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The purpose of this study was to investigate the effects of
altering relative intakes of fat and carbohydrates on serum
lipid profiles, hepatic acyl-CoA synthetase (ACS), carnitine
palmitoyltransferase-l (CPT-1), and the acetyl-CoA
carboxlyase (ACC) mRNA level in Sprague-Dawley rats.
For four weekstherats were fed either an AIN-76 diet or
one of itsmodified dietsthat were supplemented with 20%
beef tallow (high-fat diet, HF) and 66.3% sucrose (high-
sucrose diet, HS). The HS group had significantly higher
serum triglyceride and total cholesterol concentrations
when compared with the other groups. Serum LDL-
cholesterol concentrationsin the HS and HF groups were
dgnificantly higher when compared to the normal diet
(ND) group. Serum HDL-cholesteral levels of the ND and
HS groups were significantly higher than those of the HF
group. The hepatic total lipid level of the HF group was
sgnificantly higher than those of other groups; triglyceride
levels of the HS and HF groups were significantly higher
than those of the ND group. Hepatic ACS mRNA levels of
the HF group were significantly higher than those of the
ND group. Hepatic CPT-I mRNA levelswere higher in the
HF group than other groups. Also, ACC mRNA levelsin
theliver increased in the HF group. In conclusion, changes
in the composition of dietary fat and carbohydrates could
affect the hepatic ACS, CPT-I, and ACC mRNA levels.
These results facilitate our understanding of the
coordinated regulation of the ACS, CPT-l, and ACC
MRNA levels and will serveto enhance our understanding
of the molecular mechanisms that underlie the regulation
of fatty acid metabolism.
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Introduction

The formation of fatty acyl-CoA from fatty acid, ATP, and
CoA that is catalyzed by acyl-CoA synthetase (ACS) is the
firg reaction in fatty acid metabolism. ACS plays a critica
role in both the lipid synthesis of triacylglycerol,
phospholipids, and cholesterol egters, as well as the -
oxidation of fatty acid. ACS, a member of the luciferase gene
family (Suzuki et al., 1990), is located on the microsome and
peroxisome in rat livers (Miyazawa et al., 1985). ACS mRNA
is abundant in the liver, adipose tissue, heart, and skeletal
muscle (Suzuki ef al., 1990; Weiner et al., 1992).

Carnitine palmitoyltransferase-| (CPT-1), which is located
on the outer mitochondrial membrane, is the rate-limiting
enzyme for fatty acid oxidation. This enzyme catalyzes the
formation of acyl-carnitine from acyl-CoA. This reaction is
the first step of the trangport of long-chain fatty acids from the
cytosol into the mitochondrial matrix for fatty acid oxidation
(McGarry and Foster, 1980; McGarry and Brown, 1997).

Acetyl-CoA  carboxylase @ (ACC)  catalyzes  the
carboxylation of acetyl-CoA to malonyl-CoA, the rate-
limiting step in fatty acid synthesis. Malonyl-CoA that is
synthesized by ACC is a critical material in the regulation of
lipid metabolism, both the oxidation and synthesis of fatty
acid. This provides acetyl groups during fatty acid synthesis,
and inhibits the carnitine acetyltransferase-I (CPT-I) in the -
oxidation of long-chain fatty acids (McGarry et al., 1978,
Bonnefont et al., 1999). Malonyl-CoA irregulation may
induce insulin resistance and obesity (Ruderman et al., 1999;
Loftus et al., 2000). ACC1 is the dominant isoform in the
liver and adipose tissue. It is regulated long-term at the
transcriptional and translational levels (Majerus and Kilburn,
1969; Bai et al, 1986), and short-term by the
phosphorylation/dephosphorylation of serine residues and
allosteric transformation (Thampy and Wakil 1988a, 1988b;
Kim et al., 1989; Mabrouk et al., 1990; Mohamed et al.,
1993).
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Metabolic abnormdity of fatty acyl-CoA between
oxidation and biosynthesisis linked to obesity. In this disease,
fatty acyl-CoA is ederified and leads to triglycerol
accumulation in the adipose tissue, muscle, liver, and pancreas
(Koyama et al., 1997), which is podtively associated with
insulin resistance and hyperlipidemia (Koyama et al., 1997,
Nassir et al., 1998; Shimabukuro et al., 1998).

Previous studies have shown that the ACS, CPT-I, and ACC
genes are subject to dietary regulation (Shimomura et al.,
1996). The ACS1 mRNA levelsin rat livers are increased by
refeeding with high-carbohydrate and high-fat diets (Suzuki et
al., 1990); the hepatic ACS5 mRNA was aso increased by
refeeding with a high-sucrose diet, and decreased by a high
cholesterol diet. Also, refeeding with anormal chow and high-
sucrose diet increased the hepatic ACSL and ACS4 protein
expression (Lewin et al., 2001). On the other hand, a high-fat
diet increased the hepatic CPT-1 activity and mRNA
expression (Thumelin et al., 1994; Sohn et al., 1999; Lee et
al., 2001), but a high-carbohydrate diet showed just the
opposite results. Also, starvation and diabetes decrease the
ACC1 activity, and refeeding with a carbohydrate diet induces
the synthesis and activity of ACCL.

Despite the crucia role of ACS, CPT-1, and ACC in the
regulation of fatty acid and carbohydrate oxidation, very few
sudies have proven that the dietary pattern affects the
regulation of the ACS, CPT-I, and ACC at the same time,
based on the molecular mechanism. Therefore, the aim of this
experiment was to distinguish the effects of the dietary type,
high-sucrose diet, and high-fat diet on the transcription levels
of hepatic ACS, CPT-1, and ACC.

Materials and Methods

Materials DL-methionine, fiber, choline bitartrate, and a tota
RNA isolation kit were purchased from the Sigma Chemical Co.
(St. Louis, USA). The AIN-76 vitamin and minera mix were
purchased from Harlan Teklad (Madison, USA). Casein was
purchased from Cottee (Gordon, Augtrdia). The psoraen-biotin
labeling kit, nylon membrane, and detection kit was purchased from

Table 1. Composition of experimentd diets

Ambion (Augtin, USA). All of the other chemicals were the highest
commercia grade.

Animal and diets Mae Sprague-Dawley rats (4 w of age and
weighing about 150 g) were purchased from Daehan Biolink Inc.
(Eumsung, Korea) and randomly divided into three dietary groups;
normal diet (ND), high-sucrose diet (HS), and high-fat diet (HF)
groups. All of the diets were the AIN-76 and its modified versions,
as published in cited references (Table 1). Each rat was individualy
housed in a stainless sted cage in a temperature, humidity-
controlled (23 + 1°C, 53 + 2%) room. The animals were maintained
on alight cycle (12 W12 h light/dark) with free access to diet and
water. Twelve hours before the rats were sacrificed, the diet was
removed from the cages to minimize the effect of food. The animal
protocol was gpproved by the Anima Care and Use Committee of
Chonbuk Nationd University.

Sampling The feed intake and weight gain of the rats were
recorded throughout the 4-week study. Blood was collected by
decapitation, centrifuged a 1,100 x g for 15 min. at 4°C, and the
serum stored at —20°C until assayed. The livers were collected and
frozen in liquid nitrogen, and stored at —80°C until anayzed.

Analysis of lipids The tota lipids in the serum and liver were
assayed by the sulfo-phospho-vanillin method (Frings and Dunn,
1970) using a commercial kit (Kokusai Pharm. Co., Kobe, Japan).
The triglycerides in the serum and liver were enzymatically
measured with a commercid kit (Asan Pharm. Co., Seoul, Korea)
and the total serum cholesterol with a kit (Asan Pharm. Co., Seoul,
Kored), based on the cholesterol oxidase method (Allain et al.,
1974). Serum HDL-cholesterol was measured with a commercia
kit from Asan Pharm. Co. (Seoul, Korea). Serum LDL-cholesterol
was calculated from serum triglyceride, total cholesterol, and HDL-
cholesteral levels using the Friedewald formula (Friedewald et al.,
1972).

ACS, CPT-1, and ACC mRNA levels Hepatic total RNA was
isolated with a commercial total RNA isolation kit (Sigma, St. Louis,
USA) using the guanidine thiocyanate/silica-based system. Total
RNA was quantified by measuring the absorption at 260 nm. ACS,
CPT-I, and ACC mRNA abundance was measured by a Northern

Ingredient Norma diet” High-Sucrose diet? High-Fat diet®
Casein 20.0 20.0 20.0
DL-Methionine 0.3 0.3 0.3
Cornstarch 15.0 3.0 -
Sucrose 50.0 66.3 50.0
Fiber 5.0 5.0 5.0
Corn ail 5.0 0.7 -
Beef tallow - - 20.0
AIN Minera mix 35 35 35
AIN Vitamin mix 1.0 1.0 1.0
Choline hitartrate 0.2 0.2 0.2

Total (%) 100.0 100.0 100.0

YAmerican Indtitute of Nutrition, 1977; ?Park and Chyun, 1993; Rim-Kim, 2001.
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Table 2. Gained body weight, feed consumption, energy intake, and feed efficiency reatio of rats

Normal group (n=6)

High-sucrose diet group (n=6) High-fat diet group (n=6)

Gained body weight (g) 13749+ 1.14
Feed consumption (g/d) 19.39+1.929
Energy intake (kcal/d) 71.8+ 17.27
Feed efficiency ratio 26.09+232"

131.87 +9.49 14722+ 9.37
19.61+1.749 1553+2.04 9
7152+ 6.34 7252+ 7.56
2315+1.30° 29.38+2.729

All values are means+ SD.

Vaues with different superscripts in the same rows are significantly different (p<0.05). Feed efficiency ratio was calculated as (tota

weight gain/total dietary intake) 100.

Table 3. Serum and hepatic lipid profiles in rats

Norma group (n=6)

High-sucrose diet group (n=6) High-fat diet group (n=6)

Serum
TL (mg/dl) 370.58 + 38.15 350.89 + 39.09 312.89 + 32.57
TG (mg/dl) 48.48 + 0.51" 77.84 + 14.03° 57.35+ 7.50”
TC (mg/dl) 8255+ 271V 107.43 + 7.03? 80.43 +3.13°
HDL-C (mg/dl) 42.88 + 4,829 4859 + 3,959 30.20 + 7.08”
LDL-C (mg/dl) 30.16 + 6.90Y 44.32 + 3489 51.18 + 8.68?
Liver
TL (mg/g Liver) 29.69+0.98 " 27.36+3.19" 35.34+ 2449
TG (mg/g Liver) 23.28+1.08" 2751+1939 2595+ 027 9

All values are means+ SD.

Vaues with different superscripts in the same rows are significantly different (p<0.05).
TL, Totd lipid; TG, Triglyceride; TC, Totd cholesterol; HDL-C, HDL-Cholesterol; LDL-C, LDL-Cholesterol.

blot analysis (Mynatt et al., 1994). Total RNA was loaded on 1.2%
agarose-formaldehyde gels, electrophoresed, and transferred to a
nylon membrane (Ambion, Austin, USA). The ACS, CPT-I, and
ACC DNA fragments that were obtained from the ACS, CPT-I, and
ACC cDNA were labeled with biotin using the nonisotopic Psoralen-
biotin labeling kit (Ambion, Austin, USA). Then a cDNA probe
hybridization was performed in 100 pg/ul salmon sperm DNA, 50%
formamide, 6 X SSC solution, 0.5% SDS, 5 x Denhardts’ solution at
42°C for 20h. To detect the biotinylated cDNA probes on a
positively-charged nylon membrane, the membrane was washed to
remove the non-specifically bound probe and incubated in a blocking
buffer, conjugation and CDP-star solution using a BrightStar™ kit
(Ambion, Austin, USA). The blots were exposed to X-ray film (Fuji,
Tokyo, Japan) for 50 min and the bands quantified by densitometry.

Statigtical analyss All of the vaues are expressed as group
means+ SD. The significance of differences was determined by an
anadysis of the variance (ANOVA) using SAS verson 8 (SAS
Indtitute, Cary, USA). When p < 0.05 was obtained, the differences
between the groups were considered satistically significant by
Duncans multiple range test.

Results and Discussion

The following were evaluated: The effects of a high-sucrose
diet (HS) versus a high-fat diet (HF) on serum and hepatic

lipid profiles and rat liver mRNA levels of ACS, the first
enzyme for fatty acid metabolism; CPT-I, the rate-limiting
enzyme for fatty acid oxidation; and the ACC, the rate-
limiting enzyme in fatty acid synthesis.

Rats that were fed HF ate significantly less than the other
groups, but there was no difference in energy intake among
the three groups (Table 2). The feed efficiency ratio was
sgnificantly higher in the HF group than the other groups,
which was apparently due to the higher energy density of the
HF diet. Body weight was higher in the HF group when
compared to the ND and HS groups, but not significantly. The
animals that were fed HS had significantly higher serum
triglyceride and total cholesterol concentrations than the other
groups (Table 3). Serum HDL-cholesterol in the HF group
was significantly lower than those of the ND and HS groups.
Serum LDL-cholesterol concentrations were significantly
higher in both the HS and HF groups than in the ND group.
Atherogenic indices were 1.77+0.58, 1.21+0.07, and
0.95+ 0.29 in the HF, HS, and ND groups, respectively, but
the differences were not Statistically significant. Hepatic total
lipid was sgnificantly higher in HF, and hepatic triglyceride
was significantly higher in both HF and HS (Table 3). Several
sudies have demonstrated that increased carbohydrate and
saturated fat may induce obesity in the absence of increased
energy intake (Osca et al., 1987; Barnard RJ et al., 1998).
This study aso demongtrated that feeding HS and HF will
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induce increases of the serum LDL-cholesterol and hepatic
triglyceride contents without an excessve energy intake.
Some studies have reported that feeding sucrose increases
plasma triglyceride (Koh et al., 1985), VLDL and LDL-
cholesterols (Albrink and Ullrich, 1986), and decreases the
HDL -cholesterol concentration. Furthermore, Fernandez et al.
reported that guinea pigs that were fed sucrose (52% w/w)
exhibited increased levels of the hepatic HDL-binding protein
(Fernandez et al., 1995). However, our results showed that the
serum HDL-cholesterol concentration was higher in the HS
group and lower in the HF group, and that the serum
triglyceride level was higher in the HS group. It is unclear
which mechanism is involved in the association between
dietary sucrose and HDL -cholesterol. Therefore, more studies
are needed to examine how a high-sucrose diet regulates the
serum HDL-cholesterol level. It has been known for several
decades that both high-carbohydrate and high-fat diets induce
hypertriglyceridemia (Ahrens et al., 1957), and that
hypertriglyceridemia typically accompanies insulin resistance
(DeFronzo and Ferrannini, 1991). It has been shown that in
the livers of obese Zucker rats, the fatty acid oxidation is
decreased, but that the egterification of fatty acids and
secretion of triglycerides are increased (Wang et al., 1981;
Fukuda et al., 1982). The increased plasma triglyceride level
that is associated with dietary sucrose might be due to either
the increased secretion of triglyceride from the liver (Barnard
et al., 1993), or from the decreased triglyceride removal from
the plasma (Mamo et al, 1991). The circulating triglyceride
concentration is determined by delivery into the plasma and
subsequent removal of triglyceride-rich lipoproteins by
tissues. Plasma triglyceride is derived from the diet and
hepatic synthesis, and relessed as a very-low densty
lipoprotein (VLDL). Both the elevated free fatty acid and
insulin levels promote hepatic triglyceride synthesis. A high-
fat diet in rats increased the long-chain acyl-CoA content of
red muscle and liver (Chen et al., 1992). Therefore, it is
expected that the HS and HF diets would induce increases in
the acyl-CoA pool, and lead to increased triglyceride storage,
as seen in this study (Table 3).

In evaluating the lipid metabolism difference between the
two dietary patterns, we measured the hepatic ACS, CPT-],
and ACC mRNA levels of rats that were fed HS and HF.
Northern blotting was carried out using hepatic total RNA
from the rats that were fed the ND, HS, and HF diets. The
hepatic ACS mRNA levels increased in the HS and HF
groups, but only those of the HF group were significantly
higher than the ND group (Fig. 1). These data suggest that, in
the liver, the increased acyl-CoA content by feeding HF
would be the result of the increased expression of ACS
mRNA, and would lead to an incresse of triglyceride
synthesis and/or (-oxidation. The ACS-catalyzed reaction is
the fird step in the anabolism of free fatty acids to
triglycerides or phospholipids, and in the (3-oxidation of fatty
acids. Thus, the expression levels of ACS may modulate the
metabolic flux of acyl-CoA in the liver and adipose tissue that
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Fig. 1. Northern blot analysis showing changes in hepatic ACS
MRNA. Total RNA (25 pg) from rats fed the normal diet (ND)
a high-sucrose diet (HS), and a high-fat diet (HF) was separatex
by 1.2% agarose gel electrophoresis and transferred to a nylor
membrane. Hybridization and visualization were conducted a;
described in Materials and Methods. The expression level i1
each animal was quantified by densitometer. The values are th
means for six animals+ SD. Values with different superscripts
above the bar are significantly different £<0.05).

utilize fatty acids for the generation or storage of energy. ACS
is associated with both microsomes and mitochondria in the
liver, which activate fatty acid for esterification and oxidation,
respectively. Also, Memon et al. reported that the hepatic
microsomal ACS activity increased in obese mice, but the
mitochondrial ACS activity increased in the control mice
(Memon et al., 1999). Therefore, increased hepatic ACS
activity would be expected during the states of increased
lipogenesis and fat oxidation. The lipogenic enzyme gene
expression in the rat liver is elevated by a fat-free, high-
carbohydrate diet (Iritani 1992). Another study reported that
hepatic ACS mRNA levels are increased in rats that were
refed a fat-free, high-carbohydrate diet, which indicates that
increased fatty acid and lipogenesis induces the ACS gene
expression (Suzuki et al., 1990). In protein levels, refeeding a
normal or high-carbohydrate diet also increased the ACS
protein expression about 2 fold (Lewin et al., 2001).
Moreover, it was reported that in Zucker (fa/fa) rats, the
hepatic ACS activity and mRNA increased 1.2 and 1.8 fold,
respectively. Also, hepatic acyl-CoA was utilized more for
esterification to triacylglycerol (or triglyceride) than for [3-
oxidation when compared to the control rats (Azain et al.,
1985; Shimomura ef al., 1992).

The hepatic CPT-I mRNA levels in the rats that were fed
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Fig. 2. Northern blot analysis showing changes in hepatic CPT-|
MRNA. Total RNA (25 pg) from rats fed the normal diet (ND),
a high-sucrose diet (HS), and a high-fat diet (HF) was separated
by 1.2% agarose gel electrophoresis and transferred to a nylon
membrane. Hybridization and visualization were conducted as
described in Materials and Methods. The expression level in
each animal was quantified by densitometer. The values are the
means for six animals = SD. Values with different superscripts
above the bar are significantly different (p<0.05).

HF was higher when compared to the rats that were fed ND
and HS (Fig. 2). The capacity for hepatic fatty acid oxidation
was enhanced by fagting, fat feeding, induced diabetes, or the
treatment of rats with peroxisomal/mitochondrial proliferating
agents. Also, the mRNA and activity levels of CPT-I were
increased (McGarry and Brown, 1997; Bonnefont et al, 1999).
In this specia situation, the expression of CPT- is required to
obtain energy from fatty acids, the primary energy substrate. It
is supposed that, in our study, an increase in the fatty acid
subgtrate, by feeding HF, induces an increase in the expression
of hepatic CPT-I mRNA in the HF groups. The activity,
protein, and mMRNA expression of hepatic CPT-I increased by
feeding a high-fat diet, but decreased by feeding a high-
carbohydrate diet (Thumdin et al., 1994; Lee et al., 2001).
Also, the mRNA of CPT-I and the corresponding activity
increased with starvation (Kolodzig et al., 1992). However,
Sahaet al. and Sidossis et al. suggested that the availability of
carbohydrates rather than fat determines the rate of fat
oxidation. Increased carbohydrate availability induces an
increase of acetyl-CoA and malonyl-CoA in the muscle and
liver. The increased maonyl-CoA content will inhibit CPT-1
and decrease the fatty acid oxidation as a consequence of a
high-carbohydrate diet (Saha et al., 1995; Sidossis et al.,
1996). But, our results showed that hepatic CPT-I mRNA
levelsin the HS group were no different than those of the ND

T
=

——im

4]

LOG=mAT]
o

wial.

WD HE HF

Fig. 3. Northern blot andysis showing changes in hepatic ACC
MRNA. Total RNA (25 pg) from rats fed the normal diet (ND),
a high-sucrose diet (HS), and a high-fat diet (HF) was separated
by 1.2% agarose gel electrophoresis and transferred to a nylon
membrane. Hybridization and visualization were conducted as
described in Materials and Methods. The expression level in
each animal was quantified by densitometer. The values are the
means for six animals £ SD. Values with different superscripts
above the bar are significantly different (p<0.05).

group.

The hepatic ACC mRNA levelsin the rats that were fed HF
were higher than those in the rats that were fed ND and HS,
which did not differ from each other (Fig. 3). ACC, the rate-
limiting step in fatty acid synthesis, catalyzes the
carboxylation of acetyl-CoA to malonyl-CoA. ACC is highly
expressed in lipogenic tissues and is regulated a the
transcriptional and trandationa levels or by the alosteric
transformation of the enzyme (Mabrouk et al., 1990;
Mohamed et al., 1993). Starvation and diabetes reduces both
the mRNA and activity of ACC, and refeeding a
carbohydrate-rich, fat-free diet induces the synthesis of ACC
and increases its activity and mRNA (Pape et al., 1988). Also,
ACC activities increased when weaned to a high-carbohydrate
diet (Tsyjikawa and Kimura, 1980), and the content of the
hepatic ACC proteins diminished with fasting and increased
refeeding of a high-carbohydrate diet (Bianchi et al., 1990). A
paradoxical finding in this study was the increased expression
of ACC mRNA in HF. Maonyl-CoA, synthesized by acetyl-
CoA carboxylase (ACC), isapotent CPT-1 inhibitor aswell as
the first committed intermediate in the pathway of fatty acid
biosynthesis (Bonnefont et al, 1999). The increased mMRNA
expression is indicative of the increased malonyl-CoA and
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subsequent fatty acid synthesis. It is counter-intuitive that this
would occur in the rats that were fed a high-fat diet and
smultaneously with an increased CPT-1 expression. It is
uncertain  whether this represents a malfunction of the
regulation of energy metabolism in the animalsthat werefed a
high-fat diet, or if there is another explanation. However,
dysfunction in the malonyl-CoA regulation is known to exist
and contributes to insulin resistance (Ruderman et al., 1999)
and obesity (Loftus et al., 2000).

In conclusion, atering the composition of dietary fat and
sucrose affects the changes in the hepatic ACS, CPT-I, and
ACC mRNA expression levels. Our study suggests that there
is a coordinated regulation of ACS, CPT-I, and ACC at the
transcriptiond level by major energy nutrients.
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