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The Effect of High-Carbohydrate Diets

on Liver Triglyceride Formation in the Rat

M. WADDELLand H. J. FALLON
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A B S T R A C T The effect of feeding diets containing
75% glucose or fructose on liver triglyceride formation
in the rat was studied by both in vivo and in vitro tech-
niques. The results were compared with those from con-
trol rats fed laboratory chow.

Both high-sugar diets increased the capacity for tri-
glyceride formation from sn-glycerol-3-P by rat liver
homogenates and correspondingly increased incorpora-
tion of [1,3-14C]glycerol into hepatic triglyceride by the
intact animal.

These independent measures of hepatic triglyceride
production changed with a similar time-course charac-
teristic for each diet. The 75% fructose diet produced a
greater increase in both determinations, reaching a maxi-
mumafter 11 days.

Despite the increase in hepatic triglyceride formation
by both high-sugar diets, only the 75% fructose diet
resulted in a consistent and sustained increase in serum
triglyceride. This results most probably from differences
in the fractional rate of serum triglyceride removal be-
tween the two groups.

When serum triglyceride removal was inhibited by
administration of Triton WR-1339, both high-sugar diets
increased incorporation of [1,3-"C]glycerol in serum tri-
glyceride in vivo and increased serum triglyceride level
above that in control rats.

INTRODUCTION
The administration of high-carbohydrate diets to man
(1-11) and experimental animals (12-19) has been as-
sociated with an increase in serum triglyceride levels.
Increase in serum triglyceride level may be attributed to
accelerated triglyceride production, a reduction in periph-
eral removal of triglyceride, or some combination of
these processes. Previous studies suggest that the in-
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creased serum triglyceride observed in association with
high carbohydrate intake results from enhanced hepatic
triglyceride synthesis (20-23). The present experiments
were designed to study and compare the effects of feed-
ing glucose or fructose to rats for 1-14 days on a) the
capacity for hepatic triglyceride formation as measured
in liver homogenates, b) the rate of hepatic triglyceride
formation measured in vivo with [1,3-'4C]glycerol, and
c) serum and liver triglyceride concentrations. The
studies demonstrate that both the high-glucose and fruc-
tose diet will increase the capacity for triglyceride for-
mation from sn-glycerol-3-P by liver preparations and
simultaneously accelerate hepatic triglyceride produc-
tion as measured in vivo. However, the time-course and
magnitude of these changes differ for the two sugars and
only fructose results in a sustained rise in serum tri-
glyceride levels. The discrepancy in the serum triglycer-
ide levels is presumably related to differential effects of
the two sugars on triglyceride removal mechanisms.

METHODS
Groups of male Sprague-Dawley rats weighing 200-250 g
were obtained from Zivic Miller, Inc., Philadelphia, and fed
laboratory chow (Ralston Purina Co., St. Louis, Mo.) until
the experiments began. The high-sugar diets contained by
weight: 15% vitamin-free casein (Nutritional Biochemical
Corporation, Cleveland, Ohio), 4% salt mixture (Hegsted),
4%o vitamin mixture (Nutritional Biochemical), 2% cornoil,
and 75%o glucose or fructose. Rats were fed the fructose
or glucose for 1-11 days and control rats were pair-fed
with laboratory chow. The daily caloric intake of the rats
was comparable (mean of 3.8 cal/g) in all experiments, and
the weight gain was similar. Rats were killed by exsangui-
nation from the dorsal aorta at 9 a.m. without prior
starvation. Livers were removed promptly and a portion
immediately frozen in liquid nitrogen. The remaining liver
was weighed, diluted 1: 5 (wt/vol) in 0.25 M sucrose con-
taining 0.05 M Tris-HCl pH 7.5 and homogenized with a
Teflon fitted glass homogenizer. The homogenate was
centrifuged at 900g for 10 min, and the supernate was
removed and diluted 1: 2 (vol/vol) with the same buffer
for further studies.
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ds from sn-[1,3-14C]glycerol- chromatography on silica gel G with a solvent system of
uted liver homogenate as an hexane: ether: acetic acid (146:50: 4). Triglyceride and
).2 ml) was incubated with diglyceride were identified by comparison with known
Al pH 7.5, 3.2 mMMgCl2, standards and the appropriate area scraped directly into
A CoA, 3.6 mMATP, 1.42 liquid scintillation fluid.
)ovine albumin (Pentex Bio- The rate of triglyceride formation from sn-[1,3-14C]-
nd 0.12 mM sn-[1,3-14C]- glycerol-3-P by rat liver homogenate was dependent on
Af 0.7 ml. The palmitate was fatty acid concentration (Fig. 1A). A concentration of
ter a 2-min preincubation at 1.4 mMpalmitic acid gave maximum activity with normal
was started by the addition control homogenates and those from rats fed the high-

The mixture was shaken sugar diets. This concentration was used in all studies to
Lction stopped by addition of avoid small variations in triglyceride synthetic rate related
(2:1 vol/vol). Lipids were to changes in homogenate fatty acid content. The formation

h, Lees, and Sloane-Stanley of triglyceride was directly proportional to homogenate
vas evaporated under nitro- protein concentration over a limited range (Fig. 1B). The
ene, and stored at -400C. dilution of liver homogenate was adjusted to give a pro-
ore separated by thin-layer tein concentration of approximately 3 mg protein/assay.

Reaction rate was linear for at least 20 min under these
conditions.

Serum triglyceride and liver neutral lipid were measured
by the semiautomated method of Kessler and Lederer (25).
Protein was measured by a variation of the Lowry, Rose-
brough, Farr, and Randall method (26). Serum glycerol
was measured by the fluorometric method of Laurell and
Tibbling (27). Radioactive serum glucose and glycerol
were separated by thin-layer chromatography on cellulose
F plates in a solvent system of butanol: acetic acid:water
(80: 20:100). The appropriate areas were scraped directly
into scintillation fluid containing 30% methanol, and counted.
The rate of [1,3-"C] glycerol incorporation into liver and
serum lipids was determined in the intact rat from these
values as described previously (28). Total liver sn-glycerol-
3-P was determined by the method of Hohorst (29).

Triton WR-1339, obtained from Winthrop Laboratories
(Div of Sterling Drugs, Inc., New York), was prepared

| | | X in isotonic saline (200 mg/ml) and injected intravenously
.50 2.00 2.50 3.00 in a dose of 50 mg/100 g rat. 30 min after Triton injec-
MITIC ACID tion, 5 /Ci of [1,3-"C]glycerol was administered intra-

peritoneally and the rats were killed 15 min later. The in-
corporation of [1,3-14C]glycerol into liver and serum tri-
glyceride during this time period was measured. Serum
triton levels were measured by a modification of the
method of Weber, Degner, and Bahjat (30). The serum
was boiled to remove the Triton bound to the protein be-
fore analysis. Animals found to have less than 1 mg/100 ml
in serum were omitted from study.
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FIGURE 1 A. The formation of triglyceride
4C]glycerol-3-P by rat liver homogenates a

mitate concentrations. Values are in nano
glyceride formed in 15 minutes per milligr;
B. The effect of increasing homogenate co
the rate of triglyceride formation by rat live

RESULTS

Changes in the capacity for triglyceride formation by
liver homogenate preparations during high sugar intake
are shown in Fig. 2. The rate of sn-[1,3-'4C]glycerol-3-P
incorporation into triglyceride was increased substan-
tially by feeding the 75% fructose diet as shown in Fig.
2A. The maximum change was achieved after 11 days of
feeding fructose and was sustained for at least 15 days.
In contrast, the effects of feeding 75% glucose were

5.0 6.0 quantitatively less and reached a maximum by day 2. In
other experiments this level of increase was maintained

from sn- [1,3- until day 15.
it various pal- Similar high-sugar diets were fed to alloxan-diabetic

am protein, rats (31, 32) maintained on 2 U neutral protemine Hage-
oncentration on dorn insulin/100 g rat/day. Formation of triglyceride
r homogenates. from sn-glycerol-3-P by homogenates from 10 diabetic
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FIGURE 2 A. The rate of triglyceride formation by liver
homogenates prepared from rats fed 75% fructose for 11
days. Values are means of five rats at each time point
± SEM.
B. Formation of triglyceride by homogenates prepared from
rats fed 75% glucose for 5 days. In another experiment the
75% glucose diet was given for 15 days without change
from the level noted at 5 days.

rats fed chiow was 0.202±0.045 nmol/15 min/mg protein
and was increased to 0.340±0.086 nmol/15 min/mg pro-
tein in homogenates from 9 diabetic rats fed 75% fruc-
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FIGURE 3 The incorporation of [1,3-14C]glycerol into liver
triglyceride in rats fed 75% fructose for 10 days. The
[1,3-'4C]glycerol was given intraperitoneally and the rats
killed 17 min later when liver triglyceride radioactivity was
maximum. Values shown are the mean of five rats at
each time period with the SEM indicated by brackets.

tose for 4 days and 0.498±0.052 nmol/1 5 min/mg protein
in 9 rats fed 75% glucose. These changes were highly
significant (P < 0.01).

The alterations in triglyceride synthesis by liver
homogenates may be compared with estimates of tri-
glyceride formation in vivo as shown in Table I and
Fig. 3. The rate of [1,3-14C]glycerol incorporation into
hepatic triglyceride in the intact animal was increased
fourfold in rats fed 75% fructose for 10 days, as shown
in Fig. 3, and two-fold in rats fed 75% glucose for 4 days
(Table I). Therefore, the effect of high sugar intake on
the capacity for triglyceride formation by liver homoge-
nates was accompanied by changes in triglyceride syn-
thesis as estimated in vivo. The time-course of these
changes followed a similar pattern.

TABLE I
The Effect of Feeding 75% Fructose or 75% Glucose for 4 days on the Incorporation of [1,3-14C]Glycerol into

Liver Triglyceride in vivo, and the Hepatic Content of Triglyceride and sn-Glycerol-3-P

Liver
Triglyceride P1 value triglyceride P1 value sn-Glycerol-3-P P value

mg/g liver cpm X 10O3/g liver JAmol/g liver
Chow (7)* 5.55: 3.451 0.2934

±t0.49 40.74 40.019
75% Fructose (7) 25.32 <0.001 15.08 <0.001 0.315 NS

±2.82 ±1.58 ±0.041
75% Glucose (7) 13.98 <0.001 10.51 <0.001 0.489 <0.01

4±1.36 ±4-1.04 ±0.043
* Number in parentheses indicates number of animals in each group.
4 All values are means±SEM.
§ P value, significance of difference from chow group.
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level significantly. The hepatic concentration of sn-
glycerol-3-P was raised in rats fed 75% glucose but not
in those fed 75% fructose (Table I).

Under these experimental conditions the increased
capacity for hepatic triglyceride formation produced by
75% glucose or fructose diets results in a sustained in-
crease in serum and liver triglyceride only during 75%
fructose feeding. In the steady state, achieved after 4
days of the 75% glucose diet and 11 days of 75% fruc-
tose, the net formation of serum triglyceride must be
equal to net serum triglyceride removal. Since the 75%
glucose diet does not result in an increased serum tri-
glyceride level, an enhanced fractional rate of triglyceride
removal apparently compensates during the change to a
new steady state. In contrast, the 75% fructose diet does
cause a substantial rise in serum triglyceride, indicating
a less than equivalent increase in the fractional rate of
serum triglyceride removal under these conditions. Pre-
sumably, net serum triglyceride removal in the rats fed
75% fructose increases to balance the higher level of
the triglyceride production only after a higher serum
triglyceride concentration is achieved.
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FIGURE 4 A. Serum triglyceride levels in rats fed 75%
fructose for 11 days. Values are means±SEM for five rats
at each time period.
B. Serum triglyceride levels in rats fed 75% glucose for
five days.

The response of serum and liver triglyceride concen-
tration to the increased liver triglyceride formation was
studied. A rise in serum triglyceride level was observed
in rats fed 75% fructose, reaching a maximum at 3 days
as shown in Fig. 4A. The rise was sustained until the
end of the study. However, the serum triglyceride level
in rats fed 75% glucose decreased during the first 24 h,
returning to the control level by day 2-3, as shown in
Fig. 4B. The same pattern was repeated in several inde-
pendent experiments.

The liver triglyceride content was increased by both
high-carbohydrate diets and reached a maximum by day
5 in rats fed 75% fructose (Fig. SA). Liver triglyceride
level in the rats fed 75% glucose rose until day 4 and
then declined toward the control value (Fig. 5B). Serum
free fatty acid levels fell from 0.588±0.141 ALmol/ml to

0.133±0.020 Mmol/ml 1 day after the start of the 75%
glucose diet, but returned to the original level by day 5.
The 75% fructose diet did not alter serum free fatty acid
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FIGURE 5 A. The level of liver triglyceride in rats fed
75% fructose for 11 days. Values are means±SEM at each
time point.
B. Liver triglyceride concentration in rats fed. 75% glucose
for 11 days.
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These differential effects on the rate of serum tri-
glyceride removal were reduced by studying the rise in
serum triglyecride and rate of [1,3-'4C]glycerol incor-
poration into serum triglyceride after administration
of Triton WR-1339 as described by Otway and
Robinson. Triton substantially retards the removal
of serum triglyceride, probably by inhibition of lipo-
protein lipase (35). After the injection of Triton, the
rise in serum triglyceride in rats fed either 75% fructose
or 75% glucose for 4 days was greater than in rats fed
chow, as seen in Table II. This result supports the other
findings, which show enhanced triglyceride production in
rats fed either of these diets. Furthermore, they indicate
that triglyceride release into the serum also is increased
in rats fed either high-sugar diet when compared to rats
fed chow. This is shown by the finding of an increased
incorporation of [1,3-'C]glycerol into serum triglyceride
in the rats fed either 75% glucose or fructose.

DISCUSSION

Previous studies in man have shown that high carbohy-
drate intake increases serum triglyceride level (6, 9),
especially in patients with endogenous hyperprebeta-
lipoproteinemia (1, 3). Several investigators report that
this effect is more marked when fructose is the main
source of dietary carbohydrate (7, 16, 17). The rat will
tolerate up to 80% of calories as either glucose or fruc-
tose (36), providing an opportunity to study the indi-
vidual effects of these sugars in the experimental animal.
Bar-On and Stein (16) have shown an increase in serum
triglyceride level in rats given 10% fructose in their
drinking water, whereas a similar amount of glucose did
not produce this effect. In contrast, Eaton and Kipnis
(37) reported an increase in serum triglyceride in rats
fed 10% glucose in drinking water. In the present ex-
periments, in which solid diets containing either 75%
fructose or glucose were used, only the fructose produced
a sustained rise in serum triglyceride.

The present studies examined the possibility that diets
of high sugar content accelerate hepatic triglyceride
production in part by increasing the capacity for fatty
acid esterification. Earlier results from this laboratory
suggested that a high-glucose diet would increase the rate
of triglyceride formation by liver homogenates (38).
It is now shown that this effect reaches a maximum
after 48 h of the high-glucose diet and results in a three-
to fourfold increase in triglyceride formation. The in-
crease is not related to detectable changes in substrate
levels but is best explained by enhanced activity of one
or more enzymes in neutral lipid biosynthesis (39). This
in vitro change is accompanied by a corresponding in-
crease in hepatic triglyceride formation, as measured by
["C]glycerol incorporation in vivo, thus indicating its
possible physiological significance,

TABLE I I
The Effect of Triton Administration on Serum Triglyceride

and Incorporation of [1,3-1"C]Glycerol into Serum
Triglyceride in Rats Fed Chow, 75% Fructose,

or 75% glucose for 4 Days
Serum Serum

Tri- Tri-
glyceride P§ value glyceride P§ value

mg/100 ml cPm X 103/ml
serum

Chow (7)* 4651 7.071
129 40.39

75% Fructose (7) 694 <0.05 13.50 <0.01
i1 108 412.64

75% Glucose (7) 643 <0.01 12.59 <0.01
435 411.59

The [1,3-14C]glycerol was given intraperitoneally 30 min after Triton ad-
ministration as described under Methods. Incorporation of [1,3-14C]glycerol
into liver triglyceride was increased by both high-sugar diets as shown in
Table I.
* Number in parentheses indicates the number of rats in each group.
t All values are means ±SEM.
§ P value, significance of difference from chow groups.

A 75% fructose diet also increases triglyceride forma-
tion by liver homogenates but the total rise is greater
(five- to tenfold) and is not maximum until day 11.
The increasing rate of [7C]glycerol incorporation into
hepatic triglyceride, as measured in vivo, also corre-
sponds to this slower time-course. The significant quan-
titative differences between the effects of glucose and
fructose on triglyceride formation indicate that the latter
is not substantially converted to glucose during absorp-
tion. This has been shown previously (40) and ex-
plained by the low activity of intestinal fructokinase
(41) and glucose-6-phosphatase (42) in rat intestine.

Despite the evidence that both fructose and glucose
increase hepatic triglyceride formation as determined in
vitro and in vivo, only fructose produces a substantial
and sustained rise in serum triglyceride. In fact, the
initial response to glucose is a fall in serum triglyceride
level, an effect noted previously after starvation (14) and
attributed to the abrupt fall in serum fatty acid levels. A
similar mechanism may occur during the first 24 h of
feeding glucose in the present experiments.

It is well known that the rate of triglyceride formation
is not the only determinant of serum triglyceride level.
The rate of triglyceride release from liver, its formation
by intestine, and most importantly, the net rate of serum
triglyceride removal may also influence the final serum
concentration (22, 43). Measurements of hepatic tri-
glyceride content (Table I, Fig. 5) and the increased rate
of [14C]glycerol incorporation into serum triglyceride in
the intact rat fed a 75% glucose or fructose diet (Table
II) do not suggest that variations in hepatic triglyceride
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release account for the markedly different effects of the
two sugars on serum triglyceride levels. The contri-
bution of intestinal triglyceride formation under these
conditions is as yet unknown but is unlikely to explain
the discrepancy in serum triglyceride levels fully.

Therefore, it is concluded that high-glucose and high-
fructose diets probably alter net serum triglyceride re-
moval but by different means. At the new steady state,
the increased production of triglyceride must be bal-
anced by an accelerated net triglyceride removal. For
example, the rise in serum triglyceride level in rats fed
75% fructose would permit an increase in net or total
triglyceride removal without requiring a rise in the frac-
tional rate of clearance. On the other hand, high glucose
intake most likely produces an early acceleration in the
fractional rate of triglyceride removal that fully com-
pensates for any increased production. This effect may
be related to threefold increases in adipose tissue lipo-
protein lipase activity (16) and accelerated adipose tis-
sue lipogenesis (14, 44), mediated by stimulation of in-
sulin release (45). The latter is not reported to follow
fructose administration.

A portion of the difference in ultimate serum tri-
glyceride level between the fructose and glucose groups
also may be attributed to the lesser increase in hepatic
triglyceride production in the rats given glucose. None-
theless, a major factor must involve the rate of serum
triglyceride removal. Identification of the exact mecha-
nisms by which differences in the removal processes oc-
cur will require further study.

It is important to note that the changes observed in
hepatic triglyceride production in these studies developed
slowly, requiring 2-11 days to reach a maximum. Such
changes, apparently dependent upon gradual alterations
in enzyme levels or activities, could not explain any
abrupt fluctuations in triglyceride production in vivo.
Other factors, including variations in serum fatty acid
composition and concentration (14, 46) or the rate of
fatty acid oxidation (47) probably contribute to rapid
changes in the rate of triglyceride biosynthesis. How-
ever, the increased capacity for esterification of fatty
acid to triglyceride noted under conditions of high sugar
intake should markedly enhance the effects of other
stimuli to hepatic triglyceride production. A reported rise
in liver fatty acid synthetase activity may increase the
availability of fatty acids for esterification during high
carbohydrate intake (48). Other studies indicate that
glucose administration to rats also induces a gradual in-
crease in prebeta lipoprotein biosynthesis (37), thus
facilitating an accelerated delivery of lipoprotein tri-
glyceride to the serum. These several biochemical altera-
tions may explain the observation that high carbohydrate
intake increases net triglyceride production in both nor-

mal and hyperlipemic man (22, 43, 49).
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