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Abstract Background and aims: Fructose is a major dietary component directly related to
vascular dysfunction and diseases such as obesity, diabetes, and hypertension. Zinc is considered
a non-pharmacological alternative for treating diabetes due to its antioxidant and
hyperglycemia-lowering effects in diabetic animals. Therefore, the aim of this study was to eval-
uate the effects of dietary zinc supplementation on the microcirculatory parameters of fructose-
fed hamsters.
Methods and Results: Male hamsters (Mesocricetus auratus) were fed drinking water substituted
by 10% fructose solution for 60 days, whereas control animals were fed drinking water alone.
Their microcirculatory function was evaluated using cheek pouch preparation, as well as their
blood glucose and serum insulin levels. Their microcirculatory responses to acetylcholine
(ACh, an endothelium-dependent vasodilator) and to sodium nitroprusside (SNP, an
endothelium-independent vasodilator) as well as the increase in macromolecular permeability
induced by 30 min of ischemia/reperfusion (I/R) were noted. Endothelium-dependent vasodila-
tion was significantly increased in control animals with high zinc supplementation compared to
the groups without zinc supplementation. Zinc was able to protect against plasma leakage
induced by I/R in all control and fructose-fed groups, although the microvascular permeability
was higher in animals fed drinking water substituted by 10% fructose solution compared to those
fed filtered drinking water alone.
Conclusion: Our results indicate that dietary zinc supplementation can improve microvascular
dysfunction by increasing endothelial-dependent dilatation and reducing the increase in macro-
molecular permeability induced by I/R in fructose-fed animals.
ª 2015 The Italian Society of Diabetology, the Italian Society for the Study of Atherosclerosis, the
Italian Society of Human Nutrition, and the Department of Clinical Medicine and Surgery, Feder-
ico II University. Published by Elsevier B.V. All rights reserved.

Introduction

Over the past 30 years, the ingestion of fructose has
increased worldwide due to its addition in industrial food
[1]. The replacement of filtered drinking water by fructose

solution has also been reported to induce alterations in
vascular reactivity [2], microvascular hemodynamics [3,4],
and endothelial dysfunction [5].

It is also well established that high fructose intake leads
to an increase in de novo lipogenesis, blood triglyceride
levels, and hepatic insulin resistance [6]. All of these fac-
tors play an important role in the initiation of metabolic
syndrome, an important risk factor for cardiovascular
diseases, the main cause of death worldwide [7].

Endothelium-dependent vascular dysfunction is
considered a cardiovascular risk factor that affects both

* Corresponding author. Rua São Francisco Xavier, 524 e Pav. Haroldo
Lisboa da Cunha sala 104, Maracanã, Rio de Janeiro, RJ CEP 20550-013,
Brazil. Tel.: þ55 21 2334 0703; fax: þ55 21 2334 0692.

E-mail address: rccastiglione@gmail.com (R.C. Castiglione).
1 These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.numecd.2015.11.006
0939-4753/ª 2015 The Italian Society of Diabetology, the Italian Society for the Study of Atherosclerosis, the Italian Society of Human Nutrition, and the Department of
Clinical Medicine and Surgery, Federico II University. Published by Elsevier B.V. All rights reserved.

Nutrition, Metabolism & Cardiovascular Diseases (2016) 26, 310e317

Available online at www.sciencedirect.com

Nutrition, Metabolism & Cardiovascular Diseases

j ournal homepage: www.e lsev ier .com/ locate /nmcd

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:rccastiglione@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.numecd.2015.11.006&domain=pdf
http://dx.doi.org/10.1016/j.numecd.2015.11.006
http://dx.doi.org/10.1016/j.numecd.2015.11.006
http://dx.doi.org/10.1016/j.numecd.2015.11.006
www.sciencedirect.com/science/journal/09394753
http://www.elsevier.com/locate/nmcd


macroscopic and microscopic blood vessels, which is
related to an imbalance in the production of endothelial
mediators that regulate different vascular processes, such
as vessel tone, the most widely studied aspect of endo-
thelial function [8]. As reviewed by Abdullah et al. (2011),
several studies show that animals fed fructose-rich diets
with induced metabolic syndrome present vascular
dysfunction with increased vasoconstrictor sensitivity
and impaired endothelium-dependent relaxation,
probably due to an insulin-resistant/hyperinsulinemic
state [9].

Antioxidant micronutrients are widely studied for the
prevention of glucose intolerance and insulin resistance
induced by high-fat diets [10e13]. One of these
micronutrients is zinc, the second most prevalent trace
element in the body, involved in the structure and func-
tion of >300 enzymes and essential for normal meta-
bolism and cell function. It interacts with glucose
metabolism via different targets including insulin secre-
tion and enzyme activity implicated in glucose meta-
bolism [14].

Several studies show the association of zinc with car-
diovascular diseases. The blood zinc levels are reduced in
patients with ischemia/myocardial infarction, congestive
heart failure, conduction abnormalities, and heart trans-
plant, resulting in poor outcomes [15,16]. In addition, the
administration of zinc during reperfusion has been shown
to improve myocardial recovery in rodents, which recover
by almost 100% from ischemia. This process appears to be
associated with the prevention of the degradation of pro-
tein kinase C (PKC) isoforms, suggesting the role of zinc as
a second messenger [14,17].

Our study investigated the effects of a diet with zero,
normal, and threefold higher zinc content on the micro-
circulatory parameters of hamsters with metabolic syn-
drome induced by high fructose intake.

Methods

The methods are described in detail in the Online
Supplement.

Experimental animals

This study was approved by the State University of Rio de
Janeiro Committee for Animal Experimentation (CEA/215/
2007) and conducted according to the Guide for Care and
Use of Laboratory Animals published by the US National
Institute of Health (NIH Publication No. 85-23, revised
1996), and in line with rules established by the Brazilian
College of Animal Experimentation.

A total of 152 male golden hamsters (Mesocricetus
auratus) weighing approximately 100 g and aged 4e5
months were obtained from Anilab (Paulinea, São Paulo,
Brazil) and housed individually in the laboratory in a
12:12 h light/dark facility at a controlled temperature
(21.5 � 0.5 �C), with provision of experimental chow and
water ad libitum.

Experimental chow

Three types of chows were prepared according to the
following parameters: zero, normal, and high content of
zinc (threefold higher).

Experimental design

The animals were randomly assigned to six groups: (1)
those fed filtered water (CTRL, n Z 27) and (2) 10% fruc-
tose solution (FRU, n Z 24) and rodent chow without zinc;
(3) those fed filtered water (CTRL þ Zn, n Z 25) and (4)
10% fructose solution (FRU þ Zn, n Z 25) and rodent chow
with normal levels of zinc; and (5) those fed filtered
drinking water (CTRL þ HiZn, n Z 27) and (6) 10% fructose
solution (FRU þ HiZn, n Z 24) and rodent chow with
threefold higher levels of zinc. All diets were given for 60
days.

For microcirculatory analysis, the animals from each
group were equally divided into three smaller groups: I/R
followed by topical application of (1) ACh and histamine,
(2) SNP and histamine, and (3) histamine (Fig. 1A and B).

Animal preparation and blood collection

On the day of the experiment, anesthesia was induced by
an intraperitoneal injection of 0.1e0.2 ml of sodium
pentobarbital (Pentobarbital Sodique, 60 mg/ml, Sanofi
Santé Animale, Paris, France) and maintained with intra-
venous a-chloralose (100 mg/kg body weight (Sigma
Chemicals, St. Louis MO, USA)).

One hour after the anesthesia, blood was withdrawn by
periorbital puncture and the non-fasting glycemic state
was analyzed with a glucometer.

Cheek pouch preparation

The cheek pouch of each hamster was everted and
mounted in an experimental chamber, as previously
described by Duling [18] and modified by Bouskela and
Grampp [19].

Increase in macromolecular permeability induced by I/R

To quantify the increase in macromolecular permeability,
30 min after stabilization of the cheek pouch preparation,
fluorescein isothiocyanate (FITC)edextran of molecular
weight 150,000 Da (Bioflor HB, Uppsala, Sweden, 25 mg/
100 g body weight, 5% solution) was administered intra-
venously. The macromolecular permeability was quanti-
fied by counting the number of leaky sites (leaks) in the
prepared area (1 cm2) using an ultraviolet (UV)elight
microscope (40 � magnification). Leaks are defined as
visible extravascular spots (diameter � 40 mm) of
FITCedextran in postcapillary venules seen under fluo-
rescent light. The number of leaks was counted at baseline
and during reperfusion, after 30 min of ischemia, induced
by placing an air-inflatable tourniquet around the neck of
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