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Abstract

Aims/hypothesis—A considerable proportion of whole-body insulin-stimulated glucose uptake
is dependent upon the hepatic insulin-sensitising substance (HISS) in a pathway mediated by the
hepatic parasympathetic nerves (HPNs). We tested the hypothesis that a high-sucrose diet leads to
the impairment of the HPN-dependent component of insulin action.

Methods—We quantified insulin sensitivity using the rapid insulin sensitivity test, a modified
euglycaemic clamp. Quantification of the HPN-dependent component was achieved by
administration of a muscarinic receptor antagonist (atropine, 3 mg/kg).

Results—Insulin sensitivity was higher in standard-fed than in sucrose-fed Wistar rats
(305.6+34.1 vs 193.9+13.7 mg glucose/kg body weight; p<0.005) and Sprague—-Dawley rats
(196.445.9 vs 95.5+£16.3 mg glucose/kg body weight; p<0.01). The HPN-independent component
was similar in the two diet groups. Insulin resistance was entirely due to an impairment of the
HPN-dependent component in both Wistar rats (164.3+28.1 [standard-fed] vs 26.5+7.5 [sucrose-
fed] mg glucose/kg body weight; p<0.0001) and Sprague—Dawley rats (111.7+9.5 vs 35.3+21.4
mg glucose/kg body weight; £<0.01). Furthermore, HPN-dependent insulin resistance in Sprague—
Dawley rats was already evident after 2 weeks of a high-sucrose diet (28.5%7.6 [2 weeks],
35.3+21.4 [6 weeks], 17.9+5.4 [9 weeks] mg glucose/kg body weight) and was independent of the
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nature of sucrose supplementation (12.3+4.7 [solid] and 17.945.4 [liquid] mg glucose/kg body
weight).

Conclusions/interpretation—Our results support the hypothesis that insulin resistance caused
by sucrose feeding is due to an impairment of the HPN-dependent component of insulin action,
leading to a dysfunction of the HISS pathway.

Keywords

Hepatic insulin-sensitising substance; Hepatic parasympathetic nerves; Insulin resistance; Skeletal
muscle; Sucrose; Type 2 diabetes mellitus

Introduction

The hepatic parasympathetic nerves (HPNs) are essential regulators of the normal action of
insulin on glucose metabolism. The activation of the HPNs during the immediate
postprandial state leads to the release, by the liver, of a putative hormone referred to as
hepatic insulin-sensitising substance (HISS). The HISS hypothesis states that HISS travels
through the bloodstream to enhance skeletal muscle insulin-stimulated glucose uptake,
consequently accounting for 50-60% of whole-body glucose uptake [1].

The parasympathetic neural reflex that leads to HISS release is conducted via the cervical
vagus, the hepatic branch of the vagus and the anterior hepatic plexus. The decrease in
insulin sensitivity obtained with HPN denervation is also achieved pharmacologically, by
administration of the muscarinic antagonist atropine [2]. Parasympathetic denervation of the
other splanchnic organs, or sympathetic denervation of the liver, does not alter insulin
sensitivity [3]. The fact that acetylcholine, when administered intraportally but not
intravenously, was able to reverse the insulin resistance induced by surgical intervention,
further established the liver as the target organ [4, 5]. Although this could lead us to consider
that the liver becomes insulin resistant, studies of arterial-venous gradients showed that it is
mainly the skeletal muscle that develops insulin resistance. While glucose uptake by the
skeletal muscle decreases, insulin retains its capacity to inhibit glucose output from the liver
[4, 5]. Furthermore, the existence of a hepatic blood-borne factor that increases skeletal
muscle glucose uptake had already been hinted in cases of liver disease [6]. Chronic liver
disease also presents a predominance of parasympathetic tone dysfunction related to the
severity of disease [7-9].

Parasympathetic dysfunction has been associated with severe insulin resistance [10], which
predates the overt development of type 2 diabetes mellitus by many years [11]. The
impairment of the parasympathetic nervous system has recently been considered as an
aetiological factor in the pathological process, rather than just a consequence of diabetes
[12].

It is well established that sucrose feeding, which is increasing in human diet, leads to the
development of skeletal muscle insulin resistance [13-16]. However, until now, the
importance of the HPNs has not been assessed in studies of insulin resistance induced by
sucrose feeding.
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Since it has been shown that differences in strain characteristics between Wistar and
Sprague—-Dawley rats can lead to variations in whole-body insulin sensitivity [17], these two
strains, the most commonly used for insulin-stimulated glucose measurements, were used in
this study.

We aimed to relate the insulin resistance caused by a high-sucrose diet to the HISS
hypothesis, a pathway dependent upon the HPN modulation of whole-body insulin-
stimulated glucose uptake.

Materials and methods

Animals

Male Wistar (WIS) and Sprague—-Dawley (SD) rats were obtained from Charles River
Laboratories (Barcelona, Spain). After weaning, they were maintained on a 12-h light—dark
cycle (08.00-20.00 hours) and housed one per cage under temperature control. All rats were
fed ad libitum, except on the day before the experiment when they started an overnight fast.
Animals were cared for according to the European Union Directive for Protection of
Vertebrates Used for Experimental and Other Scientific Ends (86/609/CEE), the US National
Research Council Guide for the Care and Use of Laboratory Animals and the Canadian
Council on Animal Care.

Diet protocols

Effect of a liquid high-sucrose diet on Wistar and Sprague—Dawley rats—WIS
and SD rats were each randomly divided into two groups. Both standard-fed and sucrose-fed
rats had free access, for 6 weeks, to a standard solid diet (Panlab A04; Charles River) and
water, but while the standard-fed groups had only a bottle of drinking water, the sucrose-fed
groups had an additional bottle of a 35% sucrose solution.

Effect of the duration of exposure to a liquid high-sucrose diet in Sprague—
Dawley rats—SD rats were randomly divided into six groups. Each sucrose-fed group was
given a standard solid diet (Panlab A04; Charles River) and a 35% sucrose solution for,
respectively, 2, 6 or 9 weeks. Each standard-fed group was given a standard solid diet and
drinking water for time periods corresponding to the sucrose-fed groups.

Effect of a liquid vs solid high-sucrose diet in Sprague—Dawley rats—SD rats
were randomly divided into three groups. The standard-fed group was given a standard solid
diet (Research Diets, Brunswick, NJ, USA) and drinking water for 9 weeks. Sucrose-fed
groups were given either a 35% sucrose solid diet (Research Diets) and drinking water or a
standard solid diet and a 35% sucrose solution for the same period.

Presurgical protocol

Rats were fasted overnight and allowed access to food for 1 h (08.00-09.00 hours). They
were anaesthetised with an intraperitoneal injection of sodium pentobarbital (65 mg/kg) and
were placed on a heating pad (Homeothermic Blanket Control Unit 50-7061; Harvard
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Apparatus, Holliston, MA, USA) to maintain body temperature at 37.5+£0.5°C, monitored
with a rectal probe thermometer.

Surgical protocol

The trachea was cannulated (polyethylene tubing, PE 240; Becton Dickinson, Franklin
Lakes, NJ, USA) to allow for spontaneous respiration. The femoral artery and the jugular
vein were cannulated (polyethylene tubing, PE 50, Becton Dickinson) to establish an
external arterial-venous shunt, primed with a saline—heparin solution (200 U/ml). This shunt
also enabled the periodic measurement of the arterial and venous pressures (Powerlab 8/s,
AD Instruments; recorded by MacLab software, Colorado Springs, CO, USA). Anaesthesia
was maintained throughout the experiment by continuous infusion of sodium pentobarbital
solution (1.0 mg/ml saline given at 1.0 ml/100 g body weight) through a cannula (infusion
line PE 50 with a cut 23-g needle at the delivery end) inserted into the venous side of the
shunt. All drug and saline solutions were administered i.v. through this shunt.

The rats were allowed to stabilise after surgery for at least 30 min before any tests were
carried out. After that time, arterial blood samples (25 ul) were taken from the shunt every 5
min and the glucose concentration was immediately determined by the oxidase method
using a glucose analyser (1500 Sidekick; Yellow Springs Instruments, Yellow Springs, OH,
USA) until three successive stable glucose concentrations were obtained. The mean of these
three values is referred to as the basal glucose level.

Rapid insulin sensitivity test

Minute O was set at the start of a 5-min i.v. insulin bolus (50 mU/kg) given using a perfusion
pump (Perfusor fm; BBraun Medical, Barcarena, Portugal). At minute 1, the arterial blood
glucose concentration was measured and a glucose infusion (D-glucose/saline, 100 mg/ml,
i.v.) was started at a rate of 5 mg-kg~1-min~1 to avoid hypoglycaemia. Arterial blood glucose
concentration was measured at 2-min intervals and the rate of the glucose infusion was
adjusted whenever necessary to maintain the glycaemia as near as possible to the basal
glucose level. The rapid insulin sensitivity test (RIST) was concluded when no further
glucose was required. The amount of glucose infused quantifies insulin sensitivity and is
referred to as the RIST index (mg glucose/kg body weight).

Experimental protocol for HPN blockade
After the control RIST was performed, atropine (3 mg/kg) was infused i.v. into the arterial—
venous shunt over 5 min. Glucose levels were allowed to stabilise for at least 30 min, after
which another RIST was performed.

Calculations

The RISTindex obtained after atropine-induced HPN blockade represents the HPN-
independent component of insulin action. By subtracting the RIST index obtained after
pharmacological intervention from the control RIST, one quantifies the HPN-dependent
component of insulin action.
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To obtain the curves representing the time-course of each RIST we plotted the mean values
of glucose infusion rate, represented at 0.1-min intervals. The HPN-dependent component
action curve was obtained by subtracting the post-atropine curve values from the
corresponding control curve values.

Data analysis

Drugs

Results

Data were expressed as means+SE and were analysed by unpaired #test or one-way
ANOVA followed by the Tukey multiple-comparison test. Differences were accepted as
statistically significant if pwas less than 0.05.

Atropine and D-glucose were purchased from Sigma-Aldrich (Sintra, Portugal). Sodium
pentobarbital (Eutasil) was obtained from Ceva (Algés, Portugal). Heparin was purchased
from BBraun Medical. Human insulin (Humulin regular) was obtained from Lilly Farma
(Algés, Portugal). All chemicals were dissolved in saline (BBraun). All perfusions were
carried out using perfusor pumps (BBraun).

Effect of a liquid high-sucrose diet on Wistar and Sprague—Dawley rats

There were no significant differences in total body weight, blood pressure and postprandial
basal glycaemia between the standard-fed (77=8) and sucrose-fed (/7=10) WIS rats or between
the standard-fed (/7=15) and sucrose-fed (/#=5) SD rats (data not shown).

In WIS rats, the standard-fed group had higher total insulin sensitivity than the sucrose-fed
group (305.6+34.1 [standard-fed] vs 193.9+13.7 [sucrose-fed] mg glucose/kg body weight;
p<0.005). The RIST indexes obtained after atropine administration, which measure the
HPN-independent component of insulin action, were similar in the two groups (140.4+22.1
[standard-fed] and 167.4+10.8 [sucrose-fed] mg glucose/kg body weight) (Fig. 1).

The HPN-dependent component of insulin action was significantly lower in the sucrose-fed
than in the standard-fed group (164.3+28.1 [standard-fed] vs 26.5+7.5 [sucrose-fed] mg
glucose/kg body weight; p<0.0001). This means that the contribution of the HPN-dependent
component to total insulin action was diminished in sucrose-fed WIS rats (52.1+6.6%
[standard-fed] vs 12.7+3.3% [sucrose-fed]; p<0.0001).

The dynamic profiles of the RISTs obtained before and after atropine administration and the
dynamic profile of the HPN-dependent component of WIS rats are displayed (Fig. 2) and
their characteristics described (Table 1).

The standard-fed SD rats also had higher total insulin sensitivity than the sucrose-fed SD
rats (196.4+5.9 [standard-fed] vs 95.5+£16.3 [sucrose-fed] mg glucose/kg body weight;
p<0.01). Since the HPN-independent component was similar with both diets (84.7+6.0
[standard-fed] and 61.0+10.1 [sucrose-fed] mg glucose/kg body weight), the reduced insulin
action observed in sucrose-fed SD rats was due to a decrease of the HPN-dependent
component (111.7+9.5 [standard-fed] vs 35.3+21.4 [sucrose-fed] mg glucose/kg body
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weight; p<0.01). Accordingly, the contribution of the HPN-dependent component to the total
insulin sensitivity was lower for the sucrose-fed group (56.0+3.7% [standard-fed] vs
28.8+13.8% [sucrose-fed]; p<0.05).

Although the absolute values were lower in SD than in WIS rats, the contribution of the
HPN-dependent component was similar in the two strains for both the standard-fed and
sucrose-fed groups. Also, the dynamic profiles obtained for SD rats were similarly shaped to
the control RIST, post-atropine RIST and HPN-dependent component of WIS rats.

Effect of the duration of exposure to a liquid high-sucrose diet in Sprague—Dawley rats

While blood pressure (data not shown) was similar in all standard-fed and sucrose-fed
groups, the sucrose-fed group showed, at 9 weeks of sucrose supplementation and in
comparison with the standard-fed group, higher body weight (459.1+4.7 g [standard-fed] vs
643.1+£25.9 g [sucrose-fed]; p<0.0001) and higher basal glycaemia (5.91+0.18 [standard-
fed] vs 7.91+0.49 [sucrose-fed] mmol glucose/l; p<0.05). For all other exposure times, these
parameters were similar in sucrose-fed and standard-fed rats.

Since all standard-fed groups had similar values of control and post-atropine RIST indexes,
we pooled them into a single standard-fed group (7=24) (Fig. 3). All sucrose-fed groups had
similar total insulin sensitivity (106.2+12.5 [2 weeks, 7=7], 95.5+16.3 [6 weeks, /7=5] and
106.6+8.4 [9 weeks, m/=11] mg glucose/kg body weight), which was lower than in the
standard-fed pool (192.4+4.9 mg glucose/kg body weight; p<0.001) (Fig. 3). Since there was
no statistical difference in post-atropine RIST index between standard-fed and any sucrose-
fed group (89.6+4.1 [standard-fed] and 78.9+10.6 [2 weeks sucrose-fed], 61.0+10.1 [6
weeks sucrose-fed] and 88.8+6.7 [9 weeks sucrose-fed] mg glucose/kg body weight), the
decrease of total insulin sensitivity was due to lower HPN-dependent component in all
sucrose-fed groups (102.746.9 [standard-fed] vs 28.5+7.6 [2 weeks sucrose-fed], 35.3£21.4
[6 weeks sucrose-fed] and 17.945.4 [9 weeks sucrose-fed] mg glucose/kg body weight;
p<0.001). Accordingly, the contribution of the HPN-dependent component to total insulin
sensitivity was lower in all sucrose-fed groups than in the standard-fed group (52.5+2.6%
[standard-fed] vs 26.4+6.2% [2 weeks sucrose-fed], 28.8+13.8% [6 weeks sucrose-fed] and
17.9+5.4% [9 weeks sucrose-fed]; p<0.01, p<0.05 and p<0.001 respectively).

Effect of a liquid vs solid high-sucrose diet in Sprague—Dawley rats

Total body weight and blood pressure were similar in all groups (data not shown). The
liquid-sucrose-fed group had a higher basal glycaemia than both standard-fed and solid-
sucrose-fed groups (7.91+0.49 [liquid-sucrose-fed] vs 6.37+0.42 [standard-fed] and
6.21+0.16 [solid-sucrose-fed] mmol glucose/l; p<0.05).

Both solid- and liquid-sucrose-fed groups had similarly lower total insulin sensitivity than
the standard-fed group (185.6+8.6 [standard-fed, 7=9] vs 88.2+14.6 [solid-sucrose-fed, /7=6]
and 106.6+8.4 [liquid-sucrose-fed, 7=11] mg glucose/kg body weight; p<0.001 and p<0.05
respectively) (Fig. 4). After atropine administration, the RIST indexes obtained were similar
in all three groups (97.9+2.9 [standard-fed], 76.5+14.1 [solid-sucrose-fed] and 88.8+6.7
[liquid-sucrose-fed] mg glucose/kg body weight). The HPN-dependent component was
lower in both sucrose-fed groups than in the standard-fed group (87.6+7.3 [standard-fed] vs
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12.3£4.7 [solid-sucrose-fed] and 17.9+5.4 [liquid-sucrose-fed] mg glucose/kg body weight;
p<0.001); thus the contribution of the HPN-dependent component was also lower in sucrose-
fed animals than in the standard-fed group (46.7+ 2.0% [standard-fed] vs 13.3+7.3% [solid-
sucrose-fed] and 15.3+4.3% [liquid-sucrose-fed]; p<0.001).

Some of these results were previously reported by us in abstract form [18].

Discussion

Our study aimed to relate the HISS hypothesis, a pathway dependent upon the HPN
modulation of whole-body insulin-stimulated glucose uptake, to the insulin resistance
caused by a high-sucrose diet.

The Wistar rats showed higher insulin-stimulated glucose uptake than the Sprague-Dawley
rats. However, the partial contribution of each component was similar in the two strains for
both standard-fed and sucrose-fed animals.

Our results show that the insulin resistance present in rats subjected to a high-sucrose diet is
indeed due to an impairment of the HPN-dependent component of insulin action, which is
already observed after 2 weeks of the diet. There were no differences in results between the
two forms of sucrose feeding (solid vs liquid).

This suggests that the HPN-dependent component, and subsequently HISS action, is easily
impaired by a high-sucrose diet, with the HISS-independent component of insulin action
remaining unimpaired, at least for the first 9 weeks of the diet.

Methodological considerations

In our study, the quantification of whole-body insulin sensitivity was carried out using a
modified euglycaemic clamp known as the RIST (rapid insulin sensitivity test) [19].
Designed to avoid the counter-regulatory responses to the hypoglycaemia that follow the
administration of an insulin bolus, the RIST has reproducibility in four consecutive tests in
anaesthetised rats [19], allowing us to measure control and post-atropine insulin sensitivity
in the same animal. RIST assessment is comparable to the insulin tolerance test and has been
shown to be more sensitive in detecting the HISS-dependent component of insulin action
than the hyperinsulinaemic—euglycaemic clamp [20]. Since HISS has been shown to
decrease in the fasting state [21], it is essential to assess whole-body insulin sensitivity in the
fed state.

Our experiments were performed with the animals under anaesthesia. Although
pentobarbital anaesthesia has been shown to produce insulin resistance [22], previous studies
done with the RIST showed no difference in glucose uptake between anaesthetised and
conscious rats [23]. A possible explanation is that maintaining euthermia, as we did using a
heating pad and a rectal probe, prevents the anaesthesia-induced alterations in glucose
metabolism [24].

The administration of atropine (3 mg/kg) does not interfere with hepatic glucose output
inhibition by insulin and does not alter basal glycaemia or insulinaemia [2, 4]. A dose-
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response curve produced by our group [25] shows that the EDsg of atropine administered
intraportally was lower than that administered intravenously, establishing that the relevant
affected receptors are located in the liver [25]. Since intraportal administration of atropine
did not show, at the given dose, a statistically different effect from intravenous
administration [19, 25], we chose the latter to minimise the invasive surgery required.

Insulin resistance in sucrose-fed animals

Effect of a liquid high-sucrose diet on Wistar and Sprague—-Dawley rats—In
sucrose-fed Wistar and Sprague—Dawley rats, we observed a considerable decrease in
postprandial total insulin-stimulated glucose uptake in relation to the standard-fed rats. This
result, shown by comparing standard-fed and sucrose-fed control RIST indexes for each rat
strain, supports the findings of other authors. Sucrose-enriched diets have been reported to
lead to skeletal muscle insulin resistance [13-16]. However, none of the previous studies
took into consideration that insulin-stimulated glucose uptake consists of two discernible
components, one of which is modulated by the hepatic parasympathetic nerves [1].

To evaluate the relevance of the HPN-dependent component of insulin action in this animal
model of insulin resistance, we used atropine, a muscarinic receptor antagonist that has been
found to elicit, in normal-fed animals, a similar decrease in whole-body insulin-stimulated
glucose uptake to that elicited by the surgical ablation of the hepatic parasympathetic nerves
[26]. Atropine only decreased insulin sensitivity in the standard-fed rats. Sucrose-fed rats
showed similar pre- and post-atropine RIST indexes. Furthermore, the insulin sensitivity of
post-atropine standard-fed rats was not statistically different from that obtained for pre- and
post-atropine sucrose-fed rats, thus showing that the post-prandial whole-body insulin
resistance presented by sucrose-fed rats is entirely derived from the impairment of the HPN-
dependent component of insulin action, and also that this component is essentially absent in
the sucrose-fed rats.

By examining the mean dynamic profiles of the RISTs and their characteristics we draw
similar conclusions, even when more details are examined. The dynamic profile of the
control RIST of sucrose-fed rats showed a lower peak magnitude and an earlier offset of
action than the control RIST in standard-fed rats. Considering that the HPN-independent
component (post-atropine) dynamic profile of standard-fed and sucrose-fed rats is similar,
the detrimental effect of the high-sucrose diet is entirely accounted for by the lower peak
magnitude and duration seen in the HPN-dependent dynamic profile of sucrose-fed rats.

Effect of the duration of a liquid high-sucrose diet in Sprague—Dawley rats—
The present study also shows that insulin resistance caused by HPN impairment is fully
expressed after only 2 weeks of the high-sucrose diet. The sucrose-fed groups showed a
higher weight gain in relation to the standard-fed group with the longest diet duration (9
weeks). We can therefore exclude weight gain as a confounding factor since there was no
additional increase of insulin resistance in this group. Likewise, as all groups showed similar
blood pressures, we can exclude the interference of hypertension.

In addition, since basal hyperglycaemia was only observed in the rats exposed to the sucrose
supplement for 9 weeks, we conclude that the impairment of the HISS-dependent
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component is not the result of high blood glucose levels, because sucrose-fed rats exposed
for 2 or 6 weeks were similarly insulin resistant, despite having normoglycaemia.

Effect of a liquid vs solid high-sucrose diet in Sprague—Dawley rats—We did
not find any difference in insulin sensitivity between the two forms of sucrose feeding (solid
vs liquid). Thus, we can only conclude that this is not, at the given concentrations, a factor
that influences the degree of insulin resistance.

Hepatic parasympathetic nerves dysfunction and the development of insulin resistance

The present findings highlight the importance, in the study of insulin resistance in high-
sucrose-fed animals, of recent reports of decreased parasympathetic vagal activity in high-
fructose-fed rats [11]. Absorbed sucrose is degraded into glucose and fructose, and fructose
has been found to be the moiety responsible for sucrose-induced insulin resistance [27].
Thus, we can suggest that a high-sucrose diet, perhaps through the metabolic action of its
fructose moiety, leads to HPN-dependent insulin resistance.

Recently, an increasing emphasis is being placed on a causal effect of an autonomic
imbalance in the metabolic syndrome [28]. In this imbalance, brought about by
environmental factors, the decrease of parasympathetic activity seems to be the determining
factor in the development of insulin resistance and type 2 diabetes mellitus [29]. Our study is
an example of how an environmental alteration, such as diet composition, can lead to insulin
resistance through an impairment of hepatic parasympathetic activity. Moreover, preliminary
studies in our laboratory show that the impairment of the HPN-dependent component of
insulin action is also involved in the development of insulin resistance in conditions
commonly included in the metabolic syndrome, such as obesity [30] and essential
hypertension [31].

It has been reported that food intake enhances the parasympathetic tone [32]. It is thus
essential that the RIST is performed in the immediate postprandial state to properly quantify
the HPN-dependent component of insulin action. Indeed, fasting has been shown to inhibit
the HPN-dependent component of insulin action while having no effect on the HPN-
independent component [21].

Our present results are consistent with the mechanism first described by one of us [1] in
which postprandial hepatic parasympathetic activity leads to the release of a hepatic humoral
factor, tentatively named HISS (hepatic insulin-sensitising substance), which sensitises the
skeletal muscle to insulin-stimulated glucose uptake. HISS-dependent insulin resistance has
been found in liver diseases, fetal alcohol exposure, acute stress and ageing [33]. Moreover,
sucrose-induced insulin resistance in skeletal muscle has been related to the impairment of a
humoral factor, which would explain why only in vivo and not in vitro studies show skeletal
muscle insulin resistance in sucrose-fed rats when compared with starch-fed rats [15].

Other studies by our groups [34, 35] have previously uncovered other steps of the hepatic
pathway that lead to HISS release. According to these studies, following a meal, the
activation of the hepatic parasympathetic nerves leads to the release of acetylcholine, which
binds to muscarinic receptors in the liver. This promotes the production of hepatic nitric
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oxide and the release of HISS. Hepatic glutathione, which is decreased in the fasting state
and rapidly replenished in the postprandial state, is also essential to the HISS pathway.
Interestingly, hepatic glutathione and nitric oxide could also play a role in HISS-dependent
insulin resistance in sucrose- or fructose-fed animals because a high-sucrose diet alters
hepatic glutathione enzyme activity [36] and nitric oxide donors ameliorate fructose-induced
insulin resistance [37].

Further studies using the sucrose-fed animal model, which is free of the confounding effects
of weight gain and hypertension, will give us more information about the effects of a high-
sucrose diet on the HISS pathway, furthering our knowledge of possible therapeutic
interventions to prevent or ameliorate HISS-dependent insulin resistance. Interestingly,
exercise training, which increases vagal activity [38], is capable of preventing sucrose-diet-
induced insulin resistance [39].

Conclusions

Our data show that a high-sucrose diet leads to insulin resistance by rapid impairment of the
HISS pathway. This impairment, due to a decreased activity of the HPN which is also
observed in other pathological conditions related to insulin resistance, the metabolic
syndrome and type 2 diabetes mellitus, illustrates the dramatic deleterious effect of a
disruption of the HISS pathway on the regulation of insulin-stimulated glucose uptake.
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Fig. 1.
RIST indexes for the HPN-independent (fi//ed) and HPN-dependent (b/ank) components of

insulin action on Wistar and Sprague—-Dawley rats. The sum of both components represents
the control RIST index for each diet protocol. In both strains, insulin sensitivity was
significantly higher for the standard-fed diet group than for the high-sucrose-fed group
(**p<0.01). The HPN-dependent component accounted for this difference
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Fig. 2.
Dynamic profiles of the control (bo/d liné) and post-atropine (#hin /ine) RISTs of standard-

fed (a) and high-sucrose-fed (b) Wistar rats. ¢ Dynamic profile of the HPN-dependent
component of insulin action, obtained by subtracting the post-atropine curve from the
control curve, of the standard-fed (bo/d ling) and high-sucrose-fed (hin /ine) Wistar rats
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.
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Standard-fed 2 weeks B weeks 9 weeks
Sucrose-fed

RIST indexes for the HPN-independent (fi//ed) and HPN-dependent (gper) components of
insulin action of Sprague—-Dawley rats on a sucrose diet for different periods. The sum of
both components represents the control RIST index. Insulin sensitivity was significantly
higher for the standard-fed group than for any sucrose-fed group. The HPN-dependent
component accounted for this variation (***p<0.001)
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Fig. 4.
RIST indexes for the HPN-independent (fi//ed) and HPN-dependent (gper)) components of

insulin action of Sprague—Dawley rats fed either a standard diet or a liquid or solid sucrose
diet. The sum of both components represents the control RIST index. Insulin sensitivity was
significantly higher for the standard diet than for any of the high-sucrose-fed groups. The
HPN-dependent component accounted for this difference (***p<0.001)
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Dynamic profile characteristics of the control RIST, the HPN-independent component (post-atropine RIST),
and the HPN-dependent component of total insulin action

Standard-fed  Sucrose-fed

Control RIST Peak (mg glucose-kg™1-min~1) 15.9+0.74
Peak time (min) 12.3+0.5
Offset (min) 35.8+1.84
HPN-independent  Peak (mg glucose-kg1-min=1) 10.8+1.1
component
Peak time (min) 11.1+0.8
Offset (min) 24.9+2.1
HPN-dependent Onset (min) 7.2+£1.0
component .
Peak (mg glucose-kg™t-min~1) 10.0+1.10
Peak time (min) 15.741.1
Offset (min) 35.4+1.904
Duration (min) 26.642.14

11.7+¢1.34
12.6+0.8
26.8+0.54
10.2£1.2
11.8+0.9
26.8£0.5
8.9+1.7
1.5+0.69
16.1+1.9

22.9+2.14

8.3+2.04

a -
p<0.01 between standard-fed and sucrose-fed Wistar rats

bp<0.001 between standard-fed and sucrose-fed Wistar rats
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