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Abstract To assess the possible role of altered hepatic process- 
ing of free fatty acids in dietary sucrose-induced accumulation 
of triglyceride in the liver and blood plasma, livers from rats fed 
commercial laboratory stock and high sucrose diets were per- 
fused both with and without oleic acid substrate. Consumption 
of the sucrose diet exerted a multiplicity of effects on oleic acid 
metabolism, characterized by decreased conversion to both 
ketone bodies and carbon dioxide, increased esterification into 
liver triglyceride, and increased secretion in triglyceride-rich 
lipoproteins. During the infusion of oleic acid, livers from 
sucrose-fed rats also exhibited decreased ketogenesis, and in- 
creased secretion of triglyceride from endogenous sources. Since 
oleic acid uptake from the perfusion medium was identical in 
both groups, the observed effects of sucrose feeding are ascribed 
to altered rates of intracellular metabolic processes. Mass and 
radiochemical analyses of perfusate ketone bodies and trigly- 
cerides were indicative of greater mobilization of triglycerides 
from hepatocellular lipid droplets in the livers from sucrose-fed 
rats. These livers contained more triglyceride and secreted more 
triglyceride even in the absence of infused oleic acid. In sum- 
mary, the sucrose-rich diet increased the esterification:oxidation 
ratio of intracellular free fatty acids derived from both the cir- 
culation and endogenous sources within the hepatocyte. In re- 
sponse, secretion of triglyceride-rich lipoproteins by the liver 
and deposition of triglyceride within the liver were promoted. It 
is concluded that alterations in the processing of free fatty acids 
by the liver contribute significantly to the liver and plasma 
triglyceride accumulation following sucrose consumption. - Ya- 
mamoto, M., I. Yamamoto, Y. Tanaka, and J. A. Ontko. Fatty 
acid metabolism and lipid secretion by perfused livers from rats 
fed laboratory stock and sucrose-rich diets. J Lipid Res. 1987. 
28: 1156- 1165. 
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leads to elevations in the liver and plasma triglyceride 
concentrations (1-11). The accumulation of liver and 
plasma triglyceride in such animals may be, at ieast in 
part, ascribed to increased hepatic fatty acid synthesis (4, 
12-15). In addition, it remains possible that altered 
subcellular utilization of free fatty acids via oxidation and 
esterification contributes significantly to the observed 
effects of dietary sucrose. However, despite the impor- 
tance and long history of the metabolic consequences of 
sucrose consumption, a detailed study of the hepatic uti- 
lization of long chain fatty acids in animals fed a high 
sucrose diet has not been conducted. 

As shown in the study of Windmueller and Spaeth (ll), 
perfused livers from rats fed a purified diet rich in sucrose 
secrete more triglyceride than livers from rats fed an or- 
dinary stock (chow) diet. In view of the magnitude of this 
(11) and other (1-10, 12-15) responses to dietary sucrose, 
and their relation to our previous studies on metabolic 
and genetic factors that influence the hepatic production 
of triglyceride-rich lipoproteins (16-21), the concurrent 
metabolic conversions of oleic acid were comprehensively 
examined in isolated perfused livers from rats fed such a 
diet. Livers from stock diet-fed rats of the same age, sex, 
and genetic origin were perfused under identical condi- 
tions for comparison. Both basal rates of activity and 
responses to the infusion of oleic acid were determined. 
These studies revealed that, indeed, altered hepatic dispo- 
sition of long chain free fatty acids is a causative factor in 
the liver and plasma triglyceride accumulation produced 
by a sucrose-rich diet. 

The consumption of a diet rich in sucrose promotes the 
synthesis and accumulation of triglyceride, and the secre- 
tion of triglyceride-rich lipoproteins, by the liver and 

'Present address: Department of Chemistry, Kurume Univcnity 

'To whom correspondence should be addressed. 
School of Medicine, Kurume 830, Japan. 

1156 Journal of Lipid Research Volume 28, 1987 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


EXPERIMENTAL PROCEDURES 

Animals 

Male Wistar rats from the Kyudo Go., Kumamoto, 
were housed at constant temperature (22°C) with lights 
turned on at 7:OO AM and off at 7:OO PM. Animals were 
maintained on a commercial rat diet (Type CE-2,Nihon 
Clea, Osaka) and water ad libitum. This diet was a mix- 
ture of natural sources and contained 24.8% protein, 
4.4% fat, 3.5% fiber, 51.6% carbohydrate, 7.0% ash, and 
8.7% water. Rats, as indicated later, were fed a semi- 
purified high-sucrose diet for 10 days and water ad libi- 
tum. This diet was also obtained from Nihon Clea, and 
contained vitamin-free casein, 18%; corn oil, 5%; DL- 
methionine, 0.23%; sucrose, 70.2%; salt mixture, 6.2%; 
and vitamin mixture, 0.37%. The salt mixture contained 
the following, all listed in mg/100 g diet: calcium car- 
bonate, 1,355.4; calcium dihydrogen phosphate, 1,500; 
potassium phosphate, monobasic, 1,730; magnesium 
sulfate, 800; sodium chloride, 600; iron (111) citrate, 190; 
zinc carbonate, 6.0; copper (11) sulfate, 1.26; cobalt (11) 
chloride, 0.4; potassium iodate; 1.54; and manganese (11) 
sulfate, 15.4. The total salt mixture was 6,200 mgI100 g 
diet. The vitamin mixture contained the following, all 
listed in mg/100 g diet: vitamin A D3, 2.4; vitamin E, 
20; vitamin K3, 0.3; thiamine, 1.5; riboflavin, 1.56; pyri- 
doxine, 1.02; biotin, 0.5; calcium pantothenate, 4.0; p- 
aminobenzoic acid, 10.15; nicotinic acid, 10.15; inositol, 
15; folic acid, 0.2; choline chloride, 300; and vitamin B12, 
5.0. The total vitamin mixture was 371.8 mg/100 g diet. 

Liver perfusion 

Liver perfusions were at 37OC as described previously 
(16, 17, 21). The recirculating medium (17) contained 90 
ml of Krebs-Henseleit buffer (pH 7.4), 25 mM glucose, 

1.5% fatty acid-free bovine serum albumin (Fraction V 
fatty acid-free, Miles Laboratories), and 30 ml of washed 
bovine erythrocytes. A priming dose of [l-14C]oleic acid 
(25 dpmlnmol) substrate was added (5 ml of 20 mM 
potassium oleate in 0.9% NaCI) at the beginning of the 
perfusion and the same solution was infused continuously 
(4.5 ml/hr) for 225 min. The total quantity of oleic acid 
infused was, therefore, 437.5 pmol and the total radioac- 
tivity infused was 10,937,500 dpm. The radioactive oleic 
acid was procured from New England Nuclear (53.8 
mCi/nmol). Total 14C02 was measured as described 
previously (21), except that the samples were added to 
ACS I1 (Amersham) scintillation cocktail and counted in 
an Aloka LSC- 1000 liquid scintillation counter. Appro- 
priate corrections for quenching were made. 

Analytical methods 

The methods employed for the lipid and ketone body 
analyses in the rat livers and liver perfusates were as 
described previously (16-18, 21). Statistical comparisons 
were calculated using Student’s t-test with a two-tailed 
measurement of P values. 

RESULTS 

The animals and perfused livers in the present experi- 
ments are described in Table 1. The measured 
parameters were uniform in both groups except for the 
slight increase in total liver weights observed in rats fed 
the high-sucrose diet. This difference was significant only 
in the livers perfused in the absence of oleic acid substrate. 
Expression of the data in units/g liver provides a correc- 
tion for small differences in liver weight. 

A glucose concentration of 25 mM was perfused in the 
present and previous (17-21) studies. This is based on 

TABLE 1 .  Animals and perfused livers 
~~ 

Substrate‘ Chaw Diet (4f Sucrose Diet (4) P 

- Body weight (g) 311 i 4‘ 323 f 7 
+ 320 * 8 318 8 

Liver weight (g)’ - 13.8 i 0.4 15.8 i 0.7 
+ 13.7 + 0.5 14.9 i 0.5 

Stomach weight (9) - 9.2 i 1.4 8.1 f 0.8 
+ 9.3 f 0.9 9.0 * 0.4 

Perfusate flow (mllmin) 8 - 17.0 i 0.1 17.2 f 0.1 
+ 17.3 i 0.2 17.6 i 0.3 

- Bile production (pl) 2173 i 265 1538 f 81 
+ 2127 i 223 1833 f 180 

NSd 
NS 

<0.05 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

“Indicates perfusion with or without oleic acid substrate. 
’Indicates the number of animals and perfused livers in each group. 
‘Standard error of the mean. 
dNS, not significant. 
‘Determined at the end of the perfusion period. 
’Entire volume produced in 225 min of perfusion. 
‘The flow rate was measured at 45-min intervals in each perfusion. The average rate in each perfusion was used 

to calculate the mean value. 
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a)  the elevated glucose concentration in portal blood of fed 
animals relative to that commonly measured in peripheral 
blood, and 6) the observation of Brunengraber, Boutry, 
and Lowenstein (22) that high concentrations of glucose 
are required to support physiological rates of fatty acid 
synthesis by the perfused liver. If the portal blood concen- 
tration does not reach 15 mM [the initial level of the 
plateau range of 15-25 mM reported by Brunengraber et 
al. (22)], the reason(s) for such a requirement by the per- 
fused liver are not immediately explicable. Such a re- 
quirement may be related to the high levels of hepatic 
metabolites achieved under these conditions (22), the 
absence of certain plasma constituents in the synthetic 
perfusion medium, and/or the absence of the hepatic 
arterial circulation in the organ perfusion circuit. As sum- 
marized by Gardemann, Strulik, and Jungermann (23), 
in the traditional perfused liver system (in which the en- 
tire hepatic circulation is supplied via the portal vein) glu- 
cose balance is generally unresponsive to insulin. This 
hormone was therefore not included in the perfusion 
medium. It was observed, however, that when a portal- 
arterial glucose concentration gradient was established, 
insulin-dependent glucose uptake by the perfused liver oc- 
curred (23). These observations suggest the possibility 
that a portal glucose concentration less than 15 mM may 
support physiological rates of hepatic metabolism only in 
the presence of both insulin and a portal-arterial glucose 
concentration gradient. 

When oleic acid was infused, ketogenesis was suppressed 
in livers from the rats fed the sucrose diet (Fig. i), as 
compared to the rate exhibited by livers from rats fed 
chow. Endogenous ketogenesis (the square symbols in 
Fig. 1) was similar in both groups. Accordingly, addition 
of the fatty acid substrate increased hepatic ketone body 
accumulation only 25% in the sucrose-fed group as com- 
pared to an elevation of over 100% in the chow-fed group. 
The differences between the dotted lines in Fig. 1 and the 
corresponding solid lines indicate the quantities of ketone 
bodies produced from endogenous sources when oleate 
was infused. Ketogenesis from endogenous sources clearly 
exceeded that from added fatty acid substrate in both 
groups. Since the liver can utilize ketone bodies (24-26), 
as discussed later, the observed accumulation of ketone 
bodies in the perfusate indicates net production. The rates 
of accumulation were constant after 45 min (Fig. 1) in- 
dicative of steady state conditions after this initial period. 
The observed burst in ketogenic activity at the beginning 
of the perfusion is probably caused by the priming dose 
of oleic acid, as this was not observed when the fatty acid 
substrate was not infused (square symbols in Fig. 1). The 
average 0-hydroxybutyrate:acetoacetate ratios of per- 
fusate ketone bodies at 45, 90, 135, 180, and 225 min in 
the absence of oleic acid substrate were 0.44, 0.51, 0.52, 
0.55, and 0.60 in the chow group and 0.64b, 0.68", 0.82", 
0.88", and 0.95b, in the sucrose group respectively. In the 

presence of oleic acid infusion the ratios were 0.69, 0.72, 
0.73, 0.79, and 0.86 in the chow group and 0.53", 0.58, 
0.66, 0.72, and 0.77 in the sucrose group, respectively. 
The a, b, and c superscripts indicate significant differences 
in ratios between diet groups at P < 0.05, 0.01, and 0.005, 
respectively. When chow versus chow plus oleic acid were 
compared, the ratios at 45 and 225 min were increased 
with P < 0.01 and P < 0.05, respectively. When sucrose 
versus sucrose plus oleic acid were compared, the values 
at 45, 135, and 180 min were decreased with P < 0.05 at 
each of these intervals. All livers exhibited ratios in- 
dicative of a satisfactory mitochondrial pyridine nucleo- 
tide redox state and, accordingly, a normal adenine 
nucleotide phosphorylation state. 

Conversely, hepatic triglyceride secretion was promoted 
by the high sucrose diet (Fig. 2). This increase in secre- 
tory activity was prominent in livers perfused both with 
and without oleic acid. Comparison of the dotted lines 

I 

45 90 135 180 225 45 90 135 180 225 

MINUTES 

Fig. 1. Production of ketone bodies by the perfused rat livers. Livers 
from fed rats were perfused with Krebs-Henseleit buffer (pH 7.4) con- 
taining 25 mM glucose, 1.5% bovine serum albumin, with and without 
[l-"C]oleic acid substrate (see Experimental Procedures), and 25% 
bovine erythrocytes in a recirculating system at a rate of 17 ml/min. The 
animals and livers are described in Table 1. Each group had four livers. 
Solid lines indicate total ketone body accumulation. Dotted lines in- 
dicate [l-"C]oleic conversion to ketone bodies. Values designated a, b, 
c, and d are significantly different from the chow-fed rat liver values at 
P < 0.05, 0.01, 0.005, and 0,001, respectively. (0) Chow-fed, perfused 
without oleic acid substrate; (m) sucrose-fed, perfused without oleic acid 
substrate; (0) chow-fed, perfused with oleic acid substrate; (0) sucrose- 
fed, perfused with oleic acid substrate. Vertical bars indicate SEM. 
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Fig. 2. Secretion of triglyceride by the perfused rat livers. The experi- 
ments are the same as those described in the legend to Fig. 1 and in 
Table 1. Solid lines indicate triglyceride accumulation in the perfusate. 
Dotted lines indicate [1-"C]oleic conversion to perfusate triglyceride. 
The values designated a, b, and c are significantly different from the 
chow-fed rat liver values at P < 0.05, 0.005, and 0.001. (0) Chow-fed, 
perfused without oleic acid substrate; (W) sucrose-fed, perfused without 
oleic acid substrate; (0) chow-fed, perfused with oleic acid substrate; (0) 
sucrose-fed, perfused with oleic acid substrate. Vertical bars indicate 
SEM. 

(radioactive triglyceride) in Fig. 2 with the corresponding 
solid lines (total triglyceride) demonstrates that 40-50% 
of the secreted triglyceride in both groups was derived 
from endogenous sources. Except for the expected lag 
period in the appearance of radioactive triglyceride in the 
perfusate, caused by the time required for the synthesis, 
assembly and intracellular transport of very low density 
lipoproteins, triglyceride secretion remained constant in- 
dicative of steady state conditions. Since the liver con- 
tinually removes some lipids from the perfusate during 
the recirculation, the observed accumulation of trigly- 
ceride throughout the perfusion represents net secretion. 

Cholesterol secretion by the perfused rat livers was not 
influenced by the dietary regimen (Fig. 3). Cholesterol 
secretion was augmented by the infusion of oleic acid as 
expected, since the triglyceride-rich lipoproteins induced 
by fatty acid substrate (Fig. 2) contain cholesterol. 
Cholesterol secretion did not parallel triglyceride secre- 
tion exactly, however. Livers from rats fed the sucrose diet 
secreted lipoproteins which were relatively enriched with 
triglyceride in relation to cholesterol. Rates of cholesterol 
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secretion were uniform throughout the entire 225 min of 
perfusion (Fig. 3). 

The livers of rats fed the sucrose diet contained more 
triglyceride (Table 2). The observed increase was 
substantial. These concentrations were measured at the 
end of the liver perfusion. Differences in the diet were 
without effect on the liver cholesterol content. The 
amounts of triglyceride in the livers exceeded net trigly- 
ceride secretion three- to fourfold in the various rat 
groups. In contrast, the amounts of cholesterol in the 
livers were 10-15 times greater than that which accu- 
mulated in the perfusion media. This may be attributed 
to differences in the intracellular compartmentation and 
transport of triglyceride, esterified cholesterol, and free 
cholesterol. 

Uptake of the infused oleic acid by the perfused livers 
was identical in the two diet groups (Table 3). Alterations 
in the utilization of the [1-"C]oleate were therefore 
caused by differences in the rates of intracellular metabol- 
ic processes. More of the infused [l-'4C]oleic acid, namely 
51.7 pmol more, was found in liver lipids in the sucrose- 
fed group at the end of the perfusion (Table 3). Other liver 
lipid esters were unaltered. 

A balance of the utilization of [l-'4C]oleic acid by the 

I r 

MINUTES 

Fig. 3. Secretion of total cholesterol by the perfused rat livers. The ex- 
periments are the same as described in the legend to Fig. 1 and in Table 
1. (0) Chow-fed, perfused without oleic acid substrate; (W) sucrose-fed, 
perfused without oleic acid substrate; (0) chow-fed, perfused with oleic 
substrate; (0) sucrose-fed, perfused with oleic acid substrate. Vertical 
bars indicate SEM. 
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TABLE 2. Lipid contents of the perfused rat livers 

Diet Substrate" Triglycerideb (4)' Cholesterol' (4)' 

pmol/g liun pmoWg liun 

Chow - 5.88 f 0.16d 7.04 f 0.33 
Sucrose - 10.87 f 0.54 6.99 i 0.15 

Chow + 9.21 f 0.23 7.69 i 0.18 
Sucrose + 13.01 i 0.39 6.98 f 0.27 

P < 0.001 NS 

P < 0.001 NS 

"Indicates perfusion with or without oleic acid substrate. 
'Analyzed at the end of the 225-min perfusion period. 
'Number of perfused livers in each group. 
dMean f standard error of the mean. 

perfused livers in all major pathways is presented in Table 
4. Data are expressed in percentage of total utilization for 
comparison. The marked increase in conversion of in- 
fused oleate into secretory triglyceride was matched 
almost precisely by the increased conversion into liver 
triglyceride. Oxidation to both ketone bodies and carbon 
dioxide was depressed in similar increments. The un- 
determined products were largely water-soluble interme- 
diates in the pathway of oxidation (17, 18, 21). The 
addition of ketone bodies, carbon dioxide, and undeter- 
mined products totaled 44.1% and 21.3% in the chow and 
sucrose groups, respectively. The esterification:oxidation 
ratios are therefore estimated to be 55.6:44.1 = 1.3 and 
78.5:21.3 = 3.7 in these respective groups. In the livers 
from chow-fed rats, oleate esterification only slightly ex- 
ceeded oleate oxidation. In the livers from sucrose-fed 
rats, oleate esterification exceeded oxidation by almost 
fourfold. 

The effects of oleic acid substrate on hepatic ketogene- 
sis, triglyceride storage, and lipid secretion under the two 
nutritional conditions are compared in Table 5 .  The 0- 
hydroxybutyrate:acetoacetate ratios were increased by 
oleic acid in the chow group, as expected, since fatty acid 
oxidation generated reducing equivalents in the mito- 

chondrial compartment. In  contrast, oleic acid consistent- 
ly lowered this ratio in the sucrose group (footnote b in 
Table 5). Although this decrease was undoubtedly related 
in part to the depression of fatty acid oxidation in these 
livers, other factors may be involved since ratios at all time 
intervals were less than the corresponding values observed 
in livers perfused in the absence of oleic acid. While oleic 
acid strongly promoted ketogenesis by the livers from 
chow-fed rats, the fatty acid had little effect on ketogenesis 
in the sucrose group. Thus, even though ketone body pro- 
duction by the livers from sucrose-fed rats was slightly sti- 
mulated by oleic acid (18.29 vs. 22.86 pmol/g per 225 
min), inspection of the linear phases of the curves (Fig. 1, 
solid line, closed circles vs. solid line, closed squares) in- 
dicates that oleic acid was without significant effect in 
these livers following establishment of the steady state. In 
contrast, the provision of oleic acid clearly enhanced 
triglyceride secretion, cholesterol secretion, and trigly- 
ceride storage by the livers from both dietary groups 
(Table 5). 

DISCUSSION 

Consumption of the sucrose-rich diet produced pro- 
nounced alterations in the partition of long chain free fat- 
ty acids between the pathways of oxidation and 
esterification in the liver. Oxidation of oleic acid to both 
ketone bodies and carbon dioxide was depressed while es- 
terification of the fatty acid to triglyceride was concur- 
rently elevated. These metabolic changes promoted the 
secretion of triglyceride by the liver. 

As calculated from the data in Fig. 1, specific radioac- 
tivities of ketone bodies produced by the livers from 
sucrose-fed rats were lower. Thus, 68.4% and 81.2% of 
the ketone bodies were derived from endogenous (unla- 
beled) sources in the chow-fed and sucrose-fed groups, 
respectively. This indicates greater mobilization of fatty 
acids from lipids present in the livers from sucrose-fed rats 

TABLE 3. Uptake and incorporation of [l-"Cloleate into hepatic lipid fractions 

Chow Diet (4) Sucrose Diet (4) P 

pmoWliun pmol/[ivn 

Uptake of [I-"C]oleate" 405.0 + 1.3b 407.6 f 1 . 7  NS 
Incorporation of [ 1-"Cloleate into hepatic lipids' 

Cholesterol ester 2 . 1  f 0.1 2.2 f 0.1 NS 

Free fatty acid 2.2 f 0.3 1.5 f 0.3 NS 
Diglyceride 8 .4  f 1.2  6.7 f 0.6 NS 
Phospholipid 41.5 f 1.3 36.2 f 2.3 NS 

Triglyceride 115.0 f 2.2 166.7 f 7 . 2  < 0.001 

"Calculated from the total amount of oleate infused (100 pmol of priming dose plus 90 pmol/hr) less the amount 

'All values are mean f SEM with four livers in each group. 
'As found in the livers at the end of the 225-min perfusion. 

remaining in the perfusate at 225 min. 
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TABLE 4. Summary of conversions of infused oleic acid substrate by the perfused livers 

Oleate Utilization (% of total) 

Chow Diet (4) Sucrose Diet (4) P 

% 

Products of esterification in perfusate 
Triglyceride 13.4 f 0.7 25.6 f 0.9 < 0.001 
Diglyceride 0.2 f 0.0 0.2 f 0.0 NS 
Phospholipid 0.5 f 0.0 0.5 0.1 NS 
Cholesteryl ester 0.2 f 0.0 0.2 f 0.0 NS 
Total 14.3 f 0.9 26.5 i 0.9 < 0.001 

Triglyceride 28.4 f 0.6 40.9 f 1.8 < 0.001 
Diglyceride 2.1 f 0.3 1.7 f 0.1 NS 
Phospholipids 10.3 f 0.4 8.8 f 0.5 NS 
Cholesteryl ester 0.5 f 0.0 0.6 f 0.0 NS 
Total 41.3 f 0.8 52.0 f 1.4 < 0.001 

Ketone bodies 9.6 f 0.3 3.8 f 0.5 < 0.001 
Carbon dioxide 15.5 f 0.6 9.2 f 0.3 < 0.001 
Total 25.1 f 0.8 13.0 f 0.7 < 0.001 

Products of esterification in liver 

Products of oxidation 

Undetermined" 19.0 f 1.3 8.3 f 1.4 < 0.005 

These values were calculated from the data in Fig. 1, Fig. 2, Table 2, thin-layer chromatographic analysis of 
perfusate lipids, and "CO2 collection. Results are expressed as percentages of the total [I-'*C]oleate utilized f SEM; 
total utilization represents total [I-"C]oleic acid infused less that recovered in the free fatty acid fraction at the end 
of the perfusion. 

"These values refer to total utilization less that recovered in the various fractions above. The total recoveries of 
radioactivity were, therefore, 81.0% and 91.7% in the chow and purified diet groups, respectively. 

which contain more triglyceride (Table 2). Triglyceride 
storage occurs in the form of cytoplasmic lipid droplets 
(27-33). The present observations, therefore, suggest 
greater mobilization of triglyceride from hepatocellular 
lipid droplets in the sucrose group. Although oxidation of 
[l-"C]oleic acid to ketone bodies was depressed in the 
sucrose group, ketogenesis in the absence of added oleate 
was similar in both groups (Fig. 1, square symbols). This 
may also reflect elevated intracellular production of free 
fatty acids from the enlarged pool of lipid droplet trigly- 
ceride, and possibly also from increased de novo fatty acid 
synthesis, in the sucrose group. Thus, the increased es- 
terification:oxidation ratio and increased supply of intra- 
cellular free fatty acids from endogenous sources affected 
ketogenesis in the sucrose group in an equal and opposite 
manner, resulting in similar rates of endogenous keto- 
genesis in both animal groups. From the data in Fig. 2, 
it can be calculated that the sucrose-fed rat liver perfusate 
triglycerides contained about twice as many endogenous 
fatty acids, relative to the chow-fed group, providing fur- 
ther evidence for increased mobilization of triglyceride 
fatty acids from the expanded population of liver cellular 
lipid droplets in the sucrose group. 

Considering the total uptake of circulating free fatty 
acids by the liver, diversion of a rather small percentage 
of this total into the secretory pathway can produce a 
substantial increase in lipoprotein triglyceride secretion. 
Uptake of infused oleic acid was identical in both groups. 
Virtually all of the oleic acid removed by the livers was 
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immediately metabolized since only 2% of that removed 
was recovered as free fatty acid (Table 3). It is evident that 
consumption of the sucrose diet caused about 12% more 
of the total oleic acid metabolized to be secreted in lipo- 
protein triglycerides (Table 4). A corresponding increase 
in oleic acid conversion to liver triglyceride was also found 
(Table 4). Therefore, the additional triglyceride molecules 
synthesized in the liver in response to the sucrose diet 
were transferred in approximately equal portions to intra- 
cellular lipid droplet storage reservoirs and to nascent 
very low density lipoproteins en route to secretion. Con- 
version of [ l-'4C]oleic acid to secretory triglyceride was 
consequently increased 100%. The mass secretion data of 
Fig. 2 are in agreement. Thus, diversion of only 12% of 
the incoming free fatty acids in the hepatocyte to the pro- 
cess of lipoprotein assembly may double total lipoprotein 
triglyceride secretion. 

Increased hepatic triglyceride synthesis, deposition, 
and secretion consequent to sucrose ingestion is clearly 
related to rapid hydrolysis of the disaccharide and fast ab- 
sorption of the monomeric products. The literature is well 
documented with effects of diets high in glucose and fruc- 
tose on plasma triglycerides (2-6, 8). It is therefore sug- 
gested that whenever high concentrations of readily 
metabolized monosaccharide sugars are present in the 
portal venous circulation of normal animals, multiple 
alterations in the metabolism of free fatty acids in the 
directions observed in the present study may be antic- 
ipated. The magnitude of the increase in triglyceride 
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TABLE 5. Effects of oleic acid substrate on ketogenesis, lipid secretion, and liver triglyceride content of perfused livers from rats fed chow 
and sucrose diets 

~ 

Chow Diet Sucrose Diet 

Oleate Substrate Oleate Substrate 

- + P + P - 

Ketone body production W o V g  per 225 min) 17.43 i 0.94 38.50 i 1.86 < 0.001 18.29 f 1.08 22.86 f 1.26 < 0.05 
B-hydroxybutyrate: acetoacetate ratio 0.52 * 0.03" 0.76 i 0.03" < O.OOlb 0.79 i 0.06" 0.65 i 0.04' N S b  
Triglyceride secretion (PmoVg per 225 min) 1.58 i 0.09 2.55 f 0.09 < 0.001 2.17 i 0.15 4.60 i 0.14 < 0.001 
Cholesterol secretion (pmollg per 225 min) 0.49 i 0.01 0.70 i 0.02 < 0.001 0.50 i 0.02 0.65 i 0.01 < 0.001 
Liver triglyceride (pmollg) 5.88 f 0.16 9.21 i 0.23 < 0.001 10.87 f 0.54 13.01 f 0.39 < 0.02 

"These ratios were determined at each of the five 45-min intervals during each liver perfusion (see Results). Each value is the mean of these five 

bWhen statistically analyzed as paired values at each of the five 45-min intervals, oleic acid increased the ratio in the chow group (P < 0.001) 
values in each group. 

and decreased the ratio in the sucrose group (P < 0.001). 

production by the liver is influenced by several factors, in- 
cluding the type of monosaccharide carbohydrate, the in- 
sulin response, the dietary fat content, and the nutritional 
state of the animal prior to feeding. Several studies have 
shown fructose to be more effective than glucose (4, 8, 13, 
34-38). While glucose is metabolized by all tissues, fruc- 
tose is actively metabolized only in the liver (37), which 
potentiates the effects of fructose in this organ. The stim- 
ulatory effect of fructose on the hepatic production of very 
low density lipoprotein triglyceride was demonstrated by 
Schonfeld and Pfleger (39). The plasma insulin concen- 
tration affects both hepatic metabolism and release of free 
fatty acids from adipose tissue (4, 40, 41). The dietary fat 
content is an important modulator of hepatic fatty acid 
synthesis (4, 42-44). When the fat intake is low, fatty acid 
synthesis may increase markedly. Finally, in animals that 
are fasted prior to the consumption of a high-carbo- 
hydrate diet, the triglyceride synthetic response is accen- 
tuated (4, 7, 11, 45-47). 

In addition to the increased fatty acid esterifica- 
tion:oxidation ratio, enhanced flow of monosaccharide 
sugars to the liver accelerates de novo fatty acid synthesis. 
In a hypercaloric state, when carbohydrate influx exceeds 
that which can be stored as glycogen and utilized for ener- 
gy, excess substrate is converted to triglyceride. Induction 
of fatty acid synthesis by dietary carbohydrate is well 
known (48-50). Quantitative comparisons became possi- 
ble with the advent of tritiated water incorporation into 
fatty acids for the measurement of mass flux. Thus, con- 
version of acetyl units into fatty acids by the livers from 
glucose-fed rats of Brunengraber et al. (22) was threefold 
greater than that observed in their chow-fed group. 

The relative contributions of increased conversion of 
plasma free fatty acids to triglyceride, via u)  elevated es- 
terification:oxidation ratio and 6) increased de novo fatty 
acid synthesis, to increased liver and plasma triglyceride 
in the sucrose-fed animal have not been quantified. Based 
on observations in livers of lean and obese Zucker rats 

(20), the contribution of fatty acid synthesis to construc- 
tion of triglyceride-rich lipoproteins is estimated to be 
about 10% in the normal chow-fed rat. In the hyperca- 
loric, genetically obese Zucker rat, the contribution of fat- 
ty acid synthesis is approximately 45% (20). Rats fed 
diets high in rapidly absorbed sugars may approach this 
level and even exceed it when the fat content of the diet 
is sufficiently low to allow fatty acid synthesis to proceed 
at an unrestricted rate. The stage of diurnal feeding and 
the presence or absence of a prefasting period, as men- 
tioned above, influence this rate. Of interest in this regard 
is the extremely rapid rate of triglyceride synthesis ap- 
parently achieved in the animals of Kempen, Solterik, 
and de Lange (47), when fasted 48 hr and then refed a 
high glucose fat-free diet. 

Acetoacetate can be utilized in the liver for fatty acid 
synthesis and cholesterogenesis, the latter of which ap- 
pears to be of greater significance (24-26). The specific 
radioactivity of ketone bodies in the present study was 
somewhat less than that found in perfusate triglyceride. 
Conversion of acetoacetate to fatty acids would therefore 
not cause isotope enrichment. Conversion of 5 kmol of 
acetyl units/g of dry liver wt per 90 min in perfused livers 
from fed rats has been reported (25). When converted 
totally to triglyceride, this value is 0.16 pmol of trigly- 
ceride/g of wet liver per 225 min. In fact, a considerable 
proportion is converted to phospholipid (18, 20). This 
value may be compared with the observed overall rate of 
triglyceride synthesis. Triglyceride secretion was 2.55 
pmollg of liver per 225 min (Fig. 2). Considerably greater 
amounts of newly synthesized triglyceride were recovered 
in the liver. Therefore, acetoacetate conversion to fatty 
acids couid account for only a minute fraction of the liver 
triglyceride synthesized in the present experiments. 

In view of the elevated fatty acid esterifica- 
tion:oxidation ratio and the enhanced net secretion of 
triglyceride-rich lipoprotein by livers from the sucrose-fed 
rats, these livers provide a more sensitive model system 
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for studies on substrates, hormones, and drugs which a) 
increase fatty acid oxidation, b) decrease triglyceride syn- 
thesis, c)  decrease the formation andor  secretion of very 
low-density lipoproteins, and/or d) promote the uptake of 
circulating triglyceride-containing - lipoprotein species by 
the liver. Thus, agents under examination may exert 
greater effects in such livers than in livers from animals 
fed a standard chow, or stock, diet. 

The natural chow and high sucrose purified diets fed to 
rats in the current study differ in several respects. The 
major difference is in the type of carbohydrate, starch in 
the chow and sucrose in the purified diet. Other dif- 
ferences include sources of protein, fiber content, and 
levels of some micronutrients. The chow diet also contains 
natural products not added to the purified diet. The 
literature cited earlier (1- 15) strongly indicates that the 
observed alterations in fatty acid and triglyceride metabo- 
lism were caused by the high level of sucrose in the pu- 
rified diet in contrast to the high starch content of the 
natural diet. Nevertheless, it remains possible that some 
other difference in these diets was contributory. The pre- 
sent study was not designed to provide a strict comparison 
of dietary starch and sucrose, but to compare a natural 
chow diet and a purified diet high in the rapidly digestible 
carbohydrate sucrose. These two types of diets are most 
commonly employed in metabolic studies. Sucrose has 
long been chosen as the carbohydrate source in a purified 
diet because of its high purity and low cost. Both of these 
rations contain an excess of essential nutrients for the rat 
and support normal growth, reproduction, and lactation 
in this animal species. 

The following reconstruction of metabolic events in the 
hepatocyte, in response to consumption of the high 
sucrose diet, is suggested. I) Increased glycolytic conver- 
sion of glucose and fructose to pyruvate, and subsequently 
to citrate, with conversion of excess citrate to long chain 
fatty acids. 2) Increased energy production from the flux 
of carbohydrate to pyruvate and citrate, and greater ox- 
idation of acetyl-coA of carbohydrate origin in the Krebs 
cycle. 3) Increased formation and concentration of 
malonyl-CoA as a result of increased flux of citrate to fatty 
acids. 4 )  Suppression of fatty acid oxidation via increased 
ATP synthesis from carbohydrate combustion (36, 51) and 
inhibition of carnitine palmitoyltransferase by malonyl- 
GOA (52, 53). 5) With continuation of fatty acid uptake 
unabated, stimulation of triglyceride synthesis via in- 
creased availability of fatty acid substrate. s) Greater 
transfer of triglyceride to cytoplasmic lipid droplets and 
very low density lipoprotein particles in the endoplasmic 
reticulum, resulting in 7) greater deposition of trigly- 
ceride in the liver and increased secretion of triglyceride- 
rich lipoproteins. 

The present results indicate that an altered partition of 
free fatty acids in the liver between oxidation and es- 

terification significantly contributes to the increased 
triglyceride synthesis, accumulation, and secretion in ani- 
mals consuming large amounts of sucrose. It is anti- 
cipated that high levels of dietary glucose and fructose 
produce the same alterations. Although the relative con- 
tributions of the increased hepatic free fatty acid es- 
terificati0n:oxidation ratio and increased hepatic fatty 
acid synthesis are not established, these two processes are 
probably the major factors responsible for the accelerated 
liver triglyceride synthesis and secretion and the elevated 
plasma triglyceride concentrations observed in such ani- 
mals. I 

This work was supported in part by research grant HL 32609 
from the National Institutes of Health. 
Manusnipt ncciucd 5 Dccrmba 1986 and in nuked form 19 Ap.il 1987. 

REFERENCES 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

11. 

12. 

Harper, A. E., W. J. Monson, D. A. Arata, D. A. Benton, 
and C. A. Elvehjem. 1953. Influence of various carbohy- 
drates on the utilization of low protein rations by the white 
rat.J. Nutr: 51: 523-537. 
Anderson, J. T., F. Grande, Y. Matsumoto, and A. Keys. 
1963. Glucose, sucrose and lactose in the diet and blood 
lipids in man. J.  Nutr. 79: 349-359. 
MacDonald, I. 1967. Interrelationship between the in- 
fluences of dietary carbohydrates and fats on fasting serum 
lipids. A m  J.  Cliff. Nutr. 2 0  345-351. 
Nikkila, E. A. 1969. Control of plasma and liver trigly- 
ceride kinetics by carbohydrate metabolism and insulin. 

Havel, R. J. 1969. Pathogenesis, differentiation and man- 
agement of hypertriglyceridemia. Adu. Zntm. Med. 15: 

Antar, M. A., J. A. Little, C. Lucas, G. C. Buckley, and A. 
Csima. 1970. Interrelationship between the kinds of dietary 
carbohydrate and fat in hyperlipoproteinemic patients. 

Groener, J. E. M., and L. M. G. van Golde. 1977. Effect 
of fasting and feeding a high-sucrose, fat-free diet on the 
synthesis of hepatic glycerolipids in vivo and in isolated 
hepatocytes. Biochim. Biophys. Acta. 487: 105-114. 
Bird, M. I., and M. A. Williams. 1982. Triacylglycerol 
secretion in rats: effects of essential fatty acids and influence 
of dietary sucrose, glucose or fructose. J. Nutr. 112: 

Boogaerts, J. R., M. Malone-McNeal, J. Archambault- 
Schexnayder, and R. A. Davis. 1984. Dietary carbohydrate 
induces lipogenesis and very low density lipoprotein synthe- 
sis. Am. J.  Physiol. 246: E77-E83. 
Bacon, B. R., C. H. Park, E. M. Fowell, and C. E. 
McLaren. 1984. Hepatic steatosis in rats fed diets with 
varying concentrations of sucrose. Fundam. Appl. lixicol. 4: 

Windmueller, H. G., and A. E. Spaeth. 1985. Regulated 
biosynthesis and divergent metabolism of three forms of 
hepatic apolipoprotein B in the rat. J.  Lipid Res. 26: 70-81. 
Zakim, D., R. Pardini, R. H. Herman, and H. Sauberlich. 
1967. The relation of hepatic a-glycerophosphate concen- 

Ado. Lipid Rcs. 7:  63-134. 

117-154. 

A t h c h i s .  11: 191-201. 

2267-2278. 

819-826. 

Yammoto et al. Dietary BUCIWC and hepatic fatty acid metabolism 1163 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

tration to lipogenesis in rat liver. Biochim. Biophys. Acta. 137: 

Bmckdorfer, K. R., I. €3. Khan, and J. Yudkin. 1972. Fatty 
acid synthetase activity in the liver and adipose tissue of 
rats fed with various carbohydrates. Biochem. J 129: 

Waterman, R. A., D. R. Romos, A. C. Tsai, E. R. Miller, 
and G. A. Leveille. 1975. Effects of dietary carbohydrate 
source on growth, plasma metabolites, and lipogenesis in 
rats, pigs, and chicks. l'rac. SOC. Exp. Bid.  Med. 150: 

Holt, P. R., A. A. Dominguez, and J. Kwartler. 1979. Effect 
of sucrose feeding upon intestinal and hepatic lipid synthe- 
sis. Am. J Clin. Nutz 32: 1792-1798. 
Ide, T., and J. A. Ontko. 1981. Increased secretion of very 
low density lipoprotein triglyceride following inhibition of 
long chain fatty acid oxidation in isolated rat liver. J Biol. 

Fukuda, N., M. J. Azain, and J. A. Ontko. 1982. Altered 
hepatic metabolism of free fatty acids underlying hyperse- 
cretion of very low density lipoproteins in the genetically 
obese Zucker rat. J. Bioi. Chem. 257: 14066-14072. 
Fukuda, N., and J. A. Ontko. 1984. Interactions between 
fatty acid synthesis, oxidation, and esterification in the pro- 
duction of triglyceride-rich lipoproteins by the 1iver.J Lipid 

Wang, C-S., N. Fukuda, and J. A. Ontko. 1984. Studies on 
the mechanism of hypertriglyceridemia in the genetically 
obese Zucker rat. J.  Lipid Res. 25: 571-579. 
Azain, M. J., N. Fukuda, F-E Chao, M. Yamamoto, and 
J. A. Ontko. 1985. Contributions of fatty acid and sterol 
synthesis to triglyceride and cholesterol secretion by the 
perfused rat liver in genetic hyperlipemia and obesity. J.  
Biol. Chem. 260: 174-181. 
Yamamoto, M., N. Fukuda, J. Triscari, A. C. Sullivan, and 
J. A. Ontko. 1985. Decreased hepatic production of very 
low density lipoproteins following activation of fatty acid 
oxidation by Ro 22-0654. J. Lipid Res. 26: 1196-1204. 
Brunengraber, H., M. Boutry, and J. M. Lowenstein. 1973. 
Fatty acid and 3-/3-hydroxysterol synthesis in the perfused 
rat liver. I. Biol. Chem. 248: 2656-2669. 

179-180. 

439-446. 

220-225. 

Chm.  256: 10247-10255. 

Res. 25: 831-842. 

u 

23. Gardemann, A,, H. Strulik, and K. Jungermann. 1986. A 
portal-arterial glucose concentration gradient as a signal for 
an insulin-dependent net gluccose uptake in perfused rat 
liver. FEBS Lett. 202: 255-259. 

24. Buckley. B. M., and D. H. Williamson. 1975. Acetoacetyl 
CoA synthetase: a lipogenic enzyme in rat tissues. FEBS 
Lett. 60: 7-10. 

25. Endemann, G., P. G. Goetz, J. Edmond, and H. Brunen- 
graber. 1982. Lipogenesis from ketone bodies in the isolated 
perfused rat liver. J.  Biol. Chem. 257: 3434-3440. 

26. Bergstrom, J. D., G. A. Wong, P. A. Edwards, and J. Ed- 
mond. 1984. The regulation of acetoacetyl-CoA synthetase 
activity by modulators of cholesterol synthesis in vivo and 
the utilization of acetoacetate for cholesterogenesis. J Biol. 

27. Deane, H. W. 1958. Intracellular lipides: their detection 
and significance. In Frontiers in Cytology. S. L. Palay, edi- 
tor. Yale University Press, New Haven. 227-263, Figs. 
62-97. 

28. Geyer, R. P. 1967. Uptake and retention of fatty acids by 
tissue culture cells. In Lipid Metabolism in Tissue Culture 
Cells. G. H. Rothblat and D. Kritchevsky, editors. Wistar 
Symp. Monograph No. 6, Wistar Inst. Press, Philadelphia. 
33-47. 

Chm, 259: 14548-14553. 

29. Stein, O., and Y. Stein. 1967. Lipid synthesis, intracellular 
transport, storage and secretion. J.  Cell Biol, 33: 319-339. 

30. DiAugustine, R. P.,J-M. Schaefer, and J. R. Fouts. 1973. 
Hepatic lipid droplets. Isolation, morphology and composi- 
tion. Biochem. J.  132: 323-327. 
Mooney, R. A., and M. D. Lane. 1981. Formation and 
turnover of triglyceride-rich vesicles in the chick liver cell. 
J Biol. Chem. 256: 11724-11733. 

32. Ontko, J. A., L. W. Perrin, and L. S. Home. 1986. Isolation 
of hepatocellular lipid droplets: the separation of distinct 
subpopulations. J Lipid Res. 27: 1097-1103. 

33. Chao, F-E, D. L. Stiers, and J. A. Ontko. 1986. Hepatocel- 
lular triglyceride synthesis and transfer to lipid droplets and 
nascent very low density lipoproteins. J Lipid Res. 27: 

34. Nikkila, E. A., and K. Ojala. 1965. Induction of hypergly- 
ceridemia by fructose in the rat. Lqe Sci. 4: 937-943. 

35. Bar-On, H., and Y. Stein. 1968. Effect of glucose and fruc- 
tose administration on lipid metabolism in the rat. J.  Nutt: 

36. Ontko, J. A. 1972. Metabolism of free fatty acids in isolated 
liver cells. J Biol. Chem. 247: 1788-1800. 

37. Van den Berghe, G. 1978. Metabolic effects of fructose in 
the liver. Curz i@. Cell. Regul. 13: 97-135. 

38. Kannan, R., N. Baker, andK. R. Bruckdorfer. 1981. Secre- 
tion and turnover of very low density lipoprotein triacylgly- 
cerols in rats fed chronically diets rich in glucose and fruc- 
tose. J Nutt: 111: 1216-1223. 

39. Schonfeld, G., and B. Pfleger. 1971. Utilization of ex- 
ogenous fatty acids for the production of very low density 
lipoprotein triglyceride by livers of carbohydrate-fed rats. J 
Lipid Res. 12: 614-621. 

40. Topping, D. L., and P. A. Mayes. 1972. The immediate ef- 
fects of insulin and fructose on the metabolism of the per- 
fused liver. Biochem. J 126: 295-311. 

41. Topping, D. L., and P. A. Mayes. 1982. Insulin and non- 
esterified fatty acids. Biochem. J 204: 433-439. 

42. Masoro, E. J. 1962. Biochemical mechanisms related to the 
homeostatic regulation of lipogenesis in animals. J Lipid 
Res. 3: 149-164. 

43. Gibson, D. M., R. T. Lyons, D. F. Scott, and Y. Muto. 
1972. Synthesis and degradation of the lipogenic enzymes 
of rat liver. Adv. Enzyme Regul. 10: 187-204. 

44. Numa, S., and S. Yamashita. 1974. Regulation of lipogene- 
sis in animal tissues. Cum Ep. Cell Regul. 8: 197-246. 

45. Tepperman, J., and H. M. Tepperman. 1965. Adaptive 
hyperlipogenesis- late 1964 model. Ann. N. T Acud. Sci. 

46. Waddell, M., and H. J. Fallon. 1973. The effect of high- 
carbohydrate diets on liver triglyceride formation in the rat. 
J Clin. Invest. 52: 2725-2731. 

47. Kernpen, H.  J. M., F. Solterik, and J. de Lange. 1986. 
Secretion of lipoprotein lipid and synthesis of fatty acids, 
cholesterol and triacylglycerol by hepatocytes of fasted- 
refed rats. Biochim. Biophys. Acta. 876: 494-499. 

48. Tepperman, H. M., and J. Tepperman. 1964. Patterns of 
dietary and hormonal induction of certain NADP-linked 
liver enzymes. Am. J Physzol. 206: 357-361. 

49. Gibson, D. M., S. E. Hicks, and D. W. Allman. 1966. 
Adaptive enzyme formation during hyperlipogenesis. Adv. 
Enzyme Regul. 4: 239-246. 

50. Burton, D. N., J. M. Collins, A. L. Kennan, and J. W. 
Porter. 1969. The effects of hormonal and nutritional fac- 
tors on the fatty acid synthetase level of rat liver. J Biol. 

31. 

1174-1181. 

94: 95-105. 

131: 404-411. 

Chon. 244: 4510-4516. 

1164 Journal of Lipid Research Volume 28, 1987 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


51. Zaleski, J., and J. A. Ontko. 1985. Reciprocal effects of en- 

hepatocytes of fed rats. Biochim. Biophys. Acta 826: 134-142. 
52. McGarry, J. D., G. F. Leatherman, and D. W. Foster. 1978. 

Carnitine palmitoyltransferase. I. Site of inhibition of Annu. Rcu. Biochm. 49: 395-420. 

hepatic fatty acid oxidation by malonyl-CoA. J Biol. Chm. 

53. McGarry, J. D., and D. W. Foster. 1980. Regulation of 
hepatic fatty acid oxidation and ketone body production. 

ergy utilization on palmitate oxidation and esterification in 253: 4128-4136. 

Yamamto et al. Dietary sucrose and hepatic fatty acid metabolism 1165 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

