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Liver fat accumulation has been reported 
in rats made deficient in tryptophan(l), 
phenylalanine ( 2 ) , histidine and threonine (3  ) 
and methionine (4). 

A recent study from our laboratory(5) 
demonstrated that isoleucine-deficient rats 
also developed fatty livers resulting exclu- 
sively from an accumulation of triglycerides. 
Investigations into possible reasons for the 
excessive triglyceride deposition indicated that 
an appreciable amount of the fat must have 
risen from increased hepatic fatty acid 
synthesis. 

Fatty liver in rats made deficient in a single 
essential amino acid seems, therefore, to be 
a frequent occurrence. Since the condition 
may arise by a change in one or more of a 
number of processes involving synthesis of, 
mobilization to and from, and utilization of 
the liver fatty acids, an experiment was con- 
ducted to see whether a deficiency of another 
essential amino acid (methionine) would 
affect liver lipid metabolism as had isoleu- 
cine deficiency. 

Materials and methods. Because it had 
been reported previously( 6) that fatty liver 
developed only in methionine-deficient adult 
female rats, but not males, both male and 
female Long-Evans rats were used in the 
following experiments. 

Average weight of the females a t  the be- 

* This investigation was supported in part by 
USPHS Grant-in-Aid H-6480. 

ginning of the experiment was 160 g and 
that of the males 180 g. A complete diet( 5) 
containing purified amino acids in the pro- 
portion and amount necessary to approximate 
18% of casein was fed to control groups of 
both sexes. Methionine was omitted from 
the amino acid mix in the experimental 
groups. Both control and deficient groups 
were force-fed (in 2 separate feedings) about 
10 g of diet daily for 10 days. During that 
time, control rats gained weight, whereas de- 
ficient animals lost weight. By the end of 
the experimental period, most of the deficient 
animals also exhibited unkempt fur, hyper- 
irritability and porphyrin staining about the 
whiskers and forepaws. On the eleventh day, 
rats of each group were fed 5 g of their 
respective diets. Two hours later they were 
decapitated, and blood was collected and al- 
lowed to clot. Serum was then extracted with 
alcohol: ether ( 3  : 1 v/v) (7),  and total choles- 
terol (8) and phospholipid (9) were deter- 
mined. 

Livers were removed and weighed. About 
500 mg of slices, 0.5 mm thick, were incu- 
bated with 0.3 pc of sodium ~ c e t a t e - 2 - C ~ ~  
for 3 hours a t  37°C in 4.5 ml of Krebs- 
Ringer bicarbonate buffer (pH 7.3). Gas 
phase was 95% O2 and 5 %  COa. Following 
incubation, the slices were thoroughly washed, 
saponified with KOH, acidified and extracted 
into chloroform. An aliquot of the extract 
was plated and counted in a gas-flow counter 
(10). A part of the unincubated liver was 
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TABLE I. Body and Liver Weights of Control and Methionhe-Deficient Rats, and Triglyceride, Phos- 
pholipid, Oholesterol, Glycogen and Nitrogen Contemts of the Livers.* 

c Liver \ 

Diet rate wt (g) wt (g) (mg/g) \ 

Phospho- 
NO. Body Liver Triglyceride lipid t Clholwterol Glycogen Nitrogm 

Female 
Control 5 172 -+ 5 $  5.7 k .1 12.0 k 4.0 29.2 .5 2.3’5 & .04 23.6 & 2.0 29.6 2 1.4 
Withoutmethio- 7 150 & 2 5.8 2 .2 38.1 f 7.7 29.5 k .5 2.74 & .03 12.4 k 3.2 30.3 k .8 

Male 
nine 

Control 5 191 k 5 5.9 2 .1 8.3 f 1.8 31.7 k 1 . 5  2.65 .04 22.1 & 6.0 30.6 e 1.4 
Without methio- 6 166 & 2 5.3 +. .1 24.3 k10.2  29.8 & .8 3.32 k .31 13.8 2 2.7 32.9 k 1.8 

nine 

Values expressed as wet weight of liver. t Phosphorus X 25. 3 Mean f standard error. 

extracted as described by Okey et aE( 11). 
The solvents were evaprated in vacuo, and 
reextracted into petroleum ether. Triglycer- 
ides and phospholipids were separated on 
silicic acid columns ( 12), and their fatty acid 
composition was determined by gas-liquid 
chromatography following methylation of the 
fatty acids( 13). Nitrogen was determined by 
semi-micro Kjeldahl on a portion of the whole 
liver after digestion with sulfuric acid. Gly- 
cogen was determined by the method de- 
scribed by Colowick and Kaplan( 14). Com- 
parison of the results for statistical signifi- 
cance was by “t” test( 15). 

Results and discussion. Table I shows some 
liver constituents determined in both female 
and male rats. Methionine-deficient female 
rats had significantly more liver triglyceride 
(P<0.02) than did their controls. In male 
rats, however, although average liver tri- 
glyceride concentration was nearly 3 times 
that of the controls, the wide variation among 
animals negated any statistical significance 

(P>O.l). The other major component af- 
fected by methionine deficiency was liver 
glycogen. In animals of both sexes fed the 
deficient diet, glycogen was reduced to about 
one-half that of control levels. On the other 
hand, liver phospholipid, cholesterol and ni- 
trogen were unaffected in either sex by the 
amino acid deficiency. 

Total liver lipid in methionine-deficient 
female rats was also significantly higher 
(P<O.OS) than in the controls, whereas 
again, because of range of variability, no 
differences appeared in the male animals 
(Table 11). Although female rats incorpor- 
ated significantly more acetate into their liver 
lipids than did males (P <OD1 ) , methionine 
deficiency had no significant effect on acetate 
incorporation in either sex. The tendency for 
the deficient rats to incorporate less label 
into their lipids than did the controls most 
likely reflected dilution of the isotope by the 
large quantity of liver lipid already present. 
It is possible, however, that incorporation 

TABLE 11. In vitro A ~ e t a t e - 2 - C ~ ~  Incorporation into Lipids of Liver Slices from Control and 
Methionine-Deficient Rats.* 

Acetate incoi-po.ration 
Total liver lipid 

Diet No. rats (mg/g) ( cpm/g) (cpm/mg fa t )  
Female 

Control 5 40.2 2 3.3t 4908 2 1200 124 2 36 
Without methionine 7 67.2 5 8.0 2368 2 525 35 2 7 

Male 
Uontrd 5 36.2 f 1.7 1156 & 147 32 2 9 
Without methisnine 6 54.3 f 9.9 870 k 259 1 6  +- 5 

~ ~~~~ 

* Values expressed as wet weight of liver. t Mean standard error. 
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TABLE 111. Triglyceride Fat ty  Acids from Livers of Control and Methionine-Deficient Rats. 

No. Fat ty  acids (wt %) -- \ 

Diet rats (14:0)* (16:O) (16: l )  (18:O) (18:l) (18:2) (20:4) 

Female 
Con t r  ol 5 1.3 2 .3t 30.3 2 .7 2.0 -t. .3 3.6 .2 1 8 . 8 2  .5 36.7 ? .7 7.6 ? 1.9 
Withvutmeth- 6 .G k $ 23.9 2 .9 .7 3.5 .1 15.0 k .5 45.3 2 .7 8.6 2 1.2 

Male 
Con t r ol 5 1.0 2 26.9 5 .8 1.7 2 .2 2.9 2 .2 18.5 k .9 40.6 2 .2 6.3 & 1.1 
Wjth?utmeth- 6 6.7 2 22.0 21.1 .8 -t. .1 3.8 t 17.9 2 .9 45.9 21.4 6.2 2 .9 

iomne 

ionine 
~- 

* No. of carbons : double bonds. Some fatty acids, below C,,, have been omitted from table, 
t Mean 5 standard error. 
$ Standard errors below 0.1% were omitted. 

may have actually been depressed in these 
animals, especially in the deficient female 
rats. 

Table I11 shows the fatty acid patterns of 
liver triglyceride in the 4 groups of animals. 
A significantly higher proportion of linoleic 
acid (P<O.Ol) and a lower percentage of 
palmitic acid (P<O.Ol) were evident in the 
methionine-deficient females, as compared 
with the controls. Methionine-deficient male 
rats also had a higher percentage of linoleic 
acid than did the controls (P<O.O5), sug- 
gesting that they may not be entirely pro- 
tected from the triglyceride accumulation 
that occurs in the female animals. 

Table IV shows the results of cholesterol 
and phospholipid analyses of the serum. 
Methimine deficiency significantly reduced 
cholesterol (P< 0.01 ) and phospholipid (P 
<0.02) concentrations in the serum of fe- 
male rats as compared with control sera. 
However, these same serum lipids were un- 

TABLE IV. Serum Cholesterol and PhosphoGpid 
in Control and Methionine-Deficient Rats. 

Total 
No. of cholesterol Phospholipid* 

Diet rats (mg/1010 nil) (mg/10'0 ml) 

Female 
Control 5 7 3 + 4 t  1 4 6 2  5 
Without meth- G 52 2 4 94 2 1 5  

ionine 
Male 

Con t r ol 5 73 * 5 120 5 5 
Without meth- 6 68 k 4 1245 f 6 

ionine 

affected by methionine deficiency in the male 
rats. 

This study has confirmed the report(6) 
that a sex difference exists in the relative 
susceptibility of methionine-deficient rats to 
accumulate liver fat. Moreover, the experi- 
ment demonstrated that important differences 
occur in the metabolism of hepatic fat by 
methionine-deficient rats as compared with 
isoleucine-deficient animals. 

The principal effects of isoleucine deficiency 
on liver lipid metabolism in the rat in com- 
parison with control animals are: (a) a 
higher rate of acetate incorporation into tri- 
glycerides of liver slices; (b) a lower per- 
centage of linoleic acid and a higher propor- 
tion of palmitic acid in the accumulated tri- 
glycerides; and (c) nearly twice as much 
liver glycogen( 5 )  In contrast, methionine- 
deficient female rats showed no increased 
acetate incorporation into the lipid. Fur- 
thermore, the proportion of linoleic acid in 
the accumulated triglycerides was increased 
significantly above that of control rats. An 
increase in percentage of linoleic acid prob- 
ably occurred as the result of an accumula- 
tion of the dietary fat+ or of fatty acids 
mobilized from adipose tissue. Selective re- 
tentioa of linoleic acid by the liver lipids 
could, perhaps, occur, but to our knowledge, 
no such selectivity has ever been demon- 
strated. In addition to the differences in 
fatty acid metabolism in isoleucine and meth- 
ionine deficiencies, liver glycogen in methio- 

* mg/100 ml phofiptphorus X 25. 
t Mean -I standard error. 

~~ 

t The diet contained 10% of cottonseed 03 with a 
linoleic acid contenst of aboult 52 %. 
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nine-deficient rats was only about half that 
of control animals, whereas in isoleucine-de- 
ficient rats i t  was higher that in the controls. 
At the present time, the significance of the 
glycogen levels in the livers of these animals 
is not known. However, the higher glycogen 
concentration in isoleucine-deficient animals 
could conceivably be related to the increased 
fatty acid synthesis that these animals appear 
to show (5) .  

Therefore, the results from methionine-de- 
ficient female rats differ principally from 
those oi the isoleucine-deficient animals in 
that they provide no evidence for increased 
hepatic fatty acid synthesis. On the other 
hand, serum lipids in isoleucine-deficient rats 
did not differ from those in the controls, 
whereas in methionine-deficient female rats, 
they were reduced significantly below con- 
trol concentrations. This suggests that a 
principal cause of the triglyceride deposition 
in these animals may be a decreased ability 
to transport the lipid from the liver to the 
blood. Such a mechanism has been proposed 
(16) to explain the liver triglyceride accumu- 
lation( 17,18) and lowered plasma lipid con- 
centrations( 19,20) seen in female rats treated 
with ethionine, the ethyl analogue of 
methionine. 

Summary. Male and female rats were made 
deficient in methionine by force-feeding a 
methionine-free diet for 10 days. Female, but 
not male rats developed fatty livers, evi- 
denced by an increase solely in triglycerides. 
There was no evidence of increased fatty 
acid synthesis by the deficient animals, as 
estimated by a ~ e t a t e - 2 - C ~ ~  incorporation 
studies, or by dilution od the triglyceride 
linoleic acid. Deficient female rats, however, 
had significantly lower serum cholesterol and 
phospholipid levels than did controls. The 
results suggest that methionine-deficient fe- 
male rats developed fatty livers principally 

because of impaired transport of lipid from 
liver to the blood. 

The authors wish to express their appreciation to 
Dr. J,oian Tin'oco for the %rum cholesterol and phos- 
pholipid determinations. 
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