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ABSTRACT Rats were fed a low protein diet deficient in
and supplemented with lysine and threonine. Liver lipids
contained more lecithin, sphingomyelin, and free fatty acids,
and less amino phospholipids in the deficient rats. No varia-
tions in fatty acid composition of choline- and ethanolamine-
containing phospholipids were found; only palmitic acid was
increased in the serine-containing phospholipids of the de-
ficient animals. The incorporation of acetate-'4C into phospho-
lipids, but not into other liver lipids, was lower in deficient
rats.

In the plasma of deficient rats the concentration of esterified
fatty acids and phospholipids was lower, of free fatty acids
higher, than in the controls. The fatty acid composition of
depot fat differed from that of liver neutral fat both in de-
ficient and supplemented animals.

The results presented establish that multiple metabolic
defects resulting from lysine and threonine deficiency accom-
pany the fatty liver. The design of the experiments does not
permit conclusions to be drawn regarding the causal relation-
ship between the various alterations in lipid metabolism and the
fatty liver.

KEY WORDS amino acid deficiency - fatty - liver
phospholipids metabolism composition adipose
tissue - depot fat plasma lipids - rat

GROWING RATS fed low protein diets deficient in
essential amino acids exhibit liver lipid infiltration of
the periportal type when fed these diets either ad lib.
(1-3) or by force feeding (4, 5). Little is known about
this type of lipid infiltration, although it is possible that
inadequate protein synthesis in the deficiency state may
cause fundamental damage to the enzyme systems related
to lipid metabolism and simultaneously lead to an in-
creased content of lipids in liver cells.

Abbreviations: FFA, free fatty acids; EGP and SGP, ethanol-
amine and serine glycerophosphatides respectively.

The aim of the present investigation is to investigate the
fatty liver induced by a diet deficient in lysine and thre-
onine in regard to (a) the distribution of lipid among the
various lipid classes (with particular reference to the phos-
pholipids) of liver, (b) the fatty acid composition of these
lipid classes, and (¢) certain alterations of lipid me-
tabolism that accompany the fatty infiltration of the liver.

METHODS

Animals and Diets. Weanling male rats of the Wistar
strain weighing 44 = 2 g, from our inbred colony, were
divided into two groups. One group was fed on a low
protein rice diet deficient in lysine and threonine. The
other group received the same diet but with lysine and
threonine supplementation. The composition of the diets,
which were isonitrogenous, is reported in a previous
paper (3). The degree of supplementation with the
limiting essential amino acids was that recommended
by Rosenberg, Culik, and Eckert (6) to obtain both bet-
ter growth and a physiological level of liver lipids.
The dietary fat contained a high level of linoleic acid
and a small quantity of unsaturated fatty acids of the
linolenic acid family; arachidonic acid was absent. At
the end of the experimental period of 6 weeks, analyses
of liver, plasma, and depot fats were made, and in vivo
studies were made on the incorporation of acetate-1C
into the fatty acids of liver neutral fat and liver phospho-
lipids.

Liver Lipid Studies

Analytical Determinations. Rats from both the amino
acid-deficient and control groups were killed by de-
capitation. The livers were excised and pooled in groups
of three, and the total lipids from each pool were ex-
tracted and purified according to Folch, Lees, and
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Sloane Stanley (7). The yield of purified lipid was de-
termined by weighing. Aliquots of the total lipid ex-
tracts were then analyzed for proteolipid protein ac-
cording to Davenport (8), and for total and free choles-
terol according to Sperry and Webb (9). Neutral lipids
were separated by a batch silicic acid procedure (10).
Determination of phosphorus (11) demonstrated the
complete separation of phospholipids from neutral fat;
the recovery of phospholipids was practically complete.
Aliquots of the separated phospholipids were assayed
for aminonitrogen phospholipids (12, 13), plasmalogens
(14), and alkali-labile and alkali-stable phospholipids
(15). The total phospholipids were separated on alumina
columns into three fractions: choline-containing phos-
pholipids, ethanolamine-containing phospholipids, and
serine-containing phospholipids, by a combination of the
methods of Long and Staples (16) and of Long, Shapiro,
and Staples (17). The alumina column procedure was
used since it produced a reproducible and rapid method
of separation of phospholipid classes with little destruc-
tion of lipid. The yield of each class was estimated by
determination of lipid phosphorus. The nitrogen base
composition of the three fractions was checked by
paper chromatography of the acid hydrolysate (18).
The first fraction contained only choline, the second
only ethanolamine, and the third only serine.

Preliminary experiments indicated that the second
fraction contained about 909, of the plasmalogen con-
tent, in accordance with the general distribution found
for plasmalogens in most tissues (19), although the plas-
malogen content of liver is very low both as a total
amount and as a percentage of the phospholipids.

Free fatty acids (FFA) were extracted from a petroleum
ether solution of the neutral fat fraction with 0.05 ~
aqueous KOH, and the alkaline extract was reextracted
with petroleum ether after acidification (20).

Aliquots of total lipids, of phospholipids, and of the
individual phospholipid fractions were saponified in
methanolic KOH and in each case the amount of total
fatty acids was determined by titration (21), as was the
amount of free fatty acids obtained by the extraction
procedure described above.

Fatty acids obtained by saponification were esterified
by refluxing in dry methanolic HCl (22). In addition
fatty acid methyl esters were prepared by methanolysis
of total phospholipids and the individual phospholipid
classes (23). The methyl esters were analyzed by gas-
liquid chromatography on a Beckman GC-2A apparatus
equipped with a thermal conductivity detector. A column
of 209, diethylene glycol succinate polyester on Chromo-
sorb W was used at 212°C. Helium was the carrier gas
with an inlet pressure of 27 psi. Peaks were identified and
quantitatively determined as previously described (3).

Incorporation of Acetate-'*C In Vivo. Twenty rats, 10
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of each group, were injected intraperitoneally with 20
uc per 100 g body weight of sodium acetate-1-1#C (spe-
cific activity 373 mc/mmole). After 3 hr (2) the animals
were killed by decapitation, and the livers were removed;
total lipids were extracted, and neutral lipids were
separated from phospholipids as described above. Fatty
acids of neutral fat and phospholipids were prepared
(10) and determined by titration (21). Fatty acids ob-
tained from each fraction (neutral fat and phospholipids)
were dissolved in chloroform to give the same amount of
fatty acid per unit volume of solution, and a constant
volume of each solution was assayed for radioactivity.
Samples were mounted on aluminum planchets and
dried under an infrared lamp, and their radioactivity
was counted at infinite thinness with a windowless
gas flow counter (Tracerlab Inc., Boston, Mass.).

Plasma Lipid Studies

Analytical  Determinations. After 6 weeks of experi-
mental feeding, 12 animals each from the control and
amino acid deficient group were starved for 10 hr. The
rats were then lightly anesthetized with ether, their
abdomens opened, and samples of blood collected from
the abdominal aorta with a syringe and transferred to
heparinized tubes. The tubes were cooled and centri-
fuged at 4°C. Samples of plasma were analyzed for
FFA according to Dole (21), lipids were extracted ac-
cording to Robinson and Harris (24), and determination
of lipid phosphorus (11) and fatty acid esters (25) made.

Adipose Tissue Studies

Perirenal adipose tissue was removed from rats of
both groups. The lipids were saponified and the fatty
acid methyl esters were prepared and analyzed as
described above.

Statistical analyses of the experimental data were
carried out by the “#” test; values of P < 0.05 were con-
sidered to be significant.

RESULTS

Liver Lipid Studies

Analytical Determinations. Table 1 shows the response
of liver lipid to a diet deficient in lysine and threonine.
From the data presented it is clear that the excess lipids in
the fatty livers consisted primarily of neutral lipid, there
being an increase both of glycerides and, to a smaller
extent, of cholesterol esters, as previously observed (3).
FFA were also elevated (P < 0.01). The amount of total
phospholipids, of proteolipid protein, and of plasmalogens
was not changed; nevertheless there was a significant
change in the relative proportions of the various phos-
pholipid classes in the deficient animals by comparison
with the supplemented ones.
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TABLE 1 ErrecT OF LvsSINE AND THREONINE DEFICIENCY
oN Liver Lirips oF RaTs AT 6 WEEKS FROM WEANING

Supplemented Deficient
mg/g

Total lipids 51.8 4 4.7 (8) 116.0 == 24.6(8)*
Phospholipids 343 =19 (8) 35.7 £ 2.9(7)
Neutral fat 17.4 =48 (8) 73.6 x14.9(7)*
Total cholesterol 2.4 £0.3 (7) 4.7 £ 0.6 (7)*
Free cholesterol 1.4 0.3 (7) 1.6 & 0.3(7)
Proteolipids 2.10 £ 0.1 (8) 2.25 & 0.2(8)
Plasmalogen 0.44 £ 0.2 (5) 0.54 &= 0.2(5)
Alkali-stable phospho-

lipids 68 £ 0.17 (5) 3.01 & 0.1(5)*
Alkali-labile phospho-

lipids 29.6 £2.7 (5) 32.8 = 2.3(5)
Sphingomyelin} 1.24 £ 0.17 (5) 2.40 & 0.2 (5)*

Phospholipids con-
taining free amino-

nitrogen§ 12.6 =0.4 (4) 10.8 + 0.8 (4)*

neq/g

Free fatty acids 2.8 0.4 8.3 & 2.0(5)*

Values are means =sp; number of determinations in paren-
theses.

* Significant difference from control (£ < 0.01).
( t Proteolipid protein determined according to Davenport
8).
1 Calculated: milligrams of alkali-stable phospholipids minus
milligrams of plasmalogens.

§ umoles of free amino nitrogen X 0.750.

Although the total amount of phosphoglycerides (as
represented by the total alkali-labile phospholipids),
appears to be similar in the two groups, phospholipids
containing free amino-nitrogen were significantly de-
creased (P < 0.01) in deficient animals. By difference an
increase in the lecithin fraction, and (or) of other ninhy-
drin-negative phospholipids may be deduced.

The alkali-stable phospholipids were increased in
deficient animals (P < 0.01), although the plasmalogen
content was constant. By subtraction of the plasmalogen
content from alkali-stable phospholipids a reliable meas-
ure of sphingomyelin can be obtained (26). Hence it is
apparent that sphingomyelin was present in higher
concentration in the livers of deficient animals (P <
0.01).

This modified distribution of lipid among the various
phospholipid classes is also evident from the results of
chromatography on alumina columns (Table 2). The
recovery of P after the chromatographic separation was
85-959%,. The choline-containing fraction increased sig-
nificantly in the deficient animals (P < 0.05), while
fractions containing ethanolamine and serine glycero-
phosphatides (EGP, SGP) did not change. Table 2 also
shows the calculated values of phosphatidyl choline,
sphingomyelin, phosphatidyl ethanolamine, and nitrogen-
free phospholipids. These values indicate an increase of
lecithin and of sphingomyelin in deficient animals.

The indirect values for nitrogen-free phospholipids

(inositides + cardiolipin + phosphatidic acids), cal-
culated from total alkali-labile phosphoglycerides minus
lecithin minus amino phospholipid, suggest an increase
of this fraction in deficient animals.

In Table 3 the fatty acid composition of total phospho-
lipids and of the three fractions isolated by separation
on alumina columns is reported. The fatty acid com-
position of phospholipids obtained with the silicic acid
procedure is similar to that of phospholipids obtained
with acetone precipitation (3). In both cases the level
of 22:6 is lower in deficient rats (P < 0.01).

Choline- and ethanolamine-containing phospholipids
did not change in fatty acid composition with the de-
ficiency, but in SGP the percentage of palmitic acid in-
creased. The data show, as do other chromatographic
techniques (27, 28), that in general palmitic acid is
much higher, 22:6 lower, in lecithin than in cephalins.
The decrease of 22:6 in total phospholipids from de-
ficient animals appears, then, to arise primarily from the
increase in ratio of lecithin to cephalins in the over-all
phosphalipid pattern.

In Vive Incorporation of Acetate-*C. The effect of lysine
and threonine deficiency on incorporation of acetate-**C
into liver lipid in vivo is shown in Table 4. The total
incorporation of radioactivity into fatty acids of neutral
lipid (glycerides, free fatty acids, and cholesterol esters)
and of phospholipids was measured. The net incorpora-

TABLE 2 Errect oF DieTs DEFICIENT IN AND SUPPLEMENTED
wiITH LvsSINE AND THREONINE oN LivErR PHOSPHOLIPID

FracrIONS
Supplemented Deficient
mg/g liver

Total phospholipids 348+1.6 36.0+2.2
Choline-containing fraction® 19.6 £ 0.7 22.9 = 1.2}
Ethanolamine glycerophosphatides

(EGP)*} 13.9+1.2 13.0£0.5
Serine glycerophosphatides (SGP)* 0.5 0.0 0.5 £0.2
Sphingomyelin§ 1.2 2.4
Lecithinl|| 18.3 20.5
Phosphatidyl ethanolamine§ 12.0 10.2
Nitrogen-free phospholipids** 1.7 2.8
Lecithin/phosphatidyl ethanolamine 1.5 2.0

* Mean values for three samples of phospholipids (each sample
obtained from a pool of three livers). Values calculated from
percentage of lipid P recovered from alumina columns.

t Significant difference (P < 0.05).

} Plasmalogens are mainly in this fraction.

§ Alkali-stable phospholipids minus plasmalogens {data from
Table 1).

|l Choline-containing fraction minus sphingomyelin.

§ Tentative data calculated by means of the formula: mean
values of free amino-nitrogen phospholipids (Table 1) minus
mean values of SGP (Table 2).

** These data are only tentative, calculated by the formula:
(mean values of EGP -+ mean values of SGP) — (mean values of
phospholipids containing free amino-nitrogen).

Viviany, Sechi, AND LENaz  Lipid Melabolism in Portal Fatty Liver 475

2T0Z ‘0z aunr uo ‘1sanb Aq 610 J"mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 3 Farry Acip CoMPOSITION oF TOTAL PHOSPHOLIPIDS AND OF INDIVIDUAL PHOsPHOLIPID FrRACTIONS FROM LIVERS OF RATS
Fep DIETs DEFICIENT IN AND SUPPLEMENTED WITH LYSINE AND THREONINE

Total Phospholipids Choline-Containing Fraction Ethanolamine Glycerophosphatides  Serine Glycerophosphatides

Fatty Acid S D S D S D S D
wt Yp calculated from peak areas

14:0 0.2 0.2 0.2 0.4 0.2 0.3 1.0 1.0
16:0 24.1 26.8 30.8 30.6 16.8 18.6 13.9 19.5*
16:1 1.9 1.5 2.8 2.2 1.9 1.5 2.5 3.8
18:0 21.6 22.5 16.2 16.7 25.6 25.7 20.5 23.0
18:1 6.8 7.7 8.3 8.6 5.9 6.4 10.0 11.9
18:2 11.3 12.0 11.4 10.1 11.5 11.3 8.2 8.4
20:3 1.0 0.8 1.1 tr. 1.8 0.7 0.6 tr.
20:4 16.2 14.7 16.8 17.6 17.0 16.6 16.1 13.8
20:5 0.6 0.6 1.0 0.7 0.8 0.7 1.1 0.9
22:5 1.3 1.4 0.7 0.7 1.9 1.4 1.9 tr.
22:6 14.7 11.4¢% 11.0 12.7 16.5 16.6 20.5 16.3

S, supplemented; D, deficient.
SGP, and choline~containing phospholipids).

* Significant difference, P < 0.05.

t Significant difference, P < 0.01.

TABLE 4 INCORPORATION OF ACETATE-UC INTO FaTTY

Acips oF NEUTRAL FAT AND PHospyoLIPIDS IN LIVER OF

RAaTs FEp DIETS DEFICIENT IN AND SUPPLEMENTED WITH
LysiNE AND THREONINE

Values are the means of data from five preparations (total phospholipids), or four preparations (EGP,

Depot Fat Studies

In Table 6 are recorded the fatty acid composi-
tions of dietary and of depot fat and of liver neutral
fats in the two groups of animals. Also shown is the

Supplemented Deficient o o S i
composition of the lipids accumulated in the liver, cal-
E?dy weight, ¢ 159.7 121 77.7+ 3.3 culated according to Horning, Williams, Maling, and
tver Wtflght’ ¢ 57+ 01 2.6% 04 Brodie (30). The fatty acid composition of the perirenal
FatCty acids of l/“’clr neutral fat 424 40 49.4 4 17.0% adipose tissue fat was the same in both groups of ani-
ontent, mg/g liver . . . . . ser :

Specific activity, ¢pm/mg 1990 1 + 45 8 689 + 14 0 mals. 'The fat-ty acid composition of 'hvcr neu.tral fat
“Total activity”t X 1073 97+ 31 11.3+ 3.5 was different in the two groups: besides the increase
Fatty acids of liver phospho- of 18:2 in deficient rats previously described (3), there
lipids was also a decrease of 16:0. The calculated fatty acid
(S30nteﬁnt, mg/g liver y 3;88 j: 5:122 13‘;% i 2;3* composition of the fat accumulated in the liver in this

pecific activity, ¢pm/mg . . . . . T . - . .
“Total activity”t X 10-3 146+ 41 3.7+ 1.02% deficiency state indicates that it is not derived directly

* Significant difference, P < 0.01.
+ Specific activity X fatty acids/total liver

Body weight/100

tion of labeled acetate into the fatty acids of neutral fat
was unchanged in the livers of the deficient animals.
However, there was a pronounced decrease in incorpora-
tion of *C into phospholipid fatty acids in the deficient
rats (P < 0.01).

Plasma Lipid Studies

Analytical Determinations. After 6 weeks of dietary
treatment, the plasma from the blood of abdominal
aorta contained more FFA (P < 0.01) in deficient ani-

from depot fat. The reliability of this calculation in
long-term experiments of this kind has, however, yet
to be established. If we consider linoleic acid as a
reference physiological tracer (30), it appears that in
the neutral fat of the normal livers its percentage is the
same as in depot fat; however, the percentage of 18:2
in the accumulated fat (259%,) is different both from the
percentage in dietary fat (379%) and in depot fat (17%).
The mechanism by which 18:2 is increased in liver
neutral fat is undoubtedly complex, and although it

TABLE 5 Errect oF LysiINE AND THREONINE DEFICIENCY
oN Prasma Lirips oF RaTs

P for
mals (Table 5). On the other hand there was a statisti- Supplemented Deficient difference
cally significant decrease of esterified fatty acids (P < mg/ 100 mi plasma
0.01) and of total phospholipids (P < 0.05) in the plasma  rraA 1014+ 1.3 1344 1.9 <0.01
of deficient animals. Total plasma cholesterol has also  Esterified fatty acids 190.3 & 24.2  149.0 £ 38.7  <0.01

Phospholipids 131.1 £16.7 105.7 = 8.4 <0.05

been found to decrease in the deficiency state (29).
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TABLE 6 Farry Acip ComposiTION OF DIETARY Lirips,
PeErIRENAL ApIpose Tissue Lipips, anp Liver NEUTRAL
Fat N DEFICIENT AND CONTROL RATS

Accumu-

Liver Neutral Fat lated
Fatty Dietary  Perirenal _— Fat (Cal-
Acid Lipids Lipids* S D culated) {

wt Y calculated from peak areas

14:0 1.3 2.2 0.9 1.1 1.1
16:0 10.1 32.9 31.9 25.9 24.0
16:1 4.4 9.7 5.7 5.7 5.8
18:0 2.5 4.0 5.7 6.7 7.0
18:1 33.7 32.1 30.9 30.8 30.7
18:2 37.9 17.3 17.7 23.2 24.9
20:1 3.6 1.3 1.9 1.2 —_
20:3 1.3 — 0.5 0.3 —
20:4 — — 2.8 2.6 —
20:5 3.0 — 0.3 1.5 1.8
22:6 1.5 — 3.3 2.9 —

* Mean of both groups of rats (deficient and supplemented).
t=A.B — C . Din which A = total fatty acid content of
A~-D
neutral fat from deficient rats (73.6 mg/g liver); B = fatty acid as
percentage of total fatty acids in liver neutral fat from deficient
rats; C = farty acid as percentage of total fatty acids in liver
neutral fat from supplemented rats; and D = total fatty acid
content of neutral fat from supplemented rats (17.4 mg/g liver).

appears from these findings that the diet is a conspicuous
source of accumulated fat, these data must be inter-
preted with caution.

DISCUSSION

Metabolic defects that singly or in combination might
account for the pathogenesis of fatty liver are (a) in-
creased triglyceride synthesis in the liver; (b) decreased
fatty acid oxidation in the liver; (¢) increased uptake by
the liver of arterial blood lipids (chylomicrons and
FFA); (d) decreased secretion of lipoproteins from liver
into the blood stream.

In the case of fatty liver induced in growing rats fed a
lysine- and threonine-deficient diet, the studies presented
in this paper do not indicate a single metabolic lesion, but
rather the sum of a number of effects. The most note-
worthy alterations found in rats after 6 weeks on a lysine-
and threonine-deficient diet are (a) an increase of FFA
in the blood and in the liver; () a decrease of blood
lipids of hepatic origin (esterified fatty acids and phospho-
lipids) ; (¢) a modification of the distribution of liver phos-
pholipid among the various phospholipid fractions,
which might be taken as an expression of an alteration in
the relative rates of metabolism of lecithin, cephalins, and
sphingomyelin; (d) an altered incorporation of acetate-
1C into the fatty acids of liver phospholipid while acetate
incorporation into the fatty acids of neutral fat was un-
changed.

These observations do not exclude the possibility that
the mechanism of steatosis involves an impairment of
liver lipid oxidation. Indeed there are indications that
protein deficiency (31-33) and threonine deficiency (34)
can damage oxidation processes in the rat liver. Neverthe-
less, other work (35-37) indicates that this mechanism
alone cannot account for the development of fatty liver.

A comparison of some of our results with those of
Yoshida and Harper (2) in threonine imbalance and of
Lyman, Cook, and Williams (5) in acute isoleucine
deficiency indicates that metabolic lesions in these fatty
livers (which are in any case of periportal type and de-
pend on essential amino acid deficiency or imbalance)
could be different from those observed by us.

Thus after 3 hr the amount of *C from injected acetate-
1-1C incorporated in both neutral fat and phospholipid
of liver was significantly greater in deficient rats than in
those fed the threonine-supplemented diet (2). Also, the
incorporation of acetate-C into triglycerides and phos-
pholipids is increased in liver slices of isoleucine-deficient
rats, in comparison to supplemented ones (5). In the
same animals no statistical variation in fatty acid compo-
sition of phospholipids was observed (5).

In addition, our results on liver lipid classes, and in
particular the increases in choline containing phospho-
lipids (lecithins and sphingomyelin) in deficient rats,
could be correlated with the well-known negative lipo-
tropic effect of choline on lysine and threonine fatty liver
(38).

Although the data presented in the present paper
establish that multiple changes in lipid metabolism ac-
company the development of the fatty liver resulting from
a lysine- and threonine-deficient diet, the design of the
experiment does not permit conclusions to be drawn re-
garding the causal relation of these changes to the fatty
infiltration. However, the data should serve as starting
points for further experiments especially designed to
relate specific changes in lipid metabolism to the genesis
of this type of fatty liver.

Manuscript received 17 September 1965 accepted 25 February 7966.
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