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Summary. New information on the pathologic effects of 
a choline deficient diet in the rat, in relation to the 
biochernical events, has led to a new understanding and 
orientation of the pathogenesis of both acute and chronic 
consequences in the liver. The biochemical pathology of 
choline deficiency is quite different than that of methyl 
group (lipotrope) deficiency. These studies in our 
laboratory and elsewhere are generating new insights 
and hypotheses concerning the genesis of hepatocyte 
necrosis and hepatocellular carcinoma in the rat fed a 
choline deficient diet. 
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lntroduction 

The discovery by Best and Huntsman in 1932 of raw 
pancreas and its component lecithin and of the contained 
choline as the active ingredient in preventing and curing 
fatty liver in the depancreatized dog led to some of the 
most interesting studies in the pathobiology and 
pathogenesis of fatty liver, cirrhosis and liver cancer as 
well as new developments in the biochemistry of one 
carbon compounds, especially methyl groups. 

A major uncertaintly concerning the possible role of 
feeding a choline-deficient (CD) diet in liver cancer 
occurred around 1960 when the contamination with 
aflatoxins of the dietary peanut meal used to make a CD 
diet and the carcinogenic effects of aflatoxins were 
discovered (e.g. Newbeme et al., 1964, 1982; Busby and 
Wogan, 1984). 

A second development occurred only a few years ago 
with the rediscovery that "pure" CD diet with methyl- 
group adequacy induced liver cell cancer in the absence 
of contamination with any known carcinogens (Mikol et 
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al., 1983; Ghoshal and Farber, 1983, 1984; Yokoyama et 
al., 1985). 

A third development was the discovery that the acute 
short-term liver changes seen with choline deficiency are 
quite different than those seen with lipotrope ("methyl 
group") deficiency (see Ghoshal and Farber, 1993). The 
major differences are presented in Table 1. The 
differences appear to be of a major magnitude, especially 
the apparent difference in the induction of hepatocellular 
carcinoma. So far, liver cell cancer induction with 
choline deficiency is well established while that with 
methyl group deficiency is uncertain. 

This brief review will emphasize the "pure" CD 
syndromes, since the biochemical pathobiology of 
methyl groups (lipotrope) deficiency has been reviewed 
many times during the past severa1 decades, even though 
the distinction between lipotrope deficiency and choline 
deficiency pathobiology was not made until very 
recently (Ghoshal and Farber, 1993). 

Choline deficiency 

Choline is a positively charged, quaternary 
ammonium compound and is the base in the phospho- 
lipid lecithin. Unlike other simple phospholipids, lecithin 
is universally present in every cellular membrane, both 
animal and plant. We obtain our major supply of choline 
not as free choline but by consuming lecithin. Due to the 
abundance of choline throughout our natural 
environment (Engel, 1943), the possibility of choline 
deficiency is not a common occurrence. Some workers 
mistakenly combined choline deficiency with methyl 
group deficiency. 

It should be appreciated that as a methyl group donor, 
choline is weak and does not have any advantage over 
methionine, because only one methyl group is donatable. 
Also, choline must first be oxidized to betaine before it 
can act as a methyl donor for methionine synthesis. It 
has been shown that choline deficiency syndromes 
cannot be rectified fully and efficiently by methionine 
(Young et al., 1956). Choline appears to be important 
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Yokoyama et al., 1985). This temporal sequence of 
events is shown in Table 2. The acute changes from the 
triacylglycerol accumulation to the appearance of 
resistant hepatocytes in the liver are very reproducible 
and appear in 100% of the rats. More than 50% of rats 
eventually develop liver cancer (Ghoshal and Farber, 
1984). This CD model is very useful to study the 
different alterations in the liver including cell death. 

Evidence of free radical involvement in choline 
deficiency 

Lipid peroxidation in the nuclear membranes (both 
inner and outer) within 24 hours of CD diet feeding is 
the strongest evidence of free radical activity. This was 
supported not only by the subsequent appearance of 
aldehydes (Esterbauer, 1982) but also by the 
demonstrations that lipid peroxidation can be completely 
prevented by (a) dietary supplementation with a 
radicophil, AD (Ghoshal et al., 1990). calcium and 
strontium (~hosgal  et al., 1987); and (b) spin traps like i) 
a-phenyl-tert-butylnitrone (PBN), and ii) tert- 
nitrosobutane (tNB). Al1 these agents not only prevent 
peroxidation of the membrane but also prevent the 
further sequence of DNA damage, cell death and cell 
proliferation. The spin traps also prevent the PLA2 
increase (Ghazarian, 1993). However, none of these can 
prevent fat accumulation in the liver; only choline 
supplementation can prevent the triacylglycerol 
accumulation. 

Possible role of agents mentioned above in the 
prevention of lipid peroxidation 

AD5 (N-p-metoxyphenylacetyldehydrosoalanine) is a 
radicophile (Viehe et al., 1985). This compound has 
been shown to be a free radical scavenger for superoxide 
anion and hydroxy radical (Buc-Calderon et al., 1987; 
Buc-Calderon and Roberfroid, 1988). It has been shown 
in our laboratory (Ghoshal et al., 1990) that AD5 can 
inhibit in vivo-induced microsomal lipid peroxidation. 

Calcium and strontium 

How does excess ca2+ protect the membrane from 
peroxidation? Normally, free radicals are believed to be 
generated in small arnounts during oxidative reactions. 
Membranes have many defense mechanisms by which 
this small amount of free radicals can be counteracted. 
However, when excessive generation of free radicals or 
reduction of defense mechanism occur, this condition 
can become unbalanced. What is the mechanism by 
which choline deficiency can unbalance the system? In 
this respect choline could have a dual role. It has been 
shown by in vitro experiments (Miyazawa et al., 1984) 
that lecithin (choline) can breakdown preformed lipid 
hydroperoxides. Another property of choline is its 
positive charge. In choline deficiency, the reduction of 
choline in the membrane (Kapoor et al., 1992) may 

make the membrane relatively more negatively charged 
and possibly susceptible to free radical attack. Calcium 
has two positive charges. Calcium in moderate excess 
may attach itself to the membrane and presumably 
restore the positive charge. The addition of extra calcium 
to a CD diet prevents al1 the early CD-induced changes 
except the fat accumulation. This property of extra 
calcium is shared by strontium which has also two 
positive charges. 

Spin traps 

The role of spin traps on the prevention of free 
radical attack may be more straightforward. Spin traps 
are used for capturing and identifying free radicals. 
When rats were pretreated with spin traps like tNB and 
PBN before the CD diet was started, free radical 
formation, as measured by lipid peroxidation (Recknagel 
and Ghoshal, 1966a,b), was prevented. Pretreatment 
with spin trap agents prevented lipid peroxidation, DNA 
damage, PLA2 activation, and cell death but not the 
accumultion of triacylglycerols. 

Although there appears to be considerable evidence 
for the presence of free radicals in the livers of rats after 
CD exposure, the exact identity of the free radicals has 
yet to be determined. 

A hypothesis relating CD to carcinogenesis 

The ability of free radicals to attack and alter DNA 
has been shown by in vitro experiments (Slaga et al., 
1981; Emerit and Cerutti, 1982; Rajalakshmi et al., 
1982; Ames, 1983). It has been proposed that a diet 
devoid of choline without any added carcinogen initiates 
rat hepatocytes by free radicals generated in the nuclear 
membrane. As depicted in Figure 1, the temporal 
sequence of events could be: a) free radical generation, 
b) DNA damage, c) PLA2 activation, d) cell death, e) 
cell proliferation, f) initiation, and g) cancer. This 
suggested sequence for carcinogenesis with CD diet is 
modelled after a current hypothesis of liver cancer 
induction by chemical carcinogens Pig.  2) (Farber and 
Sarma, 1987). Although the involvement of free radicals 
in the initiation process of carcinogenesis is suggested 

Free radicals Altered DNA 
CD - Liver -) in the nuclei ' and membranes 

Cell proliferation - t 
lnitiation 

Cancer 

Fig. 1. Liver carcinogenesis with CD diet possible mechanism. 
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Fig. 2. Liver cancer induction (shown up to initiation) by chemical 
carcinogens. 

by a reasonable data base, the data to implicate free 
radicals in the promotion and progression phases of 
carcino-genesis are at best only possibilities. 

Cell death in choline deficiency and role of 
phospholipase A2 

Phospholipase A;! (PLA ) removes arachidonic acid 
from the second position o?glycerol of phospholipid of 
the membrane. The recent discovery that PLA2 
preferentially hydrolyzes peroxidized fatty acid esters in 
phospholipid membrane (Van Kujik et al., 1987) 
suggested the possible role of PLA2 as a protector of 
membrane lipids from the injury due to lipid 
peroxidation. 

Very recently a distinct role for PLA2 in liver cell 
death due to choline deficiency has been shown 
(Ghazarian et al., 1994). It has been demonstrated (Table 
1) that the induction of lipid peroxidation, DNA damage, 
excess of PLA2 enzyme activity and cell death in the rat 
liver with a CD diet can al1 be inhibited by pretreatrnent 
with spin trap tert-nitrosobutane (tNB) (Ghazarian, 
1993). When free radical generation and DNA damage is 
allowed to occur with the CD diet and then the increase 
in PLA2 activity is inhibited by PBx, an oligomer (n=6) 
of prostaglandin B, (Franson and Rosenthal, 1989). cell 
death is also prevented (Ghazarian, 1993). 

This suggests that even in the presence of excess free 
radicals and damaged DNA, PLA2 induction in the liver 
is playing a role in cell death due to CD. In other words 
CD diet induces a free radical increase which generates 
liver cell death through a chain reaction in which PLA2 
activity is in the downstream. 

How does exposure to a choline deficient diet result 
in excess free radicals? 

There are at least two general possibilities: 
(a) A CD diet may increase the rate of generation of 

free radicals such that their rate of production becomes 
more rapid than their rate of degradation or 
neutralization by the different antioxidant mechanisms in 
the living cell. 

(b) A CD diet may decrease the ability of the 
hepatocyte, especially the membranes of the cell, to 
handle and destroy lipid peroxides and other products of 

Table 3. Evidence for free radical activity in liver with choline deficiency. 
- - 

l. Lipid peroxidation in nuclei by 24 hours. 

2. Radicophile ADj (N-p-methoxyphenylacetyldehydroso-alanine) 
prevents lipid peroxidation. 

3. Free radical trapping agents, such as a-phenyl-tert-butylnitrone 
(PBN) and tert-nitrosobutane (tNB) ( ) prevent lipid peroxidation. 

4. Calcium and stronium (Goshal et al., 1987) prevent lipid peroxidation. 

5. Lipid peroxidation is followed in time, by DNA alteration and 
hapatocyte cell death and al1 of these effects are prevented by the 
above agents.. 

6. lnhibition of phospholipase 4 (PLA2) increase lipid peroxidation, 
that now appears also in microsomes 

7. Aldehydes appear in liver cells following lipid peroxidation as with 
other instantes of lipid peroxidation in the liver (e.g. see Esterbauer, 
1982) and these are prevented by PLA2 as well as by inhibiting lipid 
peroxidation. 

8. Radicophile AD5, PBN and tNB prevent not only lipid peroxidation 
but also DNA alterations and cell death even when administered after 
lipid peroxidation appears in the nuclei. 

free radical action. Under these conditions, the rate of 
degradation or neutralization of free radicals andlor their 
consequences become much less than the normal rate of 
generation. 

There is no readily evident mechanism for pursuing 
the first hypothesis. No data are known by these authors 
that could support such an hypothesis. 

There are, however, data which offer some support, 
consistent with the second hypothesis. The dietary 
exposure to a CD diet rapidly leads to major changes in 
the phospholipid composition of the hepatocyte 
membranes. These changes are of a considerable 
magnitude and could theoretically interfere with the 
ability of the cell to exert its antioxidant-anti-lipid 
peroxide repair systems. Although the evidence is by no 
means conclusive, it does offer an orientation that could 
be exploited for subjecting the hypothesis to increasingly 
rigorous critica1 experiments. The biological 
consequences of a choline deficiency are sufficiently 
important and impressive to warrant such an approach 

General comments 

1) Choline as a base of phospholipid lecithin is 
available abundantly throughout the vegetable and 
animal world with the possible exception of some parts 
of the world where malnutrition or where people are 
eating spoiled grains. Thus, it is most likely that choline 
deficiency in humans is quite uncomrnon. 

2) It should be realized that choline deficiency is not 
methyl deficiency. Although choline has 3 methyl 
groups, only one is donatable, after oxidation to betaine. 
Choline deficiency syndrome cannot be rectified fully 
and efficiently by methionine. 

3) One cannot consider choline deficiency and 
lipotrope (choline, methionine, B12 and folic acid) 
deficiencies as the same. The syndromes are quite 
different. 
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4) The occurrence of  cancer by eliminating one 
dietary component without the addition o f  any 
carcinogen is a unique animal model in which to study 
step by step not only liver carcinogenesis but also in 
vivo free radical generation and liver cell death without 
the interference of an xenobiotic. 
- - - - -- - 

Acknowledgements. We would like to express our sincere thanks to Lori 
Cutler for her excellent secretaria1 help. The work from this laboratory 
which has been presented in this article was supported in part by grants 
from the US Public Health S e ~ i c e  (CA 41547 and CA 21 157) and from 
the National Cancer lnstitute of canada, and the Medical Research 
Council of Canada. 

Ames B. (1983). Dietary carcinogens and anticarcinogens. Science 221, 
1256-1 264. 

Best C.H. and Huntsman M.E. (1932). The effects of components of 
lecithin upon deposition of fat in the liver. J. Physiol. 75, 405-412. 

Best C.H., Huntsman M.E. and Ridout J.H. (1935). The lipotropic effect 
of protein. Nature 135, 821-822. 

Buc-Calderon P., Prbat M., Ruysschaeri J.M. and Roberfroid M. (1987). 
Free radical modulation by N-substituted dehydroalanines, a new 
way to improve therapeutic activity of anticancer drugs. Cancer 
Treat. Rev. 14,379-382. 

Buc-Calderon P. and Roberfroid M. (1988). lnhibition of O2 and HO- 
rnediated processes by a new class of free radical scavengers, the 
N-acyldehydroalanines. Free Radical Res. Cornrn. 5, 159-168. 

Busby W.F. and Wogan G.N. (1984). Aflatoxins. In: Chemical 
Carcinogens. Searle C.E. (ed). ACS Monograph. Washington. 2, 
945-1 136. 

Emerit l. and Cerutti P.A. (1982). Tumor promoter phorbol-12- 
myridstate-13-acetate induces a clastogenic factor in human 
lymphocytes. Proc. Natl. Acad. Sci. USA 79,7509-7513. 

Engel R.W. (1943). The choline content of animal and plant products. J. 
Nutr. 25, 441-446. 

Esterbauer H. (1982). Aldehydic products of lipid peroxidation. In: Free 
radicals, lipid peroxidation and cancer. Mc Brien D.C.H. and Slater 
T.C. (eds). Academic Press. New York. pp 102-128. 

Farber E. and Sama D.S.R. (1987). Hepatocarcinogenesis: A dynamic 
cellular perspective. Lab. Invest. 56,4-22. 

Franson R.C. and Rosenthal M.D. (1989). Oligomers oí prostaglandin 
B, inhibit in vitro phospholipase A2 activity. Biochim. Biophys. Acta 
1006,272-277. 

Ghazarian D. (1993). Biochemical pathology of choline deficiency in the 
rat. Ph.D. thesis. University of Toronto. 

Ghazarian D., Ghoshal A.K. and Farber E. (1994). In vivo free radical 
generation in the rat liver by a choline devoid diet and its role in cell 
death in relation to phospholipase A,. Proc. Am. Assoc. Cancer Res. 
35,609. 

Ghoshal A.K. and Farber E. (1983). lnduction of liver cancer by a diet 
deficient in choline ad methionine (CMD). Proc. Am. Assoc. Cancer 
Res. 24,98. 

Ghoshal A.K. and Farber E. (1984). The induction of liver cancer by 
dietary deficiency of choline and methionine without added 
carcinogens. Carcinogenesis 5, 1367-1 370. 

Ghoshal A.K. and Farber E. (1993). Biology of disease. Choline 

deficiency, lipotrope deficiency and the development of liver disease 
including liver cancer: A new perspective. Lab. Invest. 68, 255-260. 

Ghoshal A.K., Ahluwalia M. and Farber E. (1983). Cell death in rats fed 
a choline-deficient methionine low diet. Am. J. Pathol. 113, 309-314. 

Ghoshal A.K., Rushmore T.H. and Farber E. (1987). lnitiation of 
carcinogenesis by a dietary deficiency of choline in the absence of 
added carcinogens. Cancer Letts. 289-296. 

Ghoshal A.K., Rushmore T.H., Buc-Calderon P., Roberfroid M. and 
Farber E. (1990). Prevention by free radical scavenger ADS of 
prooxidant effects of choline deficiency. Free Radical Biol. Med. 8, 
3-7. 

Hartrofi W.S. (1973). The liver-nutritional guardian of the body. In: The 
liver. Gall E.A. and Mostofi F.K. (eds). Williams and Wilkins Co. 
Baltimore. pp 131-149. 

Kapoor R.K., Ghoshal A.K. and Farber E. (1992). Changes in fatty acid 
cornposition of phospholipids from liver microsomes and nuclei in 
rats fed a cholinefree diet. Lipids 27, 144-146. 

Lombardi B., Pani P., Schlunk F. and Shi-Hua C. (1969). Labeling of 
liver and plasma lecithins afier lnjection of l-2l4C-2-dimethyl-amino- 
ethanol and 1%-L-methionine-methyl to choline deficient rats. Lipids 
4, 67-75. 

Mikol Y.B., Hoover K.L., Creasia D. and Poirier L.A. (1983). Hepato- 
carcinogenesis in rats fed methyl-deficient amino acid defined diets. 
Carcinogenesis 4, 161 9-1 629. 

Miyazawa T., Tamaguchi M., Lee J.H., Fujimoto K. and Kaneda T. 
(1984). Decomposition of lipid hydroperoxidd by choline and 
ethanolamine. Agr. Biol. Chem. 48, 1375-1377. 

Newbeme P.M., Carlton W.W. and Wogan G.N. (1964). Hepatomas in 
rats and hepatomal injury induced by peanut meal or aspergillus 
flavus extract. Pathol. Vet. 1, 105-132. 

Newberne P.M., DeCamargo L.V. and Clark A.J. (1982). Choline 
deficiency, pariial hepatectomy and liver tumors in rats and mice. 
Toxiwl. Pathol. 19, 95-109. 

Rajalakshmi S., Rao P.M. and Sarma D.S.R. (1982). Chernical 
carcinogens: lnteractions of carcinogens with nucleic acids. in: 
Cancer: A comprehensive reatise. Vol. 1. Becker F.F. (ed). Plenum 
Publishing. New York. pp 335-409. 

Recknagel R.O. and Ghoshal A.K. (1966a). Peroxidation as a vector in 
carbon tetrachloride hepatoxicity. Lab. Invest. 15, 132-148. 

Recknagel R.O. and Ghoshal A.K. (1966b). Quantitative estimation of 
peroxidative degeneration of rat liver microsomal and mitochondrial 
lipids after carbon tetrachloride poisoning. Exp. Mol. Pathol. 5, 413- 
426. 

Roomi M.W., Ho R.K., Sama D.S.R. and Farber E. (1985). A wmmon 
biochemical pattern in hepatocyte nodules generated in four 
different models in the rat. Cancer Res. 45,564-571. 

Rushmore T.H., Lim Y.P., Farber E. and Ghoshal A.K. (1984). Rapid 
lipid peroxidation in the nuclear fraction of rat liver induced by a diet 
deficient in choline and methionine. Cancer Letts. 24, 251 -255. 

Rushmore T.H., Farber E., Ghoshal A.K. Paraodi S., Pala M. and 
Taningher M.A. (1986). A cholinedevoid diet, carcinogenic in the 
rat, induces DNA damage and repair. Carcinogenesis 7, 1677-1680. 

Rushmore T.H., Ghazarian D.M., Subrahmanyan V., Farber E. and 
Ghoshal A.K. (1987). Probable free radical effects on rat liver nuclei 
during early hepatocarcinogenesis with a choline-devoid low 
methionine diet. Cancer Res. 47,6731-6740. 

Sidransky H., Garett C.T., Muríy C.N., Vemey B. and Robinson E.S. 
(1985). lnfluence of dietary tryptophan on the induction of y-glutamyl 
transpeptidase-positive foci in the livers of rats treated with 



A new look at choline deficíency 

hepatocarcinogens. Cancer Res. 45,4844-4847. 
Slaga T.J., Klein-Szanto A.J.P., Triplett L.L., Yotti L.P. and Trosko 

J.E. (1981). Skin tumor-promoting activity of benzoyl peroxide, a 
widely used free radical-generating compound. Science 213, 1023- 
1025. 

Van Kujik F.J.G.M., Sevanian A., Handelman G.J. and Dratz E.A. 
(1987). A new role for phospholipase 4: protection of membranes 
from lipid peroxidation damage. TlBS 12, 31-34. 

Viehe H.G., Janousek Z., Merenyi R. and Stella L. (1985). The 
captodative efiect. Acc. Chem. Res. 18, 148-1 54. 

Yokoyama S., Sells M.A., Reddy T.V. and Lombardi B. (1985). 
Hepatocarcinogenesis and promoting action of a choline-devoid diet 
in the rat. Cancer Res. 45,2834-2842. 

Young R.J., Lucas C.C., Patterson J.M. and Best C.H. (1956). Lipotropic 
dose response studies in rats: comparisons of choline, betaine and 
methionine. Can. J. Biochem. 34,713-720. 


