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SUMMARY Specific and total radioactivity of liver and 
serum triglycerides were determined at  various times after 
palmitate-l-C14 injection in carbon tetrachloride-treated and 
control rats. A multicompartmental model of plasma and 
liver triglyceride metabolism was used to calculate, with the 
aid of a digital computer, transfer rates from one compartment 
to another. 

Analysis of the data indicates that carbon tetrachloride in- 
gestion results in a lowering of the rate of hepatic triglyceride 
secretion to one-tenth of the control value. In addition, the 
rates of plasma triglyceride turnover and of hepatic uptake of 
plasma triglyceride were found to be only one-fifth of the control 
rates. The results are compatible with a hypothesis of dis- 
ruption of hepatic mechanisms involved in the synthesis of 
triglyceride-protein complexes, in their secretion, or both. 

T H E  MECHANISM of hepatic lipid accumulation follow- 
ing carbon tetrachloride ingestion has been studied in 
many laboratories (1). Recently, the rapid increase in 
hepatic triglyceride (TG) was shown to account for the 
entire accumulation of hepatic lipid shortly after carbon 
tetrachloride ingestion (2, 3). In addition, soon after in- 
gestion of this hepatotoxin by rats it has been observed 
that (a) plasma TG decreases (4, 5); (b)  the striking 
elevation of plasma TG noted after Triton injection in 
control animals is absent (4) ; (c) perfused livers are un- 
able to release net TG into the perfusate (6); ( d )  incor- 
poration of injected amino acids into plasma lipopro- 
teins is decreased (7) ; and (e )  incorporation of injected 
palmitate-1 -C14 into plasma TG is depressed (5). 

These observations and the fact that the liver is the 
chief source of plasma TG in the postabsorptive state 
(8-10) support the hypothesis (4) that carbon tetrachlo- 
ride ingestion causes rapid liver TG accumulation by 
impairing the hepatic TG secretory mechanism. 

Recently, we presented an analysis of TG metabolism 
in normal fed rats (11). In this study a multicompart- 
mental model was constructed and TG flow rates and 
compartment sizes were calculated from data on the 
incorporation of palmitate-1 -C14 into liver and plasma 
TG. In the present study we have used this model to 
study the effect(s) of carbon tetrachloride ingestion on 
triglyceride metabolism in rats. 

METHODS 

Male Sprague-Dawley rats (1 35-180 g), previously 
fasted 20 hr, were given mineral oil (0.25 ml per 100 g 
body wt) or a CC14-mineral oil mixture 1 :1 (0.5 ml per 
100 g body wt) by stomach tube. Four hr later, the rats 
were lightly anesthetized with ethyl ether and 4.6 pc of 
palmitate-1 -CI4 (8.87 mc/mmole, Volk Radiochemical 
Co., Chicago, Ill.), as an albumin complex (12), were 
injected into the tail vein. At varying times after the pal- 
mitate injection, the rats were again anesthetized with 
ethyl ether, the abdominal aorta was severed, and serum 
and liver samples were obtained. Chloroform-methanol 
(2: 1) lipid extracts of 1 ml of serum and about 1 g of 
liver were prepared (13, 14), water washed, dried, and 
redissolved in chloroform. The TG from an aliquot of the 
liver and the total serum lipid extracts were isolated by 
thin-layer chromatography (1 1). Following quantitative 
elution from the silicic acid plates (11) aliquots were 
assayed for TG (15), and C14 was determined in a liquid 
scintillation counter. 

The total serum TG per 100 g body wt was obtained by 
multiplying the mean serum T G  concentration (mg/ml) 
for all rats in a group by the serum volume per 100 g 
body wt, which was assumed to be 4 ml (16). This prod- 
uct, the total serum TG per 100 g body wt multiplied 
by the average serum TG specific activity, yields the total 
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serum radioactivity (per cent of injected dose; not cor- 
rected for body weight). 

THEORETICAL CONSIDERATIONS 

The Model 

A model of T G  metabolism in the intact animal was 
presented earlier (11) and is shown here in Fig. 1. Com- 
partment 7 of the model represents plasma free fatty 
acids (FFA) and is depicted with three exits. One exit rep- 
resents the conversion of plasma FFA to lipids (in 
hepatic and extrahepatic tissues) which return essentially 
no FFA into the plasma. The second exit from compart- 
ment I enters compartment 2 and represents a pathway 
by which FFA leaves the circulation to enter extrahepatic 
tissues as free and esterified fatty acids. Fatty acids 
formed in compartment 2 may also enter or reenter the 
plasma FFA compartment. The third exit shown 
represents the flux from plasma FFA into hepatic TG. 
The latter is depicted as having three major subdivisions, 
compartments 3, 4, and a delay compartment (consist- 
ing of subcompartments 5 through 72). The rationale for 
dividing hepatic T G  in the present “minimal model” of 
T G  metabolism is based on three experimental observa- 
tions made after injection of labeled FFA into rats (9, 11, 
17); ( a )  a portion of the hepatic T G  becomes labeled 
quickly, ( 6 )  another portion depicted as compartment 4 
becomes labeled slowly, (c) labeled T G  begins to appear 
in plasma only after a delay of about 10 min. I t  was 
found empirically that a series of 8 rapidly turning over 
compartments would simulate this delay. Plasma T G  is 
represented in this model by compartment 13. 

Two other models have also been considered (refer- 
ence 11, Fig. 6). One of these considers two possibilities: 
(a) plasma T G  may enter a different hepatic T G  com- 
partment from that formed from plasma FFA; (6) 
hepatic T G  which forms directly from plasma T G  may be 
secreted again into plasma without passing through the 
delay compartments. The second model considers that 
the hepatic T G  compartment which becomes labeled 
most slowly does so by incorporating T G  fatty acid from 
the last of the series of delay compartments, which is the 
same compartment as that which serves as the immediate 
precursor of plasma TG. Detailed results of analyses 
using these models will not be presented. Additional 
experiments are required to establish which of the several 
possibilities is most nearly correct. However, most of the 
conclusions emphasized in the present paper under 
“Multicompartmental Analysis of Data” have been found 
to be independent of the choice of model (1 1). 

Mathematical Solution 

The mathematical solution of rates and pool sizes was 
accomplished by the computer program of Berman, 
Weiss, and Shahn (18). Practically, this required our 
presenting a 7090 computer with initial estimates for 
each of the fractional flow rate constants in our model, 
along with experimentally obtained values of liver TG 
total activity at 7 time points and of serum T G  total 
activity at the same time points. The computer then 
calculated, using the estimated rate constants and the 
initial conditions (100% of the radioactivity in compart- 
ment I at zero time), the activity in liver and plasma at 
each of the 7 experimental time points. Then by itera- 
tive procedures it modified the initial estimates for the 
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rate constants until a least squares best fit was ap- 
proached. 

The rate constants of plasma FFA leaving plasma and 
entering compartment 2, and of plasma FFA entering 
undesignated compartments were not varied during the 
analysis; thus the plasma FFA compartment in the 
analysis served as a function generator which supplied 
hepatic TG with C14 at a rate which would result in 
hepatic TG having the observed total activity-time 
curve. 

Flux of FFA and of TG (mg FFA or TG per min, 
standardized to 100 g body wt) were calculated from 
steady state equations and from the measured compart- 
ment sizes of liver and serum TG and their fractional 
rate constants of turnover. In the case of CCl4-treated 
rats, hepatic TG was in a nonsteady state during the 
experiment. Additional assumptions, which are indicated 
below, were required in order to calculate TG flux under 
these conditions. 

Assumptions 
In an earlier paper (11) we noted that there are two 
types of assumptions which may be required in using the 
program of Berman et al. (18) to obtain a solution to the 
present model. One type of assumption is used to formu- 
late initial estimates of rate constants which may subse- 
quently be modified. Another type involves the assump- 
tion of values which are not permitted to change during 
the analysis. The latter are listed below. Although values 
based on these assumptions will be included in the final 
"solution" of the model, they are, in fact, not determined 
by the computer analysis. In the control group, all com- 
partments were assumed to be in a steady state during the 
experiment. Using published values for rat plasma 
volume (16) and for plasma FFA concentration (19) 
we calculated that the plasma FFA compartment was 1 
mg per 100 g body wt. A value of 0.7/min for the rate 
constant for plasma FFA turnover was used.' 

In CCl,-treated rats, plasma volume, FFA compart- 
ment size, and the rate constant for FFA turnover were 
assumed to be the same as control values.', The last 

In unpublished experiments we have determined the t1/2 of 
palmitate-C14 disappearance in 8 rats treated with mineral oil and 
7 treated with CC14. These animals were treated similarly to those 
described in the Methods section of this paper. Between 30 sec 
and 2 min (3 venous samples/rat) no significant difference in the 
disappearance rate of palmitate-CI4 was noted between the two 
groups. Calculation of the rate constant of plasma FFA turnover 
from the mean values of the two groups during this interval was 
0.7,"in. A similar value was reported for fasted rats by Olivecrona 
et al. (20). 

Both T. M. Brody and P. Stern, and R. 0. Recknagel and A. 
K. Ghoshal (personal communications) reported that shortly after 
CCla ingestion there was no significant difference in plasma FFA 
concentration from the control value. Other investigators (21) 
reported increased plasma FFA values in CClr-treated rats, but 
these studies were carried out after a much longer time period fol- 
lowing CCl4 ingestion than the experiments cited above. 

assumption is supported by the observation that in vitro 
FFA are released from adipose tissue of CC14-treated rats 
at a normal rate (22). Our experimental data and those 
of Maling et al. (5) showed that the plasma TG con- 
centration remained virtually constant (steady state) 
between 4 and 6.5 hr after CC14 administration, the time 
interval during which the isotopic study was performed. 
However, since hepatic TG continues to accumulate 
during the experimental period, the hepatic TG com- 
partments were considered to be in a nonsteady state. 
As a first approximation, and to simplify treatment of the 
data by the computer program of Berman et al. (18) 
we have assumed that: (u) hepatic TG accumulates at a 
constant rate from the time that CC14 is first given until 
the end of the isotopic experiment; and ( b )  during the 
period of isotopic study all fractional rate constants re- 
main unchanged even in compartments which may be 
changing in size.3 

The number of delay compartments and their turnover 
rates were arbitrarily adjusted so that they would cause 
the observed delay in appearance of TG-CI4 in plasma. 

Approximately 10% of the plasma TG, in the rat, may 
be derived from extrahepatic tissues in the postabsorp- 
tive state (8, 9). This relatively small TG influx into the 
circulation was not taken into consideration in the con- 
trol group. However, in the CCla-treated group, where 
hepatic TG secretion may be impaired, the contribution 
made by extrahepatic tissue to plasma TG probably is 
not small enough to be ignored. Accordingly, we have 
assumed TG is secreted by extrahepatic tissues of cc14- 
treated rats at 10 f 5% of the normal hepatic TG secre- 
tion rate. 

In both control and CC14-treated rats we have as- 
sumed that one-third of plasma TG which is removed 
from the circulation is converted to hepatic TG.4 This 
assumption does not influence appreciably the final cal- 
culations of the rates of hepatic TG secretion, total 
hepatic TG turnover, or total plasma TG turnover (11). 

a The computer program of Berman et al. (18) may be used to 
obtain the flow rate constant in and out of any compartment in the 
model in the nonsteady state if the rate constants are not variable 
during the experiment and the data are expressed as total rather 
than specific activities. In normal rats, evidence has been pre- 
sented that the fractional rate constant of plasma chylomicron-TG 
turnover remains unchanged as the compartment size is varied 
over a wide concentration range (23). However, in the case of 
hepatic TG in the nonsteady state no data are available to support 
this assumption. 

In normal rats this assumption is based partly on the results of 
French and Morris (24). (We know of no published data bearing 
on this point in CClr-treated animals.) Experiments in our labora- 
tory (unpublished) have shown that in fasted rats, the fractional 
turnover of endogenous very low density lipoprotein TG-C14 which 
is directed towards hepatic TG formation is similar to that esti- 
mated from the results of French and Morris (24), who injected 
laige loads of chylomicron TG. 
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TABLE 1 SERUM AND LIVER TRIGLYCERIDE CONCENTRATIONS IN NORMAL AND CCL-TREATED RATS 

No. of 
Rats Body Wt* Liver Wt Liver TG Serum TG 

g 8 mg/lOOg mgl700g mg/ml 
body wt body wt 

0 .24  f0.090 Control 19 155 f 12 5.3 f 0 . 4  19  f 10 0.96 f 0 .36  
CCI4 21 164 f 8 6 . 4  f 0.5 70 f 32 0 .32  f 0.10 0.080 f 0.025 

* All values reported as mean f standard deviation. 

RESULTS 

Liver and Serum TG Data 
ccI4 ingestion slightly increased the rats' liver weight, 
markedly elevated the liver TG and lowered the serum 
T G  concentration compared to the control values (Table 

The control liver T G  specific activity attained a maxi- 
mum value 10 min after palmitate-l-CI4 injection (Fig. 
2). As noted previously (11) the serum T G  was essen- 
tially unlabeled during the first 10-min period, but its 
specific activity rose steeply during the next 10 min, and 
reached a maximum value at 30 min. Serum T G  specific 
activity then fell as an exponential function of time and 
remained higher than that of liver, with the exception of 
the 90-min value. The maximum serum TG specific 
activity was approximately double the highest liver value 
in the control rats. 

The liver specific activity of the CC14-treated group 
rose rapidly and then remained essentially constant 
(Fig. 2). Its highest value was about half the maximum 
control specific activity; however, the total radioactivity 
incorporated into hepatic TG at early times was higher 
in the CC14-treated rats. The serum TG specific activity 
was virtually zero at 10 min and did not show the rapid 
rise observed in the control group during the next 10 

1). 

i .5 1 

x SERUM T G  
LIVER T G  

-0 

20 40 60 Bo 
I, 

0 

min. The maximum serum TG specific activity was 
reached at  40 min and then the values fell as a complex 
exponential function of time. The maximum serum TG 
value of the CC14 group was approximately one-fifth 
the maximum control group value (Fig. 2). In the CC14- 
treated group, when the serum reached its maximum 
specific activity the liver value was almost equal to it. 
Although this observation is in agreement with a precur- 
sor-product relationship the remainder of the curve is 
inconsistent with this type relationship (25). 

MULTICOMPARTMENTAL ANALYSIS OF DATA 

The FFA and TG compartment sizes and rates of me- 
tabolism and transfer in and between various hepatic and 
plasma compartments are shown in Fig. 3A and 3B 
for control and CCl4-treated rats, respectively. The most 
noteworthy points that may be emphasized in comparing 
the two figures are : 

The hepatic TG secretion rate into plasma in CCh- 
treated rats was only 10% of normal (0.015 compared 
with 0.15 mg/min per 100 g body wt). 

The over-all rate of hepatic T G  metabolism (trans- 
formation to non-TG compounds by hydrolysis, oxida- 
tion, etc.) was not markedly affected by cc14 treatment. 
The rates of hepatic TG metabolism are indicated in Figs. 

1. 

2. 

x SERUM T G  
LIVER T G  

MINUTES 

FIG. 2. 
represents the mean value obtained from three rats. 
Fig. 4 for variance. 
itial rise is not well defined. 

Liver (0 )  and serum ( X )  TG specific activities of control and CC14-treated rats. Each point 
See 

The dotted portion of the liver TG curve during the first 20 min indicates that the in- 
Specific activity units are defined in the text. 
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3A and 3B by arrows leaving the total liver TG compart- 
ment (excluding the one entering the plasma TG com- 
partment). 

The rate at which plasma FFA was esterified to 
hepatic TG was 46% greater in the CC14-treated rats 
compared to the normals (0.13 as opposed to 0.092 mg/ 
min per 100 g body wt). An even higher rate in the case 
of CCldreated rats would be expected if the plasma 
FFA concentration were greater than normal? 

The portion of total hepatic TG formation that 
results directly from plasma FFA conversion to TG 

3. 

4. 

in liver was about 30% in the controls and 4070 in the 
CC14-treated rats. In the normal (see Fig. 3A), for 
example, this fraction is 

= 0.28. 
0.092 

0.092 + 0.049 + 0.13 + 0.052 

(The latter calculation is dependent upon assumed values 
for plasma FFA concentration and turnover rate). 

The rates of hepatic TG uptake from plasma TG 
were 0.052 and 0.011 mg/min per 100 g body weight in 

5. 

1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- 
LIVER TG I 

I 
0 . 3 9 m g  each; = 3.1 mg I 

I - I - 
(0.96) 0.1 5 .052 

FIG. 3A. Liver TG is represented by the 
compartments enclosed within the broken lines. Compartment sizes are expressed as mg TG or FFA per 
100 g body wt; except for “delay compartments” 5-72, compartment sizes are in parentheses. The FFA 
compartment size was asaumed (see text) and those for the total liver and serum TG were obtained from 
Table 1. The plasma FFA is designated compart- 
ment 7 and the plasma TG compartment 13. Rates indicated by the arrows are expressed in mg TG or 
FFA ptr min per 100 g body weight. Thex values (and those shown in Fig. 3B) when used with the Fkr- 
man et al. (18) program are the basis of the calculated curvea shown in Fig. 4. 

Multicompartmental model of TG metabolism in control rats. 

No compartment size is assigned to compartment 2. 

FXQ. 3B. Model (and solution) of TG metabolism in CCl&reated rats. 
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FIG. 4. 
l-C14 in control (left) and CCl,-treated (right) rats. 
palmitate-1-C14 found in the TG fraction. 
Berman et al. (18) using the parameters shown in Figs. 3A and B. 

Calculated vs. observed serum and liver TG-C14 as a time function following injection of palmitate- 
The ordinate represents the per cent of the injected 

The curves (solid lines) were computed from the program of 

normal and CCld-treated rats, respectively. Normally 
16% of newly formed hepatic TG was found to be de- 
rived directly from plasma TG. In the CCl4-treated rats 
this inflow was reduced by four-fifths to a value of 3.3%. 

The plasma TG uptake by extrahepatic tissues 
was about one-fourth the normal rate following cc l4  
treatment (normal, 0.10 ; CCld-treated, 0.023 mg/min 
per 100 g body wt). 

As noted in Table 1 the plasma TG pool size is 
decreased to one-third the normal value while hepatic 
TG was about 4 times the normal value after cc14- 
treatment. The mean rate of hepatic TG accumulation 
was 0.16 mg/min during the 315 min which elapsed 
between the time of cc14 administration and the 
midpoint of the C14 phase of the experiment. Initially 
calculations were carried out in which we assumed that 
hepatic TG which accumulated following cc14 treat- 
ment were distributed in all hepatic compartments so 
that each compartment contained the same fraction of 
the total TG as in the control animals. This assumption 
was, however, incompatible with other restrictions which 
had been placed on the model. Similarly, the assumption 
that only one liver compartment (either 3 or 4) accumu- 
lated TG was incompatible with the observed data. 
We were able to satisfy the condition of hepatic TG ac- 
cumulation at a mean rate of 0.16 mg/min per 100 g 

6 .  

7. 

body wt and also satisfy other limiting relationships by 
assuming that part of the hepatic TG had accumulated 
in compartment 3 after CC14 ingestion, but prior to 
~a1mitate-C'~ injection. Compartment 3 reached the 
abnormal size (8 X normal) shown in Fig. 3B, but then 
remained in a steady state (as did plasma TG) during 
the period of isotopic study. Compartment 4, which 
contains TG that is labeled at a slow rate after injection 
of palmitate-C14, was considered to be the only compart- 
ment accumulating TG during the C14 phase of the 
experiment. It contained about four times the normal 
TG concentration at the midpoint of the period of C14 
study and was enlarging at the rate of 0.16 mg/min per 
100 g body wt. 

More than half of the plasma TG was derived 
from extrahepatic sources in CC14-treated rats. The 
restrictions noted in point 7 set this value at 0.019 
mg/min per 100 g body wt, which is 12% of the normal 
hepatic TG secretion rate into plasma. The data from 
Triton-treated rats (8) indicate that about 86% of the 
plasma TG is derived from the liver and 1 4y0 from extra- 
hepatic sources in normal animals. 

Two other models (reference 11, Figs. 6A and B) were 
also used to compare rates of TG metabolism and flow in 
and between plasma and liver. The major observations 
listed above were not altered. As noted previously (11) 

8. 
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rates of hepatic TG turnover, secretion, and formation 
from plasma FFA as well as the rate of plasma TG turn- 
over are relatively insensitive to the choice of model. 

The models’ parameters shown in Figs. 3A and B were 
used with the program of Berman et al. (18) to calculate 
curves of total radioactivity in plasma and liver as a time 
function in the two groups of animals. These curves 
correspond within experimental limits to the observed 
values as shown in Fig. 4 except for the 60-min liver TG 
values in both groups of rats. 

The data presented also permit an estimation of the 
maximum contribution that hepatic TG oxidation might 
make to COZ formation in the control rats. Baker et al. 
(26) found that the overnight-fasted rat (same sex, 
weight, and strain as in present study) excreted COz 
at a rate of 0.084 mmoles/min per 100 g body wt, about 
10% of which was derived from the oxidation of glucose. 
Therefore, 0.076 mmole of GO2 per min per 100 g 
body wt was derived from combustion of non-glucose 
compounds. The maximum contribution which TG 
oxidation in the liver might make to the over-all oxida- 
tion rate of non-glucose compounds may be set at 0.012 
mmole of COz per min per 100 g body wt (assuming that 
0.14 + 0.035 mg TG per min were oxidized completely 
to COZ (see Fig. 3A)). If all the TG secreted by the liver 
into plasma were eventually metabolized completely to 
CO 2 an additional 0.01 0 mmole of COz per min per 100 g 
body wt would be expected to form. The sum of these 
figures represents 26% of the total COZ production and 
is the maximum amount of COZ which might be de- 
rived from TG formed in the liver. 

The present analysis, though complicated, has been 
carried out using a highly oversimplified model. We 
anticipate that calculations of rates and pool sizes will 
be subsequently revised as more sophisticated models 
are developed from subsequent biochemical and kinetic 
studies. The formulation of the present model (11) was 
intended to serve as a basis for comparing relative rates 
of TG flux under various physiological conditions and to 
stimulate further experimentation which should test 
the model’s validity. 

DISCUSSION 

The rate of hepatic TG secretion into plasma in rats 
fasted overnight was 0.15 mg/min per 100 g body wt. 
An even more rapid hepatic TG secretion rate was re- 
ported earlier in glucose-fed rats (11). Laurel1 (27) 
also reported that endogenous plasma TG are replaced 
at rates consistent with our data. We have calculated 
that the hepatic TG secretory rate in rats is sufficiently 
fast to account for the rapid changes in plasma and liver 
TG concentrations after various treatments considered 
to block TG exit from plasma (8) or liver (4). 

A major aim of this study was to determine, employing 
isotopic tracer techniques, whether CC14 ingestion im- 
pairs hepatic TG secretion in the rat. Previous attempts 
to measure the effect of this hepatotoxin on hepatic TG 
secretion utilized three different methods : blocking of 
plasma TG exit with a detergent (Triton) followed by 
measurement of plasma TG (4); determination of net 
TG output from perfused livers (6) ; and incorporation 
of palmitic acid-C’* in vivo into liver and plasma TG 
(5). Interpretation of all these data is difficult. Triton 
may have other effects in addition to inhibition of plasma 
TG egress (8). In the perfusion study, measurements of 
net TG changes in the media were not necessarily a 
true indication of the maximal secretory rate into plasma. 
In the C14 studies, although differences in palmitate-C14 
incorporation into plasma and liver TG were reported, 
no attempt was made to calculate the rate of hepatic 
TG secretion. The data presented in this paper indicate 
that the hepatic TG secretory rate in CC14-treated 
animals is one-tenth the normal rate. An even more 
drastic reduction of the hepatic TG secretory rate might 
be detected if measurements were made on the different 
lipoprotein fractions constituting the plasma TG com- 
partment. While the present method also suffers from 
uncertainties, none of these would alter the conclusion 
that cc14 causes a drastic reduction in the rate of hepatic 
TG secretion. 

In addition to the pronounced effect on the hepatic 
TG secretory rate ccI4 ingestion was found to markedly 
reduce hepatic uptake of plasma TG. Heimberg et al. 
(6) have studied uptake of plasma TG by perfused liver, 
in vitro, from rats which had received CCll dissolved in 
mineral oil. We have interpreted their data to indicate 
that ingestion of CC14-mineral oil decreases hepatic 
uptake of plasma TG compared to the mineral oil-fed 
controls.5 This difference seems significant to us since both 
the control and experimental livers were perfused with 
the same TG concentration in the media. In vivo, how- 
ever, livers of CC1,-treated rats are bathed in plasma 
containing only one-third as much TG as controls (4, 5). 
Since Belfrage et al. (23) have shown that hepatic TG 
uptake is proportional to the plasma TG concentration 
in normal rats, a more marked decrease in uptake would 
have been expected in the perfused liver from the CC14- 
treated rats had the medium TG concentration been 
reduced by at least two-thirds. 

6 Heimberg et al. (6) compared the groups of rats receiving CC14 
plus mineral oil with both a mineral oil-treated and non-treated 
group. They suggested that uptake of plasma TG by liver is 
normal in perfused liver of CC14-treated rats. This interpretation 
is based on c3mparison of the non-treated group with the CCl4- 
mineral oil treated group. It is possible, however, to reach a dif- 
ferent conclusion by comparing the CC14-mineral oil group with 
the mineral oil group. 
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In  the fasted rat, the liver is virtually the sole source of 
plasma T G  (8, 10) and yet this organ extracts T G  from 
the plasma faster than any other tissue (23). These ob- 
servations have led us to formulate the following working 
hypothesis. Proteins, like albumin, that are secreted by 
the liver into the circulation may form intracellular 
complexes with T G  that enable the protein to pass 
through the lipoprotein cell membrane. Using albumin 
as an example, this hypothesis requires that T G  dissociate 
from the protein complex as it leaves the liver cell 
(at the membrane or in blood) ; and that T G  then form 
a typical plasma lipoprotein and/or return as T G  to 
form complexes with more intracellular hepatic protein. 
Studies of experimental nephrosis in which protein 
secretion by liver is increased show augmented hepatic 
T G  uptake and secretion (28). Conversely, our results 
show decreased hepatic uptake and secretion in CC14- 
treated rats, the livers of which synthesize plasma protein 
at  an abnormally slow rate (7, 29). All these findings are 
compatible with this hypothesis. I t  will be interesting to 
see whether other inhibitors of hepatic protein synthesis 
and secretion inhibit both hepatic T G  uptake and secre- 
tion. It is of interest that newly synthesized albumin is 
found in the rat liver microsome fraction bound to lipids 

Although our attention has been focused upon liver 
lipids following CC14 ingestion, analysis of the data indi- 
cates that CC14-treatment also strongly inhibits T G  up- 
take by extrahepatic tissue. The reduced uptake of 
plasma T G  by hepatic and extrahepatic tissues may 
merely reflect the low concentration of very low density 
lipoprotein T G  in the CC14-treated rats rather than a 
defect in the mechanism of T G  penetration into cells. 
We are not aware of any studies on the effect of lowering 
the concentration of endogenously synthesized very low 
density lipoprotein T G  on hepatic and extrahepatic T G  
uptake. However, Belfrage et al. (23) have shown that 
the disappearance rate of injected chylomicron T G  from 
plasma is a function of the circulating T G  concentration. 
The present analysis assumes without an experimental 
basis that about one-third of the total plasma T G  which 
turns over is converted to liver T G  in the CCl4-treated 
rat. French and Morris (31) found in rats that approxi- 
mately one-third of administered chylomicron T G  which 
turned over was incorporated into liver lipids. However, 
the observation that the total plasma TG turnover rate 
is greatly reduced in CCl4-treated rats is independent of 
this assumption. 

The rate of FFA conversion to hepatic T G  was esti- 
mated to be higher in CC14-treated than in control rats. 
The significance of this difference is questionable in the 
light of the several assumptions which were made in 
calculating this rate. Maling et al. (5) have presented 
evidence that would indicate that the rate of palmitate-l- 

(30). 

incorporation into liver T G  is 10 times faster in CCI4- 
treated rats than in controls. However, the data shown in 
their Figs. 4 and 5 for control animals in which liver T G  
total activity and specific activity are shown to rise rap- 
idly only after a 20-min delay are in complete disagree- 
ment with the present data as well as with all similar 
experiments that we know of in various species of animals 

Have1 (33) and Friedberg et al. (34) have estimated 
the fraction of plasma T G  which is derived from 
plasma FFA in overnight-fasted humans. In each study, 
the authors concluded that all of the plasma T G  is 
probably derived from plasma FFA. Friedberg et al.’s 
(and, presumably, Havel’s) method of calculation is 
based upon a simple model which consists of a plasma 
FFA compartment and a combined liver and plasma T G  
compartment. The assumption that liver and plasma 
T G  constituted a single pool was necessary in the ab- 
sence of any liver data. However, as noted earlier (11)  
and as shown in the present study, a 2-pool model cannot 
be used to describe T G  metabolism in rats. In  the present 
investigation, we have estimated that, in both fasted 
CC14-treated and control rats, only about 35% of the 
newly formed hepatic T G  was derived directly from 
plasma FFA. A similar conclusion was reached in our 
study of carbohydrate-fed rats (1 1). Since lipogenesis 
from glucose is inhibited in fasted rats (35), we would 
hypothesize that the relatively weakly labeled source of 
hepatic (and hence also of plasma) T G  may be lipid 
such as phospholipid, which could be derived, in part, 
from plasma FFA. 

The estimated rates of plasma FFA conversion to 
hepatic T G  have not been determined with accuracy 
in the present study. To measure the rate of hepatic T G  
formation from plasma FFA a detailed analysis of plasma 
and tissue FFA and of individual hepatic lipid specific 
activities and pool sizes is required during the first few 
minutes after injection of labeled fatty acid. Further 
experiments may be expected to modify the present 
model of T G  metabolism in rats. As more sophisticated 
models are evolved we would anticipate that better 
estimates of the above parameters may be obtained. 
However, the results of the present study are clearly 
compatible with the hypothesis that rapid liver T G  
accumulation following CC14 ingestion is due to dis- 
ruption of the hepatic mechanism(s) involved in the 
synthesis of TGprotein complexes, in their secretion, 
or in both (4-7, 36). 

(9-11, 17, 19, 27, 32). 
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Health Service. A preliminary report was presented at the 
Federation of American Societies for Experimental Biology 
(Federation Proc. 21 : 292, 1962). 
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