet. These limitetions sesm to relegate

this substanca2 to a relativslv unimpo-tant ole az a lipoctropic ar=nt in man.
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LIFOUTCELIC SUBSTANCES OF T/E PANCRLAS

Shortly after the discovery of insulin it was nceted by several workers
that this did not constitute comvlete railac2ment therapy for d=arancreatized
dogs since theyv developed fatty livers and other deficiz=ncy manifestations unless

a dietary suyplement of raw pancreas was f=d.

Lipocaic:

In 1934 Dragstedt states that tae interest of his group in Chicago was
directzd to the external secrstion of the pancreas by the theory of Boldyreff (1934)
that 'removal from the asnimal cr human bcdy of the external secretion of the
pancreas lsads to diabstes, henc= the dirszct conclusion to “r=at diabetes by the
introduction of p-nersatic juice.' =rep=ated cbs=rvations in many laboratories
that pancreatic fistula docs not lead to ~lvecosuria or diabet=s micht be considered
to have se:tled this quec<“ion were it not for the fzct that the usual technique
?or producing pzncreatic fistu'a in dose does not deirive the animal of a2ll
pancreatic juice dus to the presence of accesscry small duets.

Dragstedt, sonteomsrcy and Lilis (1330) rad devised a m2thod of isolating

o

a pouch of duodenum into wuich the ducts drained and from which pancreatic juice
was continuously withdrawvm by suction. By the use of such a fistula, Jragstedt,
Von Prohaska and Hasms, (1.36,1936a) found thet removal of pancreatic juice from
dogs did not produce diabetes or lead to fasty livers and conversely feeding the
external secretion to ancther gvoup of depancreatized dogs did not relsive the
‘digbetes or the tsndency to develop fatty livers,

They concluded therefore that the substance in raw pencreas which was

lipotropic was not found in pancreatic juice and hence must be an internal secretion,
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They proceeded to fractionate extraects of pancreas and described the prepzration
of a fat-free alcoholic extract of beef pancreas which was said to contain a new
'fat-metabolizing hormone of the pancreas, 'lipocaic".

This substsncs was szid to be eifective in amounts so smsll as to preclude
the possibility that its action was due o tine contzined lecithin or cunoline.
Further evidence offered in suppcrt of this noint was the finding that the
fseding of other lecithin-rich viscera such as brain was nect effective, The
development cf anorexia, apathy, weicht loss, decressed glucose excretion and
fatty livers in depancreatized dogs was attributed to 'lipocaic deficiency!
and treetment with livpocasic was said to effect a reversal of these complications.

Since Dragstedt described 'lipocaic', the nature of this substance has been
the subject of livsly controversy and much sxperimental effort. It is perhaps
desirable then to present coincicently with Draestedt's evidence the opposing
views of Chaikoff and cthers.

bragstedt's method of collecting pancreatic juice in a duods=nal pouch has
been criticized by Entenman, Chaikoff and Montwcmery (1944) as pemitting
reabsorption of some of the external secretion. Dragstedt's criterion of effect-
jveness, i.¢. histological examination of liv:r biopsiss, has bean widely
criticized particulasrly by Chaikoff aﬁd Kanlan (1947) who took the trouble to
prove that the lipid content of liver tissus varies widzly from lobs to lobe,
and even in adjacent arsas of the same lobe. <£Lxactly the opposits findine was
later raported by Uragstedt, Vermeulen, Donovan and Geer (1939) who found only
slizht differsnce in fat concz2ntration from lobe fto lobs and 2o0od corr:lation
between comvarative chemical «nd histological d2terminations.

'he fact that feeding lecithin-rich brain did not prevent fatty livers

proves nothing, since bruin is alsc rich in cholesterol which is well known to

promote fatty livers. (Okev,19%:)., The seme cbjection nclds for the failure of
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raw liver to prevent 'lipocaic deficiency' since bMcHenrv and Gavin (1940) showed
that feeding liver extracts produces fatty livers regardless of the cholesterol
content.

Frame (1942) criticizes the interpretation of the data from which Dracstedt
initially concluded that choline was not the active princinle of 'lipocaic'.
Entenman, Montgomery and Chaikof® (1944) concluds that 'lipccaic' is a 'poor source
of the anti-fatty liver factor of the pancreas' sines an amount =gquival:nt to 100 gm.
o peancreas per day rer dog does not przv-nt the dsvelouvmznt of fatty livers.

In the distary fattv liver of rats Shapiro and Wertheimer (1937) and
Channon, Loach and Tristam (1933) fcund that the activity of pancreatic extract
could not be accounted for by the contained choline, while Avlward and iolt (1937),
liscKkay and Barnes (1938) and Best and Ridout (1938) found nc effzct from ‘'lipocaic'
in rats which could not be predicted from the cholins contznt. In short, a
decizion on the lipotropic action of pancreatic zxtrsets in distary fatty livsrs
must aw:s1it further inv:stigation.

In 1939 Dragzstedt, Vermeul=sn, Geodpasture, Donovan and Geer review the
literature rslativs to fatty livers and diabetes and cite 2 casés of hepatomegaly
in diabetic children which regrsssed on trea*ment with lipocaic and returaed on
cszsation of therapy (Urayzel and adwin,19%2). Howevsr, Marble, white, Bogan
and Smith (1933) review 60 cases of nevatomegaly in 1,077 children in Joslin's
elinic and conclude that fatty liver in disbetics is indicative of pror control
and is emznsbl: to insulin therapy alone. It would ssem likely that the fatty

\
liver of human diabetics is analagous to the fatty liver of insulin deficicncy
in dogs which occurs rapidly and acutely after pancreat-:ctomy, is associated with

keton=mia and is not am-.nable to lipoccaic therapy. (Dragstedt, ~llen, Julisn and

Singer, 19:1).
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In 1940 Dregstedt made the interesting observation that dogs maintained
on insulin for 8 months during which time fatty livers were repeatedly allcw=d to
develop, showed marked arcteriosclerotic lesions. In this revisw he reiteratzss
his belief that 'lipccaic' is a hormone. DMcHanry and Patterson (1942) point
out tnat the long latent period befcre symptoms dsvzlop is more typic=l of a
distary lack rather than & hormonal dzficiency.

Noting the similarity betwsen 'lipocaic deficiznev' signs and those
produced by injection of anterior pituitery hormone (Burm and Lingz,1930) led to
experiments by Julian, Clark, Van Prohaska, Vermeulen and Dragstsdt (1942)
showing that 'lipocaic' protected guines pigs from the fatty livers that follow
injections of 'antericr pituitary ketoerenic hormone'. Thev thecrize that this
hormone controls the body fat to livar fat transfer (but only in pert <ince Houssay
docs develop fatty livers) while 'lipocaic' controls the liver fat to bedy fat

transfer.

Anti-fatty liver ¥Fraction of Fancreas (Chaikoff):

Somewhat before the report on 'lipocaic by Uragstedt, Chaikoff's eroup
jn California bsgan publishing a series of papers (Chaikoff and Kaplan,1935) znd
\Kaplen end vhaikoff, 1237) describing similar studies on a lipotropic principle
of pancreas which occurred in the ext=rnal secrstion. It was composid of a heat-
stable fraction (later shown to be choline by Zntenman and Chaikoff in 1944) and a
heat-labile fraction which had the effect of raisine the lowered blood lipids
and decreasing the -=levated liver lipids of depancreatized dogs maintained on
insulin., ‘'Lipocaic' failed to travzunt this f#11 of blocd lipids after pancrsat-
ectomy, (Entenmen, bMontzomery and Chaikoff,1944), Cne eram per day of extract 'AR'

(a dried, defatted fraction derived from £.5 gm. of fresh gland) was found %o

prevent the developmant of fatty livers although it contained only 13 mes. of choline,
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That the active principle occurred in the external secretion was inferred
from the findings of Berg and Zueker (1931), Ralli, Rubin and Presant (1938)
and sontgomery, Entenman and Chaikoff (1939) who reported that pancreatic
duct ligation in dogs produced fatty liver in dogs indistinguishable from that
following pancreatsctomy. Chaikoeff's eroup found thet it required 12 - 24
vw-2ks to develop whica is considerable'longef than Dragstedt observed his
dogs. CUonincidently they noted a fall in blocod lipids and at autopsy pancreatic
atrophy was evident.

This fall in blood lipids is corrohorested by Draegstedt, Donovan, Clark,
Goodpasture and Vermeulen (1939). After pencreatectomy, the serum lipids rise
for the first week, thesn fall to half the normal valuss as fetty livers =snd
'other signs of lipocaic deficizncy' develop. Oral 'lirocaic' was stated to
corrzct this hypolipemia in l=zss than 2 w2ek and maintsain the blood fat at
norral levels. Unfortunstely phospholipids wzre not determined on this series.,

Entenman, Chaikoff and uiontsomery (1940) found *hat raw pancreas prevented
both the fall in blcod lipids snd the fetty livers while 2.0 gm. of chcline per
day would prevent the fatty livers but did not prevent the drop in blcod lipids.

Montcomery, Entenman and Chaikoff (1?39) and Entanman, Chaikoff, Mont-
rome 7y and Laurence (1941) then f2d4 pancrestic jnice and not=d that 400 ml.
per day restorced to normal or prevanted ths fall of bleod lipids, Montaomery
et al (1940; 1941) showed that this treatment prevented the incrsase in liver
fat in both the duct-ligated and depancreatized dog., In criticism of this
work of Chaikoff's group it should be noted that bstween pancreatectomy =nd
commencement of treatment with pancrestic juic: the doss were fed 125 em, of
raw pancreas per day until a vigorous eppetite appeared (Dracstedt considers
loss of apretite a manif:station of 'lipocaic deficiency'). In this period of

from 3 - 8 w:eks it is possible that the animals built up a store of the

active principle,
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Chaikoff's ¢roup have continued systematic studies to elucidate the
nature of the anti-fatty liver faetor, It aprzared to be associat=d with
choline metabeclism as reflect=d in the rize in serum rhospholipids, most of
weieh ars of the choline-containine type 2nd contain abeut 95% of the total
serum cholinz. (Tauros, bntenmazn and Chaikoff, 1944), They stress the role
of phoszholipids as wvshiclzss for the transport of choline as us=ll as fat,
Their purifiec fre=ction '27C' was found to be affective at a lsvel of E€C me.
per day vhils at lzast 350 me. of choline is reguired for the same effect.
(Chaikoff, Entenman and Montgomery, 1945), Leter, they shc ©d that in the
depencreztized or auct-lizsted dog, free methionine or hvdrolyzed casein
prevented thz dzvolopment of fatty livers while unnhydrolvzed caszin or
lesn mcav contzinine =2n equival:nt smount of mathionine did not.

Since presumzbly *there is no interferencs with the svnthesis of chcline
from methionine in the d.-rsncrsatized doz, it appeafad thet the anti-fatty
liver factor was concernzd with the liheration of methicnine from preteins
‘n the int=23tine, 2n7 hencs was p-obablir enzym=tic in naturs, (bhaikoff,
intenman and woatcomery, 194L). It is interesting that this concept was
neld by ssndmeyer in 1892 and allen, Bowie, Maclzod and Robinson in 1924,

In 1946 Best reported on the work of Izlmer in his laboratory on the
nature of the enzymes in Chaikoff's anti-fatty liver fraction. Falmer did
igsolete and id:zutify trypsinomen and chymotrypsin 'in fair yizld' but whether
either is id-ntical with the active principle remains to be established.,

Thus it is sesen that the results of Kelli's zroup and Caaikoff's
sroup on one hand and Draecstedt's group on the other are diametrically
opposzd. If one sccepts Chaikoff's rather convincine evidence for the

existence of the factor in *the external secretion this can best be reconciled

with Dracstedt's findings by considering the possibility that the active
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principle is the same in both cases. If one further admits the difficulty
in collecting all pencreatic juice before somelis r2absorbed, and realizes
that different trpecs of fatty livers develop depsndine on *the spscies, age
and diet of the animal, the chiaf source of contention is limited to the
mech=nism by which the active principls le=ves tas pancreas,

It can be said in summary that considsration of the available informetion

susxzeste that choline is the finsl cormmon substznce throuch which betaine,

methionine, prot=zins and pancreatic extrsccts exz2rt their lipotropic effect,
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Lt THIONINE AhD 0T MATHVL DONORS

METHIONINE

Methionine was discovered in meat infusions by Mueller in 1921
and later studies by this author (192la, 1922, 1923 and 1324) iandicated
that it contained a stable sulpahur end nitrogen only in amino forme

Barger and voyne (1928) deduced the formula and synthesized methionine.

Formula -- Methionine is cresmically designated as L-amino Y~methylthiol

n-butyric acid and has the following formula:

Froperties -- dl-metnionine occurs as vhite, crvst=1lline rlatelets

or as a powder having a faint odour. Like other sminc acids it has
no well-d=fined melting point but undargocs dzcompensation and liguefaction
hetween 270 - 280PC., Its solubility in &ms. per 100 mls. of water is
1.82 at 0°; 5.4 at 25°; and 17.€ at 100°., It is scluble in dilute acids
and elkalis, vary slishtly soluble in =lcohol and practically insoluble
in ether.

Methionine was =stablishad =2 one of the 10 =mino acids ssscntial
for the growth of rats (Rose et al, 1336) and of Gogss (flose and rice, 1939).
Unlike some of the esgsertial smino acids, both opticel isomers of methicnine
are utilized. (Schmidt, 1944),
Metabolism -~ Methicnine occurs fairly widesly in animal and vagetable
proteins. The percentsg2 comrosition of soie common sources is: Casein
z.4; lactalbumin 2.6; egr albumin 4.6; whsat ~liadin 2.1. ('Proteins and

amino acids', 1944). After being freed by the action of rroteolytic

enzymes on ingested proteins, methionine is absorbed into the blood where
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it is found as ‘'free' metinionine in an averagze concentration of about
0.85 me.ve (Silver, 1948). Tre studies of Horowitz (1947) using
Neurospora mutants sugeest that methicnine can be svnthesized from
cystine via cystathionine and homocystine, and the findings of Teas,
dorowitz and rFling (1948 indicate that in Neurospora homoserine can

act as a precursor of methionine the reaction progressing vis threonine,
cysthethionine and homocvstine. Lvidence for these syntheses in mammals
is ncet available but the synthesis of methionine by methvlation of homo-
cystine was indicated in ret growth experiments by du Vigneaud, vhandler,
Cohn and Brown (1940), and bv deuterium labellinz. (du Vigneaud, Chandler
=znd Meyer, 1941).

The fate of methicnine aftsr avsorition is nct yet well elucidated,
after intcavencus injection of 1.5 gm. of methionine Kinsell et al (1948)
found a rapid rise in blood level from a fasting 0.75 mg. to over 3.0 mg.w
at 15 minutes and & subseqguent sradual fall to 1.0 m:.% at 3 hours. Only
1/4 of the injected dose remained in the blood a few minutes after inject-
jon. l'hey found that urinary excretion of the 1-form was negligible
but that excretion of d-methionine was roughly voreoportional to the blocd
level,

In general, methionine is utilized (a) as the intsct molezule for
the synthesis of bodv m-otein (b) as a source of dietary sulphur and
(c) as a methyl donor, These functions of methionine and the inter-
relationships of this substancs with cystine and cheline will be elzborated
upon in a later section.

'he Lipotronic action of Froteins -- Not long after the inception of

studies on distery fatty livers in rats, Best and Suntsman (1934) noted

that replacing 20k of the carbohydrate frection of the diet with casein

protected the animals agzainst the develooment of incressed liver fat,
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This wes confirmed by Channon and Wilkinson (1935) who found that adult
rats on a 40% fat diet did not develop fatty livers if 20 - 30% of the
calories were sunplied by casein. It was later shown that casein also
had a lipotrcpic effect on the dietary fatty liver of rats produced by
20% fat ~ 2k cholesterol fzeding, i.e. the so-called 'cholesterol fatty
liver'.

In 1936 pest, Urant and «idout found that cazein exerted its maximal
liﬁotropic effect at 30x of the diet. They alsoc demonstrated that egg
white vprotein and powdered beef muscle had similar activity but that
gelaetin was inactive linotropic=lly. However, Lhennon et al (1938a) dem-
onstrated lipotropic action from zein, ecelatin, g¢lisdin, ed=stin, albumin
and whole muscle protein in that order of notency.

l'hese findings suc~rested that the lirotrsric sifect of »retzins
resided in one or mor=: of the eminc 2cid comnonents. Beeston and Channon
(1926) t=sted leucine, glutamic acid, aspartic acid, serine, elveine and
phenvialanine but found no linctronic sctivitv. 3Sinscel and wckstein
(1941) reported a similar study wnich indicstzd that djenkolic acid,
veline, leucine, end iscleucine were inert, salanine, proline, hydroxy-
preline and erginine were lisewisz withcut lipotrroic effect.

‘aptilipotropic! Substances -- Severzal years before the concept of

livotroyism was formulated, curtis et al (1927) reported thet a high
cystine intake in the rat resulted in hemorrhage znd necrosis in the
kidneys and fatty changes and necrosis of the liver, In the course of
testing various amino acids for their lipotropic activity, Beeston and
Channon (1936) rediscovered this effect, notine that the addition of

cystine to a low-pretein, choline-free diet ausmented tne development

of sxcess liver fat, Beeston, Channon and Platt (1937) showed a similar
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'antilipotroric' effect of cystine in 'cholesterol fatty liver' and

in 1938 Channon, Loach and Tristam showed that iomocystine was 'anti-
lipotropic', a finding confirmed by Singal and &ckstein (1939) who also
reportcd a similar action of cysteine,

Reports of the 'antilipotropic' effects of cystine led Tucker and
Bckstein (19%37) to look for comparable properties of methionine, an
amino acid whose metabolic functions had been relzted to those of cystine.
(Jackson and Block, 1931,1932: du Vizneeud and Jyer, 1937). Unexpectedlyv,
the opposite effz2ct was demonstrated, and a reduction of liver fat
resulted from addine metiionine to the diet to the extent of 0.5%. This
lipétropic effect of methionine was confirmed by Channon, sanifold and
Flett (1938) and Best and Ridout (1940) who found tihat as little =s
0.125% methionine in the diet of rats prevented fatty livers and that
this effect could be nullified by thz simulscneous adiition of 0.1% of
cystine.

The net lipotropic ectivity of tine varicus proteins was now
explained by Zckstein, Tucker et al (1938, 1940) as reprasanting the
balance betizsn the constituent amounts of lipcotropic methionine and
'antilipotrepic' cystine and to no other factors. :lowever, Best and
Ridout (1940) showed that incre=sing the metiionine content of dists
to more than 0.5+ did ncot iacrcase the livotropic effzct ~nd Channon,
Manifold and Platt (1940) likewise concluded taat aprarently methionine
was prev:nted from exerting its full lipotropic effect in the absence
of some cther factor.

Treadwell, Grcothius »nd sdckstein (1942) reported that dietary

methionine in the free state was lipotrovically more active than casein

containing an equivalsnt amount, presumably because the latter was largely

utilized ror protein syntrnesis as attested by the increased growth of
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the casein-fed rats, This finding actuslly bolstzers the opvcsing
argument of Mulford and Griffith (1942) that the ausmented erowth of
the enimals increases the demand for lipotropic factors and thus lesds
to a relative d=fici-ency. They point out that cystine, by providing
nceded dietary sulphur, permits more rapid growth and thereby increases
the demand for lipotrcpic factors rather than exerting any specific
'antilipotroric' action. 4s a matter of fact, willer, Ross and Whipple
(1940) reportesd that in dogs cystine as well as methionine protected
acainst liver damage from chloroform. Drill and Loomis (1946) showed
that a protective effect from :ethionine against carbon tetrachloride
liver damage in dogs could only be demonstreted if the animals were
protein devleted.

Beveridge, Lucas and O'Grady (1944) in attempting to reconcile
these conflictine views, gencsralize in the opinion that the lipotropic
action of dietery methionine is mariedly inrlusnc=d by *he sbundance or
lack of other =ss=ntial amino scids, and contr-ry to previous reports,
state that free methionine and protein methioniae havs the same licotrovic
potency, all other things beinz equal.

The nutritional role of methionine is a triple one: it acts as a 'build-

ing stone' of tissues either rTer se or 25 a precurser of cystine; it is
a source of distary sulphur; it i1s a source cf labile methyl zroups for
the formation of choline and the methyl=tion of other compounds. 4ccording
to Best (1948) it is only through the methvlation of choline precursors
that methionine exerts its lipotropic =ffect,

a4 fourth action of methionine Has besn postulated: Draft, Sebrell

and Lillie (1942), in a studv of the “emorrhsgic and neerctic lesions of

rats produced by dietary meens (Gyorgy and Goldblatt, 1941) found that
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apparently cirrtosis, and hemorriazs and necrosis, wers s:zparate and
distinct entitiss. Tuaey attributed to cystire znd metlicnine a specific
and direct action in prevention of tie iemorrhage =nd necrnsis whereas
methionine must act tarcuwri chcline in the drevention of dietary fatty
livers and fatty cirracsis. Himsworth and Glynn (1944) corroborzted
this finding and worxing independently in Germany with low sulphur diets
Hock and Fink (1943) made similar observations. However tris hvpothesis
doesd not go unchallenged since othar groups including Best's have failed
to induce necrotic lesions with identical dists.

ickittrick (1947) differentiated in a quantitative wav batieen

] *

'essential' and 'replaczable' methionins =nd eclmost simultanzcusly

N

Jukes (1947) ceme to the conclusion that th3rz was no sharp preferantial
affinity for metaionins 7ossessad by reacticns ralative to protein
synthesis as ornosed to reacticns coacerned with the transformation of
methionine to preduce cheline. Although there is nc gcneral agrssment
on some aciects of this subject it is evident that nutritional adsguacy
particularly as regards emino acidg is imortant in assessing the effect
of linotropic substanc=c,

Therapeutic Trials cf Methionine in Human Discase -- Beattie and liarshall
)

(1944, 12442, 1944b) indicsted equivecal results from the use of methionine
in treatment of vost-arseniczl liver d=macve, wiils onz casz of carbon
tetrachloride vciscning rororted by Beattie and associa‘es (19444) was
apparently favourably influenced by methionine. &ddy rerorted a few

cases of carbon tetraciloride peisonins (1944) and trinitrotoluene poison-
ing (1944a) treated with a high urotein diet and 4 - 6 -ms. of methionine

per.day, but in the absencs of controls it is difficult to ascribe the

beneficial results to the methioninz itself. In a saries of ceses of

inf2ctious hepatitis, Wilson, rollock and Harris (1945) found no demons-
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trable effect from the use of methicnine on the course or sevsrity of
the disease. &8s a result of a survey of the litsr=atnre, The Council on
Fhermacy and Chemistry of ths American Medicsl association (1947) felt
constrained tc refuse recornition of the 2laims made for the elinical
#tsefulness of methionins. Howaver in ipril of the followings ysar there

was evidance of a soft=nins in the editcriel policy recardins methionine

and in October the decision cf the Council was revarsad end methionine

was accented 'for its lipotrovie activivies',
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BETAINE

The discovery of lipotropic activity for slycine-betaine by
pest and Huntsman (1932) and its confirmstion, (Chaniler and du
Vigneaud, 1935; Channon and Smith, 19%6; Welch and welch, 193R)
led to the investigation of at least 10 other betaines of which
only elanine-betaine (.+elch and welch, 1933) and cystine-bet=ine
(Singal and wsckstein, 1941) showed any zctivity. Lhat betoine acts
simzly as a methvl donor in this r2snect was leote vroven by tracer
experiments, (otstten, 124la, 1341b). The elfectiven:cs of betaine
is enly one-third tozt of cicline sug ecting tuat only oue methyl
grour is available for truns-methyletions. This inuicates tanat not
21l metuvl sroups in bicolorically iicortanl corgcunds are availzble
for trensmet!vlation, a wuoint thest is emphasized by the abs=nc: of
lipctronic effset from crzatine (methyl guanido acetiz =cid) or sarcosine
(methylaminoacetic acid),

Although the methyl grcup of sarcosine can b2 rawov2é rezulting
in the fore tion of zlveine (Goerdon and Jacksern, 193E; sbbott and Lewis,
1939) ti= methyl group is apvarently destroved by oxidetion ¢nd is not
availaple for tr=nzm-tuylations, a: incdicated by tlc lack of methyl-
donce effacts, i.e., in vivo formrtion of methicnine from homocystine
(du Vignesud, Chandler and Moyer, 1939) and prevention of hemorrhagic
kidneys in young rats (Griffith and #vens, 1942)., Taus a distinction is

not<d betwzen 'demethylation' and 'transmethylation'.

e THYL PURLINES

The weak lipotropic activity of caffeine, theobromine and theophvlline

presumably results from donation of methyl zroups in the course of their

metabolic' degradation. (Heppel, Porterfield and Peake, 1947).
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TRANSETHYLATICN 2uaCTICNS

The interrelationsihips between chcline, methionine and allied
substances wrs the source of much controversy and confusion until
du Vigneaud and collaborators elucidated the concept of transmethylation
reactions, In 1932 Butz and du Vigneaud prepared homocystine by
hesting metinionine with sulphuric acid and showed that it was ceapable
of serving in lieu of cystine in promoting growth in methionine-
deficisnt animels., Many studies were carrizd out between 1932 and
1939 on homocystine and in the latter year du Vigneaud, Ayer and Kies
rerorted that homocystine or cystine could not supnort growth unless
cert=in sources of B vitamins were svaileble, That cholin: was the
active compenent of thece B complex mixturss w=c shown by du Vigneaud,
Chandler, lieyer and Kep:uel (1939), taereby surrssting that homocystine
was converted to mathionine by traasf:r of a methyl grour su rlied by
choline, =« hypothesis later proven by deuterium lezbelling, (du Vigneaud,
Crendlzr and meyer, 1941).

Thne szme group demonstreted trnaosfer of methyl groups from methionine
to choline and creatine and postul=zted thet the body was inccopable of
generating methyl groups which must therefcre be suiplied in the diet
in a bioles~ically lsbile form such a= oceurs in me*hionine, betaine and
choline. However in & luter ccorpunic-tion the possibility of limited
synthesis of labile methyl grours by int-stiial bactsria in the white

rat is recognized. (du Vieneaud, Simmonds, Chandler and Cohn, 1945).
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CHOLINE

Synonyms -- Sincaline, Bilineurine, Amanitine, Gossypine, Vidine,
Luridine, Fagine, trimetnylaminoethanol, trimetiavlhydroxyetayl
ammonium hydroxide.

Historical Note == Choline was discovered by Strecker in 13849 in hoa's

bile, not a particularly rich source of the matesrial. 1In 1862 he named
the substance, described a t:xchaique for its purificstion and deduced
the formula correctly except for ons molecule of water.

In 1852 Von Babo and dirscaovruan isolated cnoline from sinapin, &
mustard sced alkaloid and in 186% Liebreich isol=stesd a base from hvdro-
lvzed brain which he c=lled 'neurine' but which was, in reality, choline.
Wdurtz in 1867 svntlizsized choeline by two different methods! by warming

“

trimethvlemine ith etiaylene chlorhydrin producing cheline chloride; =nd
by treatins ccneczntrated aqueous trimetiylamine with =thylene oxide at
room temperaturs yielding the free base,

''he zscetic acid ester of choline first mrzrzrcd by Baeyer in 1867
remained only of chemicsl interest until the discovery, by Hunt and Taveau
in 1902, of its great physiclogic=l activity. In 1914 both Awins and Jale
discovered acetylcholine in extrzcts of erpot =nd in 1929 Dale presented in
the Croonian lectures the accumulated evidencc for the existence of acety-
leholine in aniasls and its role in the transmission of imoulses in para-
svmpatietic and other nerves,.

The role of cholina-conteinin~ vhosrholirids as intermediaries in
fat metebclism was pestulated as early as 1821 by Loew (cited by Bloor,

1943), who believed that lecithin was a sclubls transmortable form of

the fats. This concept has becn explored end extended by a number of

workers in mors modern timec,
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The role of choline as a lipotropic factor was estazblisuned by Best
and Huntsman in 1932 and a vari=ty of oth:r biclecicel funections have
neen deseribed since tisct time.

Froperties, Formula, etc. -- Choline usually occurs s a Syrupy mass

’

due to its extreme husrosrocity but it con be obtained -7ith Jdifficulty

in erystalline form. The crystzls ere colourlzss, odourless and have =
bitter taste.
Choline is & strons base viiich litzsrstesz ammenia from its salts
and precipitates as hycroxides the s=2lts of heavy metuals. Its solutions
dissolve fibrin ané prevent the coagulation of proteins.
1A

Choline hLas a molecular weisht of 121.13 and the fcllowing

structural formule:

CH_ U

5
\1!1-0 OH
~ T — H T -
CE3 2"y
CHng

Solubility -- Choline is soluble in wetsr, formeldshyde, methyl
end ethyl alcohol., It is ins~lubla in dry etrer, metroleum etier, benzens,
toluene, carbon bisulphide or carbon tetrschloride, rowaver, moist ether
dissolves tr-css of choline and ether containing phosvholinids may
dissolve significant zmounts. (hlein and Linser, 1932).

Stebility -- On heetine crystzlline chelins brecls: dovm to trimethyl-
emine, glycol and small emounts of dimethyleminoetiancl —ithout melting or
distillinz. Fure dry cuclin® decomvosss even at £0°C. wndsr recduced
pressure.

Uilute, =quecus sclutions acted uvon by bectzria mayv ~ive riss to a
r.0lsoncus base.'neurine' (vinvl trimetiovl amenium hyiroxide). Wurtz (1368

and Notiuz-el (1894), found that squeous solutions un to 4% were stable at
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boiling temperatures and that the chloride was ore strbl2 to hest than
the free base. Alkaline solutions are stebl: to prolonged boiling. On
the other hand, evaporation of solutions of choline to drvness on a “ater
is accomzenied by losses which are roughlv proportional to the ~oncent-
ration; if the concentr«tion is 0.3 my. per ml. the loss is less than 10%,
but if the concentration is 10 microgsrziis per ml. tae loss on svaporation
is almost 100fe. (Homan, 19:0). nlthough losses sre less on evaporation in
vacuo, tiey are still considerabls,

Pharmocolo-ically, choline nas a muscarine effect (stimulation of
parasyripathetic nervs endings) and a nicotine e.fect (stimulation wznd
paralvsis of autonomic can-lis). It produces a fzll in -lood pressure,
slows the nheart by vagel stimuletion, stimulates me-stric =nd intestinal
peristalsis, incrcases lacrinal, salivary and other secretions. (ierck
Index, 1940),

Selts of Choline and Their Propertiss -- The chloride, nitrats, sulphate,

—e——

carbonate, acztets, oxalats and picrate are freely scluble in water and
alcochol.

1he periodide, paosphotungstate, phosgacmclybdate, reineckate and
double salts with _old ciloride, platinum chloride and mercuric chloride
are insoluble in water and this ctroperty has veecn expleoited for the
isolation of eunoline by several methods wnich will be msntioned later.
The properties of these various sslts are listed by Lucas and Best, 1543,

Choline chloride, one of the more us:ful salts, has a molecular weight

of 139.57 and the following formulal
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It is a colorless, celiguescznt, crystzlline compound with a fish-
likxe odour and a bitter tzste. It is very soluble in weter, ebtiyl and
methyl alcohol ~nd formaldehyde. It is less soluble (but more so than
free choline) in acstone, chloroform and carbon tetrachloride., It is
inscluble in ether, peiroleum ether, benzene, tolusne and carbon disulphide,

The agqueocus sclution is practicelly neutral.

Choline dilvdarogen citrete is & white cryst:lline salt with & sour

taste. It has a moleculer weight of 295.29 cni tns folloing chemical
forinulas
Cliy /(06“707)
N
Uhs-N-—CHQCHéOH
CHé//
It is soluble in water and alccinol znd has the advantage of being
less dzliquecsesnt and its soluti-ns mors tleasent tasting than the chloride,

Occurrence of Choline -- Choline is widely distributed in nature, both in

rlants and =rimn2ls where it is usually found incrrporatad in the lecithin
molecule., This wide distribution has made it difficult to select choline-
free dists for =nimals, and zome of the conflicting exveririental results

ars attridbutable to choline being inadvertently suiplisd in th:z ration.
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Choline Content of Common Foodstuffs, in me. ner Ke,

ir'letcher, Best Engel, McIntyre, Borgzlin,
& Solandt,1935 1942 et al, 1944 1947
Beef 760 - - 440, 755
Pork 440 - 1200 480, 540
Lamb - 1300 770 770
Veal - - 1100 -
Chicken - - - 840, 730
.Beef pancreas 2300 - - -
Beef liver 2700 6300 5100 -
Pork liver - - - 1700
Fish - 870 - 590 - 830
Cod liver - - - 1700
Milk - 147 - 45 - 159
Canadisn chzese 190 480 - -
Butter 130 50 - 0O~ 10
Margarine - o0 - 0o
Eges (whole) - - - 3500-11700
Bogs (yolk) - 17130 - 17500
Eggs (white) 20 0 - 7 - 17
Sugar 0 - - 0
Wheat flour 1400 520 - 225 - 550
Rye flour - 940 - 220 - 250
Barley flour - 880 - -
Potatoes 0 2380 - 33 - 108
Vegetables - - - 80 - 230
Fruits - - - 45 - 130
beer, stout - - - 90 - 225
Brendy - - - 0
Brewer's yeast 2400 4300 - 3600
Corn oil 0 - - -
Reguirements of Choline -- The dailv reguirement in the dog to permit normal

growth and to prevent fatty liver is 10 - 100 mg./Ke. or 0.1 - 0.3% of the
diet. (Fouts, 1943). The rat reguires 120 - 200 m.. /Kg. or 0.1 - 0.2% of the
diet for the prevention of fatty liver and hemorrhagic kidneys. (Engel, 1942

Treadwell, 1945). In the chick and turkey choline at a level of 0.15 - 0.%%

of the diet prevents verosis and permits normal growth. (Jukes, 1940).

hgsupiing that choline requirements of men are of a similar order, (i.e.,

0.1 - 0.3% of the diet), an adult would require 1.5 - 3.0 gus. per day. Other
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éSthmaées are lower. BOfglin (1947) considered 300 - 500 ﬁg. per day to be
'a suitable dietary supply' since it feprésented the choline content of fhe
average Swedish hospital diet, From thé interrelationships between choline,
methionine and related substances it is apparent that the amount of choline
required will be altered by tue quantities of other dietary factors available.
Sellers, Lucas and Best (1948) estimate the average Canadian diet to contain
300 - 900 mg. of choline plus 2.0 - 4.0 gm. of methionine from which a

further 150 - 400 mg. of choline may be derived.

Toxicity of Choline -- In addition to effects of choline on the hematopoeitic

system of the dog as discussed on page 33 there are reports of hemorrhagic
lesions in the central nervous system after doses of chodine, prostigmine and
carbamyl choline. (Davis and Fletcher, 1946).

In chicks, addition of choline chloride at levels of 1k, 26 and 4/ of
the diet decreased growth rate by 12.0%, 13.8e and 23.86 respectively with
marked reduction in body fat but no other pathological lesions. (elass, 1946)

In the rat similar dosage depresses the growth rate (Hodge, 1945) and
the L.D.5gy when given by stomach tube is from 3.4 - 6.1 gn./Kg. depending
on the concentration. (Neuman and Hodge, 1945).

In mice, using 2 chcline chloride intraperitoneally the L.D.5O is
320 mg./Ke. (Hodge and Goldstein, 1942).

If these figures can be applied to men, mild toxicity micht be expected

from 15 - 70 gm. per day and the L.J.50 would be between 200 and 400 gm.

per day by mouth.
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NON=-LIPCT <QPIC FUNCTIONS CF O CLINE

(Strictly svplied this desirnation includes all binlogzical effzcts
except those concerned with prorcting mobilization of lizids from the

liver.)

Relations to tae ridney -- In 1939 Griffith and Jade noted the armear=ance

of hemorrhagic lesions of tae kifneys =znd decre=ssd rensl function within
a fev éays aftzr waonling rats were vlaced on low choline diets. <ngel
and Salmon (1941) snowed that with further restriction of methionine
intake similer lesions developes in adremals, luags, myocardium and eyes
as well, Thcse changss were pravsnted bv feeding 1 - 2 me. of choline
cer day. Other vitamin B factcers were without effzet (Griffith and .ade,
1939) and cystine sggravated the lesions in the “idneys, (Griffith,1941)
but only when the animals were on 2 low sulphur inteske. (uriffith and
Mulford, 194la). This sug.:sts thet tihe cystine exerts its effect by
permitting faster crowth and thereby increasine the demand for the raw
materials for protein svnthesis. The renel hemorrkeves are apperantly
due to deficizncy of some= factor required for tissue svnthesis at a
critical period of developm:&t since only ycunz growlns animals are
susceptible.

Gyorgy and Goldblatt (1340), Christensen (1940), Hartroft (1948)
and others have.de?cribed the renal lesions. ln the acute puase there
is engorgment znd mottling of the cortex due tc interstitial hemorrhages.
The tubular epithelium becomss necrotic in both distal and rrovimsl con-
voluted tubules and nyalin: c=:3:ts appear in the lumen., If the animal
survives there is recession of the consastion, ree-neration of epithelium,

interstitial fibrosis and som2 calcificestion, and shrinkage 2né scarring

of glomeruli. Later there is a reduction in the number of functionine
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glomeruli with distension of survivins nephrons end varyving degrees of
vascular damage from cellular prolif-ration of the media and adventitia

to intimel hyalinization snd fibrinoid necrcsis. 4in sucih c:is~s Hartroft

end Bsst (1949) were able to demonstrate progressive renel failure and
hypertension in rats that had undergone cnly = few days of choline res-
triction in e=rly life. These aninzls finally succumbad to cardio-vascular-
renal disesse ;roduccd for the first time by distarv deficiency alone.

Relations to Experimental Meo:lssmgs -- Between 1935 sndéd 1737 saveral

workers in Japan (cited by <nit= snd #dwsris,l?4:) described the prodtuction
of hepatic tumcurs in rats by the fesding of p-dimethylaminoazobenzene
(butter yellow). The rats ar: most susceptible on a dizt of prlished
rice and carrot and varying degr:es of jrotection sre conferrad by sup-
clem:nts of rivoflavin, cas=in, liver, vheat iweusler ot al,1941) or
choline (Gyorsy, roling =nd Goldblatt, 19=1).

Caoline-deficiznt rets wiich survived 8 months or lcnjer were noted
to be unduly liable to necslsastic tumours. &0k davzleied adenocarcincoma
of the liver, 10k scaiterad hemangioendothsliomate and 6% retroperitonssal
sarcome. (Lillie, Daft and Sebrell, 1941),

Relations to Avian Wutrition -- Pzrosis of fowl, or 'slirvwed taendon

diszzse', is char=ctarized by shortanine end thiclenine of the tarsus
and tibis of youmne bircds, 1t was shovm in 1236 tn be dnuz to menranese
defici=new but Juie (12:0) iound ta=t cholins wr»s alse nze=ssary, and

TOove: “C D€ wrovective for both chickens an? fturkeys. (dukes 1lvdla, 1941b) .

ze choling, m:tiirnine c=nnct suustitute for

',.J

Since birds cacinct syntass
it in tuis situ=tion.

Hyper:lasia of t.e Forsstomsci of Rats -- On a wanite flour diet rats

develop = deficiency syndrone cnerecterined by cbacrmal epituslial pro-
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liferation in the forestomach. This is prevented by prosein diets or
by rice polishinzz. In 1940 Sharpless showed tihut chelins w23 the
exsenticl privwciple in the rice onlishings.

nelation to the Hemopoistic System -- Davis (1939) noted that cholire

gepressed the experimentazl polycetiusmia of dogs vroduced by cobalt feed-
ing. The same effect occurred with 10 gun. of soybean lecitiain (3% choline)
per day (Davis, 1943) or with injections of acetylichcline, 3 mg. b.i.d.
(Davis, 1246)e In normal dogs a hypzrchromic anemia developed —ith a
drop in erytarocvte count heginning avout 5 days aftsr the start of the
fsedings and reaciiing a maximum decline of 15 - Zhp after 12 - 25 deys.
Since the effect was abnliched by atropine it wss zxnlained ag being due
to the muscarin: eff=ct of cnoline wuiich precduced vas~niilatation of the
bone merrow sinuscids, increscsins oxyecenation and devressing hematcpoesis,
Uther vasodilator drugs such ac nitrites =nd sminophylline were found
to havs similar effectz. (Davis, 1744a), Treatment —ith s*tomach vprep-
aretiors, liver or felic eacid prcducsc reticulocytosis end a remission
of the anemisz, (Davis 1244b, 1948) coincidently with a mor-ed increase
in the serum cholincsterase content. wvavis suzcests that relapse in
vernicious snemia is r=latsd to the increeasel activit: of acetylciholine
whicia rroducss dilatstion of wmarrow sinusoid:, Increascs oxXygen tension
thereby depresses heropoissis. In corrovorstion of tais work are the
findings cf Meyer et el (1948) who noted particu'z2rly the low level of
erythrocyte cholinzsterase in pszrnicious wncaia and its riss coincidently
vith the rsticulocyte response.

The findings of Davis rec:zrdings the —rcducticn of znemia in dogs are
not confirned by Best :nd Clarkson (1947) using orel cholins or by Kunkel,

Krop and Wescol (1948) using parenteral acetvlcholine. In the rat, Buecciero
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and Ortin (1948) not only raile to prevent cobalt-induced polycythemia
with choline but found that choline at levels from £.0 - 2.0 gn./Kg., of
diet induced polycytiemia to the s-me extent &s cobalt its21f.

Cartwright and wintrobe (1945) demonstrated that in the low dcses

(1

act proeducs anemia in

of 10 mg. per bLz. per day cioline chloride dce.

(

humens, out Loewy et al (1942) found that a single dose of 400 mg. plus
1/4 pound of butter (roduced & significant drop in ervhthroeyte count
followsd by reticulocytosis in 3 - 5 days. This anemiz was considsred
analegous to the hemolytic anamis rroduced in dogs from the hemolytic
action of 'fatty acids end soavs' rapidlyv zbsorbed ¥rom the intestine
under the influenee of chcline. (Lavis and Gross 1944, 1945; Dovis 1947).
vnoline has bzzn usged in *he treat~:nt of liver-resist-ont mzcro-
cytic anemia asscociatec with fotty infiltrstion of *he liver with
reported success. JIts role is that of a lipotropic agent removing
nepatic fat and normallizing liver function. (wcosnick, ochleicher

nd Feterson, 194%; Watson and Castle, 1948; Davis and Brown, 1947).

b

[

In 1948 Jiainez-Diaz -t al in Spain and &ngel in amsirica reported
the'deVGlopment of ancmia in rats on low-choline, low-urotein diets
which is cured by choline surolements. This reises the que:tion as to
whether the encwi=z of melnutrition in man mi~ht hav: a similer genesis.,

Relsotion to Acstylcholine -- Biosynthesis of ac:tylcholine from choline,

acetzte and adenosinz triphosphate is cotalyzed by choline acetvlase,
The reaction rsquires anaerobic coaditicne and the sres2nce of vwotassium

and a co-znzyme as yet vnidentifisd but found in y.2st and animal tissues.

~

Increased yield results from the addition of &-toconherol. (Nachmanson

My

and John, 1945; Nachmenson and Berman, 1946), The possibility that

~

increase or decresse in int-ke of choline might affect the rate of formation
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of acetylcholine has been the subject of speculation and some investigation
by Solandt and Best (1939)., They found some evidence that choline dep-
letion results in decrecased veagus effect in rats.

This interesting lead was pursued by Abdon =an® Borelin (1946) who
found that in chcline-deficiznt =nimals the heart did not respond to vasus

stimulation but did resvend 10 - 15 minutes sfter cheline wes injected.

m

5 -

This lag period sugegests that synthesis of 'acetvlchelia

[

pracursor' is
relatively slow compared to the rate of forizticn of acstylcuoline from
the precursor, wiich may be caocline itself cr & chcline complex.

(sze also ssction on ‘wszlation of Chicliiz to tha deart'),

Relation to Intzstinal abscrption -- frazer (1946) showed in rats that

choline incr:ased tue: rote of zbscrition of fats into the intz=tiaal
cells. He alzo maintsains thet zhclins is ess:antisl Tor the trazsport of
fat tarough the innesr cell membrene of the inte=stinz) mucosa. Using
radicactiv: vhosprorus, artom =nd Ccrnatzer (1946) sheowsd taat feeding
of cheline increeszd the rata of accumul=tion of Zhosuholirids in the .
intestinal muccsa,

Choline increased the rote of sbscrption of vit-min A provided the

animal wes on z low-fat Ai:t. (Beatley cni slorean, 1946).

Choline z= a Lrowth Factor -- Cacline w:s reported to bs a srowth essential

for thae rst by Best, Huntsmen, seconry and <idout in 1935 and this finding
was-econfirmed by further experinents of Menznry (1933), Griffith snd Jade
(1939), Sure (1940b) eac others. It wae subsequantly found to be esseatial
for the growti of cuicks and turscys by Jukes (1940’ 1940b, 19413), Tukes
and welch (194:) snd Almquist end Grau (1944)., McKittrick (1947) snowed
that with rezard to growth of ooultry both choline and methionine could

be scparated into an 'essential' portion for tissus construetion snd a
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‘replaceable' portion for methyvlation processes. sor cotimum crowth
the 'essentizl' requircment wes found te be 0.5% metnicnine and 0.1w
choline. The growth-promoting =ffect of cholirs can bz differsntiated
from the anti-perosis action in fowvl and from ths snti-hemorrhegile
kidney and anti-fatty liver zction in rats.
pioyer end du Vigne=ud \194%2) nave surmerizsd in tabulsr form the
livotropic, enti-perctic, =nti-hemorrhzcic kidney =nd growth-promoting
effects of various compounds. A high degree of structurcl s ecificity
is noted for met!iyl donors as tested for by ~rowth-promoting effect. Of
35 compounds studied onlv 8 were active! choline, phosvhorvl-choline,
dimethrlethylhviroxvethy]l ammonium caleride, lecithin =nC bataine.
Although chelinz has comt to be rogerded widely as =2 srowth essential

e recent rooort by lresdwell (1948) sucests that it is

<

2

for most snimal

{

effective only as a result of ite mz“hionine-spesring action. He found

thet in rats a meximm zrowth-promotin~ =ff2ct wsas realized 2t 2 level

G

of 2020 my. per rat rer day.

Rel-tion to Cardisc function =-- In 1946 abdon and poerglin rencrted exper-

imsnts to gua-mort taeir hrrota=z<is that =2n zesvvlcholine pracursor of
unkn~m id:ntity is =sssati=) feor th:s me2*tobolism of hesart musclz., This

is sucs:sted by *the Tinding thot the we22i2ainT bert of tie iscleted nerfused
hezrt is restored after sddition of chcoline, but *he effset is not real-
ized for 10 - 1€ minutes which rreaumsbly represents the time requirsd for
sufficiznt svntih2sis to restore the Adepleted 'dcetylcholine nrecurse-',
Acetylcholine is rarzidly derives fram nr2curseor and =Imost immediately
broken Aown by tissu- cholincstsrsse. Jerletion occurs in the nerfused

heart bocause thz freed chcline is woshed avay in the perfusate.

shdon postulates thst liberstion of acetylchclinz from vrecursor
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and synthesis of precursor from chelins t-k=s »nlece in th
functionine chelinergic narves and hznc: 'such met-bolism belr-iss to
tne normal metabolism of hesrt mu=cle!

Choline-deficisnt rats show bradycardi=z and decresse in muscle
choline content and isclatel hrorts of choline-deficient rats show de-
ecrezsed ability to contrsct. It su-=sts taet =2n sadaquats su:nly of
acetylchcline prscursor is esse 1?1@1 not only for v.gsnl trensmission
but for muscular functions of t72 hecert zs well. \ibdon an. Borglin).

Further evidance cf tlilis metabolie role of chelias in the myo-
cardium micht be adduced from the findins of Gremels (1936, 1937) that
the low or7esn consun~tion of the Starling h==2-t wss incrz2s2d to newr

normal by addition of acetylcholine, choline or cholin=-containinge
comounds such as crnde lecithin,

vholine and Arteriosclernsis == Fege (194F) has reviewad the r=lation-

shirg nf altawad fat metabolism to th2 develarwmant of arteri-sclarosis,

He discu-ss=z tli2 vacious tazorviss of crcducticon of atuercumatous lesions

and tae r=letion of Ciet to bloca 1ipid levels. & nizh fat diet plus
lecitain leeds to a i ble~d cnclestercel in dogs. (Corwin, 1938).

Byven with a fat intuise loss tian Sp, aldition ¢f phaospnolizid to the

Giet rroduces a sustrined vest-chsirutive lijenia, (flocn, Sorein and
Bollman, 123&), In humans, Steiner and Dowsnski (1241) shoved that feed-
ing 100 .m. per é=y of egg yolk powder (lecithin 14 rm.; chclesterol 8 gm.)

resultzd in riscs. of from 40.- 218 me.% in serum caclssterol after & - 10

wesks. Rshinovitch (1935) presented statistic2l evidence to s-ow that in

Giebetics ti. dsgree of lipemia g influenced oy diet. dowavsr in the

diasbetes of depancreatized dogs as discusssd oreviously the lipemia is

depsnd=nt on the irzsulin contrecl and the presences of ad:quate lipotropes


http://deve.lopm.-mt

(38)

rather tian on diet. (Dragstedt, 1945).

There is evidence tc indicate that hyperlinemia predisposes to the
develomm=nt of arteriosclerosis: Gibvbs =2t al (1933) noted incresse in
the fre= cholestzrol of Adigbetics ith advsnced arterinsclercsis;
Rabinovitch (1935} noted a sinmilar relationshin; Jhnite (19%4) calculat=d
that diabetics with hvverlipsmia vere 18 timqs az liizlv S0 develon
severe arteriosclsvrosis: in rahbits (Leary, 1074) and chickens (Dauber
ent Latz, 1°47) increased blrod eholesterol predisvosed to arterins-
cl-r0gis.

HAowevsr it is w2l Yaowm thet asrtericsclerosis csn develop without
uyperlipsciz (Lande and Sperry, 1326; Pace et al, 1936) snd it is likely
that at le=st two f=ctors zee imiort-nt in artzcicselerosis in humans --
incresnsed vlood lizias ana loc:l factors in taz vessel wzlls.

In view of its lipotropic ection and its erfect on bl-ud ligpid
levels in animals it ws=s logical tc test the use of choline in exgeriment:l
arteriuvsclerosis,.

In preliminarv reports JSteiner (1933, 19%32) succested that choline
exoibit=:d a temporary sction in ianivitin: devslo—-ment of cholesterol
arteriosclzsrosis in resbbits and mizht ¢ven aild resorption of the lesions.
This was not confirmed by Himsworth (1953) or Baumann and Rusch (1938)
but they used proportionately lsss cholins. .wwiever, ~ndr.ws -°ni Broun
(1940) showed a protective effect from choline in r=b-its and Kesten
and Silbowitz (194%) found checliae or soya lescithin effective,

Hermann (1946) found that choline 0.5 gm. per d-y given to old hens
considcerably dzcrasused the free and ester cholezterol of the blood, aorta,

heart muscle anc liver,

Steiner (1948) heas reccntly rerorted = wsll-controlled study using

ciiolzstarol-fed rabbits one group of which received su-plements of 0.5 to
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1.0 gm., of choline per day. &#Although there wee no chenge in blood
cholesterol from choline feeding this group were free of artericsclerotic
lecions after 40 - 80 days while of the contrel group 10 out of 11 showed
aortic atheroma, It is sugeosgted that its mode of action is similar to
that by which it exerts its liver lipotropic effect. Almost identical
results are reported by morrison et al (1949).

Thus the bulk of evidencs favours tiae imvraession that experimental
arteriosclerosis is emelioratad by the exliivition of cheline presumably
gcting by virtue of its lipotropic properties.

Choline and the Organs of Reprcducticn -- Sure (1940) reported that choline

is essentizl for laet-tion in the rat and for the growth and health of
the suckling young, Similzarly choline has bsen shown to improve repro-
duction and lactation in mice. (White and Cercedo, 1947),

lorpholozicsl ané functicnel changze ia s#enit=l crzens of choline-
deficient rats have been recently described by Pest and Swmpson (1248).
Taev found atrophy of ut:rus end ovari:s =nd loss of contrectibility
of the uterus both spontsneously =nd aft:r stimulation.

Daficient ez~ grcduction has been noted in chioline-3defici:znt
caiciczns. (abbottsand dsMzsters, 1340)

Thas Influence of Ciacline i Frotein wetebolism -- Rats maintained omn e

eol "

low-rrotein int-l:z for long veriods sicv lsss derletion of protein if

they ars siven a small sugplsment of cholinz, (Jiminez-Diaz and Vivanco,

1948) .

Miscellsneous Effects of Choline ~~- Bronze hair pismentation has been
noted in rats on hi:h caoline intrke. (idiszins, Joneson and Mann, 1948),
Garline is s=2id to be essential for the formztion of histiocytic

cells. (Uhre#emont, u5),

vholine is esssatial for tiue growth of Type I1Il pneumococcus (Badger,

1944) and Neurospors mutents., (es deteiled subsequently).
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THE LIPOTROFIC ACTION COF CHOLINZ IN S.LATION TO LIVER FAT

Historical Review -- The fatty livers of dewnencreatized dogs had long

been known to be prevented by feeding raw psncreas. (Sazndmeyer, 1895).
Wnen fatty livers desvelop=d in spits of good insulin control (4llen et
al, 1924; Fisher, 1924) fresh stimulus wnz ~iven to 2 search for the
princivle in vencreas wiich prsvented livsr f=t accumulation. Hershey
(1930) tried lecithin, -rompted by the rsasoning that tie fatty livers
resulted, not from an abs=nce of digestive 2nzymes in the int2stine,
but rather from & disturbance of fat m=stab.lism in tae liver, since he
noted thxt ons of Figunoer's animale disd in Lypeslycesmice convulsions
althouch no insulin had teen given for days. Since phostholivids had
long been attributed = »cl=2 in fat tronsport, and had be=n specifica2lly
immlicated in th2 tran-port of fat from the liver (Lestzs 2nd Raper,
1925), Hershey &3cided to feed lecithin in ths hop2 of suw.m'ving an
esszntizl feetor Tor fat metebolism and trensport. Subssquent findings
have proven the soundness of his r2asonins,

The Toronto group usinz rets ith dietr»v fetty livers as expsr-
in:ntal animals, first proved the effectivensss of rurified lecithin
(Huntsman, Hershey and Best, 1932s) a2nd then tested tue various compon-
ents of tie phosrholinid molecule., Best and wuntsmen (1932) found that
enclin> wre the active lipotrowic —rincirles of lecithin and thet it was
effective in amounts as smell es 1.0 mr. p2r rat per d=v, Bxtenling the
work tc other snecie~, Bzxet, Huntsman =nd Sol-ondt (1922) »r-v-nted
dietary fettv liver of nic: by ca.lins <nd Best, Ferguson and Hershey
(1232) demonstrated its ~fPfzetiveness in provontion and enre of the fatty

l1iv =s of A msncreatized dogs.

Definition of the effectiveness of cholins 1lzd to the r=orisntstion
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and expansion of research on this problem chiefly by Best's group in
Teronto and leter by Channoa in Liverpool. Low choline diets wore
deviszd (Dest and Channon, 133%) which, combinsd with cholesterol sup-
vlements, produccd & type of fotty liv-r hish in chnlastzrnl ester cont=ent
and relztivaly resistzat to choline thsverr, In fact, the »rincinle
effect of chioline in 'cholestzrol fasty liv.vs' ond in the 'fat fatty
livers' of hich fat di~t asmecred to0 bz con the elrepride freetion. (Best,
Chenncn and Ridout, 1934; Channon and Wilkinson, 123£: Best and rRidout,
19%% and 1936). That ncither hilh chelesterrol nor aich fat intaks wers
the scle determining foctors in th:es dists was shicwn by Best and Hunt.:-
man (1935) woo produced fatty livers in retz by hi-h carbohvdrate diets
free of cheoline. 4n phosvhorus, chloroform snd carbon tetracliloride
polsonin: in ruts the development of fatty livers wos not prsvaated by
choline bot tiaz ramovil of the fat waes accelerated. (Best, McLlesn znd
Ridout, 193L; Barrett, Best and wricdout, 12%3; Sarrett, Best, sclean and
Ridout, 1939),.

The Meckanisme i Action of Choline =s a Lipotrovic Principle -- Among

the first to sreculates on this <ubject ver= Best, Chsnnon and Ridout

(1332) who found little to zuhstrntint~ tie rhosthelinid fat tr=nsnort
theory of Leathes 21¢ fevoured = ¢-czese by which eholiné ‘accelerates
either diractly or idir=ctly the oxidotion of fatty =2cids and cholestercl
by the liver itself'. At thet fime action of cheline turouch liver rhos-
vhclinids wers dlsereditid bectuse investig-tors could dstect no sienificant
caenge in phosrholizid contont of ~hs livers of chcline-deficisnt rats.
(Best, Channon and Ridout, 19.4; Cuenaon, Flatt, Loach and Smith, 1937;

Loizides, 1238). Best's group specificelly mezsur:3d the choline-containing

pnospholipids but found no chirnze in short term studi:s lasting 21 -~ 26
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days. In experiments las*ing £ - 3 menths, no change was found in
choline content of liver, kidneys or brain (Jacobi, Baumann aad Meek,
1941) or of the whole enimal (Jacobi =nd Baumann, 1942). Brante (1943)
confirmed these findings.

On the other hand, after cnly 10 dsys of cholinz-free diet, Stetten
and Grail (1942) found ths livers of young rats to contain only half as
much choline as the controls. By addition of methyl-consuming guanido-
acetic acid to the diet complete disappearancs cf liver lecithin wes
effected and extesnsive fatty infiltretion ensued.

These apparcntly conflicting results can probsbly be raconciled in
the lisht of the isotope studies of Psrlman, Ruben snd Chaikoff (1938)
and Perlmen.=nd Chaikoff (1939) which indicate that vphospholipid met-
ebolism in the liver is v:rv rapid and that it is accelsrated by cholins,
su-~=sting thet the rate of met-bolism of phospholinids is the determining
factor rather than the amount in the liver cslls at any :iven time.

Logicelly it weuld apreer that an increase in liver fat might result
from one or a combination of the followins proccsses:

(a) Increased intcke of fat in the dist (as in experimental
fatty livers of high fat feeding).

(b) Increased synthssis of f=t from carbohydrate, a process accel-
erated by thismine ac mroven by lcisnry and Gavin, (1958, 1939) and Boxer
end Stetten, (1944).

(c) Decreased derradation of fot, This probably hes no relation
to choline defici-ncy sincs Stetten and Grail (1943) showed thet fatty
gcid cetabolism is normal in choline-deficiznt rvats.

(d) Incrsased transport of fat from depots to liver. This is

probably the process by which anterior pituitery extrzcts (likely acting
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ghrouch stimulation of 'S' hormones of the adrenal cortex) exert their
effect. (Barrett, Best end Ridout, 1938; C.H. Li, Lecture, University of
wontreal, April, 1949),

(e) Decreased trensport of fat from liver to depots. This is
apparsntly the process in which choline is most imvortant. Stetten and
Salcedo (1944) used isotope studies to show, that in choline-deficient
rats, nevly synthecized fotty =zcids do not reesfily 2scape from ths liver
to the depots.

There is consid=rable evidence that thse scticn of choline in promoting
transfer of liver fat to psripheral derots involves the intact molecule.
Jeleh (1936) preparzd arsenocncline and fcund that it possessed livnntroric
croperties similer to choline. In later studies wWelch and Landau (1942)
proved that arsznocholine w=ac utilized in the synthesis of lecithin
aprarcatly as ths intect molecule sinc: it is inactive as a metayl donor
in the rst (Moyer and du Vignesud, 1942) and in the chick (Almquist =nd
Jukes, 1942), The proven lipotronic activity of the arssnocholine molecule
(Best and Huntsman, 1932; Platt, 1239) and its 2nti-hemorrhagic effects
(ﬂelch, 1041) swrrest that choline too wsv exart ita lipetreomic and anti-
hemorrhagic 2ffzcts *hrouch reactions irvolving the intact molecule,

This is further substantiated from a considcration of the follewirg list

of lipotroric compounds which act cdirectly, and not by sucplying groupines
for the svnthesis of choline. It appears thzt the g3nerel confisuration

of chcline is required althou b methyl groups csn be r-placed by ethvl as
in triethyl choline snd the nitros:n replacsd by other =2lements of suitable

valency ag in phosphorylcholins &nd arsenocheline,
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Compounds Related to Choline #Jhich Pouses Lipotronic Activity --

Arsenocholine chloride )
) Wieleh and Welch, 1938,
Calecium phosphorylcholine chloride )
Homocheline Channon, Platt and Smith, 1937,
Triethvl choline McArthur, Lucas and Best, 1947,

The possibility that cholins mus® be cxidized before it can exert
its lipotroric activity is su-~roasted by Jacobi zn? Baumann (1942). The
physinlcgicel role of chnline oxidase is net ye* est-blished (Bernheim
and Bernheim, 1938) znd it ma2v be sisnificsnt thst thes two orgons most
sensitive *o choline deficizncy, liver and kidney, contsoin thie hi~hest
concentration of the oxidase. (Lucas z2nd Be@st, 12°%), In vitro fetty
acids inhibit choline oxicase (Bernhesim, 1940) znd in the fat*ty liver of
methionine-deficzient rats choline oxidase activity is liewise cozxsiderably

depressed. (dandler and Bernheim, 1942),

Sumnary -- Taken toreth=r, the-~e findings su-rsst that the mechenism of
the lipotroric effect of cncline is stimulation of phos—hcelipid inter-
change betreen the liver snd other tissues, t» liver being most active
in tae trocess as shown by trecer studizs. Howev:r, tiz zore intimate

det=2ils of the rocess rennain to be elucidat-:d.
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CHOLINE AND CIRRHOSIS

Intelligent application of therapy is, in g2ner=al, conditioned by
an undarstending of the diseass 'rocess under treatment, This is part-
icularly true of met=bolic discrders of the liver. Here the problem is
complicated by ths monifold char=cter of liver disease and by the fact
that most classificotions ar:z brsed on morphologic or svmntomatie
characteristics rath>r than on mstobeolic cenesis and 2volution. In the
following section an attem=:t will bs made to outline a svstamatic treat-
ment of the subject from the metabolic teint of view utilizing as a

framework the classification vroposed by dimsworth in 1947,

The Yatlho, enesis of Hdepatic virrhosis

Introduction -- lhe hepatic fibrosis to which Laennec gave the term
cirrhosis was at tuct tine considered a2 primery inflammetory and sclerotic
lesion of surpnortinz tissues. Only towerd the end o *he nineteenth
century wes the imyortisnc: of deszn=2r=tion of the n2renchrmsl c=21ls
recognized. &t first parenchvmol d=-en>ration we= r=grrded as 2 result
of connective tissue sclerosis, then a= a concomitant, and now 22z a
csuse, Uirrhoeis is in no s2nse a specific condition but ratrer is to
be regarded as a non-specific sequel to a variety of ls=ions which cause
parenchymel c=1l dissolutfion.
vlassification -- Hepatic fibrosis in egnimal< anﬁ men can be divided
into two anatomicsl types:

A, F‘ost-necrotic scerring, wnich follows acute massive necrosis.,

Be Liffuse hevatie fibrosis, which mey cccur:

1. As & sequel to biliary obstruction.

2. ns a sequel to repentzd 2ttecks of zon~l necrosis.

3. 43 @ s2quel to wrolonged fatty infiltration.
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POST-NECROTLC SCARRING

in 193% weichselbaum showed that rats maint=ined on low nrotein
diets finelly died wita hemorriagic nepatic lesicas whica were prev-
entable by the use of tae sulphur-contsiniag amino acids. Later as
papers appsar=d on thae production of experimental cirrhosis there ‘ere
occasional rerorts of the development of hepatic hemorrhages in rats
given diets designed to producz fibrosis. UGyorgy and Goldblatt (1939)
recognized these lesions as acute necrosis and subsequent speculation
as to tne etiology has varied from ths view of Best's group that it is
caused by :n infection secoandnrv to nutritional depletion, to the more
widely held opinion of Himsworth that it is a specific form of nutritional
hepatic injury. Lixe acute yellcw atrophy in nen it prosesses to coarse
scarring and nodular hyperplasia.

Relation to Diseases of Mam -- In addition to the implied relation to

acuts vellow atrophy, Himsworth relatzs post-necrotic scarring to the
'tropical cirraosis' wiich follows the 'texic jaundice' prevzlent in
undernourished pcpulations particul=srly in the Far Bast. Aberration

of the rez.nerstive Jrocess in these czses is invok:d to explain the
high incidsnce of primary caercinoma of the liver found in the ssme pop-
ulations,

Ancther interecting corrceiation is the association of post-necrotiec
scarring and nodular hyps=rplasia in humans with deToni-Fanceni syndrome
waich is characterized by chronic loss of =zmino =2cids in the urine. Loss
of serine whicn is required for the synthssis of cystine from methionine
may amount to 2,0 gm. per day (Dent, 1942) so that a cystine deficiency
might explein this occurresnce of acute hepatic necrcsis as it does in

cystine-deficient rats. (v.i.)



Etiological Relation to Cystine Deficiency -~ To briefly state the
results of a considerzble amount of experinentel work, tie etiology

of acuts massive necrosis czn be regsrdsd s due to cystine deficiency
with further sensitization resulting from a deficizney of tocopherols.,
(Glynn, Himsworth and Neuberger, 1945; Himsworth, 1947),

The inconstancy with which these le<iocns can be rziroduced has
been variously ex:lcinec ag reflecting genetic differsnces in rats,
differences in the toconin=rol conteant of distzry fats, diffzrencss
in intestinal flora, or some unknown factors,

Cystine in Relation to Hspatic Injury -- In an effort to simplify a

confusing subjzet the ranifold =2nd paradcxicsl zffects of cystine in
experinzntsl liver injury will be summarized.

1. Cystine deficizncy le=ds to acute uepatic necrcsis. (v.s.)

2. Cystine accelerates growth on diets suboptimel with respect
to methionine gnd may in this wey increﬂsé the dem=n? for lipcetrones,
i.e., exert a so-colled 'snti-lipotrocic' effect. (li:lford and
Griffita, 1942).

3. Cystine accentuates the hvoperylacia which occurs in fibrotie
lesions of the liver. (dimsworth, 1947).

4, By a direct toxic sction largs coses of cyctine procduce hem-
orrhagic necrosis in the liver =nd moderste doses produce a diffuse
necrosis not unlike thet whica follows carbon tetrachloride poisoning,
(Curtis and Newburgh, 1927; Miller, Ross and Whipple, 1940; Daft,

Sebrell and Lillie, 1941).
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B, DIFFUSE HEPATIC FIBROSIS

1. As a sequel to biliary obstruction -- o discussion of clinieal

and experimr=ntal 'biliary cirrhosis' is beyond taz scope of this
presentation.

2. As a sequel to repeated sttecics of zonol necrosis such as ocecur

following prolonged administration of carbon tetrachloride. (Lamson
and Wing, 1926; Moon, 1934; Sellers, Lucas and Best, 1943), Repszated
and fr=quent injections are required *o csteblish the picture of
cirrhosis as taougl extended exposure to high corncentretions of the
products of cellular injury is required to stimulate the proliferstion
of fibrcus tissuve. Taereaftsr, upr to a point, rom.vel of the noxious
agent is followed by resorrtion of tie fibrous tissue, but there is a
stoge beyond wihicih the process is irreversible (Cannon and Karunaratne,
1936), ané indeed may be self-perpetuating, as sur~zsted by the work
of Cameron and Oalley (193<) wio sihcwed tast trrrstlants of normal
liver provoked a fibrous reaction in surrounding tissuzs while boiled
liver did not.

It is conceiveble that a small provortion of cliniecal portal
cirrhosis might follow revested exposur: to cihemical hepatotoxins or
infection with the virus of infectious hepatitis.

3. As a sequsl to prolongcsd fatty infiltrstion -- A century aso

Rokitensky (1849) wrote in refzrenc: to zlccholic cirrhosis, 'The
latter (adipose deposit) may be the primary affection on which the
granular disease is grafted in the‘shape of cirrhosis.' warly French
clinicians of the ninetsenth century regarded the enlarged fatty liver

of 'steatosis' as preceding the later stege of 'cirrhosis' when the

orgzn is shrunken and atrophic.
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There is now considerable evidence to support this ccncept. Connor
(1938) reviewed the litsrature releting to the assoccistion batween fatty
ijnfiltration and subssqguent fibrosis and described histologicz2l studies
of the transition from fatty liver to cirrhosis as encountered in autopsy
material. He found thit accumulstion of fat from whatev:r cause led to
prezsure anoxia and slow necrcsis of cells followed by proliferation and
then condensation of reticulum. &s the fibrosis progressed the fat often
disappearsd, possibly reflecting te.minal exheustion of bedy fat in
untreated cases or tiae effect of dietary lipotropes in treated cases.

This transition from fatty infiltration to cirrhosis has been
repeatedly observed in animel experiments a3z well., In depancreatized
do¢s maintained with insulin, fibrosis sup2rvened in 8 of 16 e2nimals
after fatty changes had besn presant from two to five years. (Chaikoff,
Connor and Biskind, 1933),

In 4 of 16 ders cirrhosis wse superimmosed on fatty livers inluced
by high fat fzediug rlus alcohol, (Connor and Chaikoff, 1938) of by fat
feeding alone, (Chaikoff and Conaor, 1940).

The concept tuat conditicns which preduce fatty liver in short
term expsarimsnts will eventuete in cirrhosis if carried on long enough
receives further support from the reports of Blumberg and McCollum, 1941;
Webster, 1941; Daft, Sebrell #nd Lillie, 1941; and Gyorgy and Goldblatt,
1942,

In this regard the time r=lationshir is of interest. In the depan-
creatized doss of Chaikoff fatty livers dev-=loped in a faw months but
cirrhosic supervened only after years. Similerly in rats dietary fatty

livers can be estrblished in = few days while it requirss 80 - 150 days
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for cirrhotic changes to develop. (3zllers, 19483),

In man as well there are a number of clinical studize, some
emrloying serial liver bicpsies, wiich support the vien that fatty
jnfiltration is the usual prscursor of portal cirrhosis. (Gillman and
Gillman, 1945; Hoagland, 1946; Buck, 1948), Some r:=ports emphasize
the potential reversibility in animals and man of this pre-cirrhotic
fatty infiltr=tion and even of early cirrhotic fibrosis by the use of
diets high in lipotropes end calorie-., (Russakoff end Blumberg, 1944;
Barker, 1945; Beams, 1946; Sellers, Lucns and Best, 1943: and Buck, 1948),

Clinically then, the vroblem of tortcl cirrhosis lzrrely resolves
itself into prevention of incre-s2d liver fat, or its esrly detection
when present, besczuss the =2ffactiveness of tlerapy is invarsely reslated
to the degree of fibrosis and this in turn is & function of the duration
and degree of fatty infiltr-tion.

To this end it might be profit=ble tc examine the stiology of exper-~
iments1l fatty infiltretion and th=n apply to auman dis=ns2 any analogics
which become apparent.

Experimental Fatty Livers

Increaszed depcsition of fat in Yhs liver c-n be induced in a variety

of ways:

(1) Dietary Fatty Livers --

(a) Ingestion of & low nrotzin, low choline dizt. (Best and
Channon, 1975), This tvoe is chesrecterized by ~redominent csmosition
of triglycerides and rezspon’s to choline fzeding.
(b) Ings-tion of an extremely high fat diet. (wei:nry =nd Patterson,

1944), Like (a) tais rroduces 2 'fat f£-tty liver' sensitive to choline.
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(c) Ingestion of excessive amounts of cholesterol has bzen
reorted by meny investigators (since Chalatow, 1912) to lead to de-
position of livsr linids ci:cracterized by a hich concentr=tion of
cholesterol esters. (Okey, 19%23), This cholastarol comnoAn~nt is
mobilized zloly znd inecmnletely b& crdinary doscs of choline but
larce des2g over ¢ lens reriod will mobilize bath chelzztero) 2nd tri-
zlvezrices. (Best and idout, 193%, 19%5; Be:t, Cliannon and ficout,
1934 vihannoon snc Willkirnseon, 19%.)., Lipocaic end inn~sitol are szid
+n mobilize cuolagtzcre) from th= livaer in cs=es in =waich choline is
not comoletely effectual. (Gavin, Fatterson =nd Mcll:nryv, 1943).

(d) In:estion of certain votery extrects of meat and liver,

As esrly as 13215 Opie and alfcrd sinoved toet a2 le=2n mcat diet agpravated
the nepatic lesions of nhosphoruz peisoning in fogz. In 1931 Bollman
and dMann showed thzt it v #=¢ not th: meat prot=in whish w=s tcxic but
some substance pressnt in wetery and ~lcoholic extrrcts of mect and
liver. Blatierwick and associates (1931, 1932, 1237%) cousidered this
effect w2 probably due to chclesterol while CGavin and McHenry (1941)
suspected biotin. However, Ralli and Rubin (1942) were abl> to induce
Tatty livers in doss by & lesn mzat dict snd identified the active toxie
substence in watery extrscts as incsitol, which paradoxically had been
shown to be lirotropic with res~ect to the bictin an? cholesterol fatty
livers of rats. (Gavin and licasnry, 1941; Gavin, Petterson and Mcllsnry,
1943),

(e) Ing:zstion of certain of tue B complex vitemins. lcaenry
(1937) showed that scdition of thirmine increased liver fat deposition
at levels of fat intake from O - 58k and in hish carbohydrate diets as

well, It was pestulat=d that thizmine promotes synthesis nf fat from
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carbohydrate and exerts its greatsst effect in the presence of choline
and with an int-ke of fat equal to 40 of the diet. (McHenry, 1937a).
Conversely a deficiency of thiamine protects against develnmmsnt of
fatty liver. Biotin is encth:r B vitumin which promotes fotty livers
of a type resistent to choline but affected by inositol or lipoczic.
(Gavin and mcHenry, 1941),
lichenry «n® Patterscn (1244) have t@=bulsted the recmonse to

lipotropes of severel typess of fatty livers induced by manipulation of

dict ané vitsmin B intzke:

Choline Lipocaic Inositol
Rets: digh fat diet, thiemine + + (@) -
High fat diet, all B vitsmins + 4+ — —
High fat di=t, cholesterol + O +
Fat-free diet, thismine + + -_ @)
Fat-fr=e d‘iet, thiemine and + 4 — —_—
ribeflavin
Fat-free diet, thizmine,.riboflavin, + _— +

pyridoxine & pantothenic acid

Fat-free dist, 4 ahove vit-nians

2fid biotin (@) + + + +

Fat-free diet, B vitamins and

cholesterol -+ -+ +
Dogs, depancres=tized + + + + —

Handler =n¢ Bernheim (1943) ars not in sgreement with Mcdenry's
group with respect to the c¢ffecct of b vitrmins in fatty livsrs and
conclude that, "the effect of defici:zncies of members of the vitamin B
complex in vrevznting the ajp.earance of fatty livers due to choline
deficiency is the result of an imveirment of the overall metabolism

of the rat vather than some specific defect in the mstabolism of the

liver.,!



(53)

(2) Fatty Livers Induced in Dogs by Removal of the Pancreas --

-

This subject is treatzd foirly comprehensiv=1y in previous sections
jncluding Historieal Review, Methionine an? Pancreatic Lipotreopes. In
addition to the fetty liver due to insulin d=ficicncy which dsvelops
rapidly after opsration and responds to insulin control of the diabetes,
there is the élowly-develcping fatty liver due to deficiency of pznereatic
lipotropes (q.v.)'which ars o»robably «nzymes rcquirzd to free methionine

from ingested protein.

(3) Fatty Livers Resulting from Starvation --

During starvetion fat is mebilized from body depots and accumulsetes
in the liv:r. There is =2limcs* unanimous opinion that choline administered
during the fast does not prevent the fattyr livers in fasting rats, does,
mice, rabbits en? guinea pigs, but will heasten reabsorption ‘uring refeed-

ing. (Barrett, Best and Ridout, 1933; Best and Ridout, 1922),

(4) Fatty Livers Produced by Toxic Subst.nces --

Experiment=l fattyv livers h=v: been induced by s variety of toxic
agents such as chlor-form, cerbon tetr-chloridz, tannic acid, ethyl
formate, phosphorus 2nd =lcohol. The action of such poisons is seid to
be through interfersnce with carbohydrate metabolism in liver cells
(Juastel, 1932; Peters and VanSlyke, 1931; Goldschmidt et al, 1937)
probably due to an inhibitory affect on cell respiration. (Himwich et
al, 1933),

Alcolol has lons been associszted by clinicians and the laity alike

with the e=@nesis of certain disorders of the liver, notably cirrhosis.,

As early as 1820 James Jomnson in England remarked, 'In this country,
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amonz the internal exciting causes of hepatic inflammotion, the
ingurgitetion of inebrieting liquors and particularly ardent spirit

has always be2n ranked foremost.' Yet in 1934 when oon evaluuted

the litcrature up to that time he concluded thset 2lcohel psr se had

nct been proven to cause liver injury, although Lamson and wing (1926)
nad demonstrated that it aggravated the lasions of carbon tetrachloride
poisoning, and Bollmen =nd Msnn (1935) found that alcohol f:eding
increased the rapidity of development of liver lesions in dogs on high
fat diets. Later, with the elucidation of dietary causes of fatty
livers 2n¢ cirrhosis and the recognition of various deficizncy svndromes
in alcoholics, the tendency was to attribut=s the liver damsgz of
alcoholics to dietsry deficiency alonz. However since Cannon (1940)
croduced hepatic fat infiltration, necrcsis and fibrosis in rabbits by
adding =lcohol to ¢n adequate die* and Ashworth (1947) confirmed this
finding in the rat, ths conclusion of B:sazell #nd Lvy (1940) and others
that 2lcohol =lone cannot oroduc: exrverimentel cirrhosis may have to

be r=vised,

(5) Featty Livers Induced by Hormones --

The effeect of the 'ketogonic factor' of th: =nterior pituitary
end the well-knovm amelioration of the diabetes of denancreatized dogs
by hypophysectomy led Chaikoff et al (1936) to study the fat metsbolism
of these animels., 1t was found that ramovael of the pituitary did not
avppreciably alter the blood fat nor prevent ths accumulation of fat in
the liver , but 'keto-enic hormons' injectiens incressed liver fat at
the expense of body fat. (Best and Ridout, 1978; Best and vampbell,

1936, 1938), This was confirm=¢ by MacKay and Barnez (1938) who found
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that neither choline nor lipoczic would prevent this fatty liver but
would hasten the romoval of fat in the recovery phase. However, in
1943 Juliaﬁ et al using guinea pigs reported from Dragstedt's laboratory
that lipocaic was effective and postulated that 'ketogenic hormone'!
controlled the body fat to liver fat transfer while 'lipocaic' controlled
the reverse rrocess. Jlhe gquestionned existence of either »f these
'hormones' together with the fact that Houssey dogs will develop fatty
livers casts consid=rable doubt on this attrzctive hypothasis, however.

The importance of the adrenal in tais rsgard is successted by the
fact that adrenalectomy protccts against tiue fatty liver that follows
pencreatectomy (Long and Lukens, 1936), partial pancrestectomy (iacKay
and Carne, 1938; Berman, Sylvestre, Hay and Selye, 1947) or injection of
crude anterior pituitary extracts. (MacKey and Barnee, 1327; Fry, 1936).

Ingle (1943) reviewed the reolationshitp of the adrenal cortex to fat
metabolism and concluded that corticel insufficizncy is characterized by
a slower-than-normal rote of fat ebsorption, decrsase in fat transported
to and depcsited in the liv-r and =z dimiaished response to “etogenic
agents, these =ffects being msedisted throupeh changes in earbohydrate and
electrolyte metabelism.

However adrzralectomy does not alter the fat-mstabolizing effect
of purified growth hormone as messured by ketogenesis (fry, 1936; Bennett,
Kreis, Li and Evans, 1948; Szego and White, 1949) so it would appear
that the action of growth hormone in promoting transient deposition of
fat in the liver is not medisteld turough the adrenal.

CeHe Li (1949) has reported tiat purified adrenocorticotrophic
hormone induces a prolonged deposition of fat in the liver of rats

Presumably by virtue of metabolic changess consesquent on increased activity
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of the 'S! hormones. (Lecture, University of Montreal, April, 1949),

The inverse rslation betwacn the level of blocd lipids and thyroid
setivity was studied in the dog by Chaikoff et al (1941) sho found
alterations particularly in chol:sterol esters and fatty acids with less
consistent changes in cholestzrol and thosphelipids. The blood lipid
elevation following thyrcidsctomy is de~cndent on adequate nutrition and
can be inhibited by fastince (wnt:nman, Clhaikeff and Reichert, 1942e) or
exacgerated by removings Sie hypophysis also 2nt thsreby presumably pre-
v:utin stimulation of =ny accesscry thyroid tissue. (wuteavan, Chaikoff
and Reichert, 1942b),

Chaikoff et 2l (1948) =howed tli.t tayrcidectomized “ogs develoved
fatty livers even thou~h maintsine” on Jdietes 27ejuate rith respect to
nrotein and vitomins. This fetty liver sioied little terndency to vprozress
to fibrosis while in those dogs witn both thyroid and hypophysis removed
the fatty infiltration rapicly proszresssd to fibrosis. In the latter
two types of fibrosis wers recogsnized histolozically and it wes postulated
that removzl cf the hvpouhysis retrnritted the devslolsnt of a particular
type of haepatic fibrosis not dzieni-nt on prs-existing fatty metamor-
~hosis. They demonstrated that this weos not associated with accidantal
operative trauma to the hyvnoticlsmus. Less comrnlete studies on hepatic
fibrosis in hypopaysectonized docs were rsported by Graef, Negrin and
Page (1944),

Hypophysectomy alons doez not elter liver fat but thyroidectomy
alone doe«, and the combined operstion results in earlier and more severe

fat deposition. Addition of fres choline to the diet is protective and
since the leen mest Aiets us2?® were men to contrin adzquate choline

precursors thess findings =su~~2st some hormen=l control of the rel-ase,
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agbsorption or utilizstion of =such lipotronzs e mszthionizc by some
obscurs mech:nism involving tae thyroid.

In the rat, aowevar, Handler note? just the opposite effect, i.e.,
that the hepatic lesions of cheline deficiency were retarded by dscreased
secretion and acgrevated by thyroid feeding. It is possible that those
types of repatic damags which are made worse by thvroid overactivity are

those in which tissue ancxia is the criticel factor,
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GENERAL PRINCIPLES REGAWDINC LILCTRCF Mo (APY Ty LIV DISHASA

———

Post-necrotic Scarring -- There is no evidsnce that linotrones have any
value in acute v2llow atroray in man or in *the post-necrotic scarrins
.mieh followe in non-fatol e=ses. It is 2ossible that suvplomentary

evs 1ne vould b2 ussful zrovaylectically in cises of deloni-faiconi syn-
arome cherscterized by lossz of the cystirs-precursor, serine. Viets

"

be of prcphylectic value in lower-

(63}
L

adequate in linctropss culd livwmwis
in. the incidenc: of 'trcgical cirruosis' twaiich avpesrs to result from a

combination ¢f nutritionzl ~nd infoctive foctors.

Diffuce Hepatic Fibrosig -- 'rort=l cirrhosis' as znccuatcered in man is

e——

3

Q

usually the szquel of »rclonged fatty infiltrotion. (v.s.). In anivels
there is some evidencs that reccviry is ncscible evein cfter considerable
fivrozis has supervened, but in man =x7:ri=ncs tc date indicates that
recovery is nlivzly 2xcspt in those cases with large fetty livers in
whica there is little or nc fibrous tissue proliferation. (wade et al,
1948; Buck, 1948). C{ther autiacrs =21so noted a cleer rzlationship between
livor siwe anC vro_ncsis. (#lsming and Sasll, 12443 Berme ) 1.46),

Since the degree of fibrnsis (and resistence to therspy) is probsbly
a function of ths degree -nd duretion of fatty infil*tretion *ths necessity
of findin: cesss sarly is evident, This will require =z =ish-+ index of
suspicion than is currently wpre:valont since most cases now are disgnosad

and futilely treatz3 cnly after ths sppearance of late sirns such as

ascites, ankl€ ed=m-, jaundics, varicocitiez, etc. Tre incidence of
fatal 'portzl cirrhcsis' can be reducsd when disgnostic tests are apnlied

to individuzls exposed to excsssive slcohol and/or mzlnutrition in the

way that diagnostic tests are a mlied to contacts exposed to tuberculosis.,
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4mong the more sensitive liver function tests aveilsble for this purpcse
are the cholesterol ester-tct:1l chol-sterol ratio, serum albumin level,
cephalin—cholesterol flocculation, thymol turbidity and flocculation,
and bromsulphaelein retention. Needle biop3y of tie liver provides the
most sensitive and accurzte mesns of diarnosing pre-cirrhotic fatty
infiltrstion and its more frejuent use may be required to convince the
pati=nt ané the physician of the need for vicorous tiherapy.

It is evident from the foresoing that rigid exclusion of all hep-
atotoxic azznts including alcohol, cerbon tetrachloride, phosvhorus, etec.
is a prims requicsite of thers=spy. It is probsbly desirasble to restrict
fat to the lowvecst palatsble lov:zl in vier of the w2ll-recognized lipog=nic
activity of cholesterol.

Fositive tierapy invclves the feedine of not only en adequate diet
but a hizh calorie, high protein diet surplzmented with vitemins and
choline, (and probably ma+hicnine), keeping in mind *“he fact that cirr-
hotics suifer from depletion of both serum and tissue 7roteins so there
will be keen competition for the emino acids on whnich liver regeneration
depends,

Most cases of pre-cirrhosis in men 2zre of the fztty type s2condary
%o deficient intzke of lipotroo=s, but for the scke of completeness,
mention will bs mede of the fattv livers which complicate cystic disease
of the pancreas and which are analagous to the fetty livsrs of depanc-
reatized dogs. In these the deficiency is in the proteolvtic enzymes of
tae peanereas required to free methionine from inessted vprotein so that
treatment would consist of su-vlviay a maintsinence dose of free methionine.

In addition there are tie rare cosss of cirrhosis which follow scattered

zonal necrosis dus to chemical toxins or the virus of infectious hepatitis
.

ad in these the vilue of lipotrops therapy is in doubt
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THERAPEUTIC TRIALS OF CHOLINE IN DISwis.s OF TIE LIVeR

The first 1ethodical approach to the therapy of cirrhosis was
norked by the regime of high crotein and high vitamin intake pronosed
by Patek and Post in 1937. This therapy vroved efficacious in many cases
including some with marked ascites. Similar treatment and recults was
reported by Flemin; and Snell (1942) although thev noted thet advenced
cases showed nc improvem=nt in survivel time as 2 result of theranv.

Choline had been =stablished =25 = lipotropic agent for =2lmost 10
years before Broun and Meuther (1942) tried = small su nlement of choline
(1,0 gu. per day) in conjunction with hirsh vwrctein, low fat diet in;the
treatment of 4 cas2s of cirrhosis. They wzre favourably impressed but
of course failed to prove whether or not choline contributed to the
results. Yater (1943) in discussion of a waper, expressed disscvointment
with the effsct of choline in 15 ceses. On the other hand, Russakoff and
Blumberg (1944) cite 3 cases of alcchclic cirrhosis which resisted
therapy until choline was added in doszs of 2 - 6 gm. per day. Others
attributing veneficial effects to the us2 of choline include Barker (1945),
Wade (1945) and B_.sms (1948).

Steismann (1948) studied the mortslity fi~urses of 247 cases of
cirrhosis divided into 3 groups with rzsmect to therapy. Those receiv-
ing lipotrops supplements including choline, methionine and cystine
showed a great~r survivsl rate than those receiving ordinary diets or
those on a Fat:zk rerime. The trzated series is rzlatively smaller then
the others and is not broven dovm with r=2sv2ct to the ag>nt used so

results are difficult to interpret. Furthermor: their findings are =zt

variance with thosz of Wade st sl (1343) who failed to influence the life

SPan of petients with cirrhosis by supolsuenting their diets with 1 - 8 gms
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of choline and 0.9 gm. of methionine per day., Buck (1948) livewise

found that lipotropes were of no added velus in patients who could eat

an adsquate diet,
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TH: NEED FCR CBTECTIVA CRIT:iLa IN a3s35SING Tl PItaluli'IC R yULi-NTS

\Fau i

AND AFFECTIVEN 5S OF L1PCTRir.s

oven from a non-critical survey cf the thzrapeutic trials just cited
it is evident that objective and quantitative critsria ére required,
(a) to assess the dsgree and natur~ of livetrops deficisncy (if such
exists) in humen liver disease, Jtarticularlv cirrinsis; and (b) to judge
the therapeutic requirements and effectiveness of lipotro-e therapv in
corrscting this, as wet hyrotheticzl, d=ficisncy.

Heretofore all reperted ssriss hrave ubilized lireotrones ~nlv as
su tlem:nts to Aizts 2lr=~dy hizh in lipotrores or their precursors, and
therefore are of doubtful value as indicatcrs of therancutic effeective-
nsss, JHurthermore it is unlivs!v theat this point 2=2n be =stzblished by
clinieal :iethnds for some time since this would invelve risking the
chancss for recrverv c¢f the control group. 4n such an exverim=nt the
s2ri2s would require tabelarge and carefully sclscted and both control
and tre=cted groups would have to be maintsined for long pericds on basal
diets suboptimum viith resmect to lizotro--s. Only then cculd differences
in the rate of progress of the two grcu-s be attribus=2d %o ths lipotrope
therapy used in the tr:ated caozes.

1t is evident then thst informotion of oractic=l volue is more
likely to accrue from tie arpmlication of some dir:ct leboratory t=st
a8 an aid to estz2blishing the indicaticns for and the =fficacy of lin-
otrons therapv, Lo this end a meth~d wss souzht for the quantitztive

estimation of choline in biologie=l fluids,
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METHCDS FOR THE ASSAY OF CHCLINE




\VU/J

METHODS FOR THE 43SaY OF CHOLINE

REVIEW ¢ OAdalCAL iidlTHeos

Periodide -- As ezrly s 1°8€ Gries and Harrow utilized the insolubility

of tiae periodide <~1t to isolate chcline., In 1896 the Florence test for
gemen was developed which depended on the Tindin~ »f fypical brown cry-
stalg, Jithin a vesr & number of Gerwon rokers revrcriad uositive Florence
tecte on a variety of humen seersti- s othier tihaon ssmen, and on hydro-

twrzed e~ yolks an? juirces of »lante iucltudinz vines, within © years

Rosehhehﬂ {1905) combined the periodide reaction ~u %12 microscopic
slide ith chloroplatinate'precipitation in alcohol as s characteristic
test for chrline, and Booth (1975) restudiec thz procedure, ncting that
tie limitins dilution of cuolia was 1:00,000. kahane and Levy (1939)
attenpted to modify the methed for assavw by noting tue grzatest dilution
of an untnovm soelution irf.icz wrould wield cuaarscteristic crystels,
Tri-iodide == Stoneic (19085) devised wn aussy utilizing choline tri-
iodide but it was later revcried by Stentk and othisres that betaine,
vroteins, peptones, rurines, ali-loias snd voricus other csubstinces

were also precipitated. Modificuticns of *the Stenck met.iod were des-
cribed by Sharpe (19:3), stoman (1930) and HMexim (1931). Raomen's method
was the first microchemical method ~nd w-s stated to be capsble of £ssay
ing as little as £.0 micrograms., Erickson, Avrin, Teague and Willisams
(1940) added certain imrrovements to the tri-iodide methed but the
physical conditions still requirs careful control and the method is not
very specific,

Reineckate -- In 1929 Paal used emmonium reineckate to precipitete the

choline freed from hydrolyzed lecithin angd Kapfhammer and Bischoll (1930)
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;nd Beattis (1936) modified the meticd to a ceolorimetric procedure
tilizing the pink color developed by dissolving tie precivitate in
cetone., However, other bases hesides choline are vrecivituted and

ralues are generally too high. Certain modifications including control
»f the paysical conditirns =zs dev:loped by Strack and Schwaneberg (1936),
increased the stecificity. Shaw (1938) combined reineckate precipitation
;ith iodemetric titration and Jacobi, Bauman end Meek (1941) adapted the
nethod for vhotoeslectric colour measurement.

Engel (1942) added further im~rovam-nts usinz methanal for more
romplete extr:etioﬁ cf lipidsgnd altering the technique so that alkaline
avdrolysis of phosphoelicids wes more comlete,

Possibly the most s=nzitive and specific of the reineckate prccedures

is that of Marenzi and Cardini (1943) whica is baszd on the colorimetric
jetermination of the cliromium content of the reineckate (Cazeneuve, 1900)
)y wihich as little es 1% nicrograms can be determined :rith accuracy.
lowever, even this degree of sensitivity is rather inadequate for =z study
f biclogical fluids.
Xxidation -- Lintzell and Fomin (1931) utilized the oxidation of choline
;0 trimethylamine for dé%isinq tn assay besed on the titration of the
rolatile bases which distill from the rsaction mixture. The method was
10dified later and conditions devised which increased its specificity but
-1 1is still not applicable in the presence of cther quatsrnary ammonium
)ASES,

In summery, the cismical micromethods are suitable for estimation of

‘elatively large emounts of cuncline in cacline-rich material such ag

hospholipids from which other quaternary ammonium bases are abssnt, They

0 not pnssess satisfactory sensitivity or specificity for the assay of
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the small 'free choline' fraction in body fluids. The situation was
appraised by Lucas and Best (1943) as follows: 'Failure to discover a
precipitant or chromogenic comround with hioh scecificity for choline

leaves the chemical estimation a problem for the future.'

REVIEY OF BIOLOGICAL MoTIICOUS

Acetylcholine Bioassay -- Firgst described by Hunt and Taveau in 1906 this

method exploites the pow-rful physiological activity cof acetylated ciholine
which undsr certain conditions is from 1,000 to 100,000 times as powerful
as choline. The method =2s developed in detail by Hunt (1914; 1915) using
the isolated froc heart for bioassay; by Gugeenheim and Loffler (1316) and
Fuhner (1916) using the isolated guinea mnic's intestine. The latter author
noted in 1913 that eserine potentiated the =ffect of =cetylcholine on the
dorsal muscle of the leech. Minx (1932) and Chang and Gaddum (1933) in
further studies of the eserinized leech muscle method found it to be both
specific and sensitive. 'Lhe initial problem is to s=parate the éholine
fraction which is then acetlated by the method of Abderholden and
Paffrath (1925) as used by Fletcher, Best and Solandt (1935) or by the
method of Abdon and Ljungdahl:Usterg (1944) and then assayed by its
inhibitory effect on tie contraction of the Aorsal muscle of the leech.
This method has nct been more widelv = rlied becsuse as Best (1943) re-
marks 'it possesses many dangerous pitfalls for the chemist and is only
reliable in the hands of = comnatent physiologist, Alcohol, calcium,
potassium, histamine, adenosine compound s, treces of lecithin, protein,

cholest:rol, ecte. may cause profound disturbsnces in the assay.'

Rat Bicassay -- Engel (1942) described a cruds bioassay using the prot-

ective effect of cinoline against the develorment of hemorrhagic kidneys

in young rats on deficient diets.
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Neurosvora uicreobiolesicol s-gay == In vier of the deficizncies of cliemical

p2tinds on¢ tie difficulties of the acetylcholin= method, th:re wes consider-
gble interest in tia- deccription by Horowitz and Beadle (1943) of & Neuro-
spora microbiclogic:l method waich cleimed both sensitivity and snecificity.
pefore describing the methofl of Horowitz =nd beadle or its modification for
blood 2nd urine (Luecke =nd Pearson, 1944), it is nerhaps desirehle to out-
line the scope and nature of the role of Neurcspore mutents in biochemistry.
This is marticularly true becsause of the nevm=+s of the subjsct and the
increasing applicrtions of these org-nisms to the study of biochemics1l

vrcblems,

APPLICATIONS OF NEUROSPCRA TO BIOCHHi:lSTRY

Neurospors is the name ~iven to a group of wink-colored, heat-resist-
ant bre=d molds which heve loneo been femiliar nssts around bakeries,
rerticulariv before tiz use of mold inhibitors. The first scientific study
of Neurosnora was made in tihe late ninstzenth century by a U.atch botanist,
Wwent, who obtained cultures frocm nesnut mesl en? carvied out studies of the
growth requirsments. Un cne occasion he noted remarksble growth stimulus
from the nse nf 2 new beteh of =uenr in the medium., Lhis was elnost
certzinly +he result of contsmwination with bintin, the only vitrmin-like
substance renuired bv tre aresniasm, altheush puzzled by this 2ffect, .Jent
failed tc¢ rece:nize it for »hat it wes nd vit-mins ~ent undizcevered for
another seneraftion,.

1n 1297 Lodee nemes +tne senus weurosvora |(forwerly Sitophila), and
described three g ecies -~ sitophila, crassa aad tetrasperma. He pointed
out +the possibilities inhersnt ia thoze orgsnisrs for genetic stucies and

the contribution wi.icn tney made to icnce during the next decace was in

tils direction.
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The Life Cycle of Neuros cr. (See Fiz., I, gtoece 67) -~ The mycelium consists

of cvlindrical vegetativ: hypace vith s= tae at interv=1ls and about 20
nuclei in esach segment. Growta occurs by broaching end wy elcngation at
the tirs of the hyphae. Aft-r a few d-ys of crowta, cauins of multin-
ucleated asexual spores called macroconidia are cut off at the tips of
gome asrial nyphae and ia additioa, scne uninucleated microconidia are
produced. Vegetative revroduction mey cccur by microconidia, macroconidia
or fragnents of mycelium. Neurospora =re usterothallic, i.e. strains of
two sexes exist which sre wnrpuologics=l identical but physiolosically
distinct. Fusion of hyphae of sex A and sex a rssults in the formation
of = sexual fruiting becdy or peritiecium in wiich meictic division gives
rise to 8 nuclei ~ith 7 ciaromosomes. These develop into ascospores which
may gerninate and grow into vegetetive hyphae. Altsrnstively, perithecia
may zrise from protoperithecia (developed under certain conditions from
macroconidia) following fertilizaticn by conidia or mycelial fragments of
the opposite sex,

The . plicatiocns of Neurocspora to sciznce have been along three
genersl lines! genztic studiecs; cellular metabolism studies; and micro-
biolo~ical assay procedures. Although yeasts ©a” b=2ctzria have been
utilized in microbiological assevs for some time, melds as a group were
not acnlied for t-is purpose until cert~in biocuerically deficient mutants
of Neurospora were developed about 10 v=ars z¢o.

Biologicul Chnarescteristics of Neurgsopcr: =-- Neurospora is uniguely suited

for such work for sever=l reasons: lts life cycle is such as to facilitate
¢enstic control and analysis. It is easily grown. “Wild type strains
requirz only a simple medium containing a carbon and energy source such as

“lucos., a nitrozzn source and 3everal orzanic salts., It is so biochemic-

ally versatile that it can synthesize all of its Vit min-like requirem=nts
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except biotin., It is not fastidious as regsrds cultural conditions and
can tolerate wide limits of temperasture, pH and oxygen suvply. It lends
itself to the development of mutant strains in response to various forms
of ionizing radiation or chemical insult.

Mytants of Neurospora -- It was first noted about 10 years ago that some

of these artificial mutsnts had lost the apility to synthesize one or
other growth substonce so that they could no longer live on minimel media
unless this substunce were su;plied.

Thus began tine mass treatment and testing of Neurospora strains in an
attempt to discover further mutents with defects as regesrds synthesis of
growth essentisls., Tc date about 200,000 wild strains have been so treated
and several dozzn different sutants detectesd with altered nutritional re-
quirements mostly with respect to vitemins of the B group, amino acids,
purine and pyrimidine bases.

The gensral procedure for producing, detecting and studyine artificial mutants

was described by Beadle and Tatum in 1945. OJry conidia are exposed to
ultravieclet, x-ravs, neutron borbardment or nitrogen mustard and are then
a-plied to protoperithecia of the opnosite sex in culture tubes. ihen the
fertilized perithecium matures, zn ascospore is removed by micromanipul-
ation and isolated by weshing with a hypochlorite solution which destroys
all other fungsl elements. The single ascospore is heat activated snd
germinated on an adequate medium to produce a genetic=lly homoveneous
strain. Transfers are then made to sever:zl minimal media where growth
depends on *he ability to carry out normal synthesis. Any mutant which
is uneble to grow on these rmedia is s*tudied further by adding various

growth substances in turn until the defect in biosynthesis is detected,

The concept has been developed (Tatum, 1946) that the biochemical
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reactions in & given synthesis involve the cooperation of corresponding
enzvrics and g-nes. Froduction of each enzyme is controlled by a specific
gene which 1is thereby in dynsmic coantrol of the biochemical reaction. In
all of the mutents studied it has Yeen found that a single defect in
snthicsis 1s associzted with mutation of = siazle g-2ne,

Neurospora in Cell lretzbolism Studies -- Tas mutntion of 2 gene controlling

one or other enzyvmatically-~catalyzed reaction within the ¢311 results in
the storping of the .iwet-bolic proczss 2% this stage., As a result there
may be #n accunulation of =n intzrmediate ccmgﬂuﬁd which ordinarily is

so transient that it caznuot be recocgnized. s naturaslly-cccurring example
of such a g=netic block is that seen in alkeptonurics in which the

breskdown of phenylalsnine and tyrosine is blocked at tee 2,-5 dihydroxv-

prenyl acetic acid level., oOimilar geneticelly-contrelled metabelic

\

dafects exist in concenital vorparvauria, cystinuria, tyrosinuria, lev-
ulosuria, pentosurie and phenylpyruvic oligoghrenia.

Neurospora :utents have aided in indicuting the syntirsis of meth-
ionine. Four singcle-gene methioninel=ss mutants nroduced-by radiation
have bz=n studied. The syaticsis harm=ns to be vlocked at a differen

staze in e=2ch, hence

wmethiorineless-1 con utilize wmethicninz only,
Methi~.~i.21less~2 cen utilize methionine or homoerstine,
c
c

AVIRNEY
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lethioninelesss-3 utilize msthionine or horocvstine or cvstathionire,

Methionin-less-4 cen utilize metliionine, lomcevstine, cystatiionine or
cystine,

Taese findings published by Horowitz in 1947 su cest that cystine is

convarted into methicnine by wey «f crrstathionine an? heomocys*ine, each

step besins under ganstic control.

This example of the use of weurospora in cellular metabelism studies

is one of z=ny which could be cited. In tieory, it should ultimately be
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possible to produce rnutants with blocks at every stage of every synthesis
carried out by the organism. In this regard it is fortunate that wild
gtr=in Neurospora is remarikably versatile in a biochemical sense, being
capable of a larre number of syntheses which have counterparts in mammals,
The further study of Neurospora mutants in this '.znner can therefore be
confidently expected to provide a creat dezl more infcrietion regarding
cellular metebolism.

Neurospora in licrobioleogic=l asseys -- Neurospora mut-nts are now avail-

able for the assay of all of the B vit=mins except folic nacid and B 12,

as well as for the amino acids arginin=, tryptophane, lysins, leucine,

isoleucine, veline and proline. The growth rssronse may be gauged by aay

of the followins m:thods:?

le The r2te of zrogrzssion of the mycslial froatier in a aorizontal
tube of solid wmadiun containing pne materizl to %< assayed. (Ryen,
Beadle -nd Tatum, 1943).

2o The dismetzr of a colony cn solif médium in a Petri Aish az &n index
of the vit-min content of *tias medium. (Bacharach, 1947).

3. Microscopic obsz2rvetion of the wate of rerminetion of conidia after
the addition of vitenin-cconteining extract to thz medium. (Kvan, 1946).

4, Dry wei:hit of wesliuwa harvestz=d from liquid mediuvm efter ~rowth has
ceaged, i.e., the zxtznt of growth rolutive to the added vit-mia,

5. Dry wsivht of my-elium harvested from liyuid msdium =ft=r & ziven
incubation period, i.e. the rate of crowth relative to the added vitamin.
The last-mentioned method .+as the one eaployed by Horowitz =nd Beadle

(1943) for the asszv of cnoline in tissus sxtracts by the us: of a 'choline-

less' strain of Neuros..ora #34436.
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Briefly stated, the uriiciple of the =rsay is 2= folloist when
tcholineless!' Weurospsrz is grnom under strndsrd conditions in a2 medium

ontirim with recczet te =17 requirersats except choline, the growth

N

resmonge is raleted to the quantity of choline —recent. Thus by simul-

r

t~necusly determinias the growti res.rcase to known grentities of choline

one may cal-ulate the cuclinz coatent of the "ualuoim',
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[ECHNLUES OF MuURCSEURA 2LiCoTICLOGICAL ASSAY UFf GHOLING

The Method of Horowitz end Beadle is briefly as fol!'lows:

The nasay is cerried out in a serizs of 2E0 m). Erlenmeyer flasks
sach contzining 25 ml. of choline-free cultur. w:?imm. To tuis is added
aprropricte amounts oT tas e¥'richa to be nsseved ent the flasks are
nlucged and sterilized by neat. Afte>r conlin: the o 22 in~eu'ated wr th
a 'cholineless' strein of Neurosvrrz anl in~ubatzd st 280C, For burce
dave, The emount of myecelium which grows is in »rovortica tc the =mount
of choline availsblz for i*+e nut—ition, The tve-Tlium forms & ~oft ~ohesive
nat *he siz=s of which is m2esuvrzd by ite Arv o igit, The g ntitv of
chnline in *hz Tuniknom' flasks is ecleulated from ref»once to a st=dard
curve trerersd sinulteac~usly by addins Ymevm criount of cheolins to 2

serizs ~f fla=7g =ndé -~ cotring tne mveeslial yields ~btaired as2oinst the

quentiti-s of chnoline a“ded,

Unfortun~tsly deroiitz -nf B.cdle 714 u~t Geseribe ticir techninue
in suffizi.nt cetzil to ootmit anctiir e o ta v ovroducs it with any
exactitude. In tae courta of ¢ veorel montin er -wi-ans ity .. method

Uil

e number of diffizultizs rire =ncount rec nag Fevesrsl mofifications were

developed to improve the zccuracy of tae technigue “ni to frcilitrte

Lioe

manicu'stions,

Modificstions of the Method of Horowitz and Besdle which hav: been evolved

)

¥111 be described in a step-by-ster outline of the wroceiure -nd Wwill be

followed by o rressnteticn of “Zyerluintel »oults pertinent to the more
mportent modific: tions,

(a) Lfreparation of Culture Medie

Ihe Choline-free 'sazzl Mediun' used by Horowits

and Beodle

con.t & in EI i £ 1X z i
s s ) ] O c".']‘].
iOH i " 7 s ‘:)I t:b.e 'ZL Sa iued I d C( b 4t
" . L l]..’.“. ].l fev‘:‘,uirea :
;’ ) 4 ] 3
trdt 13 y lmn [ ] n thlr )i 21 y i
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the salts tended to precipitsts Furing shorrge in tae cold but tais
qifficulty wzs not ancountered with double strength mediua of tus fcllow-
ing composition in .IuS. pes litre: 4 cmonium tertrote 10.0; ammonium
nitrate 2.0; monobzsic potassium yhosphate 2.0; macneciun sulphate .hepta-
hydrats 1.0; sofium chleriae 0.2; calciu. chloridas 0.2; the following
trace 2lements (in m. . per litre); boron 0.02; ~owncr 0.20; iron 0.40;
nangcnese 0,043 molybdenum 0.0+; zine 0.,0%, It was foun? +thrt mixturses
of salts (v.i.) ccntainine thsez trmcc e'wments coul? mot be stored in
solution (due to rrseipit-tion on =t-n?in:), or &5 thz dried rasidus of
an aqueous solution (du- to relative inzolubility) or =s = wixiur: of
dried powdsrsd szlts (bscause on intimzate mixias, water of crystzlliz-
ation wss r2lesged end tlie sixtirs becwme @ 12ste). Since time did not
permit investiz-tion of num=rous coirbinstions of various s~lts of these
elements in an effort to obtein an ii:2]l mixturs, the expedient wes

adopted of vraparing individuel solutions of the Tollorinz 13alts snd

adding 0.25 ml. of each solution to ezch litre of double-str~ngth 'basal
medivm' with the expectation tnet at this nizn dilution insolvhls commonnds

would not be “ormsd. Ine grest imcrzisnes of tha tr-ce el=12nts to the

growth o Neurosporz is demonstrst=d in Fic III, puce 8Y.

e

f i N .
the Trace Slevents Solutions are re=spsctively of the following

concsatretions ex re~sed as me. per 100 ml.: sodiur beorate 35; anmonium

molybdatz 15; ferric ciuloride,.sexihydrate 365; zine sulnhrte heptahydrate

2/
A48

» cupric chloride 80; manganese c..loride.quadrihydrate 30,

Tﬂ - . ires e i . R .
ne basal medium we - roctinely creoera2d in 6 litre batches, divided

into 1,000 m1. Zrlenmsyer flaci:s, slugzd with cotton, sterilieq bv‘

autOCl” inc allans 3. . .
aving, labslled, dzt=d =nc =tored in the refrigerator,
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The Assay Medium which is used to chsrse the culture flasks has

the following composition per 100 ml.: Double-strength 'basal medium', 50 ml.;
sucrose, 2.0 gri.; bictin 0,5 microgroms (stored at 4 C as a solution

containin~ 5.0 microerrms per ml.); and distilled water up to 100 ml,

This medium is rrevarsd freshly each day, the requirsments being calcul-

ated on the basis of 25 ml. for sach flask of the =ssay,

The 'Stock iledium', a solid madium us=2d to r2o-are glopas for

O]

the maintenancs of the steek culturzs of Neurospors, nas the following
formula: double-strength basal medium S0 il.; ~lyc=rol (sp.gr. 1.25)

1.6 ml.; solution of hydrolyzad c=sein ('rar:nemine', Stearns) 0.42 ml.,;
choline cileride 0.10 me. (20,0 ml. of workin: stendard <olution); yeast
extract Difcc Cob gu.; zzlt sxtr-ct Difco 0.5 om.; szar 1.5 gm.; distilled
water to 100 ml, After the ager is ~21ted into solution in 2 boiling
water bath, the neliun is added to 13 x 1°0 mm. test tubcs, the amount
being adjusted so thet thers wi)) b2 » short butt to “he slcvz3, The
tubes ars 1lu ~2d with cotton, sterilized by autocl vins, slonzé, cooled

and stored in tas refricsretor until raaquired.

(b) Stock Cultures of Neurosnora

Of the four 'cholin-lec=s' matents of Neurospors crzsaa available,

#34486 is “he most restricted as to its requircr=nts for choline. (Hor-

Owitz, Boaner and Houlehzn, 194%5)., & culture of this strain was kindly

forwarded by air mail throush the kindness of Dr, N.H. Horowitz of

tanford Unlvsrmt_v in June, 1948 =nd has bzen neintsined es a pure culture

sinc: thet time,
The stock cultures ar: incubeted st 25 . and subcultured to a fresh

slo ' At ) . i
lote of stock mediun' every 7 days =zmnloyin~ the usil aseptic rre-

cauti . . . .
utions, The 7-day period is conveni=nt Tince it me=ons that o subcultura
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is mede on ezch day of the meck thet ~-savs are snt up. 1n this way

. i a i aPe T Are T -day-0ld culture
the inoculszting suspension is alwrys ore arzd from a 7 v

thereby minimizinz variations in growth raote r3loted to the age of the

culture. (At intervals reserve stoclk cultures are gr~vn and stored at
4°¢, against the continzoney thet current cultures might bzcome con-
tgminated.) Clizcks on tihe purity of the stock culture ars afforded by
observation of gross rﬁorphalng*y on both solid =nd 1ligui? media, micro-
scopic examinetion of morriacloiv, and by th: finling that only vsry

little growth is obteined in ths abzeuce of cholin:, as in the ‘'blank’

assay flask,

(¢) Preverastion of mycelisl Sus~snsion

A‘C’cer the subeuzlture is ~rz-2r=d 5 ml. of sterile rater is added %o
the donor tubzs snd the r maining mycelium is scran=d from the slope and
emulsified with the aid ~f ths ire to wrovide tie turbid sus:cnsion of
myc21lial fresoznts »nd conidis »rhiich is used to ‘ire.ocuT.»":te “he culture

fla SkS .

(d) Culturs Flasks

Linitstion of incub:ztor spsce enjrined the use of 125 ml. arlenmeyer

Py

flasks rather than the recowm=ndad 250 mi. size. lhe myczlisl yield is

about 40% less in the «msller flasks due to the smeller surface area of

medivm but it is adequate for eazy nervesting and accurate weiching,
1% was repeatedlv noted thet Tlzsks in “hich the cotton nlug beceame

i * 4 3 » L]
molstened during sterilization fFave unex:2ctadly low vields nracumably

due to inte :
' erference with exchang 3 e o :
nce with exchange of respiratory cas2g8., ‘The use of

i =1 [
uvertsd 50 ml. beskers as cape to raplace the nlues avoids this =curce

of e; . )
error and effeetivelw guards acsinst sir-borne contaminants
CL Ll 1D e



(77)

(e) The lpcubator

The most commonly usad tempercture for incubation of weurospora is

. I LN 3 -+
2690, although a remge up to 30°C. is frirly setisfactory. Lhe Lneubator
. -—
ust incorm rate facilitiss for botn coolin - below and warning above r~om
i\l =

temmsvature, since crovilont summer-time leboratory tomperaturecs are often

above 25°C.

A water-jacketed incubsto~ can be cocled bv running tap woter
through the jacket and the finor aljustmantz of temaer-ture controlled by
a thermostaticzlly-resulated zlectric hestin~ =lerent, A smell s2ir-cir-
culating fen within the incubater is d2sir:bls to aié in eoualizing the
tempsraturs., Lthe motor should bz mmumntsd outside th» eebinet to exclude
the nest cenerst2d ~ad it shculd be borne in mind “h-% vibretion i= said
to effect the v te of srot: ~f mola=,

Lrne i ort nce of equ-lizing tem srctures t-orouracut the incubator
was indicated bv snzsavr VI ia whicn it v~ foun? tast incrsesine the
incubstin: temmercture from 28.8°C. to 31.0°C. decreszscc tue yield of
ryceliu. ia conpsreble flasis as much e 20, Temovsrature differentials

between tizsrs of tae

™
D

zire esscy can v winimized by rlaciong all flasks of

~

@ 5li:l€ as8zy on the zime spelf. &v-n tihen r-disnt ae-tiae orfects

from the heating =lement =r- not

{‘t Ral
e

rect

@)

<
s

d by zir curvmts and impinge

nost strongly on the nearby flzsis., sac a result of these factors it is

’—T.'fl' . - '] o
dirficult to obtain ortimum concitirns erxcent in a re’rirarating iscubator

-'":; [} . B -
of tiaz 'constant cemoper=ture! type such as that amployed for 'B.0.D,!

(blochemical oxygen demand) deteriin=ti ms,

(f) }‘I‘ep&ration of Stazndard Solutions of Choline

T i N
he following technique was evolved (sse page 86) in ordsr to eps
sure

const: .
nstancy of stock stendard solutions from month to month: frop 25 to 30
. H o

mgi Of TP P"hATSana a1 .20 . . - -
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) , B 1 -
vacuumed desiccator until the welgut 18 constunt. The amount of

in a

line is caloulated (choline = 8¢.78% cioline chloride) and dissolved
cholin G Eam
o the volume of absolute etiienol re: juired to produce a solution contein-
i

ing 250 microzr=ms of choline per illilitre. Exactly 1.0 ml. of this

D

colution is claced in esch of a zen or nor> 50 ml, volunetric flasks

which are storrered anc stor2d in the r>frigeretor,

dorking St ndard_Solution contoining 5 microgr-ms per ml. of choline

2s choline chloride is »v ~av=d at tae be-innine of each week by acdding
sbout 30 ml. of dis*ili=d -wmter to cre of the D0 nl., volunetric flasks
containing 250 microgr-m: of cholinz, strrilizing by zutoclaving, and
waen cocl ~2kins up towolurs ith ~terils distil'ad w:ter. Tae solution
is =tored in the rerrigzroter 2ad cliquots for use wre rsm.ovad aseptic-
ally by pourins from the flsmad wmoubn of tas fiack iato a s:znarate
containzr thus avoiding contemiasticn with moulds or otasr choline-consuming
orgsniams,

Tie accuracy of t.e wzlrhiaz end wrz . arztion of solutions is checled
by determinations of tots1l aitrossn (11,550 of choline) =nd chloride
(25.4% of choline chloride). Tre only ecrack nossible on the actual choline
activity of a solution is by =n acetrlcholin? or =2nsitiv: chemical a: Lsay
although a crude check is af?orded by nctiu; in e=cn e2ssay the growth
Tespouse to & certain xnown smount of chelinz unjer the standard cenditions
of the test, g+ Usinge the tscaniqus to be dezcrioved, 5 microgrsms of
choline per flzsk yields about z{ 1. of dried myczlium. A su’bstantially
smallsr yield sugrests decay of ’cr1° solution and a

2 larcer yicld suzrests

contamination with = non-cholineless orgznism.

(2) The 'Standard Series'

The amount of choline which gave rise to the found amount of mvcelium

in 8N e -
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lottzd from 4 OF 5 points daterminad in duliczte, Ccr "L ERE in
pLovte

. - A 1B ° 'huild-in' variable
tri~licate, Due to the evfact of @ uwwibar of 'build-in' varla 1

nikx
. N R | < £ R N R Teha) 3 3 oG ISV I 1‘1 N
factors waic.. arfscd the crowth of Neuvoguera 1t 15 nec y (s &

X, race 94) to yre.ar- a new stund:rd curve for =:-ch aszor on Lie

H

el bion that these yaysiesl voricbies witl o ince eqeslly on the

d test flacz.s.

Y]
5

stondard

Q 3 i 1 ) Voo I TS C S e 2 €, -
For tae stendard s.ooies Tive 130 1, wrsors2yer fhasiks e st oup

(in du_ilecate or tri licute) coitaining szeially, U.el, Cevy LaO, 1.9

<y

end 3.0 .il. of .orkin. stendard solution rerrz=onting le”

o
-

[ ]
hn
(@)}
L ]
(@)
-

7.5 wad 15,0 microgrrus f cholins respectively.

(n) The '"Test wories'

' Cer@e e A

agproyri=ts extrects of t.a- materiz) to b soooars yimilerle

i
W

"
o

{

oo

afd23 to labsl'ed cu ture f7=z2lks in dulicets or trinlicate, ustally in

aliguots of 1,0 and/or 2.0 wml., *the 2x—roet hoing so0 20 juived

2
e
13
D]
o]
=

|

centrotion taat tasne ancunts ceont-in Latues:n 2.0 nd 10.0 anicrograoms
in order ti~t tie resultant nycslial Jeiguts ~ev he wo-lier to the wecs
suitable rortion cf the stendord curve. Publisied methods ar= avsiloble

for the .reisrction of extrzect. from urine, viazma, uilk =nd »ilk nroducts,

solid focdstuffs =2né z1ims=l tissue-. Frozrotion of extracts from

auten soru for free cac totel cacline estiration wil! be described

later,

(1) AdGition of the ilediun

Next el - o, L . . ) “ .
s t0 esch flask of voth sories is s'ded 25 al. of assay .iediu:
F Sy A ll

W:’.liCh i o . < .
1S conveniently dispensed from & 100 ml. buretts with a +
-~ oW 74l T =" ’r‘q_-‘y

storpcock eilits {114
: to facilitzte refillin, from an overhesd reservoir. The +
U ~ . @ ip

Of "
- 3 4 B [ ]
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Illustrating a convenient metihod for harvesting

the mycelia and prepsring them for the washing process.

(At the stem represented by (3) di:

T

as much of the fluid out of the mycelium =g rossible.)

N

FOLDER MADE By
HINGING TWO 4"X /6"
SHEETS OF WIRE

'WRING OUT' MVYCELIAL
MAT IN NECK OF FLASK.
\

peTe%eY,
5550505 %
RIS ES
GOSN ICIRIS
19020009505 % COCSTICS
TSRS I HSS,
> OS> <5
O e e e oo e S,
S s
RS SIS CSLIIOCSRS SS00S
RS oSSR e e tesses
S RSSO 020000,
S S S SISO IRANISIICSS
0O IIICGTIRSSXS, Do 00030 %0 %
R SRTICEIICSLIEICH
S
OSSR
ARSI
05900000 0!
COS0S
\ R

>
=
IS

200050 0% %
\ MRS
RSN
"% %®
\ >

*ital pressure is used to nress

(82)
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weshing has been adzqu:te, since truccs of sugsr impart a brown color
after heatine., It is imvortent to expess tihe dried nyeslia to room
atmosphsrs for ot least an hour before w-ighing bscause tler: is a
consid=rable urt:ke of moisture by the mycelia in the first 30 - 45

minutes following removcal from the oven,

(o) WNeighing the Yried mycelia

Jeighing is grsatly faciliteted by this technique since the mycelia
adhere firmly to the lens v»eyer discs and are e=sily 4irndled with forceps.
Their weigits mar bs read off directly if rnother napar disc is rnlaced
on the cprosite scolz nan as a counterweiosht, Nycslia are weiched to the

nearest 0.2 mg. ~nd duplicsts ~eints that ceree =ithin 10k are averaged.,

(p) Calculation of zezults

The choliuns content of the test flaskes is obtained by arplyine the
mycelial 7ields to the standard curve revared =simulbanecusly.

(q) AReliability of the Method

Specificity -- Neurosporn bio2~sar of choline is not entirely specific

since thiz follewing substonccs =1lso have crowth activity for tas ciioline-
less strain! arsenocholins, nhosphorylchnline, dimzthylaminoethanal,
monomethylaminoetnanol, dimethylethvlhyvdroxyethvl ammonium c:loride,
tri-ethyl choline, ac;%ylcholine, ethionine and cheline-cont=ining phos-
pholipids, principelly lecithin. Of these ~nlv tha last two occur in
significant conc:ntrations in bocy tissues and fluids. Of 22 amino

acids and 11 water-éolubls vitemins taested by Horowitz snd B:adl: only
metaionine had growth-vromoting activity for Nevnroaspeore =nd it was oalw
0,002 timss as active a%s choline. Jln any case, whsre msthionine is

suspected of beine present in qu-atity it can be removed by means of
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an adsorption procedure. (Horowitz =nd beadle, 1943),

Hendler (1946) states thet lacithin stimul=tss onlv vary slow
growth of Neurospors, wille Horowitz snd B:~ule report that zbout S50%
of the potentially availnble choline of lecithin is utilized by Neuros-
pora during a three-desy incubation period. <The latter is in accord with
our obst:rvations and emvhasi=es the immortesnce of comclete removal of
phospholinids tzfore attemptin~ to sssav the free choline fraction of
biological materizls,

Sensitivity -- By the technique deseribed, as little =as 1.5 micro-

grams of choline per flesk is within the accurats rangs of the assev
and since thcr=2 is no objection to the =2ddition of © ml. or more of
extract, concenwrations as low as 0.3 micrcsrzas per ml. ctn be measursd,

feproducibility -- Taie hieh and low velues of €0 consecutive

durlicat=s were found to deviate from ta:z me-n by an average of 3,000,
dowever, as pointed out by Snell (1948) the non-random treatment of

fle<¥s r23ults in 'exc:ssivzaly zood arresment' which 'doss not reflect
the true variastion =nccuntzred in the assay as a whole.' e have used

delibarate random handling even to the voint of incubatins the two

flasks of dunliecste det<rminatirns in diff=rent varts of the incubator,

(r) Practicabilit« of the method

Given the facilities des=ceribed and sprrooriste ~xtrscts for assav

xmeet a technician to ec-rrv out as =eonv as

W

it would be rasson=2ble to
30 assavs in du~liecste 2very full workine day. 1The tilie-congumin~ rroc-

edures are concerned with the mrepsrstion of “he extractsz of tae

material to be assaved,
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SRR LA AL 53 LTS Rl UG TO STAIIDARDIATION O VenIapgld FaOiCns

LN A P O VS AR AU NN T

(1) Tue Lucortcace of aveilelility of Trace lements czn bs aurreciated

froo Figure 11X \below) waica demonstrates the curtailment of growth

resulting from absence of the trace elsments from the medium.

IS B BRI I B s W VA
TRaCE ol w5 aron T

12.0

1.25 2.5 5,0 7.5
MICROGRAMS OF CHOLINE FER ASSAY FLASK
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(4) The Optimum Durstion of Incubation -- The incubation time

sugrested by previous authors for this mutant wes 72 hours. In an
attempt to determine the optimum pe?iod of incub=ztion a series of stend-
ard curves were s=2t up simultaneously and harvested after 2,7%,4,5 and 6
days resvectively. From Figure V on thes folloinz paze it is evident
thet the © and 6 day curves are mor= nesrlwv linear and therefore superior
to tucse obteinad with shorter incubetion. Ths imoortence of utilizing
ocnly the steeply-risine lin-ar portion of the curv= has recentlv been
emphasizzsd becausz it avoids arithmetic exarsrzration of tsciuniczl errors,
(Wood, 1947) and accordin:s to Hodson (194f) it minimizes the =ffects of
int=2rferin~ substences a=z well., Figure VI, pa.e 90 illustrates this point
by shouing a T-do7 stondsrd curve nrojected br thes use of up to 45 micro-

grams of choline »ner 23zny flesk., From the profil= of thz curve it is

(§9)

evid=nt thet the m2esursnznts of choline above 10 nicr~rr-ras ner flask

are leas accurste dus to th: faet that the curv: 'olateesus' in this
range.

Yigurs V1L, pzge 90 me-rescnts in a 4differeant rwaana~ the nrincirle
shovm in Figure V, i.e., “7ith lenser incubhation nzw»iods the crowth
pot:ntiel is more nzerlv veslized in facs: flariks in the middls and u er

Ty~

rance of the stendard s-rizs. Loi v incubstion thus has thr =ffect of

improving the standzrd curve> by rend:cin~ it steep:r and mor: neatly lins=ar

1'ne disadvonsecesz of the len—~» incubatvion is that mor= incubator
space is requirz", r=oczults are obt~ined mor= sla..lv =#nd if the extract
contzins ~hes-holipits there is 2 rnosaibility of mors ~¥tansive 'eyon-
tanenus' Ly rolirsis aad aaousntotion of rrowbin due to the eplit-off

[V )

cholire., It wus conzic-r=¢ that the:2 ves=ibiliti-s 7id not outweigh

the advsntages of the S-Gry incubstion voriod wriich vus tierzfore adovted a

standard rrocedurec.

~

3
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(5) The Desirability of Washing the Mycelia -- In connection with the

gravimetric method of rieasuring the growth response, there has been in-
sufficient emphasis rlsced on the desirability of weshine the mycelium
free of liguid mecium waich is »210 in the meshes of the mycslial mat
end which because of its sucross coatent, introduces 2 considerable
gravimetric error. It is seen from Figure VIII, on the following pezs,
that tne presencz of solids of the madiwr nct only increases tuoe asight
of the stend=rd doss response curve but sicnificantly alters its profile
as well.

Neither Horowitz =n? Be-dle (1,43) nor Luecke and Peasrson (1944)

mention woshins of the .we»lia but Siegzel (1945) suzeested the use of

fritted gisss funrels ia which the mveszlis would be washed, dried amd
w2ighed. Howevef, with largs zcole assavs this method rspresents =
considcrable outlay frr classware, crestes a cleanine problem and in-
volves weiching reliativ:ly os-vy cont2iners in order to obtain, by
differencz, a resu.t cmouiting vo a few milligrums. Tae method cutlined
previously (page 81) has besn found to be a simpls and effective msans
of washings the mycelia,

The great:r aycorosco-icity of umwashed mats (Fig. I£) is a further
ersument for inclu.ing the washing process, Figurc Ix 21so illustrates

thae weicat gsin shown by mycelia in ta-+ first 30 minutes after removal

from the drying oven.
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FREPARATION OF EXTRACTS OF BLOCU i'Git w3TJ.nTICH OF TOTAL 4D 'Fivf' CHOLINE

~

CHCICE OF BLOOD FuaCTION FO@ STUDY

Framn the tabulated data on blood choline values (nage ) it is

noted that sevsrel diffarent blood frazctions have been utilized for choline
assays by different workars, viz. whcle bleoed, dafinrinated blood, serum,
citrated, oxalated and heverinizs? clesrma. 4% the besinning of the ex-
periments serum wes arbitrarily closen as bein convenient a2nd e=sy to
aandle. One possible disadvan“age in the use of serus is that it requires
about an hour for adequate clot retraction, c:ntrifuysstion «ni separation
befors tias sxtr-ction proes<s cun berin., The question aross ss to the

possibility of enzmaetic hvdvrolysis of lecithin during this period so

Q

s

lcnd, oxalstecd and heparinizsed wlzswa iias explored since

o

the use of +nols

-

thesz forms permit Trori.t iniristion of the extraction nrccedure. But

D
at Frr thee=s media

certain tieorstierl and ~reeticel Aiszdventegzs ~rist

also. e noted tist whicle blood frrns 2 cosrse, .umv curd in zlconhol and

Boyd (1926) siowed thect liyid extrsction of ~hels bload

heparin, being a tissue =xfresct, msvy cortein lecithinas:s zlthough we found

cralate,

(2
[
-

thet it did not =zitect tie growbli rate of Neuwrosvoru per

being a precigit nt of calcium, miszat rewovs tais necsmsary trace element

from solution in the asszy flasics.
However soe cornoaretlivs 8asssvs WETE corried -t the t.ue following

results: (Values revrzssnt 'free' cioline, micrccr-ms wer ni'l?ilitre of

serum) .,
Number Time Whole Blood  Serum  Yxz’l. FPlasms Hepsarinized
of Relation  (extrzcted (extractsd (extrected Plosms Cells
Aszsay to meal et oncz) =after 1 hr) at once) (at omec=2) (56 ~1in)
XLVII fasting 1.0 % el
LIV post-prandial 15.2 7.5 17.0 17.6
T 12.5 206

LIX " "
XIII " " 13.0
€.0

XI11I " " (tot=1 choline)

W]
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The smeller volues with ox=lsted "la=mna a7+ he due to = toxie =2f<ecct
on the test org-nisms, or to remcval of ionized caleium, but it is more
1i-elr that there 1s ancther axv'az2n-ftion since thz sames offect is noted
in chenicsl metinods. ocimidt (133%) found phos.iclinid eontent of ovsl-
ats? nlesme to be 13¢ lower than thet of heparinized »l1<-nz :nd Boyd (1235)

gported lowsr v-olues in ox-~lzted clasma t an in defibrinsted blzod, «

discrepancy attribut:d to shrinkae~ of the erythrocvtzs by the oxzlate

L+
\4
(1
p—
(&v]
ot
®
(V)]

wvith resultent dilution ~F the via2ana, Ot.irs hove suvsastad ths
coibinz with somz of ths chospholipids (waclesn ane wacL.en, 1227), Siailar
cbjections exist for th: nse of citret= <ince Kirk, Fage =znd Vaan Slyka

(1934) found velu=< for ~hoewiolitifs 1%% hiciacr in heparini-ed then in

-
1

citretasd =7

o
)

g
0

The erythroecvts c¢ir-linz iz e2en tc bz small in =smount commirad *o *he

'free cholina' of plas+, (viz. £.0:16.5)e Luecke »~nd Feorson (1945)

found tihe pro ortions to %= sirilar -- 5.0:36.0 7 Hu't (1315) not:1
et tus accitior of a 10% volwus of red celis To & somnle of serun 4id
a0t clter tiz caclins coatont an-raciebly. Rubin (1939) conciuded eryti-

rocyte pnospaoli_ids were insrt ia reluvion to fat tr:cnsport when he found

no chengs in eithsr patiolosical wvperlivsmic or alinsntery Linemic,

Farrittin. oeoerinisce olesme to reuail at ics-box Tuapsriture for an

hour before beginnius tis exsirection reculted in ac sigadric: sub ducre
LV1 no appreciable cirage

in the "frie' choline ccontent «nd in Aos0y

occurred in the 'free' cholins content of ssrum up to 3 nours after veue-

puncture.
i=T echicction to tue uss oL savul

These findings disposed of “hz ch

vhich wes employ=d slnost :xclusively in subsegu=nt
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Flupas: LON Cr Sadlin A iitac s @i Ll PIMA Lo OF TCPAL CLOLTE

Hydrolysis of Fhospholipids -- In view cof the fzct that 95% or more of
the total choline of serum exi:ts in the phospholipid mol:culss it is

pecessary to brsak cown ticac compounds by hydrolysis in order to free

choline in = form tza* c.n be aszsaycd. 1n considzerticn of a tecinique
for s7litting off tne cioliue jocity of s:rum l:oeithins ond sphingomyelins,

the problem is to effect complete hycrolysis without destroy ing any of the
freed choline w«nd wwithout lecvin. any subst=ance in the final =xtrsct which

interferes witi the asszy of ciacline by Neurospora.

AVID DY 3IS

Sulphuric Acid -- Luecke =ni P.-rson (1274) used an unsteted volue of %

sulphuric =cid znd sutocleov:i =t 1€ jounde urzcsure for 2 hours. VYhen an

sm-~unt <7 =cid ussd Tailszd to brins forth a rely, a

enquiry reperdins ths

(b‘

{v\

series of experircnts was und=ert-ion to Astavniins the ortimum conditions for
acid hydrolysis. After a nuw ber of orisntin. essern, a levpse assay wes set
up testing 36 different combinaticus of necid concentrotion, ecif v-lume and
duration of =zutoclevir,, Ia all, 79 combinctions of 2oniifims wirs tosted
tnd it wss found tirt trne lar =st yi:ld re=nltzd fror the uss of 3 volurss

of 3% sulphuric .cid@ satocloved =t 15 lbs. Tor 75 winutes. =xc2ss sulphuric
acid is remcv.d as bariu: Sul.;oha,kte
oxide until nsutral to Jongo red. (azsiys XL a 50U w2 b & =)o The

results of Assay £I H to determine the ortimum conditions of zcid aydroly-

8is are tabulsated:
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purotion in nizutss of
autoclevins b Lo Lls.

W\
(&
N
en
(op}
o
~3
[}

90 120

1 17,5 114.2 |i4.0) 12,24 | 13.7 | 14.5 (Values in-

Voluies of 2 13.1 [14.0 J18.0 15,3 | 13.4 | 4.4 dicate uzight

3% ﬂndcé 3 14,9 |14.,0 J14.3 | 18.0 Ta,7 124 of dried

ver volume 4 1.1 }14.3 140 14,1 | 14.7 | 13.0 myceliun after

en
'—J
(O
L]
O
'.J
(0N
[ ]
DO
..._l
3

O
‘._J
N
®
o

ci serum 1%4.5 14,0 3 days

€ 12,1 |14.0 4.0 1.8 ) 124.7 | 1=.8 incubation.)

Nitric Acid -- vucet and honane (1946) rerluxed tiue nhoszauliid-containing

Phg 4

(&Y

m-tarisl with 30 nitric acid and n-utrcliz:d by the =iditiocn of poidered

carciun cesrbonat=.

\

Hydrochloric aAcid ayarolysis tollowed by neutralization witin ¢ lacial acetic

acid as rrovros=2d by Glick (1944) wes attemrcted but the resultiic :xtroct is
toxic for Neurospcrs =2nd no ~srowth resultsd,.

Gaseous fycro.zn Cxlsaride ir Abscluts Motuans) -- Thannhauser, Benotti and

Reinstein (1339) found that this methed nroduced comrlste avirolvsis, even
of suhinromyv=lins, and t2f the advantage tist the rear2ut could be driven
off aftsr tie period of aydrolvsis obvietiiys +the nsc2s2itv of nsutralization

and conzzquent crntaminetion of thz extrszcs with selts.

allnl ] AT0t0 i YSLs

Sodad . wethylate

; Tested by Thzanhaus:cr, Bznotti 2ad
) Reiustein (1239) witli pocr results,

Sariws gylrcmide in ctec-cicchol

Sodiwn Hydrcxice -- Found by #illirms et =1 (1938) to yisld incomplete re-

cov riss,.

Barium Hydroxide Hydrolysis of dricd rnethonol extroct using saturated

2queous barium hvéroxids at hoilins tomrersturs for 2 acurs followzd by
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peutralization to phenolphthalien by acetic acid. (fngel, 1942), This
technique was found more satisfactory than sinilar t sztnent carried out
at 80°C. as proposed by Jacobi, Baumann and Mzek, 1941,

Saturated Aqueous Barium Hydroxide -- Reports in the lit=rature as reviewed

by Bull (1936) led williams et al (1938) to critically evaluat: the sffect-
ivencss of barium hydroxide hydrolysis of phospholipids. The technique
they evolved was to 8dd 1 ml. of saturasted borium hydroxids to about 25
volumes of en alccaolic extrsct of serum phosrholinids and carry evapor-
ation to dryness on a steam bsth. Hydrochloric zcid was then used to acidify
the residue, This metiiod s later modified by using 5 ml. of saturatad
barium hydroxide and more irolonged heatin~. It wzs found to give yields
comperable to the geseous hydroz=n chloridzs method of Thannhauser.
\Erickson st al, 1940),

Entenman, Taurog and Chaikoff (1944) used 15 volumes of saturated
2queous b-rium hviroxids to 5 ml. of methanol:ether solution of phosrho-
lipids and hested on a sterm bath for 2 hour=. The mixture ¥« then =2¢id-
ified with hydrochloriec acid. Ther found tuact barium hydroxide hydroiysis

by this technijue had no destructive e“fect on 2dded choline chloride.

LaTo e T TOn (B CD LTl CONSLRICHS FOR IVDR(LYSIS OF SERUM LANS HOLIFIDS

¥Yrom the foregoingz survev it @ pesrs tact the most romising ssents

for hydrolwsis avresr to bz <zseous hydirocozzn chloride in wizthanol, barium

hydroxide or sulphuric acid. Ericicson =t al (1940) comrersd taoe first two

methods and found noc =ssantial differsnce in =ffectivencss, Having dster-
mined optimum conditions for scid hvdrolysic (Page 97) it was decided to

make a comperison with alk+li hwdrolveis. Initisl exverim-nts indicated

that hydrolysis of whole serum with & velumes of satursted aqueous harium
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hydrcxide in a steum bath for 2 heurs yielded higher v-luss *'on sulnhurie

scid hvdrolysis:

A33AY LII | serum Specimen 1 2 3 4 5 6
AVeTage Sulpauric scid o . N
L‘/lycelial -(1“']3‘15 37.8 S‘i‘cz_)' 3.4.’2 34:08 50./ 34:.0
Yields, Barium hvrdox. - .

From these rssults, waich we1e corrohercted in A-soys Lvill and LIL,
bariuwn hydroxide ep-ezr2d to be surerior to sulvluric zcid as & hydrolwv-
tic acent. The effect ~° usins varvianes craunts of harium rritoxide was

cen exylored in z-~savs LXIII and LXVII:

dydrolvsis at Stezm-bath Lemperaturs for 120 wminutes

Hydrolvtic Agent 3 1,30, saturated Ba(il),
Volumes/Voluie of Serum 3 3 5 10
Averzoe wycelizl Yizld (ne.) 23,73 2147 2340 22.1

r'he use of 5 volumes of s=2turated herium hvdroxide in conjunction

with v:rving decres of hzztin~ weare then tested:

O volumss of barium hydroxide (saturated) plus 1 vclurme of sermum

Metnod of Applyiny Heat | Stezam bath (90-95°C.) | sotoelsve 15 1bs. (120°C.)

Duration (minutes) 30 60 30 60
Av, Mycelisl Yield (mg.) 22.1 22.6 25.8 28,3

It wirs armavent thet mors nrolonsad heotine micht inc—s~3= the

derree of hvdrolveis so assay raVIl was cerried out with +he fc)'ovwing

recults:
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Hydrolvsis at 120% . (1 1bs. vressure). Ssrum 794,

dydrolvtic agent 3 vols. Zx :1.30 1 5 vols. saturated ba(OH)Z
[+ 5

yuration of heating (mins.) 60 60 90 120 180

av. kycelisl Yield (nme.) £.4 29.3 24,0 31.2 2847

in view of the considerable diff=zreonces between tie calculat=d valuzs
for tot»l cherlins resulting from ver-ine ~conditicns of hvirolysis it wss
dssir-ble to d=stermine as clns=21lv =2s possibls the optimun conditions,.
lhere~ore tests wers mad= at 15 minute periods witain the most promising

range of heat 3xicsure:

nssay LXXIL -- dydralvsis =ith £ vols. sat'd Ba(OH)g. Serum mool #101,

Juretion in mine. of
in mins. o g0 | 75 | 20 |05 |12 150
autoclavine =t 15 1bhs, 0

av, liyezlial Yield (me.)) 35.7] 36.5 3.7 | 3.9 | 32.C | 33.8

- mt———"

Dr, d.G. Sinclair (pzrsomnsl comrunication) found someviat more
comrlete hydrolreis frow the nse of barium hvaroxide solnticon seturated at
Hoilinz oy atr11me atha R o 3 tomme ~ture 17iis wes te tpd
boilinz tem-erature rathsr t..»n &t Toom Tamreragiure. ils WS T2ste

in only two s~re in one ~f which the boilinz saturstad solnution wes

enuelly offective ss tne cold setur-ted while in the other it was less

effaetive, Lne bniline sstur:tzd solution is le =~ corvani-nt to handle

snd reqnirse lspoe guentitise of scid for s nenfralizetica =0 that

t-1is modific-tion would rs.uire claer-cut svidence of sudericrity to

werrant 1ts usee.

The impre-~=ion geitel frou stuiiss on the nhyirolrsis of choline-

contaiiing phospiaolipids is tumt evparsatly sous of “he phosp.clizlds

»lit sith difficulty.

[}

are rerdil, aycirclyzabl: and otIeTs can 2n v be

i~ -~ i icud 1 1S e RE)
T.e spaingomrelins ace s2if to be more difficult to hydrolyzs thea ths

leg,
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lecithins. In Assay LVILI it was found that in 6 days at room temperature
gbout half the pinospholipids of a sample of scrum underviznt spontaneous
hydrolysis. Longer storace 3id not result in wcre com-lets .ydrolysis,
however.

During experiments on the use of =2c=tone to isolate tnz 'free' choline

-

fraction of szrum it wos obs »vz2d Tttt the phospholirid froction wnich was
acetone inscluble and not extrsctable with petroleum ether (about 154 of
the totz)l choline-containing phospnolinids in this case) was also re-dily
bro-zn dovm Juring storage, sith libvzr~tion of nbout &Z% of the contzined
choline in tar-e d-vs. A further ol of the cholinz-containiny phospho-
lipids were acetone insoluble but petrcleum =thsr soluble and tiis frzaction

avdrolyzed during 3 ¢:ys stcracs onlv to the extant of 25k, (The remain-

ing 25% of pnospholinids were acztrne-soluble.)

-y

These observations serve to indice=te the he%:>ropeneous character of
the phospholipids and tie iacoustency of tisir physical properties and
solubilities, at lesst -iien =ncouatsrszd ian mixtures. Furt.asr discussion

of this point is found in the section on the vrs sraftion of extracts for

assay of 'free' choline.
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TECHNIGUE FOR Fialhmallin OF EXTHaCLs FOR Tuii DET: L.Iesl1C0 CF s TOTAL

CHOLINE CONWTLNT OF SExXUM

In accordance with the foregoing findings, tns following coaditions
were adoptea for hydrolvsis of the choline-containing phospiolipids of
serun and for the preparation of an extract suiteble for Neurospora
bioassay:

5.0 ml. of saturated aqueous bariur hydroxide solution is added to
exactly 1.0 ml, of serum in a 50 ml. centrifugs tube wnich is capped with
an invsrted beaker and autoclaved at 15 1lbs. pressur:z for 7% minutes,

On removzl from the autocleavs, about 20 ml. of disvilled water is
e‘ded to the mixture in the tube and th-. contents ers n=sutralized to
Congo red paper by the acdition of 3% sulphuric acid. (ebout 2 ml. is
requirad). Distilled water is th=2n added until tae tube is ne=:ly filled.
(The use of a generous =zmount of diluent in this wsay reducscs the amount
of choline whicn remsins in the intorstices of the bsrium sulphate prec-
ipitate and obviates the need for wsshin: the ;racipitate.)

After centrifuging, ta= clear superastant is decented into a 100 ::l.
volumetric flask and made up to volum=. The addition of 1,0 ml. of this
sxtract msr gsgsw flzsk vields myczlisl weizhts vithin the arplircable
range.

In spite of the unavoidably lar:e dilution foctor (1:100) which
magnifies tecanical errors in inverse degree, it has been noted that
remarkebly good agresinent is obteinsd between values of multiple deter-
minations on the s=2me szmpl: of szrum., In 18 assays of totzl choline in
duplicate or tripliceste, the individual vzlues deviated fran the rnican by
en average of 1l.3%. Foorast agvaement occurred in sassey LiVIII wiaere

triplicaete volues on Serum #96 were 285.0, 305.0 cnd 295.0 witn an average
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of 295.,0 micrograms per millilitre, Assay of a fourth aliquot to which
65 micrograms of choline was added gave a value of 3%365.0. (Calculzted 360.0.

The campleteness of recovery of added cholinz cnloride sucr=sts that
no choline is destroyed by the rrocess of hydrolvsis, but it does not
prove this point, sinez it could be interi:reted as indicating the poss-
ibility that the 2ddition of cheline chloride to the mixtur: permitted more
thorouch hydrolwsis of phospholipids. Therefore cholins chloride solution
wvas subjected to the »phrsicsl conditions ¢f the hydrclyvsis procedure and-
no loss occurred, (Assay XLVII), In aldition it was shrim tlist a "blank'
extract prspared in this mann=r 4id not stimulzte or depress the growth
rate of Neurospora. (Assay LAIT),

Finallv, it is s22°n in rigure LI (Page 105) tihet tone dose response
curve of seriazl dilutions of tot#l choline extract o=rallels quite closely
the curve of mycelial weights resultin~ from the use of corresponding
dilutions of choline chloride., This constitutes a foirlv ri~id t=st of
suitebility of an extrsct for Neurospores biozssay since the pres=nce of
interf=ring substsnces would give rise to 'drift' of the curve away from

that »lotted from dilutions of the pure vitsmin.
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EFFORTS TO PRuPARE AN EXTRACT FOR THE ASSAY OF FRuE CHOLINE IN SERUM

Separation of the smell 'free' choline fraction of blood from the
choline-rich phospholipids, rapidly enough and gently enouch to avoid
contemination with choline from inadvertent hydrolvsis of the phospho-
lipids, proved to be & difficult =nd discouraging problem. This
difficulty was first recognized by Hunt (1915) who used ether washing of
the dried residue of 2n scetone extreset in an effort to remove the phos-
pholipids, although he admitted he had nc idez of the completeness of the
removal,

There srs no wsll-substantisted clsims in the literature for a

W

technique to effect clean sepzration of the 'free' choline of blood,
Most of the published valuss are vitiated by failurz to consider the
large error introduced by incomnlete removal of phospholipids =nd some
authors have seriously questionned whether 'free' choline exists as such
or whether cheoline found in that form has, in fact, besn split off from
phospholipids during or preceding extraction.

The efforts described in the following sections to prepare a 'free'

choline extraet did not m-et with ungqualified sueccess but are included

in this present=tion for = numbsr of reascns: First, because discrep-

4

ancies in certain published methods were noted; secondly, a brief
diseussion of negative results ohtained during various unsuccessful
approaches to the problem may bs indicsted to aid in avoiding or modify-
ing these approaches in future; finally thare is included the deseription
of 2 promiéing technique which was explored and tested but has not yet

been sufficizntly tried to fully establish its wvalue.




