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Choline-deficiency fatty liver:

impaired

release of hepatic triglycerides

B. LOMBARDI, P. PANI, and F. F. SCHLUNK
Department of Pathology, University of Pittsburgh, School of Medicine, Pittsburgh, Pennsylvania 15213

ABSTRACT After intravenous injection of palmitate-1-14C
to rats fed a choline-deficient (CD) or choline-supplemented
(CS) diet for 15~18 hr, liver triglycerides became labeled very
rapidly. In CS, but not in CD rats, there was a considerable
loss, with time, of radioactivity from liver triglycerides. At the
same time, significantly less radioactivity appeared in plasma
triglycerides of CD rats than of CS animals. No difference was
seen in the triglyceride content of microsomes isolated from
the liver of rats fed the two diets. The lower radioactivity in
plasma triglycerides of CD rats was essentially due to a lower
level and specific activity of very low density lipoprotein tri-
glycerides.

After intravenous injection of Triton and labeled palmitate,
considerably less radioactivity accumulated in plasma tri-
glycerides and phospholipids of CD rats than of CS animals.
Post-Triton hyperphospholipidemia was also less pronounced
in CD rats.

It was concluded that the fatty liver observed in CD rats
results from an impaired release of hepatic triglycerides into
plasma.

KEY WORDS  choline deficiency - rat - pathogenesis
fatty liver triglycerides phospholipids - liver
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IT HAS BEEN WELL ESTABLISHED, in recent years, that
several of the experimentally-induced fatty livers result
from a block in the release into plasma of hepatic TG as a
moiety of plasma lipoproteins (1-3). Indeed, in fatty
livers of this type it has been possible to show that the
block precedes or accompanies in time the onset of TG
accumulation in the liver. In the case of the fatty liver in-
duced by choline deficiency, there is a considerable body

Abbreviations: TG, triglycerides; PL, phospholipids; VLDL,
LDL, HDL, very low density, low density, and high density lipo-
proteins; CD, choline-deficient; CS, choline-supplemented; SA,
specific activity; TA, total activity.

of evidence in the literature indicating that the transport
of fatty acids from the liver to peripheral tissues is im-
paired (4, 5; ref. 1 should be consulted for a critical
appraisal of the earlier work in this field). However, this
evidence has generally been obtained in animals that had
been fed a CD diet for several days or weeks and, there-
fore, had either a well established or a very severe fatty
liver. Thus, the possibility that an impaired release of
hepatic TG, as a moiety of plasma lipoproteins, may be a
consequence rather than the cause of the choline-defi-
ciency fatty liver has not been ruled out, since profound
metabolic and morphologic alterations can result from
the prolonged presence of unphysiologic quantities of fat
in the liver cell. Indeed, accumulation of TG in the liver
starts quite promptly upon feeding a CD diet to rats, and
the resulting fatty liver is certainly evident within the first
24 hr of feeding (6, 7).

In the last few years, some attempt has been made to
show an impairment in the release of hepatic TG within
the first 24 hr of choline deficiency in the rat. The results,
however, were either inconclusive or negative. Thus,
Lombardi and Recknagel (8) studied this problem in
Tritonized rats, but the results were inconclusive because
of the difficulty of applying the Triton test (see Discus-
sion) to animals consuming a high fat diet. To avoid this
difficulty, Recknagel and Goshal (9) applied the test to
rats fed a CD fat-free diet. They thus obtained evidence
of a block in hepatic TG secretion, but only in rats fed for
a minimum of 4 days. Lombardi and Schotz (10) studied
the incorporation into liver and plasma TG of palmitate-
1-%C injected into rats fasted for 24 hr after having been
fed a CD fat-containing diet for 1 day. The results ob-
tained led to the conclusion that release of hepatic TG
was not impaired. However since that experiment was
performed, it has become known that fasting exerts a
lipotropic action, in that it promotes the removal of TG
deposited in the liver of CD rats (9). This fact, therefore,
cast some doubts on the conclusion reached by the latter
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investigators, as well as on some previous results obtained
by Lombardi and Recknagel (8).

In view of the uncertainty still remaining, we decided
to reinvestigate the problem by means of tracer experi-
ments and a novel application of the Triton test. The
results show that an impairment in the release of hepatic
TG into plasma is indeed operative in rats with an in-
cipient fatty liver due to choline deficiency.

MATERIALS AND METHODS

General Procedures

Male rats of the Sprague-Dawley strain (Sprague-
Dawley, Inc., Madison, Wis.) weighing 100-110 g were
used. Preparation of the animals for the experiments,
preparation of the choline-supplemented (CS) and of the
choline-deficient (CD) diets (11), and measurement of
diet intake were performed as previously reported (6, 12).
Previous results (6) had indicated that TG accumulation
in the liver of rats under the CD regimen is first evident
after 6-8 hr of feeding. The rate of accumulation, how-
ever, was somewhat slower during the first 15 hr than
thereafter. Therefore, all of the experiments reported in
this paper, with one exception, were started after 15 hr of
feeding with the animals having access to the diet up to
the time of sacrifice. Rats fed the CD diet represented the
experimental animals and those fed the CS diet, the con-
trols.

Administration of Radioactive Compounds and of Triton

Labeled palmitic acid, as an albumin complex (13), was
injected into a saphenous vein under light ether anesthe-
sia. The following were used: palmitic acid-1-“C (47
mc/mmole, Nichem, Inc., Bethesda, Md.) and palmitic
acid-9,10-*H (256 mc/mmole, Nuclear-Chicago Corpo-
ration, Des Plaines, Ill.), Triton WR-1339, oxyethyla-
ted t-octylphenol formaldehyde polymer (Winthrop
Laboratories, New York), was also injected into a
saphenous vein under light ether anesthesia. A 209 solu-
tion (w/v) in saline (0.99, NaCl) was used.

Collection of Tissue Samples

5 min before sacrifice, 5 mg of pentobarbital per 100 g of
body weight was injected intraperitoneally. Samples of
blood, liver, and intestinal mucosa were obtained, stored,
and prepared for analysis as previously reported (6, 12).

Isolation of Liver Microsomes

109, liver homogenates, prepared in 0.25 m sucrose—0.002
M EDTA at pH 7.4, were centrifuged at 4°C in an auto-
matic Sorvall S8 centrifuge for 20 min at 15,000 g to sedi-
ment cell debris, nuclei, and mitochondria. The upper
fatty layers were carefully removed, and the supernatant
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fractions were decanted and centrifuged in a Spinco
model L ultracentrifuge at 4°C, for 60 min at 100,000 g.
The microsomal pellets so obtained were resuspended in
sucrose-EDTA medium, and then centrifuged as above.
The final pellets were finely resuspended in saline by
means of several strokes in a Potter-Elvehjem homog-
enizer.

Separation of Serum Lipoproteins

Lipoproteins were separated (14) by flotation in a Spinco
ultracentrifuge as previously described (12, 15). 3-ml
aliquots of pooled sera, from two CD or two CS rats, were
used. Chylomicra were obtained after three consecutive
centrifugations at 10,000 rpm, 10 min each time. After
the first and second centrifugation the tubes were rotated
120° inside the rotor to float chylomicra adhering to the
tube wall. Chylomicra, however, were isolated only once,
after the third centrifugation. No clear-cut separation be-
tween chylomicra and VLDL was achieved by this
method.

Other Analytical Procedures

Total lipids were extracted (16) with chloroform-
methanol 2:1 from suitable aliquots of liver, liver micro-
somes, plasma, serum lipoproteins, and intestinal mucosa
homogenates. Triglycerides (17) and phospholipids (18)
were determined after separation of the total lipids by
chromatography on columns and thin-layers of silicic acid
(15). Aliquots of the eluates were pipetted into counting
vials, and the solvents were evaporated under a stream of
N2. 15 ml of a toluene scintillation mixture (4 g of 2,5-di-
phenyloxazole and 50 mg of 1,4-bis[2(4-methyl-5-
phenyloxazolyl) ]benzene per liter of toluene) were added
to the vials, and radioactivity was measured in a Packard
liquid scintillation spectrometer. Phospholipid samples
were dissolved in 0.5 ml of methanol before addition of
the scintillation mixture. Aliquots of the palmitate—
albumin complexes were also extracted and counted.

The results were calculated and expressed as follows:
(@) plasma lipids, mg/100 ml; liver lipids, mg/100 g of
body weight; liver microsome TG, mg/100 mg of micro-
somal proteins (19); intestinal mucosa TG, pg/mg of
DNA (20); (b) specific activities, (cpm/mg) X (body
weight -+ 100) X (100 + cpm injected); (c) total ac-
tivities, liver: (cpm/mg) X (mg/liver) X (100 + cpmin-
jected); plasma: (cpm/mg) X (mg/rat) X (100 + cpm
injected), using a value of 5.46 or 5.40 ml/100 g of body
weight for the plasma volume of CS or CD rats, respec-
tively (12). In the experiments on Tritonized animals,
total activities were calculated on the basis of the radio-
activity of measured eluate aliquots of TG and PL iso-
lated from samples of liver or plasma of known weight or
volume. Differences between the means were checked by
student’s “¢£’-test and regarded as significant if P < 0.05.
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RESULTS

Six experiments were performed in rats which had been
fed the diets for 15-21 hr, and one experiment in animals
fed for 8-9 hr. There was no difference between CS and
CD rats in either liver weight or diet intake. The average
liver weight was 6.08 (5.20~7.69) g in CS rats and 6.37
(5.20~7.55) g in CD animals (mean of 86 animals on each
diet, range in parenthesis). Corresponding values for diet
intake were 13.9 (11.4-17.0) g and 14.0 (12.9-17) g
(mean of 39 rats on each diet). Table 1 contains data on
lipids of liver, liver microsomes, plasma, and intestinal
mucosa. In CD rats liver TG were consistently higher
(2.1-2.7 fold) than in CS animals, while liver PL. were
slightly lower in one experiment. No significant difference
was observed between CS and CD rats, in the T'G concen-
tration of liver microsomes, plasma, or intestinal mucosa.

Incorporation of Palmitic Acid into TG of Liver, Plasma,
and Intestinal Mucosa (Expt. 1)

Palmitic acid-1-"C (2.5 uc/rat) was injected into CS and
CD rats, and groups of animals were sacrificed 5, 10, 30,
60, and 120 min thereafter. The specific and total activity
of liver and plasma TG and the specific activity of in-
testinal mucosa TG were determined.

The SA time curves for liver, plasma, and intestinal
mucosa TG are shown in Fig. 1. The SA of liver TG rose
quite rapidly and reached a maximum value at 10 min.
During the 10-30 min interval it declined quite rapidly in
CS animals (from 0.296%, to 0.1369;) but only slowly in
CD rats (from 0.1589%, to 0.1239,). It then increased
slowly with time in both CS and CD rats. This later in-
crease was most likely due to recycling of the injected
label (21). At its peak the SA of liver TG in CS animals
was almost double (1879%,) that in CD rats. The SA of
plasma TG was quite low during the first 10 min then
rose very sharply to a maximum value at 30 min, and
declined thereafter quite rapidly. At its peak the SA of
plasma TG in CD animals was only 489, that in CS
rats.

The SA of intestinal mucosa TG reached a maximum
within 10 min and declined thereafter. At no point was a
significant difference observed between CS and CD rats.

The correlation between the SA of plasma TG, on
one hand, and that of liver and intestinal mucosa TG,
on the other, is also shown in Fig. 1. In both CS and CD
rats such a correlation suggests a precursor-product
relationship (22) between the hepatic and mucosal
TG and plasma TG. The fact that the SA of liver TG

TABLE 1 Lipips oF LIVER, PLasMA, AND INTESTINAL MUucosA oF RaTs FED A CHOLINE-SUPPLEMENTED
(CS) or A CHoLINE-DEFICIENT (CD) DIET

Expt. No. of
No. Duration Diet Rats
hr Triglycerides

1 15-17 CS 15 Liver, mg/100 g of body weight 52.5+3.2
CD 15 112.2 £ 7.5*

2 15-16 CS 10 48.7 £ 6.6
CD 10 131.2 + 8.0*

3 15-16 CS 10 45.2+2.9
CD 10 124.5 &+ 6.5*

4 15-16 CS 12 60.4 +3.1
CD 12 137.7 = 7.8%

5 8-9 CS 12 n.d.}
CD 12 n.d.

6 15-18 CS 24 50.4 2.1
CD 24 124.8 - 5.9*

7 15-21 Cs 15 nd.
CD 15 n.d.

2 () Liver microsomes, mg/100 mg of micro- 1.33 4 0.13
CD somal proteins 1.534+0.10

1 (on) Plasma, mg/100 ml 54.2 4- 4.5

' CD 45.4 4.7

1 CS Intestinal mucosa, pg/mg DNA 474 4= 70

CD 465 £ 75
Phospholipids

4 CS Liver, mg/100 g of body weight 143.5 = 4.3

CD 118.2 £+ 3.5*

Each value represents the mean =+ sem.
*P < 0.05.
t n.d., not determined.
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F16.1. Specific activity of liver, plasma, and intestinal mucosa TG after injection of palmitic acid-1-14C to rats fed a choline-supplemented
or a choline-deficient diet for 15-17 hr (expt. 1). Each point represents the mean == sem of three rats.

at its maximum was lower than the maximal SA attained
by plasma TG is undoubtedly a reflection of the hetero-
geneity of the liver TG pool (see Discussion). In both
CS and CD rats the SA of plasma TG at its maximum
was approximately double the maximal SA of liver TG,
while it was about 18- and 9-fold, in CS and CD rats
respectively, as high as the SA of intestinal mucosa TG
at its peak. It seems, therefore, that in both CS and CD
rats far more of the radicactivity in plasma TG was
contributed by the liver than by the intestine.

The time curves for total radioactivity in liver and
plasma TG are shown in Fig. 2. A larger fraction of in-
jected #C was present in liver TG of CD rats than in
those of CS animals at all points except the first one.
The difference was not significant during the first 10
min, but was highly so afterwards, and was essentially
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due to a considerable loss of radioactivity from liver TG
of CS rats (especially during the 10-60 min interval)
but only a minor loss from liver TG of CD rats. The
fraction of injected “C present in plasma TG during the
first 10 min was somewhat, but not significantly, higher
in CD than in CS rats. In both CS and CD animals it
was quite small at the 5 min point but rather substantial
at 10 min. This observation contrasts with the finding of
only negligible amounts of radioactivity in plasma TG
10 min after the injection of palmitic acid-1-%C to fasting
or glucose-fed rats (23, 24). This difference may be ex-
plained by a faster turnover of hepatic and plasma TG
in rats ingesting a high fat (159) diet, as in the present
study. At the 30, 60, and 120 min points significantly
higher fractions of injected C were present in plasma
TG of CS rats than of CD animals.
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Fic. 2. Total activity of liver and plasma TG after injection of palmitic acid-1-1C to rats fed a choline-supplemented or a choline-deficient
diet for 15-17 hr (expt. 1). Each point represents the mean = seM of three rats.

Serum Lipoprotein TG (Kxpt. 3)

Lipoproteins were isolated from sera of GS or CD rats
sacrificed 30 min after the injection of 5 uc of palmitic
acid-9,10-*H. The concentration, SA, and TA of TG
was determined in the various fraction (Table 2).

The only significant (P < 0.025) difference in the con-
centration of TG was seen in the VLDL, the concentra-
tion in CD rats being 54% that of the same fraction in
CS animals. However, the concentration of T'G.in whole
serum and in chylomicra was also reduced, even though
not significantly, in CD rats to 759, (P > 0.4) and 859,
(P > 0.5), respectively, of those in CS rats,

The SA and TA of TG in whole serum, chylomicra,
VLDL, and LDI of CD rats were significantly lower
(16-40%,) than those of CS animals. The TA, but not
the SA, of HDL TG was also lower. In both CS and CD
rats the SA of VLDL TG was the highest of any fraction.
Over 70%, of the radioactivity of whole serum TG was
carried by VLDL, and no more than 109, by chylo-
micra. It is likely, however, that the lower radioactivities
of chylomicra and of TG of LDL and HDL observed in
CD rats was just a reflection of the lower SA of VLDL
TG, in view of the imperfect separation between chylo-
micra and VLDL (see Methods), and of the exchange of
TG that occurs in circulating lipoproteins (25). Recovery
of TG after fractionation of whole serum was 849, in
CS rats and 779, in CD animals; corresponding values
for TA were 93 and 899%,. In both CS and CD rats

chylomicron TG contributed approximately 359, of the
whole serum TG pool, yet their SA was quite low. It
would seem, therefore, that whenever similar studies are
performed in animals fed ad libitum more accurate re-
sults may be obtained if the chylomicron fraction is re-
moved prior to analysis of plasma or serum TG.

The SA of liver TG was somewhat higher in the CD
animals than in controls. However, 30 min after the in-
jection of the label, more than three times as much
radioactivity persisted in liver TG of the CD rats than
in those of the controls.

Plasma TG and PL in Tritonized Animals

In expt. 4, 50 mg of Triton and 5 uc of palmitic acid-
9,10-*H were simultaneously injected intravenously into
CS and CD rats, and groups of animals were sacrificed
20, 40, and 60 min thereafter. TA in plasma and liver
TG and PL was determined. As can be seen from Fig. 3,
more radioactivity accumulated with time in plasma
TG and PL of CS rats than of CD animals. Thus 60 min
after injection of Triton and palmitic acid 6.30%, of the
injected radioactivity was present in plasma TG of CS
animals, but only 1.949, in plasma TG of CD rats;
corresponding values for plasma PL were 0.429, and
0.259,. The TA-time curves for liver TG and PL are
shown in Fig. 4. A larger fraction of the injected dose
was present at each of the three time intervals in liver TG
of CD rats than in those of controls. In the 20-60 min
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TABLE 2 CONCENTRATION AND RADIOACTIVITIES OF SERUM LIPOPROTEIN TRIGLYCERIDES OF RATS
FEp A CHoLINE-SUPPLEMENTED (CS) or A CHoOLINE-DEFICIENT (CD) DIET

Triglycerides
Diet Fraction Concentration SA TA
mg/ 7100 ml

Cs Whole serum 59.14 £ 4.77 0.798 = 0.047 2.543 £ 0.156
CD 44,63 +10.01 0.225 £ 0.033* 0.505 &= 0.073*
CS Chylomicra 20.21 £5.81 0.209 + 0.046 0.199 4= 0.055
CD 16.69 = 5.34 0.061 £ 0.012* 0.048 4= 0.010*
CS VLDL 24.74 £ 4.57 1.744 = 0.254 2.085 +£0.144
CD 13.40 = 1.44* 0.476 £ 0.063* 0.351 = 0.066*
CS LDL 2.42+£0.07 0.508 &+ 0.069 0.066 £+ 0.008
CD 2.54 +0.22 0.194 £ 0.012* 0.027 £ 0.003*
CS HDL 1.10£0.18 0.328 £ 0.045 0.018 £ 0.001
CD 0.78 £0.13 0.307 &= 0.044 0.012 £+ 0.001*
CS d>1.210 1.10£0.13 0.156 +£0.017 0.0090 == 0.0003
CD 0.91 +£0.10 0.207 = 0.028 0.0097 = 0.0001
CS Liver 0.165 £ 0.208 7.34 £ 0.45
CD 0.190 £ 0.008* 23.40 £ 0.99*

Each value represents the mean == seM.  For units of specific and total activity, see last paragraph
of Methods.

* P < 0.05.

interval liver TG radioactivity decreased 3.09, (from
18.89, to 15.8%,) of the injected dose in CD rats and
6.29, (from 14.3%, to 8.1%) in CS animals. A slightly
higher fraction of injected label was present in liver PL
of CS animals than of CD rats. However, in both CS
and CD animals there was very little, if any, loss of
radioactivity with time from liver PL. Triton had no
apparent effect on the concentration of hepatic TG
(Table 1), as previously reported (1, 8, 26, 27).

Fig. 5 shows the results obtained in a similar experi-
ment (expt. 5) in which 50 mg of Triton and 2 pc of
palmitic acid-9,10-*H were injected into rats fed the CS
or CD diet for 8-9 hr, rather than for 15-16 hr as before.
Only the TA of plasma TG was determined. A marked
difference between controls and experimental rats in
the percentage of injected *H accumulated in plasma
TG was again evident. The choice of time intervals of
15, 30, and 45 min resulted, however, in a less linear re-
sponse than that seen in the previous experiment.

In the last two experiments, 50 mg of Triton was in-
jected intravenously into each CS or CD rat, and groups
of animals were killed either after 0, 1, 2, and 3 hr (expt.
6) or after 0, 3, and 6 hr (expt. 7). The concentration of
plasma PL was determined at each time interval. As can
be seen from Fig. 6, plasma PL increased linearly with
time, the rate of increase being slightly, but definitely,
higher in CS animals than in the deficient ones. Thus,
in CS animals the average hourly increase was 88.3
and 58.5 mg/100 ml of plasma in expts. 6 and 7, re-
spectively. Corresponding values in CD animals were
56.0 and 43.8 mg/100 ml of plasma. The reason for the
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difference in the rates obtained in CS rats in the two ex-
periments was not readily apparent.

DISCUSSION

A time study of the incorporation of labeled fatty acid
into liver and plasma TG had been previously used by
several investigators in order to assess the release of
hepatic TG into plasma in a variety of physiologic and
pathologic conditions (10, 21, 23-25, 28-32). A measure
of this release is in fact given by the extent at which newly
synthesized and labeled TG are transferred from the liver
to the plasma.

As shown in Figs. 1 and 2, after injection of palmitic
acid-1-*C the TG of liver became labeled very rapidly
in both CS and CD rats. Initially, a similar percentage of
the injected *C was present in liver TG of control and
experimental animals, which indicates a comparable
uptake of label by the respective livers as observed also
by others (33, 34). However, while in controls there was
a considerable disappearance, with time, of radioactivity
from liver TG, the loss was only minor in the CD
animals (see also Fig. 4). Concomitantly, significantly
less radioactivity was found to appear in plasma TG of
CD rats than of CS animals. An impaired release of
hepatic TG into plasma, in CD rats, is thus indicated by
these findings.

At least two distinct pools of TG have been identified
in rat liver (23-25). One, a storage pool associated with
the hyaloplasm of hepatocytes, contains the bulk of
hepatic TG and constitutes the floating fat observed upon
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Fic. 3. Total activity of plasma TG and PL at three time intervals
after injection of Triton and palmitic acid-9,10-*H to rats fed a cho-
line-supplemented or a choline-deficient diet for 15-16 hr (expt. 4).
Each point represents the mean = seum of four rats.  Left ordinate,
TG; rightordinate, PL.

centrifugation of liver homogenates. The second, an
active pool, is associated with the endoplasmic reticulum
(microsomes) of hepatocytes, and is the site at which
active esterification of fatty acids to TG takes place.
The latter is also the precursor pool of plasma TG
(23, 24, 28). In CD rats, TG have been shown to accumu-
late in the storage pool (35). Thus, the finding that the
SA of whole liver TG was initially only about half that
in CS animals (Fig. 1) can be accounted for by dilution
of TG newly synthesized in the microsomal pool with
those already accumulated in the storage pool (Table
1). On the other hand, no difference was found in the
TG content of microsomes isolated from livers of ex-
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Fic. 4. Total activity of liver TG and PL at three time intervals
after injection of Triton and palmitic acid-9,10-H to rats fed a cho-
line-supplemented or a choline-deficient diet for 15-16 hr (expt. 4).
Each point represents the mean == sem of four rats.
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Fic. 5. Total activity of plasma TG at three time intervals after in-
jection of Triton and palmitic acid-9,10-*H to rats fed a choline-
supplemented or a choline-deficient diet for 8-9 hr (expt.5). Each
point represents the mean = sem of four rats.
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Fic. 6. Hyperphospholipidemia after injection of Triton to rats fed
a choline-supplemented or a choline-deficient diet for 15-21 hr
(expts. 6 and 7). Each point represents the mean == sem of five or
six rats.

perimental and control rats (Table 1). It can, therefore,
be excluded that the lower SA and TA of plasma TG,
observed in CD rats, were the consequence of an ex-
pansion of, and dilution in, the precursor pool.

An impairment in the release of hepatic TG is usually
reflected by lower concentrations of plasma TG (8, 26).
Even though CD rats tend to have somewhat lower levels
of plasma TG than CS animals, the difference has never
been significant (6, 8, 12, and Table 1). VLDL con-
stitute the major vehicle for the release of hepatic TG
into plasma (25, 29, 30). However, in CD rats consuming
a high fat diet, a lower level of VLDL TG may not be
detected in an analysis of whole plasma TG, a large
fraction of which would be represented by chylomicron
TG. Indeed, when various classes of plasma lipoproteins
were analyzed, a significant decrease in circulating
VLDL TG was found in CD rats (Table 2). In a previous
study (12), a lower concentration of VLDL protein, but
not of chylomicron protein, was also found. It seems,
therefore, very likely that the decrease in the concentra-
tion of VLDL TG and protein, observed in CD rats, re-
flects a true decrease in the level of this lipoprotein as in-
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dicated by similar findings in other experimental con-
ditions (15, 36).

In both CS and CD rats, after administration of pal-
mitic acid-9,10-*H more than 709, of the radioactivity
present in total plasma TG was found in VLDL TG
(Table 2). This finding is certainly in keeping with the
role played by VLDL in the release of hepatic TG into
plasma—the more so, since the above value is probably
a minimum one in view of the exchange of TG that
occurs among circulating lipoproteins (25). In CD rats
both the SA and TA of plasma TG were significantly
lower than those in CS animals, the difference being
essentially a reflection of the corresponding SA and TA
of VLDL TG. Thus, these findings are also consistent
with an impairment in the release of hepatic TG into
plasma of CD rats.

The ability of the liver to release TG into plasma has
also been assessed in a variety of conditions by means of
Triton (8, 26, 27, 37), a nonionic detergent. Upon in-
travenous injection of Triton into experimental animals,
a marked hyperlipemia (mainly hypertriglyceridemia)
ensues (38, 39). This effect results from a block in the
exit of lipids from the plasma compartment (1) due to
alterations in the physicochemical properties of plasma
lipoproteins (40). In fasting animals, in which the liver
is the major if not the only source of plasma TG (41),
the post-Triton hypertriglyceridemia affords a direct
measure of hepatic TG release into plasma. Indeed, the
Triton test has been successfully used in the study of fatty
livers that can be induced in fasting animals (8, 26, 27).
However, its application to the study of hepatic TG
secretion in fed animals, especially in CD rats, presents a
serious difficulty. This difficulty stems from the fact
that in this instance TG are contributed to the plasma by
both liver and intestine, therefore making the post-
Triton hypertriglyceridemia only a doubtful measure of
hepatic TG secretion. One way to circumvent this diffi-
culty would be to fast the animals prior to challenging
them with Triton. Unfortunately, this approach is not
useful in the case of animals with a CD fatty liver, since
fasting has been shown to exert a lipotropic action (9).
Thus, to obtain meaningful information, one must test
hepatic TG secretion in CD rats while the animals are
consuming the diet. To avoid the contribution of dietary
fat to plasma TG, Recknagel and Goshal (9) performed
a Triton test on rats fed a CD fat-free diet. In such ani-
mals evidence of an impaired secretion of hepatic TG was
obtained, but only after several days of feeding. Another
way in which a meaningful Triton test can be performed,
even in animals ingesting a high fat diet, was suggested
by some of the results obtained in the present studies.
After intravenous injection of labeled palmitic acid, the
amount of radioactivity contributed to plasma TG by
TG of intestinal origin appeared to be very small relative
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to that contributed by the liver. Indeed, the SA of
intestinal mucosa TG was negligible in comparison to
that of plasma and liver TG, and similar in both CS and
CD rats (Fig. 1). Furthermore, less than 109, of plasma
TG radioactivity was present in chylomicra TG (Table
2). Therefore, it appears that a reliable test can be per-
formed in fed animals by injecting intravenously both
Triton and a labeled fatty acid, and by measuring the
increment with time in total plasma TG radioactivity,
rather than the post-Triton hypertriglyceridemia. Such
an increment would in fact be determined to a very large
extent by newly synthesized hepatic TG released into
plasma as a moiety of VLDL. When a test was so per-
formed, 6.39, of the injected radioactivity was found to
accumulate in 60 min in plasma TG of CS animals,
compared with only 1.9% in CD rats (Fig. 3), indicating
again a block in hepatic TG secretion in CD animals.
This result also rules out the possibility that the lower
radioactivities of plasma TG, observed in CD rats in
the previous experiments, could have heen due to a
faster utilization of plasma TG by peripheral tissues. It
is also evident from Fig. 3 that considerably less radio-
activity accumulated in plasma PL of CD rats than of CS
animals.?

It is known that even during active fat absorption,
the liver, rather than the intestine, is the major source of
plasma PL (42). Thus a simpler way of performing a
Triton test in fed animals is to measure the post-Triton
hyperphospholipidemia. Plasma PL, as well as TG, are
secreted by the liver as a moiety of lipoproteins. There-
fore, this modified test could provide indirect informa-
tion on hepatic TG secretion. Again, in CD rats the post-
Triton hyperphospholipidemia was less pronounced than
in controls (Fig. 6). However, when performed in this
way, the test is much less sensitive than when the re-
sponse of plasma TG to Triton is measured. Indeed,
after 3 hr there was less than a 3-fold increase in plasma
PL, whereas up to 20-fold increases in plasma TG have
been observed 90 min after Triton in fasted animals (8).
The main reasons for such a low sensitivity are un-
doubtedly (a) the considerably slower turnover of plasma
PL (28, 29, 39, and Fig. 3), and (&) the fact that among
plasma lipoproteins, the VLDL fraction has the fastest
turnover (43, 44), but the lowest content of PL (15, 36).

The significance of the results presented here lies in
the fact that they were obtained during the very early
stages of choline deficiency. Particularly relevant in this
regard are the results of expt. 5, shown in Fig. 5, since
they were obtained in animals which had been fed the
diets for only 8-9 hr. It seems likely, therefore, that the

1 In performing the test we have assumed that the vascular
clearance and hepatic uptake of the injected label is similar in
CS and CD rats injected with Triton. Therefore, our interpre-
tation of these results depends upon the validity of this assumption.

fatty liver (Table 1) induced in rats by choline de-
ficiency results from, rather than is the cause of, im-
paired release of hepatic TG into plasma, as a moiety of
plasma lipoproteins.

As for the primary lesion responsible for such an im-
paired release during the early stages of choline de-
ficiency, available evidence indicates that it involves the
metabolism of phospholipids. Indeed, reduced levels of
liver (6 and Table 1) and plasma (6, 7, 12, and Fig. 6)
PL have been observed within 24 hr of choline de-
ficiency, and the rate of PL, as well as TG, secretion into
plasma is reduced (Figs. 3 and 6). Furthermore, a
gradual decline in the concentration of plasma PL has
been shown to accompany the early deposition of TG in
the liver (6). Oral administration of choline to CD rats
prevented completely any further deposition of TG in
the liver, as well as any further decline in the level of
plasma PL. These findings suggest that synthesis of PL
is impaired in rats consuming a CD diet, and that the
onset of fatty liver is related to this insufficiency. Al-
terations in the metabolism of PL, in particular of
lecithins, have of course been known for a long time to
occur in CD animals (45). However, their significance
in terms of the lipotropic action of choline has been
recently questioned or discounted (4, 46), mainly be-
cause of evidence, obtained from *P-incorporation
studies, indicating that the turnover of liver lecithins
is increased in CD animals (45, 47). Lecithins are a
very heterogenous class of polar lipids, and several sub-
classes or species have been separated and identified on
the basis of their fatty acid composition (48). The
various pathways through which lecithins can be syn-
thesized seem to be responsible for this heterogeneity
(48). Of these pathways, two are of quantitative im-
portance for net synthesis of lecithins in the liver (49):
(a) incorporation of preformed, free choline via cytidine
disphosphate choline and diglycerides; and () the
stepwise methvlation of phosphatidyl ethanolamines by
S-adenosylmethionine. There is evidence that the first
pathway is the most active in rats, especially males (50).
Recently, it has been found in this laboratory that
labeling of liver and plasma lecithins, after injection of
2-dimethylaminoethanol-1,2-*C or methionine-CHy-"C,
is several-fold faster and greater in CD than in CS ani-
mals. This finding could explain a reduced over-all
synthesis of lecithins in CD rats, in spite of an increased
turnover of some subclass or species of lecithins. Lecithins
represent the major PL class in plasma (51, 52) and
plasma lipoproteins (53), and there is evidence that PL
play a role in the conjugation of the protein moiety to
the nonpolar lipid moiety of plasma lipoproteins (54).
It appears, therefore, likely that either an insufficient
availability of lecithins, or a lack of specific lecithins, in
CD animals may lead to failure in the conjugation of the
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moieties of plasma lipoproteins and, thereby, to im-
paired release of hepatic TG.

A second possibility was, however, suggested by re-
sults obtained in a previous study (12). Although protein
synthesis was equal in livers of CD and CS rats, the re-
lease into plasma of nonlipoprotein proteins, as well as
of lipoprotein proteins, was inhibited or delayed. It
therefore seems possible that the alterations in PL
synthesis that occur in CD rats may affect hepatic
cellular membranes, plasma and(or) microsomal, in
such a way that even if plasma lipoproteins are synthe-
sized normally they cannot be secreted into the plasma.
This possibility would also account for the impaired or
delayed release by the liver of plasma proteins other than
lipoproteins.
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