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The reduction of dietary sucrose improves dyslipidemia, adiposity, and
insulin secretion in an insulin-resistant rat model
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Abstract Objective: The purpose of the present work was to investigate whether changes in the type of
carbohydrate in the diet are able to improve and/or reverse hyperlipemia, impaired glucose ho-
meostasis, and insulin secretion from (-cells induced in rats by chronically feeding a high sucrose
intake.

Methods: For 30 wk male Wistar rats received a sucrose-rich diet (63% w/w) or a control diet in
which sucrose was replaced by starch. After this period, the sucrose-fed animals were randomly
divided into two groups: the first group continued with this diet up to 42 wk and the other received
the same diet but with a 20% reduction in the amount of sucrose and the rest of the carbohydrate
being replaced by starch. Rats were fed with this diet for the next 12 wk.

Results: The reduction of the amount of sucrose in the diet showed a substantial improvement
(P < 0.05) of dyslipidemia associated with an amelioration of “in vivo” very low-density
lipoprotein-triacylglycerol secretion and triacylglycerol removal rate from the circulation. Glucose
homeostasis and glucose-induced insulin release from -cells were improved (P < 0.05), although
these values did not reach those observed in rats fed a control diet. Visceral adiposity was also
significantly reduced (P < 0.05).

Conclusion: These data are consistent with the suggestion that the composition of the diet could
contribute to improvements in dyslipidemia, insulin resistance, and adiposity by direct effects on the
lipid metabolism and insulin action and indirectly through the reduction of visceral fat mass and
distribution. © 2007 Elsevier Inc. All rights reserved.
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Introduction

The prevalence of the metabolic syndrome—a con-
stellation of disturbed carbohydrate and insulin metabo-
lism, together with central obesity, dyslipidemia, and
hypertension—has emerged in recent decades as an epi-
demic not only in the industrialized but also in the de-
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veloping world [1]. Many causes have been proposed to
account for this problem including changes over time in
dietary patterns and lifestyle (e.g., physical activity). In this
regard, the daily intake of refined sugars (such as sucrose
and fructose), which has been steadily increasing during
the past 20 y mainly in children, seems to play an important
role in the development of obesity [2]. Although there is
little evidence that moderate amounts of refined sugars have
detrimental effects on carbohydrate and lipid metabolisms,
large doses have been associated with numerous metabolic
abnormalities in humans and animals [3,4].

Our laboratory and others [5—10] have reported that rats
chronically fed (15-40 wk) with diets rich in sucrose de-
velop dyslipidemia (increase in plasma triacylglycerol and
free fatty acids levels), moderate overweight, visceral adi-
posity, and reduced whole-body insulin sensitivity. Islets
isolated from these rats showed a secretion pattern of the
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hormone characterized by the absence of the first peak and
the enhancement of the second phase of insulin released in
response to glucose. All these metabolic effects induced by
feeding a long-term sucrose-rich diet (SRD) closely resem-
ble those found in humans with overweight and/or type 2
diabetes.

Nutritional (e.g., replacement of the usual oil by fish oil
in the rats’ diet) [11] or pharmacologic (e.g., diazoxide,
prazosin) [12,13] interventions similar to an intake of an
SRD for a short period (2—4 wk) were able to prevent the
development of hypertriglyceridemia and improve the insu-
lin effect on glucose utilization. However, relatively few
reports have focused on the effectiveness of dietary manip-
ulation in reversing the metabolic abnormalities previously
described induced by the chronic administration of the
SRD. A recent study from our laboratory has shown that
dyslipidemia and insulin resistance after long-term feeding
of normal rats on a SRD could be completely reversed by
shifting the source of fat in the diet (corn oil replaced by cod
liver oil) [14]. Cohen and Teitelbaum [9] showed that the
impaired glucose tolerance induced in rats fed a SRD (67%
w/w) for 3 mo could be reversed when the source of car-
bohydrate in the diet (sucrose) was replaced by starch for 1
mo. Moreover, when the rats were again fed a SRD, the
impaired glucose tolerance reappeared within just 1 wk.
Further, in rats fed diets containing 10% fructose for up to
14 wk, an increase in the secretion rate of very low-density
lipoprotein (VLDL-triacylglycerol) and plasma triacylglyc-
erols can be observed [15].

Because it is practically impossible and even undesirable
to abolish fructose and/or sucrose from the diet, the present
study further investigated the effect of reducing the amount
of dietary sucrose (63% to 20%) on the altered lipid and
glucose homeostasis present in rats chronically fed a SRD.
In these animals, a well-established dyslipidemia and insu-
lin resistance was observed before the amount of refined
sugar was isocalorically replaced by corn starch for 12 wk.
We studied whether changes in this macronutrient could
improve and/or reverse hyperlipemia, impaired glucose ho-
meostasis, and insulin secretion from -cells induced by a
high sucrose intake.

Materials and methods

Male Wistar rats weighing 180—190 g and purchased
from the National Institute of Pharmacology (Buenos Aires,
Argentina) were maintained under controlled temperature
(22 = 1°C), humidity, and air flow conditions, with a fixed
12-h light/dark cycle (light on 0700 to 1900 h). They were
initially fed a standard laboratory chow (Ralston Purina, St.
Louis, MO, USA) containing by weight (grams per 100 g)
63 starch (corn, sorghum, wheat oats, and barley), 22.5
protein, 3.5 fat, 6.0 fiber, and 4 vitamin mixture and salt
mixture. After 1 wk of acclimatation, the rats were ran-
domly divided into two groups. The experimental group

Table 1

Composition of experimental diets (grams per 100 g)*
Components CD SRD-63% SRD-20%
Corn starch 63 — 43
Sucrose — 63 20
Casein-free vitamin 17 17 17
Corn oil 7 7 7
Vitamin mix" 1 1 1
Cellulose 8 8 8
Salt mix* 3.5 35 3.5
Choline bitartrate 0.2 0.2 0.2
DL-methionine 0.3 0.3 0.3

CD, control diet; SRD-20%, sucrose-rich diet 20% w/w; SRD-63%,
sucrose-rich diet 63% w/w

* The CD group consumed the CD for 42 wk, the SRD-63% group
consumed the SRD-63% for 42 wk, and the SRD-20% group consumed the
SRD-63% for 30 wk and the SRD containing 20% of sucrose plus 43%
corn starch for the last 12 wk of the experiment.

 Vitamin mix (AIN-93M-VX).

* Salt mix (AIN-93M-MX).

(n = 72) received a semisynthetic SRD (63 g/100 g),
whereas the control group (n = 24) received the same
semisynthetic diet except that sucrose was replaced by corn
starch (63 g/100 g; high starch diet [CD]). The experimental
group received the SRD for 30 wk. At this time rats were
randomly subdivided into three subgroups. The first group
was immediately sacrificed for each procedure as described
previously. The rats in the second subgroup continued with
the SRD-63% up to 42 wk of the feeding (Table 1). The
third subgroup (SRD-20%) received the same semisynthetic
SRD in which the amount of sucrose had been reduced to
20%. In this group, the remaining carbohydrate was re-
placed by corn starch (43%) from week 30 to 42. The
control group received the CD throughout the experimental
period. Details of the composition of the diets are presented
in Table 1. The preparation and handling of the diets have
been previously reported in detail [6,7]. All diets provided
approximately 16.04 kJ/g of chow and animals had free
access to food and water. The weight of each animal was
recorded twice a week during the experimental period. In a
separate experiment, individual caloric intake and weight
gain of at least eight animals in each group were assessed
twice a week. On the day of the experiment, food was
removed at 0700 h (end of dark period) unless otherwise
indicated, and the experiments were performed between
0800 and 1200 h. At least six rats from the three dietary
groups were used in each procedure. Rats were anesthetized
with intraperitoneal pentobarbital sodium (60 mg/kg of
body weight). Blood samples were obtained from the jug-
ular vein and were rapidly centrifuged and plasma was
immediately assayed or stored at —20°C. The liver, skeletal
muscle (gastrocnemius), epididymal tissue, and retroperito-
neal adipose tissue were totally removed, weighed, and
immediately frozen and stored at the temperature of liquid
nitrogen. The experimental protocol was approved by the
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human and animal research committee of the School of
Biochemistry, University of Litoral (Santa Fe, Argentina).

Triacylglycerol secretion rate

The triacylglycerol secretion rate (TGSR) was evaluated
in fasting rats (16—18 h) by blocking the removal of plasma
triacylglycerol with Triton WR 1339 (600 mg/kg of body
weight) dissolved in 0.9% NaCl. The TGSR was calculated
from the linear increase of triacylglycerol versus time ac-
cording to the procedure described by Wang and Hegsted
[16] and previously used by our research group [14].

Intravenous fat tolerance test

The intravenous fat tolerance test was performed in rats
fasted for 16—18 h by intravenous injection of Intralipid
(Kabivitrium, Inc., Alameda, CA, USA) (0.1 mL of 10%
Intralipid/100 g of body weight), a soybean oil fat emulsion
that was found to be a useful tracer for the study of the
fractional turnover rate of circulating triacylglycerol [14].
The disappearance of Intralipid in plasma was measured by
nephelometry [17]. The values were plotted on a semiloga-
rithmic scale versus time. The first-order rate constant (K,)
of elimination of fat emulsion from the blood stream (frac-
tional removal rate) was calculated by the least squares
methods as described elsewhere [14].

Perifusion of isolated islets

Rats were decapitated and the islets were isolated by
collagenase digestion and collected under the stereoscopic
microscope as previously described [6,14,18]. After the
islets were washed twice with Krebs-Ringer bicarbonate
buffer (KRB), groups of 30—40 islets isolated from each rat
were loaded in a 13-mm chamber containing a 5-wm nylon
membrane filter. Islets were perifused with KRB containing
3 mmol/L of glucose, 250 mg/L of essentially fatty acid—
free bovine serum albumin, and 40 mg/L of dextran 70, pH
7.4 at 37°C (constantly gassed with 95% O,/5% CO,) at a
flow rate of 0.9—1.2 mL/min. After a prewash period of 30
min, two basal samples were obtained. Then the KRB con-
taining a high glucose concentration (16.5 mmol/L) was
used until the end of the perifusion period (40 min). Ali-
quots from the effluent were collected at 1-min intervals
until minute 40 and were stored at —20°C until insulin
assays. Complete details of the methodology used have
been previously described [6,14,18].

Carcass composition

Rats from each dietary group were anesthetized as pre-
viously described. Anesthetized rats were shaved, and the
visceral organs were removed. Carcasses were weighed,
placed in plastic bags, and frozen at —20°C. Each frozen
carcass was ground to a homogeneous mixture with a mill

cooled with liquid nitrogen, and each ground carcass was
stored at —20°C. Carcass water was determined by drying
~10-g sample in a drying oven (75-80°C) for 24 h [19].
The weight differences before and after drying were used
for its calculation. The dehydrated carcass sample was sub-
sequently used for the determination of ether-extractable
fat. Nitrogen determination on 2 g of non-dehydrated
ground carcass was used to estimate protein content. Ash
content was estimated by combustion of ~1 g of dehydrated
ground carcass in a muffle furnace [19]. All measurements
were done in duplicate.

Analytical methods

Plasma triacylglycerols, free fatty acids, and glucose
levels were determined by spectrophotometric methods as
previously described [6,14,18]. The immunoreactive insulin
was measured by the method proposed by Herbert et al.
[20]. The insulin assays were calibrated against rat insulin
standard (Novo Nordisk, Copenhagen, Denmark). The tri-
acylglycerol content was determined in homogenates of the
frozen liver and muscle (gastrocnemius) powder by the
method of Laurell [21]. The adipose lipoprotein lipase
(LPL) activity in epididymal fat tissue was measured as
previously described [22,23] and was expressed as pico-
moles of substrate transformed per second (picokatal) per
gram of fresh tissue.

Statistical analysis

Sample sizes were calculated on the basis of measure-
ments previously made in our laboratory with rats fed a CD
or a SRD [6,14,22-24] considering 80% power. Results
were expressed as mean * SEM. Statistical comparisons
were done transversely between different dietary groups at
each time of the study (30 and 42 wk). Statistical signifi-
cance between groups was determined by one-way analysis
of variance, with one factor (diet) followed by the inspec-
tion of all differences between pairs of means by the
Newman-Keuls test [25]. Differences with P values <0.05
were considered statistically significant. In all cases the
interclass correlation coefficients were =0.73.

Results
Body weight and energy intake

Body weight and energy intake were carefully monitored
in all groups of rats throughout the experimental period. By
the end of the 30-wk period, the body weight and energy
intake of the SRD-63% group were significantly higher than
those observed in rats fed a CD (Table 2). These differences
were still present when the SRD-63% was extended up to 42
wk. In contrast, the body weight gain and energy intake
were lower in the group of animals in which the amount of
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Table 2
Body weight and energy intake in rats fed CD, SRD-63%, or SRD-20%*

Diet Body weight (g) Energy intake (kJ/d)

Initial 30 wk 42 wk Initial to 30 wk 3042 wk
CD 190.2 £ 9.9° 409.1 = 18.0° 443.5 = 18.4° 254.1 = 11.9° 2432 * 11.3°
SRD-63% 194.0 £ 5.5¢ 462.5 + 10.2° 509.8 + 14.1* 320.2 = 12.7% 328.4 + 13.6*
SRD-20%" 490.9 = 11.7*° 242.8 + 7.8°

CD, control diet; SRD-20%, sucrose-rich diet 20% w/w; SRD-63%, sucrose-rich diet 63% w/w
* Values are expressed as mean = SEM. Eight animals were included in each experimental group. Values in a column without a common letter differ

at P < 0.05.

T SRD-20% group consumed the SRD-63% for 30 wk and the SRD-20% for the last 12 wk of the experiment.

sucrose in the diet was decreased to 20% for 12 wk com-
pared with the SRD-63%—fed rats.

Carcass composition, fat pad weight, and LPL activity in
epididymal fat tissue

Rats fed the SRD-63% for 30 or 42 wk showed an
increase of carcass weight and carcass fat content, whereas
carcass water content was decreased compared with rats fed
a CD for 42 wk. When the percentage of the sucrose in the
diet was reduced to 20% from weeks 30 to 42, a significant
(P < 0.05) reduction of carcass fat content was observed,
although the lipid content was still above the values re-
corded in age-matched controls fed a CD. This was accom-
panied by a moderate reduction of carcass weight and an
increase of water content. The amounts of protein and ash
were similar in all diet groups (Table 3).

Epididymal and retroperitoneal fat pad weights were
significantly increased (P < 0.05) in rats fed a SRD-63%
at 30 or 42 wk. A significant reduction of the two fat pad
weights was observed in rats in which the amount of

sucrose in the diet had been reduced (SRD-20%). The
increase of LPL activity in epididymal fat pad observed
in SRD-63%—fed animals decreased with the reduction of
the percentage of sucrose in the diet during the last 12 wk
(Table 3).

Plasma and liver triacylglycerol content, TGSR, and
fractional removal rate of fat emulsion

An increase of plasma triacylglycerol levels and tri-
acylglycerol content in the liver developed in rats fed an
SRD-63% for 30 or 42 wk (Fig. 1A,B). This was accom-
panied by an increase of “in vivo” TGSR (Fig. 1C) and a
decreased fractional removal rate (K, percentage per
minute) of the intravenously injected fat emulsion (In-
tralipid) when compared with age-matched control rats
fed a CD (Fig. 1D). When the amount of sucrose in the
diet was reduced to 20% (SRD-20%) for 12 wk, a com-
plete normalization of plasma triacylglycerol level,
TGSR, and fractional removal rate of fat emulsion was
observed (Fig. 1A,C,D). Liver triacylglycerol content and

Table 3
Carcass composition, fat pad weight, and epididymal LPL activity in rats fed CD, SRD-63%, and SRD-20%*
Diets CD SRD-63% SRD-63% SRD-20%
Time on diets (wk) 42 30 42 42
Carcass
Carcass weight (g) 340.0 = 6.5° 373.0 = 8.9* 411.1 = 20.0* 374.0 = 11.0*
Protein (% wet weight) 20.7 = 0.5 19.7 = 0.5 19.2 £ 0.6 19.9 = 0.6
Fat (% wet weight) 14.3 = 0.9¢ 25.0 = 0.8* 255+ 1.0* 189 = 1.5°
Water (% wet weight) 59.3 = 1.5% 513 +1.4° 528 +12° 57.3 = 1.2%
Ash (% wet weight) 40=*0.3 3904 37=*03 3802
Retroperitoneal fat
Total weight (g) 6.20 = 0.68° 12.59 = 0.70* 13.88 = 0.91* 10.20 + 0.59°
Relative weight (g/100 g body weight) 1.32 = 0.14° 272 £ 0.11* 2.74 = 0.13* 221 +0.15°
Epididymal fat
Total weight (g) 7.12 = 0.58¢ 12.75 = 0.82* 14.08 = 0.79* 10.39 + 0.36°
Relative weight (g/100 g body weight) 1.63 = 0.11° 275 £ 0.13% 2.80 = 0.11* 2.28 +0.10°
LPL activity
pKatal/g wet tissue 1886 = 273° 3985 + 294% 4007 = 306* 2239 = 297°

pKatal/total weight

14 450 = 1200°

55158 * 4216*

55158 + 4216*

24 032 + 3073°

CD, control diet; LPL, lipoprotein lipase; pKatal, picoKatal: pico mol/seg; SRD-20%, sucrose-rich diet 20% w/w; SRD-63%, sucrose-rich diet 63% w/w
* Values are expressed as mean = SEM. Six animals were included in each experimental group. Values in each line that do not share the same superscript
letter are significantly different (P < 0.05) when one variable at a time was compared by Newman-Keul test.
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Fig. 1. Plasma triacylglycerol (A), liver triacylglycerol content (B), TGSR (C), and K, of a fat emulsion, Intralipid, (D) in rats fed a control diet (white bars),
sucrose 63% w/w for 30 wk (dark gray bars) or 42 wk (black bars), or sucrose 20% w/w (light gray bars) diet. Values are expressed as mean * SEM. Six
animals were included in each experimental group. “P < 0.01, sucrose 63% versus control diet and sucrose 20%; ™P < 0.01 sucrose 20% w/w versus control

diet. K,, fractional removal rate; TGSR, triacylglycerol secretion rate.

TGSR significantly decreased (P < 0.05), although val-
ues were still above those recorded in the CD group.
Moreover, the expanded triacylglycerol pool size present
in the SRD-63% group was completely normalized after
the reduction of sucrose in the diet during the last 12 wk
of the experimental period. Values (mean = SEM, n = 6,
nanomoles per 100 g of body weight) were 1331 = 120
in the CD group, 3608 = 21 in the SRD-63% group for
30 wk, 3630 = 180 in the SRD-63% for 42 wk, and 1571
#* 100 in the SRD-20% group (P < 0.05, SRD-63% 30 or
42 wk versus CD and SRD-20%).

However, the increase of muscle triacylglycerol con-

tents observed in the SRD-63%—fed rats did not improve
when the amount of sucrose in the diet was reduced to
20%. Data (mean = SEM, n = 6, micromoles per grams
of wet weight) were 3.03 = 0.42 in the CD group, 7.21
* 0.28 in the SRD-63% for 30 wk, 7.82 = 0.30 in the
SRD-63% for 42 wk, and 6.61 = 0.50 for the SRD-20%
group (P < 0.05, SRD-63% 30 or 42 wk and SRD-20%
versus CD).

In contrast, a reciprocal relation between fasting
plasma triacylglycerol levels and the fractional removal
rate of the intravenously injected fat emulsion was ob-
served (Fig. 2).
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Fig. 2. Correlation between fasting plasma triacylglycerol and K, (frac-
tional removal rate of the injected fat emulsion, Intralipid; n = 18, r =
—0.964, P < 0.05) in rats fed a control diet (weeks 1 to 42; white circles),
sucrose 63% w/w for 30 wk (triangles) or 42 wk (black circles) or sucrose
20% wiw (gray circles). K,, fractional removal rate.

Plasma glucose, free fatty acids, and insulin levels

Figure 3 depicts a high correlation between plasma glu-
cose and free fatty acid levels in the three dietary groups of
rats. As previously reported by our laboratory [5-8] and
confirmed by the present findings, the plasma glucose and
free fatty acids levels were significantly higher (P < 0.05)
in the SRD-63%—fed rats compared with controls fed a CD.
The present results show that the reduction of the percent-
age of sucrose in the diet (SRD-20%) from week 30 to 42
significantly improved plasma glucose and free fatty acid
levels. However, the concentration of these metabolites was
still higher than that recorded in the CD-fed animals. More-
over, no statistical difference in plasma insulin levels was
detected at the end of the experimental period across the
three dietary groups. Values (mean = SEM, n = 6, mi-
crounits per milliliter) were 44.7 = 5.4 in the CD group,
48.6 £ 2.9 in the SRD-63% for 30 wk, 49.1 = 5.1 in the
SRD-63% for 42 wk, and 46.5 *= 3.6 in the SRD-20%

group.
Perifusion of isolated islets

The classic biphasic pattern of glucose (16.5 mmol/L)
stimulated insulin secretion observed in rats fed a CD diet

was completely altered in rats fed a SRD-63% for 42 wk.
Similar values were observed at 30 wk on a SRD (data not
shown). Perifused islets from SRD-63%—fed rats showed an
absence of the first peak and an increase of the second-phase
hormone secretion compared with the CD-fed rats (Fig. 4).
In contrast, when the percentage of sucrose was reduced
(from 63% to 20%) from week 30 to 42, the glucose-
induced insulin secretion from perifused islets showed a
clear presence of the first peak, although this was lower than
that observed in the CD-fed rats. Although the second phase
of hormone secretion was significantly reduced compared
with those observed in rats fed a SRD-63%, it did not
achieve the values observed in the CD groups. Thus, the
decrease of the amount of sucrose in the diet improved
glucose-induced insulin release from the isolated B-cells.

Discussion

Substantial changes in the macronutrient composition of
the diet (e.g., refined sugar, saturated fat, etc.) and their
interaction with other environmental factors such as lack of
physical activity—besides genetic factors—contribute to
increase the prevalence of disturbed carbohydrate and lipid
metabolisms in addition to obesity, dyslipidemia, and hy-
pertension.

In this study and in agreement with previous work [26],
it has been found that the long-term feeding of rats on a high
sucrose diet induces dyslipidemia, glucose intolerance, and

1000 +

800 1

600 -

400 A

Plasma Free Fatty Acids (xmol/L)

200 4

Plasma Glucose (mmol/L)

Fig. 3. Correlation between plasma free fatty acids and plasma glucose
(n =18, r = 0.941, P < 0.05) in rats fed a control diet (white circles),
sucrose 63% w/w for 30 wk (triangles) or 42 wk (black circles), or sucrose
20% wiw (gray circles).
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Fig. 4. Insulin secretion in perifused pancreatic islets from rats fed the CD, SRD-63%, or SRD-20%. Glucose (16.5 mmol/L) was added to the perfusion
buffer from minutes 3 to 40. Values are expressed as mean = SEM. Six animals were included in each experiment; “P < 0.05, SRD-63% versus CD and
SRD-20% at each time point; *P < 0.05, SRD-20% versus CD at each time point. CD, control diet; SRD-20%, sucrose-rich diet, 20% w/w; SRD-63%,

sucrose-rich diet, 63% w/w.

adiposity. The new findings reported here show that the
well-established dyslipidemia (increased plasma triacyl-
glycerol and free fatty acid levels) and the impaired glucose
homeostasis after a long-term feeding (42 wk) of a SRD
could be substantially improved by partially substituting the
amount of sucrose in the diet (63% to 20% w/w) by starch
during the last 12 wk of the experimental period. These
changes that were accompanied by a significant ameliora-
tion of the altered glucose-induced insulin released from
isolated B-cells and the adiposity took place despite the
absence of changes in plasma circulating insulin levels.
Moreover, the improvement of these abnormalities were the
result of reducing the amount of sucrose in the diet and
could not be attributed to aging per se because in age-

matched control rats fed a CD, none of the parameters
analyzed appreciably changed during the course of the study
with the only exception of body weight.

There is considerable evidence supporting the ability of
the high sucrose diet to upregulate the lipogenesis pathway
leading to increased triacylglycerol production [1]. Nagai
et al. [27] showed that, after feeding rats for 8 wk with a diet
high in fructose (a component of sucrose), the mRNA
content of peroxisome proliferators-activated receptor
(PPARa), protein, and its activity and the protein expres-
sion of fatty acid oxidation enzymes were reduced. In con-
trast, the gene expression of sterol regulatory element-bind-
ing protein (SREBP-1) and the lipogenic enzymes in the
liver were increased by high fructose feeding, suggesting
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that fructose or its metabolites can regulate lipid oxidation
and synthesis leading to an increase of plasma triacylglyc-
erol [28].

Plasma triacylglycerol levels are the result of the
VLDL-Tg secretion rate from the liver and the triacylglyc-
erol removal rate from the circulation. In the present study
the hypertriglyceridemia observed in the SRD-63%—fed rats
could be the consequence of a combination of both pro-
cesses: an increase of VLDL-Tg secretion and a defective
removal of triacylglycerol from the circulation (low frac-
tional removal rate). Moreover, in recent studies [21,22] in
these rats, we demonstrated an increase of basal and stim-
ulated lipolysis from isolated adipocytes of epididymal fat
pad. Thus, the increased availability of plasma fatty acids,
as shown in the present work, may also contribute to hepatic
triacylglycerol formation and subsequent VLDL-Tg secre-
tion. Rats fed during the last 12 wk of the experimental
period on a diet in which sucrose was partially replaced by
starch showed that the reduction of this macronutrient plays
a key role in the changes observed in triacylglycerol levels.
The VLDL-Tg secretion was completely normalized, pos-
sibly through a mechanism that included opposite changes
in SREBP-1 and PPAR« expression leading to a significant
decrease of hepatic “de novo” lipogenesis and liver Tg
contents. Further, plasma triacylglycerol levels and clear-
ance reached values similar to those observed in rats fed a
CD. Lithell [29] showed that the fractional removal rate
(clearance) of triacylglycerol is positively correlated with
plasma triacylglycerol levels and skeletal muscle LPL. In
contrast, plasma free fatty acid levels were still above nor-
mal. The lack of complete normalization of this metabolite
might contribute to the increase of muscle triacylglycerol
content observed in this group of rats.

The increased visceral adiposity and the moderate in-
crease of body weight in the SRD-63%—fed rats improved
after the percentage of sucrose in the diet was reduced. The
decrease of energy intake observed in rats fed a SRD-20%,
which was similar to the animals fed a CD, could decrease
the deposition of fat visceral adipose tissue. In addition, the
normalization of plasma triacylglycerol levels and adipose
tissue LPL activity observed in these rats could also con-
tribute to the reduction of fat pad weight. In addition,
adiposity associated to high fructose intake may result from
the effect of fructose on hormones related to satiety (e.g.,
insulin, leptin, ghrelin). These hormones play a key role
through the central nervous system in the long-term regu-
lation of the energy balance [30]. It has been proposed that
glucose but not fructose provides satiety signals to the brain,
because the latter is not transported into this tissue [31].
Plasma insulin concentration did not change in the SRD-
20%—fed rats and we are unaware of any data concerning
plasma leptin and ghrelin levels. However, it is possible that
this mechanism might also contribute to the decrease of
energy intake and adiposity observed in these rats.

It has been demonstrated that a high sucrose diet impairs
hepatic and whole-body peripheral insulin actions in rats

[32]. We recently reported that peripheral insulin resistance
induced by the long-term feeding on a SRD was closely
associated with an increase of plasma triacylglycerol and
free fatty acid levels and muscle lipid storage (e.g., triacyl-
glycerol, long-chain acyl coenzyme A). Moreover, in these
animals the non-oxidative and oxidative pathways of glu-
cose were impaired [6]. Further evidence that changes in
free fatty acid metabolism affect hepatic and whole-body
carbohydrate metabolism arises from the demonstration that
compounds decreasing plasma free fatty acid levels (acipi-
mox) increase insulin sensitivity in the liver and peripheral
tissues [33]. Rats fed SRD-20% showed a moderate de-
crease of plasma glucose, although still above the normal
values, that positively correlates with free fatty acid levels.
In this regard, we previously reported [34] that, in SRD-
63%—fed rats when sucrose is avoided in the diet, it takes 14
wk for plasma free fatty acids and glucose levels to become
completely normalized. This suggests that the percentage of
refined sugar and the period that the diet is administered
play a role in the improvement or normalization of glucose
homeostasis and plasma lipid levels.

We recently demonstrated that the sustained increase of
plasma glucose and free fatty acid levels in the SRD-63%-—
fed rats impairs glucose stimulated insulin secretion “in
vivo” and “in vitro” and has a deleterious effect on (-cell
function, possibly through glucolipotoxicity [26,35]. In-
creased triacylglycerol storage within the 8-cell and dimin-
ished glucose oxidation, a signal for insulin secretion and
synthesis, were observed in these rats. Moreover, the addi-
tion of fish oil in the SRD diet, which normalizes dyslipi-
demia and glucose levels, was able to return to normalize
the altered insulin secretion pattern under the stimulus of
glucose. Interestingly, the present study shows that the re-
duction of the percentage of sucrose in the diet significantly
improves the first phase of glucose-stimulated insulin secre-
tion from perifused islets of rats fed SRD-20%. However,
the insulin secretion in the second phase was still lower than
that in the control group. The latter was an unexpected
finding. Although we did not investigate the mechanisms
within the B-cell that could explain this result, the total or
partial normalization of plasma lipid levels observed in the
SRD-20%—fed rats suggests that the decreased availability
of these metabolites in the circulation could contribute to
improve (-cell function and glucose homeostasis.

Conclusion

In brief, these data are consistent with the suggestion that
the composition of the diet (decreased percentage of su-
crose) could contribute to improve dyslipidemia, insulin
resistance, and visceral adiposity in this experimental ani-
mal model. The probable mechanisms include: 1) direct
effects on the lipid metabolism and insulin action and 2)
indirect effects through the reduction of visceral fat mass
and distribution. Our results cannot be directly extrapolated
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into human medicine. However, the increased consumption
of sucrose and fructose in the world and its possible con-
tribution to the development of obesity and the metabolic
syndrome suggest that the amount of this macronutrient
could play an important role in the management of these
metabolic abnormalities.
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