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ABSTRACT Regenerating liver accumulates lipid for about
20 hr following partial hepatectomy. During this time incor-
poration of intravenously administered palmitate-9,10-*H
into B-lipoprotein increased. 13 hr after partial hepatectomy,
there was no change in the level of serum g-lipoproteins, but
the specific activities of the triglycerides in the liver and §-
lipoproteins were significantly diminished. Extension of these
studies to the isolated perfused liver system demonstrated that
13 hr after partial hepatectomy the regenerating liver is ca-
pable of secreting greater quantities of the lipid, but not the
protein, moiety of the B-lipoproteins in comparison with liver
taken immediately from a partially hepatectomized animal,
although there was no difference between the weights of the
livers. However following addition of palmitate-*H and “C-
labeled amino acids to the perfusate, the specific activity of the
hepatic and B-lipoprotein triglycerides of the liver excised 13
hr after partial hepatectomy was diminished, but that of the
protein was not affected. Prelabeling of the accumulated tri-
glyceride with palmitate-1-1C in vivo revealed that the pro-
portions of the accumulated triglyceride secreted as B-lipo-
proteins by perfused livers excised immediately and 13 hr
after partial hepatectomy were identical. It is concluded that
regenerating liver rapidly acquires the ability to mobilize tri-
glycerides at a rate equal to that of the much larger normal
liver, so that it can handle all free fatty acids presented to it.
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ONE oF THE first changes seen after partial hepatec-
tomy is the accumulation of lipid in the liver (1-4).
This accumulation starts within 6 hr and reaches its
peak 24 hr postoperatively, when the weight of liver has
not as yet significantly increased, although mitosis is
becoming most rapid (5). The lipid content of the whole
liver then remains stable for 21 days (6) although its
concentration decreases with the increase in liver
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weight (7). Bartsch and Gerber (8) have concluded that
the accumulation of lipid, mainly as triglyceride, in the
liver remaining after partial hepatectomy is due to a de-
fect in transport rather than to an excess synthesis. How-
ever, this liver is unlike the fatty liver found in various
toxic states, such as CCl; (9), orotic acid (10), or
puromycin (11) intoxication, which can be attributed to
a failure of secretion of the B-lipoproteins. By using
Triton to prevent removal of triglycerides from the
plasma pool, Fex and Olivecrona (12) have shown that
there is no defect in secretion of lipoprotein by the
partially hepatectomized rat liver. This conclusion is
supported by data obtained recently by Infante et al.
(13) with perfused livers. It has therefore been suggested
that the accumulation of lipid by partially hepatec-
tomized livers may be due to an increased uptake of free
fatty acids per gram of liver, which is then stored as
triglyceride (4, 12, 13).

Interpretation of data on lipid transport is complicated
by the discrepancy in size between the livers from normal
and partially hepatectomized animals, making it diffi-
cult to decide whether results should be compared on
the basis of the whole liver or per gram of hepatic tissue.
The problem is accentuated by the differences in specific
activities between the lipids in livers taken from normal
and partially hepatectomized animals when isotopic
tracers are used to study the secretion of the triglyceride
moiety of lipoproteins. In order to obviate some of these
difficulties and to obtain a better indication of the ability
of the liver from the partially hepatectomized animal to
synthesize and release B-lipoproteins, we have studied
in vivo and in the perfused liver the simultaneous
synthesis of the lipid and protein moieties. In the per-
fusion experiments liver perfused immediately after
surgery served as the control. With these maneuvers we
have concluded that within the first 20 hr the regenerat-
ing liver develops the capacity to secrete lipid as g-lipo-
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protein at three times the rate of liver excised im-
mediately after partial hepatectomy, thus enabling it to
cope with all of the free fatty acids presented to it by the
circulation.

METHODS

Male hooded rats weighing 240-270 g, fasted overnight,
were anesthetized by intraperitoneal injection of 5 mg of
Nembutal per 100 g of body weight. For the in vivo
experiments, 2 uCi of amino acid-U-*C mixture and
0.5 uCi of albumin-bound palmitate-9,10-*H, both in
trace amounts, were injected via the jugular bulb 1!/,
and !/, hr, respectively, before the animals were killed.
The secretion of labeled protein and lipid moieties of
the S-lipoproteins are optimal after these intervals (14).
Partial hepatectomy, resulting in the removal of 709,
of the liver, was performed according to the procedure
of Higgins and Anderson (15). Liver perfusions were car-
ried out by the method of Miller, Bly, Watson, and Bale
(16) ; the rate of flow of the perfusate was 210-250 drops/
min with livers taken from both normal and partially
hepatectomized animals. The perfusion medium con-
sisted of 25 ml of packed, washed rat erythrocytes and
75 ml of serum or Krebs-Ringer bicarbonate solution,
pH 7.2, containing 3% bovine serum albumin (Cohn
fraction V), 500 mg of glucose, and 120 mg of an amino
acid mixture (16) per 100 ml of perfusate. The first 25
ml of perfusate was collected and discarded; 6 pCi of
albumin-bound palmitate-9,10-*H and 10 pCi leucine-
1-%C were then added to the remaining medium, and
the perfusion was carried on for 120 min. At the con-
clusion of the experiment all livers were washed by per-
fusion with 30 ml of saline, rinsed, blotted, weighed, and
homogenized in 50 ml of 0.25 M sucrose.

B-Lipoproteins of the serum or cell-free perfusate were
isolated by the heparin—calcium precipitation method of
Jordan, Faulkner, and Knoblock (17), and the precipi-
tate was washed twice with 0.49, calcium chloride.
This procedure precipitates the B-lipoprotein (very low
density and low density lipoproteins), which contains
almost all of the serum triglycerides (18). Liver and
lipoprotein lipids were extracted by the method of
Folch, Lees, and Sloane Stanely (19). Neutral lipids and
phospholipids were separated on silicic acid columns
using chloroform and methanol, respectively, as the
eluting solvents. Free fatty acids were separated from
triglycerides by the extraction procedure of Borgstrom
(20). Triglyceride levels were estimated by the procedure
of Van Handel (21) while lipid phosphorus was deter-
mined according to Fiske and Subbarow (22). The
lipid-extracted tissue homogenate was precipitated with
109, trichloroacetic acid, washed twice with 109, tri-
chloroacetic acid containing an unlabeled amino acid

DEeLAHUNTY AND RUBINSTEIN

mixture (1 mg/ml), and dissolved in 1 N NaOH for pro-
tein estimation according to Lowry, Rosebrough, Farr,
and Randall (23). 0.2 ml of the protein solution was
spotted on Whatman filter paper No. 2 and dried. The
paper was then placed in 15 ml of toluene-based
phosphor solution. Neutral lipid samples were dissolved
directly in the phosphor solution while phospholipids
were first solubilized in 1 ml of methanol. Radioactivity
was measured in a Tri-Carb liquid scintillation counter
(double-label settings), and corrections were made for
self-absorption, overlapping of isotopes, and for quench-
ing by using an external standard. Albumin was bound
to palmitate by a modification of the procedure of Mil-
stein and Driscoll (24). The radioactive isotopes were
obtained from New England Nuclear Corp., (Boston,
Mass.), the unlabeled amino acids from Nutritional Bio-
chemicals Corporation (Cleveland, Ohio), and heparin
from Fisher Scientific Company (Montreal, Canada).

RESULTS

In order to establish the optimum time for the projected
studies on lipid accumulation and secretion by the livers
from partially hepatectomized animals, hepatic triglyc-
eride levels were measured during the first 20 hr post-
operatively. These data are shown in Fig. 1. The level
continued to rise for at least 20 hr and the increase
resembled that reported earlier for total lipids by
Camargo, Cornicelli, and Cardoso (4). The greater in-
crement noted here is probably due to a lower initial
level in the livers of this group of animals and the de-
termination of triglycerides rather than total lipids, since
the latter include phospholipids which do not increase to
the same extent (25). The concentration of liver triglyc-
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Fic. 1. Hepatic triglyceride levels following partial hepatectomy.
Each point is the mean of seven animals Z=sEm.
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erides is increased fourfold 20 hr after partial hepatec-
tomy, but the total amount of the triglyceride is ap-
proximately equal to that of the liver of an intact
animal. As a result of this experiment a 13 hr postopera-
tive period was selected as a suitable time for the study of
lipid accumulation and secretion by the livers from
partially hepatectomized rats. At this time most of the
lipid has already accumulated. On the basis of hepatic
RNA content, Simek, Rubin, and Lieberman (26) have
found that the lipid accumulation is already leveling
off. In addition, the first alteration in ribosomal configu-
ration characteristic of regeneration is seen at this time
(27), although no change in the weight of the liver has
yet occurred.

The ability of the liver from the partially hepatec-
tomized animal to secrete the lipid and protein moieties
of B-lipoproteins in vivo was compared with that of
sham-operated animals; intravenously injected amino
acid-¥C and palmitate-9,10-°H were used as tracers.
The relevant hepatic triglyceride concentrations and
palmitate-9,10-*H incorporation data are shown in
Table 1. There is an accumulation of triglyceride in the
livers of the partially hepatectomized animals, which
also incorporated approximately 339, more isotope into
the triglyceride per gram of liver but contained less total
radioactivity due to their smaller size. The accumulation
of lipid following partial hepatectomy resulted in a lower
triglyceride specific activity. In some animals the incor-
poration of the amino acid-"*C mixture in the liver was
also examined. The data are shown in Table 2. The
livers of the partially hepatectomized animals incor-
porated 459, more labeled amino acids into protein per
gram of liver. This resulted in an elevated protein
specific activity, although the total radioactivity in-
corporated by the smaller regenerating livers was less
than that in sham-operated animals. The incorporation
of the isotopes into serum g-lipoproteins under these con-
ditions is shown in Tables 3 and 4. It will be noted that
the levels of both the protein and lipid moieties of the

TABLE 1 INcORPORATION OF PaLMITATE-9,10-*H INTO LIVER
TrIGLYCERIDES IN Vivo

Sham Operated Partial Hepatectomy

No. of animals 12 9
Weights of livers, g 7.9 +£0.2 2.24+&0.1%
Triglyceride
Concentrations, mg/g liver 5.6 0.5 10.7 £ 0.5*
Radioactivity,
com X 1074/g liver 64.5 = 4.5 86.6 = 7.7%
Total radioactivity
cpm X 1074 per liver 529 =+ 42 194 &= 1651
Specific activity
cpm X 104 mg 124 + 14 81 & 7%

Figure represent means —=SEM.
* Significantly different from control (P < 0.01).
t Significantly different from control (P < 0.05).
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TABLE 2 INcORPORATION OF AN AMINO Acip-*C MIXTURE
INTo HEPATIC PROTEINS IN VIVO

Partial
Sham Operated Hepatectomy
No. of animals 4 3
Weights of livers, g 7.4x£0.2 2.0x0.1
Proteins
Concentration, mg/g liver 150 £ 1.1 140 = 4.8
Radioactivity,
cpm X 1074/g liver 3.3+£0.4 4.8 &= 0.3*
Specific activity,
cpm X 107%/mg protein 2.2+0.2 3.5 &£ 0.2*
Total radioactivity,
cpm X 104 per liver 24.5 £ 2.7 9.7 & 0.5*

Figures represent means = seM.
* Significantly different from control, P < 0.05.

TABLE 3 INCORPORATION OF PaLMITATE-9,10-*H INTO
TRIGLYCERIDES OF B-LIPOPROTEINS IN Vivo

Sham Partial
Operated Hepatectomy
Triglycerides
Concentration, mg /700 ml serum  60.0 5.0 62.1 £ 5.5
Radioactivity,

cpm X 1072/ ml serum 52.0 5.4 26.8 &4 2.3*

Specific activity,
cpm /ug triglyceride

8.3 = 0.7 4.1 &£ 0.3*

There were 11 animals in each group. Values of means = sEm.
* Significantly different from control (P < 0.01).

TABLE 4 INCORPORATION OF AmINO Acip-“C INTO THE
PROTEIN OF THE 3-LiPOPROTEINS IN Vivo

Sham Partial
Operated Hepatectomy
No. of animals 7 8
Proteins
Concentration, mg/700 ml
serum 22 £ 2.7 24 £ 1.7
Radioactivity,
cpm X 107%/ml serum 12.7 1.2 15.5 £ 0.9
Specific activity,
cpm/ug protein 6.2x0.8 6.5+ 0.7

Figures represent the means 4=sEm.

B-lipoproteins are unaltered by the partial hepatectomy.
However, incorporation of palmitate~’H (Table 3) into
the lipid moiety of the serum B-lipoproteins of partially
hepatectomized rats is diminished by 50% with a con-
comitant decrease in specific activity. This may be a
reflection of the lower specific activity of the liver
triglycerides. The incorporation of the amino acids-**C
(Table 4) into the protein moiety of the lipoprotein was
not significantly affected by the partial hepatectomy.
The failure of the partial hepatectomy to decrease the
serum B-lipoprotein concentration and the specific
activity of the protein moiety suggests that the accumula-
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tion of hepatic triglycerides is not due to an inability of
the regenerating liver to secrete §8-lipoproteins.

This was further studied by following the ability of
livers from partially hepatectomized animals to con-
vert pulses of palmitate-9,10-°H into triglycerides of
B-lipoproteins over a 20 hr period. The results are
shown in Fig. 2. It can be seen that 2 hr after partial
hepatectomy the livers incorporated fatty acids into
lipoprotein triglycerides at about one-third the rate of
the sham-operated animals, although on the basis of liver
weight the incorporation corresponded with that of the
control animals. As the postoperative period advanced,
the ability of the livers from the partially hepatectomized
animals to incorporate palmitate into the triglycerides of
the serum B-lipoprotein increased, so that after 20 hr it
was similar to that of the control animals, although the
weight of the liver in the partially hepatectomized
animals remained unchanged.

To avoid the complication of removal of the triglyc-
erides by other tissues, the perfused liver was used to
study the mechanism of lipid accumulation and secretion
after partial hepatectomy. Fig. 3 shows typical patterns
of incorporation of palmitate-9,10-*H into the triglyc-
erides of serum used as the perfusate. It will be noted
that the most rapid incorporation occurred with normal
liver. This was probably due to the more rapid uptake of
the palmitate and the larger size of the liver. The release
of labeled neutral lipids by livers from animals which
had been partially hepatectomized either immediately
before perfusion or 13 hr earlier was considerably lower,
although the radioactivity released by the two types of
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Fi1c. 2. Incorporation of palmitate-*H into the triglycerides of the
serum @-lipoproteins at various intervals after partial hepatec-
tomy. Each point is the average of seven animals & sEm.
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Fic. 3. Incorporation of palmitate-*H into the triglyceride of the
liver perfusate B-lipoproteins. @, normal liver; Q, liver removed
from a partially hepatectomized rat immediately before perfusion;
A, liver removed 13 hr after partial hepatectomy; A, liver from
animal given 0.1 ml of CCl, per 100 g body weight 12 br earlier.
The data cited in the figure are typical of three such experiments.
The weights of the livers and the ty for the uptake of the palmitate-
3H respectively during the perfusions were as follows: normal, 11.1
g and 20 min; removed immediately after partial hepatectomy,
3.5 g and 40 min; removed 13 hr after partial hepatectomy, 2.8 g
and 40 min; CCls-treated, 12.0 g and 30 min.

hepatectomized preparations apparently did not differ
from each other. The secretion of labeled triglyceride
(per gram of liver) was not decreased by partial
hepatectomy. A liver from a CCly-treated animal (0.1
ml/100 g of body weight administered intraduodenally
12 hr earlier) was also examined and showed a greater
diminution in secretion of labeled triglyceride than the
smaller livers from the partially hepatectomized animals.

While the perfused liver experiment cited in Fig. 3
confirms that, on the basis of liver weight, there is no
decrease in the ability of livers from partially hepatec-
tomized animals to synthesize and secrete labeled tri-
glycerides, it does not demonstrate the increased ability
of regenerating liver to secrete lipoproteins suggested by
the in vivo experiments cited in Fig. 2. In order to mea-
sure both the total quantity and the incorporation of
fatty acids and amino acids into the lipid and protein
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moieties of the B-lipoproteins, livers were excised im-
mediately or 13 hr after partial hepatectomy and per-
fused for 120 min with a medium consisting of 4%, albumin
in Krebs—Ringer bicarbonate buffer which replaced the
serumn of the perfusate. Tables 5 and 6 show the chemical
and isotopic analyses of the livers following the perfusion,
and the data resemble those seen for the experiments in
which the isotopic precursors were administered in vivo
(see Tables 1 and 2). There was no difference in weight
between the livers excised immediately and 13 hr after
partial hepatectomy, although the latter contained a great
deal more lipid (Table 5). The incorporation of palmitate
into the liver triglycerides did not differ significantly
between the two types of liver preparations but due to the
large amount of lipid present in the 13 hr regenerating liver
its specific activity was considerably lower than that in the
liver from the newly partially hepatectomized animal.
The data in Table 6 indicate that the 13 hr regenerating
liver incorporated amino acids more rapidly into hepatic
protein than one excised immediately after partial hepa-
tectomy. This resulted in an increase in specific activity,

TABLE 5 INCORPORATION oF ParmiraTte-9,10-*H 1nto
Hepatic TriGLYCERIDES DuriNg PerrFusioN ofF Livers
FROM PARTIALLY HEPATECTOMIZED RATS

Time of Excision of Liver

Immediately after 13 hr after
Partial Partial
Hepatectomy Hepatectomy
No. of animals 7 8
Weights of livers, g 2.7 x£0.5 2.9+0.2
Triglyceride
Concentration, mg/g liver 6.0 &= 0.5 13.4 &£ 1.8*
Radioactivity,
cpm X 1073 /g liver 604 £ 160 667 = 233
Specific activity,
cpm/ug triglyceride 117 £ 23 43 + 7.6%

Figures represent means == sem. See text for details.
* Significantly different from control (P < 0.01).
t Significantly different from control (P < 0.05).

TABLE 6 IncorrorATION OF AMING Acip-“C iINTo HEPATIC
PrOTEINS DURING PERFUSION OF LIVERS FROM PARTIALLY
HEPATECTOMIZED RATS

Time of Excision of Livers

Immediately 13 hr after
after Partial Partial
Hepatectomy Hepatectomy
Weight of liver, g 2.4+x£0.2 2.8+£0.2
Proteins
Concentration, mg/g liver 134 &= 10 130 £ 12
Radioactivity,
cpm X 1073/ g liver 54.1 = 7.0 93.2 &= 11.7*
Specific activity,
cpm/pg protein 0.39 £+ 0.02 0.74 &= 0.08*

Figures represent the mean of four animals == seM. See text for
details.
* Significantly different from control (P < 0.05).
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since the protein content did not differ. Analyses of the
corresponding B-lipoprotein secreted into the perfusate
after 120 min are shown in Tables 7 and 8. Table 7
indicates that the release of triglycerides as 8-lipoproteins
per gram of tissue by the liver removed 13 hr after partial
hepatectomy was twice as great, although the specific
activity was decreased. There was no significant differ-
ence between the two liver preparations in the amount of
the protein moiety of the B-lipoprotein (Table 8).
The data suggest an increased incorporation of amino
acid and specific activity of the protein in the regenerat-
ing liver (see Table 6). The lipoproteins secreted by
livers excised 13 hr after partial hepatectomy have a
higher ratio of triglyceride to protein than the lipoprotein
secreted by livers removed immediately after partial
hepatectomy. In a number of experiments the total
amount of and the incorporation of palmitate-*H into
phospholipids of the B-lipoproteins were also followed
(not shown here). A pattern similar to that of the tri-
glycerides, namely, increased secretion but decreased
specific activity of phospholipids, was found in the g-
lipoproteins secreted by the livers removed 13 hr after
partial hepatectomy.

The specific activity of the triglycerides in the 8-lipo-
proteins secreted into the perfusate by the livers removed

TABLE 7 IncorrorATION OF PaLmiTaTe-9,10-°H 1NTO

TRIGLYCERIDES OF PERFUSATE B-LIPOPROTEINS

Time of Excision of Livers

Immediately 13 hr after
after Partial Partial
Hepatectomy Hepatectomy
No. of animals 6 8
Triglycerides
Concentration, mg/g liver 113 £ 26 217 £ 17*
Radioactivity,
cpm X 1073 /g liver 41 = 16 34 &= 12
Specific activity,
com/ug triglycerides 349 + 68 143 = 281

Figures represent the mean == sEm.
* Significantly different from control (P < 0.01).
1 Significantly different from control (P < 0.05).

TABLE 8 INCORPORATION OF AMINO

Acip-U-#*C INTO

PROTEINS OF PERFUSATE 3-LIPOPROTEINS

Time of Excision of Livers

Immediately 13 hr after
after Partial Partial
Hepatectomy Hepatectomy
Protein
Concentration, mg/g liver 568 == 200 633 £ 260
Radioactivity,
cpm X 1073 /g liver 220 £ 12 465 £ 176
Specific activity,
cpm/ug protein 0.39 £ 0.05 0.71 = 0.16

Figures represent the means of four experiments in each group

=+ SEM.
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13 hr after partial hepatectomy is lower than that of the
B-lipoproteins secreted by livers taken immediately after
partial hepatectomy. While this observation may be a re-
flection of the lower specific activity of the triglycerides
in the former liver, it suggests that the accumulated
triglycerides are not sequestered as a relatively inert cyto-
plasmic pool but may be directly secreted. To check this
point, the triglyceride pool of the liver was labeled by the
intravenous administration of palmitate-1-*C 12 hr
before the livers were excised for perfusion. The secretion
of this accumulated labeled triglyceride pool by perfused
livers removed immediately and 13 hr after partial
hepatectomy, was studied. Since lipids accumulate in
relatively inert cytoplasmic droplets following CCl,
intoxication, it was interesting to compare the secretion
of triglycerides by livers from these animals with those
released by liver from partially hepatectomized animals.
As was the case with the control animals, the CCly-
treated rats were partially hepatectomized immediately
before removal of the liver for perfusion. The results are
shown in Table 9. The specific activities of the hepatic
triglycerides from the various groups of animals cannot
be compared directly since the palmitate-1-4C was in-  duced.
jected when the livers of the control and CCls-treated
animals (groups 1 and 3) were intact, but the animals
undergoing partial hepatectomy 13 hr before the liver
perfusion (group 2), were given the palmitate-1-“C 1 hr
after 709, of the liver had been removed. Thus the
hepatic specific activities correspond more closely to
those seen after the in vivo experiments (see Table 1) than
those observed with perfused livers. It is of interest how-
ever to compare the specific activities of the hepatic and
perfusate triglycerides from the same group of animals.
In the untreated livers removed either immediately or 13
hr after partial hepatectomy, the specific activities of the
hepatic and perfusate triglycerides were similar. On the
other hand, the specific activity of the perfusate triglycer-
ide secreted by the CCl-treated liver was considerably

DISCUSSION

on the uptake of fatty acids.

TABLE 9 RELEASE INTO PERFUSATES OF LABELED TRIGLYCERIDE ACCUMULATED IN VITRO LIVERS
FrROM NORMAL OrR CCl+-TREATED PArTIALLY HEPATECTOMIZED RATS

Treatment of Animals

Group 3: CClL-Treated
13 hr before Partial

Group 1: Control,

Liver Excised Group 2:

Immediately Liver Excised 13 hr Hepatectomy; Liver
after Partial after Partial Removed Immediately
Hepatectomy Hepatectomy after Surgery
No. of animals 4 5 3
Liver triglycerides
Concentration, mg/g liver 4.4 0.6 9.9+0.8 27.1 £3.0
Specific activity, ug triglyceride 1.5+0.5 2.3+0.2 3.0+0.8
Perfusate triglycerides
Specific activity, ug triglyceride 1.6 0.6 1.8 £0.5 0.6 =0.2
Hepatic triglycerides-*C secreted, % 5.6 0.4 6.3 +£0.3 0.3 +£0.05

Values represent means = seM. Palmitate-1-14C injected intravenously 12 hr before removal of the
livers in each case. Perfusion time: 120 min.

Devanunty anp RuBINsTEIN  Triglyceride Metabolism in Partially Hepateclomized Rails

lower than that of the liver, suggesting that little of the
accumulated triglyceride contributed to the secretory
pool. To permit comparison between various groups of
animals, the percentage of the accumulated labeled tri-
glycerides secreted is also shown. There was no significant
difference in the percentage release between the livers
removed immediately and 13 hr after partial hepatec-
tomy. There was, however, a 30-fold decrease in the
release of accumulated triglyceride radioactivity from the
CClsintoxicated liver, although the actual amount of
triglyceride secreted (not shown here) was from one-half
to one-fourth that of the control. These data are con-
sistent with the concept that the accumulated triglyc-
erides in the regenerating liver are secreted as readily as
those of normal livers. The experiments cited in Table 9
differed from those reported in Tables 1-8 since it was
necessary to obtain the animals from a different supplier,
and perfusate triglycerides rather then B-lipoproteins
were determined. Therefore, during these perfusions,
palmitate-9,10-*H was added to the Ringer-based per-
fusate. The results (notshown here) indicated that the pat-
tern reported in Tables 3 and 7 was nevertheless repro-

The present data and the earlier studies of Fex and Olive-
crona (28) indicate that livers from partially hepatecto-
mized animals are capable of taking up more free fatty
acids per gram of tissue than are normal livers. Although
there is some difference in opinion as to whether or not
serum free fatty levels are elevated after partial hepa-
tectomy (4, 28), the greater hepatic blood flow following
surgery (29, 30) probably accounts for the increased
uptake of the labeled free fatty acids (28) and the
accumulation of lipid during the first 15-20 postoperative
hr. The accumulated lipid per se has no apparent affect
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While the liver of a partially hepatectomized animal
takes up free fatty acids in vivo in increased amounts
relative to its size (28), it does not appear to be able to
secrete the resulting triglycerides at a correspondingly
greater rate. Thus the rate of incorporation of palmitate-
*H into the triglycerides of the 8-lipoproteins within 2 hr of
partial hepatectomy is only one-third of that seen with a
normal liver. A similar phenomenon is seen with perfused
livers which have been excised immediately after partial
hepatectomy. Since the decrease in secretion is propor-
tional to the decrease in size of the liver, there is no failure
in secretion of lipoprotein by the remaining hepatocytes.
With increasing time intervals following partial hepa-
tectomy, the ability of the liver to resecrete the free fatty
acids obtained from the circulation as triglycerides of
B-lipoproteins increases. After 20 hr the hepatic remnant,
which has still not increased in weight, can cope with the
relatively elevated flux of free fatty acids. A morpholog-
ical basis for the increased lipoprotein secretion is pro-
vided by the observations of Trotter (31) who showed the
presence of osmiophilic bodies in the cisternae of the
endoplasmic reticulum, which may represent an in-
creased rate of export of very low density lipoprotein. An
increase in secretory function during the premitotic
period has also been reported for albumin and fibrinogen
(32). However, the partially hepatectomized liver ap-
pears to secrete the greater quantities of lipid primarily
by increasing the amount of triglyceride added to the
protein moiety of the §-lipoprotein, the rate of secretion of
the latter being slightly elevated during the 20 hr post-
partial hepatectomy period. Likewise Infante et al. (13)
could find no difference between the perfused livers of
normal and partially hepatectomized rats with regard to
the incorporation of labeled amino acids into the protein
moiety of the d < 1.063 lipoproteins. Since the S-lipo-
protein included the very low density and low density
components, it is possible that an increase in protein con-
tent of the former, which carries most of the triglycerides,
has been overlooked. However, in the rat the VLDL pro-
tein makes up about 409 of the protein of the d < 1.063
lipoproteins (33, 34) and is 909, precipitable by heparin
(33). Itis likely, therefore, that a significant change in the
amount of VLDL protein would be detected by our pro-
cedure. Nevertheless, the possibility of a change in
amounts of a specific peptide such as the C apoprotein,
said to be characteristic of human VLDL (35) especially
under conditions involving transport of large amounts of
lipid (36), cannot be ruled out. The ability of liver to
increase the amount of lipid bound to the protein moiety
of the S-lipoprotein when presented with a large free fatty
acid load has also been demonstrated in perfused normal
liver by Ruderman, Richards, Valles de Bourges, and
Jones (37), and in diabetic livers by Wilcox, Dishmon,
and Heimberg (38). The increase in phospholipid secre-
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tion which accompanies the increased release of tri-
glycerides by the regenerating liver is consistent with the
concept that various species of lipid in lipoproteins are
secreted in discrete molar ratios (39). The factor which
initiates the increased association of lipid with the protein
moiety of the lipoproteins has not yet been determined.

The decrease in the specific activity of the triglycerides
released into the perfusate by the 24 hr regenerating liver
when labeled acetate is used as a precursor, noted by
Bartsch and Gerber (8), is consistent with a decrease in
lipoprotein secretion. However, since the actual amount
of triglyceride secreted is not altered in spite of the smaller
liver, it is apparent that the decreased specific activity of
the lipid moiety of the perfusate 8-lipoprotein is related to
the lower specific activity of the triglyceride in the liver
excised 13 hr after partial hepatectomy. Thus a large
portion of the accumulated triglyceride serves as a pool
which can provide lipoprotein-lipid even though it has
accumulated for a period of at least 13 hr. Trotter (31)
noted that 7 hr after partial hepatectomy the fat droplets
in the liver (usually associated with stored triglycerides)
are only slightly larger than normal. Most of the accu-
mulated lipid is present as osmiophilic bodies in the endo-
plasmic reticulum, which ultimately appear in the spaces
of Disse. It is tempting to speculate that most of the tri-
glyceride is temporarily stored in these bodies and is re-
moved from the regenerating liver as its capacity to se-
crete lipoprotein increases during the first 20 hr after
partial hepatectomy. These osmiophilic bodies disappear
after 24 hr (31). This is in contrast with the situation fol-
lowing CCly intoxication where lipid accumulates as fat
droplets in the cytoplasm of the hepatocyte, and is not
released to any significant degree during perfusion (see
Table 9).

The present data suggest the following sequence of
events in hepatic lipid metabolism after partial hepatec-
tomy. In the earliest stages after surgery the serum free
fatty acids are esterified to form triglycerides which ac-
cumulate in excess of the liver’s ability to secrete them as
B-lipoproteins. As time progresses, the secretion of tri-
glyceride is increased, primarily by coupling more lipid
to the protein of the 8-lipoproteins. After 20 hr the small
partially hepatectomized liver can secrete lipid at a rate
equal to the normal liver, thereby coping with the free
fatty acid flux and preventing further accumulation.

This study was supported by a grant (MT-1266) from the
Medical Research Council of Canada.
Manuscript received 3 April 7970, accepted 30 July 7970.

REFERENCES

1. Collip, J. B,, R. L. Kutz, C. N. H. Long, D. L. Thomson,
G. Toby, and H. Selye. 1935. Can. Med. Ass. J. 33: 689.

2. Ludewig, S., G. R. Minor, and J. C. Hortenstine. 1939,
Proc. Soc. Exp. Biol. Med. 42: 158.

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

11.

12.

13.

14.
15.
16.
17.
18.
19.
20.

21.
22.

. Harkness, R. D. 1952. J. Physiol. (London). 1173 267.
. Camargo, A. C. M., J. Cornicelli, and S. S. Cardoso.

1966. Proc. Soc. Exp. Biol. Med. 122: 1151.

. Brues, A. M, D. R. Drury, and M. C. Brues. 1936. Arch.

Pathol. 22: 658.

. Harkness, R. D. 1957. Brit. Med. Bull. 13: 87.
. Bengmark, S., R. Olsson, and A. Svanborg. 1964. Acta

Hepato-Splenol. 11: 276.

. Bartsch, G. G., and G. B. Gerber. 1966. J. Lipid Res. 7: 204.
. Recknagel, R. O. 1967. Pharmacol. Rev. 19: 145.
. Windmueller, H. G., and R. 1. Levy. 1967. J. Biol. Chem.

242: 2246.

Robinson, D. S., and A. Seakins. 1962. Biochim. Biophys.
Acta. 62: 163.

Fex, G., and T. Olivecrona. 1968. Biochim. Biophys. Acta.
164:424.

Infante, R., G. Alcindor, A. Raisonnier, D. Petit, J.
Polonovski, and J. Caroli. 1969. Biochim. Biophys. Acta. 187:
335.

Buckley, J. T., T. J. Delahunty, and D. Rubinstein. 1968.
Can. J. Biochem. 46: 341.

Higgins, G. M., and R. M. Anderson. 1931. Arch. Pathol.
12: 186.

Miller, L. L., C. G. Bly, M. L. Watson, and W. F. Bale.
1951. J. Exp. Med. 94: 431.

Jordan, W. J, Jr.; A. G. Faulkner, and E. C. Knoblock.
1966. Anal. Biochem. 14: 91.

Levy, R. I, R. S. Lees, and D. S. Fredrickson. 1966.
J. Clin. Invest. 45: 63.

Folch, J., M. Lees, and G. H. Sloane Stanley. 1957.
J. Biol. Chem. 226: 497.

Borgstrém, B. 1952. Acta Physiol. Scand. 25: 111.

Van Handel, E. 1961. Clin. Chem. 7: 249.

Fiske, C. H., and Y. Subbarow. 1925. J. Biol. Chem. 66:
375.

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R. J
Randall. 1951. J. Biol. Chem. 193: 265.

Milstein, S. W., and L. H. Driscoll. 1959. J. Biol. Chem.
234:19.

Levin, E., R. M. Johnson, and S. Albert. 1958. Arch.
Biochem. Biophys. 73: 247.

Simek, J. F., F. Rubin, and I. Lieberman. 1968. Bio-
chem. Biophys. Res. Commun. 30: 571.

Webb, T. E., G. Blobel, and Van. R. Potter. 1966. Cancer
Res. 26: 253.

Fex, G., and T. Olivecrona. 1968. Biochim. Biophys. Acta.
152: 237.

Benacerraf, B., D. Bilbey, G. Biozzi, B. N. Halpern, and
C. Siiffel. 1957. J. Physiol. (London). 136: 287.

Menyhart, J., and L. Simon. 1966. Acta Physiol. Acad. Sci.
Hung. 30: 161.

Trotter, N. 1964. J. Cell Biol. 21: 233.

Majumdar, C., K. Tsukada, and I. Lieberman. 1967.
J. Biol. Chem. 242: 700.

Kook, A. I., A. S. Eckhaus, and D. Rubinstein. 1970.
Can. J. Biochem. 48: 712.

Narayan, K. 8., G. E. S. Mary, and F. A. Kummerow.
1968. Proc. Soc. Exp. Biol. Med. 129: 6.

Brown, W. V., R. 1. Levy, and D. S. Fredrickson. 1969.
Circulation. 40: 111-4,

Gustafson, A., P. Alaupovic, and R. H. Furman. 1966.
Biochemistry. 5: 632.

Ruderman, N. B., K. C. Richards, V. Valles de Bourges,
and A. L. Jones. 1968. J. Lipid Res. 9: 613.

Wilcox, H. G., G. Dishmon, and M. Heimberg. 1968.
J. Biol. Chem. 243: 666.

Heimberg, M., D. R. Van Harken, and T. O. Brown. 1967.
Biochim. Biophys. Acta. 137: 435.

Devanunty ANp RuBiNsTEIN  Triglyceride Metabolism in Partially Hepatectomized Rats 543

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

