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Metabolic syndrome including diabetes and its complica-
tions (e.g., obesity, dyslipidemia, and hypertension) are
common diseases and frequently occur in combination. The
animal models of metabolic diseases are essential tools to
reveal the pathophysiology and provide novel insights to
develop new therapies and drugs. To this day, many animal
models such as hereditary models, chemical- or diet-
induced models, and gene-engineered models have been
developed and studied to elucidate molecular mechanisms
and functional alterations associated with metabolic diseases.
In this special issue, we aimed to provide information on
recent developments on experimental animal models in this
field and up-to-date information on the pathophysiology,
therapeutic drugs/strategies, and diagnosis of metabolic
diseases. Here, we bring together 6 excellent articles related
to diabetes and related metabolic diseases from all over
the world.

The review article “Focusing on Sodium Glucose
Cotransporter-2 and the Sympathetic Nervous System:
Potential Impact in Diabetic Retinopathy” by L. Y. Herat
et al. comprehensively covers the etiology of diabetic retinop-
athy (DR) and highlights novel targets, SGLT2 and the
sympathetic nervous system, for the management of this
pathology. DR is a serious microvascular complication
observed in many diabetic patients that can ultimately lead
to vision loss. Prevention of DR and other diabetes-related
microvascular complications is a major treatment goal.
Today, SGLT2 inhibitors provide a new therapeutic option

to control blood glucose levels and prevent the subsequent
development of diabetic complications in retinal microvascu-
lature. This in-time review summarizes current evidence on
the use of SGLT2 inhibitors and identifies gaps that need to
be addressed.

In the article entitled “Spontaneously Diabetic Torii
(SDT) Fatty Rat, a Novel Animal Model of Type 2 Diabetes
Mellitus, Shows Blunted Circadian Rhythms and Melatonin
Secretion,” K. Sakimura et al. demonstrate the deficits in
the circadian rhythms and dysregulation of melatonin secre-
tion in SDT fatty rat, a new animal model of type 2 diabetic
obesity. Since hyperglycemia, hyperlipidemia, and insulin
resistance are all observed in these SDT fatty rats from a
young age, this exciting new animal model will undoubtedly
be useful for future studies investigating the relationship
between deficits in the circadian rhythm and metabolic
dysfunction in obese type 2 diabetics.

Nitric oxide (NO) is a potent vasodilator released from
vascular endothelial cells and plays a crucial role in vascular
homeostasis. In many cardiovascular diseases and type 2
diabetes, NO bioavailability is reduced primarily due to
endothelial dysfunction. It is also known that metabolic syn-
drome including obesity and glucose tolerance is associated
with impairment of NO signaling. Dietary supplementation
of nitrate is an alternate source of NO when the endothe-
lium-dependent, endogenous NO synthesis system is
compromised. V. B. Matthews et al. examined whether the
dietary supplementation of nitrate prevents the development
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of the metabolic syndrome in mice fed a high-fat diet, in their
paper “Long-Term Dietary Nitrate Supplementation Does
Not Prevent Development of the Metabolic Syndrome in
Mice Fed a High-Fat Diet.” The authors also discuss the
importance of short-chain fatty acids in the context of
metabolic syndrome.

Abnormal platelet function such as platelet hyperreac-
tivity and hyperaggregability is commonly observed in
metabolic syndrome. It has been reported that arginine
supplementation and aerobic exercise training enhance
vascular NO activity, resulting in the inhibition of platelet
hyperaggregability. However, the mechanisms underlying
these beneficial effects remain unclear. In the article entitled
“Aerobic Training Associated to Arginine Supplementation
Reduces Platelet Hyperaggregability Collagen-Induced in
Rats under High Risk to Develop Metabolic Syndrome,”
Motta et al. examined the impact of aerobic training
and/or arginine supplementation on platelet hyperaggreg-
ability, inflammatory mediators (i.e., IL-6 and IL-8), serum
lipid profile, and serum lipid peroxidation in fructose-
administered rats. The authors demonstrate that the
combination of aerobic training and arginine supplemen-
tation provides benefit by prevention of collagen-induced
platelet hyperaggregability and reduction of inflammatory
markers that are not observed animal groups receiving
either only aerobic training or only arginine supplementa-
tion. These findings suggest that the combination of cur-
rently available therapeutic options has greater benefit than
monotherapy to delay the onset of cardiovascular diseases
in patients with metabolic syndrome.

Vanadium derivatives have hypoglycemic effects in ani-
mal models and humans. Due to their role on insulin signal-
ing and enzymatic processes regulation, these compounds
are clinically used to patients with poorly controlled type 2
diabetes. “Vanadyl Sulfate Effects on Systemic Profiles of
Metabolic Syndrome in Old Rats with Fructose-Induced
Obesity” written by Ortega-Pacheco et al. describes the anti-
obese, hypoglycemic, and hypolipidemic effects of vanadyl
sulfate on fructose-induced metabolic syndrome in aged rats.
In addition to an antiobesity effect in aged obese rats, vanadyl
sulfate improved insulin sensitivity and oral glucose toler-
ance tests in rats with fructose-induced chronic obesity.
Vanadyl sulfate may be a valuable therapeutic agent in pre-
venting insulin resistance, the development and progression
of obesity, and metabolic syndrome complications in aged
patients with obesity or type 2 diabetes.

N. Babaya et al. demonstrate that NSY-Chr14 is a strep-
tozotocin- (STZ-) susceptible chromosome and that the
STZ-susceptible region is located in the distal segment of
NSY-Chr14 in their paper “Verification That Mouse Chro-
mosome 14 Is Responsible for Susceptibility to Streptozoto-
cin in NSY Mice.” Construction of new congenic strains
will lead to fine mapping and identification of causal
variants of the genes responsible for STZ susceptibility
in the NSY mouse.

We hope these articles bring further light in the research
field of diabetes and related metabolic diseases and contrib-
ute to the development of new therapeutic strategies and
drugs in the future.
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Background. Increased platelet response is seen in individuals with metabolic syndrome. Previous reports have shown that arginine
supplementation and aerobic exercise training enhance vascular nitric oxide (NO) activity and inhibit platelet hyperaggregability;
however, the effects of their association remain unknown. Aim. To investigate whether arginine supplementation and aerobic
exercise association may exert beneficial effects, reducing platelet hyperaggregability in rats under high risk to develop metabolic
syndrome. Methods. Wistar rats were divided into two groups: control (C) and fructose (F – water with 10% of fructose). After
two weeks, the F group was subdivided into four groups: F, the same as before; fructose + arginine (FA – 880mg/kg/day of
L-arginine by gavage); fructose + training (FT); and fructose + arginine + training (FTA). Treatment lasted for eight weeks.
Results. The fructose administration was able to increase the collagen-induced platelet aggregation (27.4± 2.7%) when compared
to the C group (8.0± 3.4%). Although the arginine supplementation (32.2± 6.3%) or aerobic training (23.8± 6.5%) did not
promote any change in platelet collagen-induced hyperaggregability, the association of arginine supplementation and aerobic
exercise promoted an inhibition of the platelet hyperaggregability induced by fructose administration (13.9± 4.4%) (P < 0 05).
These effects were not observed when ADP was employed as an agonist. In addition, arginine supplementation associated with
aerobic exercise promoted a decrease in interleukin-6 (IL-6) and interleukin-8 (IL-8) serum levels when compared to the
fructose group, demonstrating an anti-inflammatory effect. Conclusions. Our data indicate an important role of arginine
supplementation associated with aerobic exercise, reducing platelet hyperaggregability and inflammatory biomarker levels in rats
under high risk to develop metabolic syndrome.

1. Introduction

Platelets are small, anucleated cell fragments that are acti-
vated in response to a wide variety of stimuli, triggering a
complex series of intracellular pathways leading to a hemo-
static thrombus formation at vascular injury sites. Reported
abnormalities in platelet functions, such as platelet hyperac-
tivity and hyperaggregability to several agonists, contribute
to the pathogenesis and complications of thrombotic events

associated with hypertension [1]. Metabolic syndrome (MS)
represents a collection of cardiovascular risk factors: hyper-
tension, hyperglycemia, dyslipidemia, and abdominal obe-
sity. More than 312 million adults worldwide have been
diagnosed with MS, and it is estimated that this number will
rise to 1 billion by 2025 [2]. MS is linked to chronic inflam-
mation. Normal physiological coagulation is altered when
the inflammatory mediators modify the endothelium in the
damaged area which becomes proinflammatory and
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prothrombotic [3]. Increased platelet response is seen in
individuals with MS, supported by the main features of MS:
insulin resistance, hyperglycemia, dyslipidemia, oxidative
stress, products of adipose tissue (adipokines), and inflam-
mation [4]. In hypercholesterolemic rabbits and humans,
arginine administration enhances vascular nitric oxide activ-
ity and inhibits platelet reactivity [5, 6]. L-Arginine is also
known to directly inhibit platelet reactivity, probably through
its metabolism to nitric oxide (NO) by platelet-derived nitric
oxide synthase (NOS) [6]. It is well known that an exercise
conditioning program results in a downregulated hemostatic
potential by reducing platelet activation, diminishing procoa-
gulant platelet levels and increasing fibrinolysis activity,
therefore contributing to a reduced risk of thrombotic events
[7, 8]. High fructose consumption has been correlated to the
onset of cardiometabolic alterations in world population.
Chronic fructose ingestion has been used as a model of
cardiovascular disease, characterized by increased serum
insulin and triglyceride levels as well as vascular disorder
development [9]. Some mechanisms associated with arginine
supplementation and aerobic training effects on different
cardiovascular disease models have been described, but their
effects at platelet aggregation remain unclear. Thus, our
hypothesis is that arginine supplementation and aerobic
exercise may exert beneficial effects on MS development
through reducing platelet hyperaggregability.

2. Material and Methods

2.1. Experimental Design. The handling and experimental
protocols were approved by the Ethics Committee for Care
and Use of Laboratory Animals at Fluminense Federal
University (protocol 466/2013) and complied with the ethical
guidelines of the Brazilian Society of Laboratory Animal
Science. Before beginning the experimental protocol, all
animals were submitted to an adaptation period for 4 weeks
and then we started the protocol. Experiments were per-
formed on 3-month-old male Wistar rats (n = 7/group;
329.9± 8.9 g). The experimental model has been previously
described by our group [9]. Animals were maintained under
controlled temperature conditions (24± 1°C) on a 12-hour
light cycle (lights on at 7 a.m.).

Animals were randomly allocated, initially, into two
groups: a control group (C) that received water and commer-
cial chow for two weeks and a fructose group (F) that
received an overload of 10% of D-fructose in drinking water
and commercial chow for two weeks. After two weeks, seven

animals from each group were euthanized, and the remaining
animals from the control group (n = 7) were kept in the same
previously described conditions for an additional eight
weeks. Rats from the fructose group were subdivided into
four further groups, and all of them continued receiving
D-fructose in drinking water for an additional eight weeks.
The fructose arginine (FA) group received 880mg/kg/day
of arginine by orogastric gavage. The fructose training
(FT) group was submitted to aerobic exercise training,
and the fructose training arginine (FTA) group was sub-
jected to a combination of aerobic training with arginine
supplementation (Figure 1).

2.2. Dietary Assessment. All experimental groups were main-
tained under the same commercial chow (Nuvilab Cr-1®,
NuVital, Paraná, Brazil) ad libitum, according to Table 1.
Caloric intake was assessed twice weekly, and it was calcu-
lated by considering that 1.0 g of chow corresponds to
3.36 kcal and 1.0 g of fructose corresponds to 4.0 kcal.

Fructose groups received 10% diluted D-fructose
(Sigma-Aldrich, St. Louis, MO, USA) in water ad libitum
[10]. The L-arginine-supplemented groups received
880mg/kg/day (Sigma-Aldrich, St. Louis, MO, USA) for the
last 8 weeks; this dose was calculated according to the formula
for dose translation based on body surface area [11], consider-
ing 10 g for an adult person [12]. In this context, it is impor-
tant to notice that this amino acid is naturally found in
human nutrition in edible mushrooms [13] and in meals as
beef, pork, and poultry [14].

weekweeks

Adaptation period

Fructose group

Control group Control group

Sedentary

Arginine

Training
Training and arginine

weeks
0−4 2

weeks
10

Figure 1: Experimental protocol.

Table 1: Nutritional information of Nuvilab Cr-1 commercial
chow.

Nutritional information 1 kg of chow

Calories 3.360 kcal

Carbohydrates 530.0 g

Proteins 220.0 g

Lipids 40.0 g

Ingredients

Ground whole corn, soybean meal, wheat bran, calcium carbonate,
dicalcium phosphate, sodium chloride, vitamins A, D3, E, K2, B1,
B6, B12, niacin, calcium pantothenate, folic acid, biotin, chloride
choline, iron sulfate, manganese monoxide, zinc oxide, calcium
sulfate, sodium selenite, cobalt sulfate, lysine, methionine, and
butylated hydroxytoluene.

Nutritional information and ingredient composition were obtained from
chow label.
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2.3. Aerobic Exercise Protocol. Before beginning the experi-
mental protocol, all animals were submitted to an adaptation
period on a treadmill (Inbrasport®, Brasília, Brazil) for 4
weeks (5 minutes/day; 0.3 km/h–1.0 km/h, increased weekly).
All animals underwent a maximal exercise test (MET) on a
treadmill with an 11% inclination and an initial speed of
1.0 km/h, with an increment of velocity of 0.1 km/h every
two minutes. The MET protocol was performed before the
beginning of the experiment, two weeks thereafter, and at
the end of the experiment to determine maximum running
speed [9].

The groups assigned to aerobic training initiated a
moderate-intensity exercise training regimen (50–75% max-
imal running speed), with a 0 to 7% inclination on a treadmill
4 days per week during the last 8 weeks of the experiment
protocol [9]. All animals allocated to sedentary groups, in
order to maintain their adaptation to the treadmill, were sub-
mitted to five minutes in the treadmill with low intensity
(0.3 km/h), once a week.

At the end of the experimental period, all the animals
were euthanized by cervical dislocation under anesthesia
(thiopental sodium, 80mg/kg) (Sigma-Aldrich, St. Louis,
MO, USA). The blood samples were collected from each
animal.

2.4. Biochemical Analysis. Serum lipid profile (levels of total
cholesterol (TC), triglycerides (TG), low-density lipoprotein
cholesterol (LDL), and high-density lipoprotein cholesterol
(HDL)) was determined by using standard assay kits
(Labtest, Minas Gerais, Brazil). The units were expressed
in mg/dl.

2.5. Determination of Lipid Peroxidation in Serum Samples.
The mean concentration of malondialdehyde (MDA), a
measure of lipid peroxidation, was assayed in the form of
thiobarbituric acid-reacting substances (TBARS) [15].

2.6. Platelet Aggregation Studies. The rat blood was removed
by cardiac puncture and was collected into tubes contain-
ing a 3.8% trisodium citrate (9 : 1 v/v) solution. The rat
platelet-rich plasma was prepared by centrifugation at
250× g for 10min at room temperature. The platelet-poor
plasma was prepared by centrifugation of the pellet at
1500× g for 10min at room temperature.

Platelet aggregation was monitored by the turbidimetric
method described by Born and Cross [16], using a platelet
lumi-aggregometer (Model 560CA; Chrono-log Corpora-
tion, Havertown, PA, USA).

The platelet-rich plasma (400μl) was incubated at 37°C
for 1min with continuous stirring at 1200 rpm. The aggrega-
tion of the platelet-rich plasma was induced using platelet
agonists as adenosine diphosphate (ADP) at (0.5 and 1μM)
and collagen at (0.5 and 1μg/ml) (Sigma-Aldrich). Platelet
aggregation was expressed as percentage of aggregation in
response to ADP or collagen.

2.7. Interleukin-6 (IL-6) and Interleukin-8 (IL-8)
Measurements. The serum levels of IL-6 and IL-8 were
assessed using the commercially available Quantikine Rat
IL-6 and IL-8 Immunoassay. The levels of IL-6 and IL-8 in
the serum were assessed by measuring the absorbance at
450 nm using an ELISA reader (Tp Reader, Thermo Plate®)
and extrapolating from a standard curve.

2.8. Statistical Analysis. The five experimental groups were
compared using one-way ANOVA followed by a post hoc
Bonferroni multiple-comparison test, when appropriate. All
variables are expressed as means ± SEM. For all analyses, a
value of P < 0 05 was considered to be statistically significant.
All analyses were performed using the GraphPad Prism 5.0
software (GraphPad, San Diego, CA, USA).

3. Results

As described in Table 2, no significant difference in body
weights of the five experimental groups was observed
through the experimental period. Evaluating the serum
levels of total cholesterol and LDL, we could not notice
any statistical difference among the groups. However, an
increase in serum HDL levels associated with the training
(13.2± 1.1× 21.9± 2.9mg/dl) when compared to the
Fructose group was observed, as well as a decrease in
MDA concentrations in the serum of the training group
(14.8± 1.5× 9.6± 0.9 nmol/dl) (Table 2).

Evaluating the fructose administration effects in
collagen-induced platelet aggregation (0.5μg/ml), we could
evidence an enhancement of platelet aggregation (27.4
± 2.7%) when compared to the C group (8.0± 3.4%). Argi-
nine supplementation (32.2± 6.3%) or aerobic training

Table 2: Evaluation of body weight, lipids, and MDA serum levels.

Parameters evaluated
Experimental groups

C F FA FT FTA

Initial body weight (g) 334.5± 3.2 334.3± 3.1 311.7± 15.1 332.9± 11.3 336,0± 11.7
Δ weight (g) 83.2± 3.5 85.1± 4.2 85.5± 3.7 86.3± 4.4 81.3± 3.1
Total cholesterol (mg/dl) 30.5± 5.7 51.0± 4.7 32.3± 6.6 57.2± 5.8 44.4± 14.6
LDL (mg/dl) 22.1± 4.0 26.2± 9.4 19.7± 3.5 28.4± 12.0 27.0± 9.8
HDL (mg/dl) 11.2± 0.5 13.2± 1.1 14.4± 1.7 21.9± 2.9∗# 17.8± 1.5
MDA (nmol/dl) 11.2± 0.7 14.8± 1.5 14.3± 1.1 9.6± 0.9∗# 17.3± 2.0
Data are presented as means ± SEM. Δ weight g = final body weight − initial body weight . Statistical analysis (one-way ANOVA and post hoc Bonferroni
multiple-comparison test): ∗P < 0 05v. C group; #P < 0 05v. F group.
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(23.8± 6.5%) was not able to promote any change at the
platelet hyperaggregability. On the other hand, arginine sup-
plementation associated with aerobic exercise promoted an
inhibition in the platelet hyperaggregability induced by fruc-
tose administration (Figures 2(a) and 2(b)). Similar results
were observed at 1μg/ml collagen concentration
(Figures 2(c) and 2(d)).

We have also evaluated the effects of fructose administra-
tion in platelet aggregation ADP-mediated (0.5μM and
1μM). When ADP was employed as an agonist, we could not
notice any effect at the different employed conditions (Figure 3).

In our study, we have observed that fructose administra-
tion promoted a significant increase in IL-6 (15.87±
0.35 pg/dl) and IL-8 (592.40± 12.69 pg/dl) levels when
compared to the control group (IL-6: 12.96± 1.60; IL-8:
500.20± 15.91 pg/dl). Concerning IL-6 serum levels, we have
observed that arginine supplementation (10.89± 0.87 pg/dl)
and aerobic exercise (IL-6: 11.16± 1.15 pg/dl) alone as well
as associated (9.56± 0.61 pg/dl) reduced these interleukin
levels. When we evaluated IL-8 levels, only arginine supple-
mentation associated with aerobic exercise was able to reduce
IL-8 levels (472.10± 19.41 pg/dl). There was no difference
between arginine supplementation and aerobic exercise
isolated when compared to the fructose group (P > 0 05,
Figure 4).

4. Discussion

The present study was designed to investigate the antiplatelet
effects associated with arginine supplementation, aerobic
exercise, and these two concomitant interventions in rats at
high risk of developing metabolic syndrome.

In our study, we have observed an increase in serumHDL
levels and a decrease in MDA concentrations in the serum of
the training group. These results corroborate the work of
Farah et al. [17], which demonstrated that moderate aerobic
exercise training prevented unfavorable changes in oxidative
stress profile in rats submitted to a fructose overload and also
the Ranjbar et al. [18] study, which described that L-arginine
appears to have additive effects on cardiac function but has
no effect on oxidative stress indices.

Evaluating the fructose administration effects at
collagen-induced platelet aggregation, we could evidence an
enhancement of platelet aggregation when compared to the
C group. The arginine supplementation or aerobic training
was not able to promote any change at the platelet hyperag-
gregability. On the other hand, arginine supplementation
associated with aerobic exercise promoted an inhibition of
the platelet hyperaggregability induced by fructose adminis-
tration. We have also evaluated the effects of fructose admin-
istration at ADP-induced platelet aggregation. When ADP
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Figure 2: Platelet aggregation induced by collagen 0.5 μg/ml (a, b) and collagen 1μg/ml (c, d) after 8 weeks of fructose overload. C group:
control group; F group: fructose group; FA group: fructose + arginine group; FT group: fructose + training group; FTA group: fructose
+ training + arginine group. Data are presented as means ± SEM. Statistical analysis (one-way ANOVA and post hoc Bonferroni
multiple-comparison test): ∗P < 0 05v. the C group and #P < 0 05v. the F group.
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was employed as an agonist, we could not notice any effect at
the different experimental groups.

Our data suggest that high fructose consumption results
in an enhanced platelet response to collagen. This effect is
reverted through the association of arginine supplementation
with aerobic exercise. Interestingly, we could not observe
this hyperaggregability effect when ADP is employed as

an agonist, and the different treatments isolated were not
able to have any antiplatelet effect. These results point
out the antiplatelet effects when arginine supplementation
is associated with aerobic exercise. Our research group
[19] showed a vasodilator activity associated with an
improvement of endothelial function and an increased
NO bioavailability, observed in the group that received
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arginine supplementation, as well as in the aerobic exercise
group treated with fructose. On the other hand, no
additive effect in vascular relaxation in the interventions
associated was observed [19].

Several studies have shown that IL-6 and IL-8 are impor-
tant mediators of inflammation and contribute to the devel-
opment of cardiovascular diseases. Independently of body
mass index, sedentary lifestyle is a risk factor [20] and a
strong predictor [21] for chronic disease and premature mor-
tality. These proinflammatory cytokines exert a key player in
the pathogenesis of cardiometabolic diseases [22] and throm-
bogenesis [23]. Additionally, activated platelets induce
endothelial secretion of IL-8 in vitro. These data provide an
important relationship between inflammation and cardiovas-
cular events. In our experimental model, we observed that
fructose intake was able to increase serum inflammatory
mediators such as IL-6 and IL-8, corroborating to previous
reports that demonstrated an increase in these cytokine levels
in several pathological conditions [24–26]. In our experi-
mental conditions, we observed that arginine supplementa-
tion, aerobic exercise, and the two associated interventions
were able to reduce serum IL-6 levels. Concerning IL-8, only
arginine supplementation associated with aerobic exercise
reduced these proinflammatory marker levels, which was
similar to our results observed in the platelet aggregation
study. These observations are in line with previous work
which reinforces that exercise plays an advantageous role in
thrombogenesis by reducing inflammatory processes and
potentiating fibrinolytic features [27], besides highlighting

L-arginine’s role in inflammatory cytokine inhibition
through modulation of nuclear factor kappa B (NF-кB) [28].

Collagen is a component of the subendothelium which
becomes exposed to flowing blood in the context of vascular
injury. Collagen binds directly to two platelet surface recep-
tors: integrin α2β1 and glycoprotein (GP) VI. Collagen also
binds to the von Willebrand factor under shear, which binds
to the GPIb-IX-V complex on platelets, resulting in vascu-
lar tethering and initiates signal transduction [29]. Colla-
gen evokes a stable aggregation in rat platelets, and the
main signaling pathways involved are ADP secretion and
thromboxane A2 (TXA2) production [30]. Kobzar et al.
[31] demonstrated that short-term exposure of platelets
to monosaccharides as glucose, fructose, and galactose
impairs inhibition of platelet aggregation by cyclooxygen-
ase inhibitors like aspirin. These authors aimed to explain
the reason why aspirin treatment is not effective in reducing
cardiovascular events in diabetic patients. They suggested
that lactic acid produced by anaerobic glycolysis in platelets
might be a mediator of the effect of monosaccharides on aspi-
rin inhibition in platelets, probably through an enhancement
of arachidonic acid production.

There is evidence that spontaneous platelet aggregation
was significantly higher in MS patients compared with
healthy volunteers. The curves of the mean aggregate sizes
and light transmission characteristics suggested that the rates
of collagen-induced aggregation of isolated platelets in MS
patients significantly exceeded the corresponding values in
the group of healthy volunteers [32].

Fructose
intake

Cardiometabolic 
disorders

Pro-inflammatory
cytokines

Oxidative 
stress

Lactic acid

Exercise
+ 

Arginine

Nitric Oxide

Platelets

Cardiovascular events

Anaerobic
glycolysis

Platelet activation
collagen-induced

Figure 5: The hypothesis of inhibitory effect of exercise and arginine association in platelet activation of rats under high risk to develop
metabolic syndrome. The high fructose intake triggers several cardiometabolic disorders, reflecting in an increase in lactic acid,
proinflammatory cytokines, and oxidative stress. These events contribute to collagen-induced platelet activation. In addition, the increase
in lactic acid produced by anaerobic glycolysis in platelets might be a mediator in platelet hyperaggregability. On the other hand, aerobic
training associated with arginine supplementation decreases platelet hyperaggregability collagen–induced probably related to enhancement
of NO production, inhibition of proinflammatory cytokines and oxidative stress, and finally inhibition of platelet aggregation.
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Patients with MS have high risk of microcirculation
complications and microangiopathies. Inflammation influ-
ences coagulation by increasing the production of coagula-
tion proteins, reducing the activity of the anticoagulant
pathway and by preventing fibrinolysis. Together, these
alterations could lead to the formation of pathological
thrombi resulting in heart or brain infarcts. The presence
of MS could affect the coagulation system in some way
before atherosclerosis development [33].

ADP is considered a weak agonist which promotes
platelet aggregation through activation of purinergic recep-
tors [34]. Collagen represents a strong platelet agonist,
activating different signal pathways. Our results demon-
strated collagen-induced platelet hyperaggregability in rats
under high risk of developing metabolic syndrome. These
contribute to better understanding of the role of platelet
alterations in MS development.

Interestingly, the association of aerobic exercise and argi-
nine supplementation abolished this effect, but none of the
isolated conditions presented any antiplatelet effect. These
data support the idea that aerobic training associated with
arginine supplementation decreases collagen-induced plate-
let hyperaggregability in an experimental model, with a con-
tinued exposure to a causal factor of metabolic alterations,
therefore preventing cardiovascular disease development.
The antiplatelet effect observed is probably related to the
association of an enhancement of NO production and a
reduction in oxidative stress and inflammatory cytokines,
resulting in a reduction in platelet TXA2 production and
platelet activation and aggregation (Figure 5). Similar results
were observed by our group in vascular beds [9, 19].

5. Conclusion

High fructose intake leads to cardiometabolic alterations that
precede cardiovascular disease. High fructose administration
enhanced platelet aggregation and arginine supplementation
associated with aerobic exercise can reduce platelet hyperag-
gregability in rats under high risk to develop metabolic
syndrome.

Since a large number of individuals that are affected by
MS suffer cardiovascular events, finding new therapeutic
targets by elucidating new factors that contribute to these
incidents is crucial to the treatment and prevention of cardio-
vascular events.
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Background. Currently, energy obtained from hypercaloric diets has been part of the obesity and type 2 diabetes mellitus (T2DM)
epidemics from childhood to old age. Treatment alternatives have been sought from plants, minerals, and trace elements with
metabolic effects. Vanadyl sulfate (VS) has been investigated as a hypoglycemic compound in animal and human studies
showing effective insulin-mimetic properties. This characteristic encompasses several molecules that have beneficial pleiotropic
effects. The aim was to determine the antiobesity, hypoglycemic, and hypolipidemic effects of VS on fructose-induced metabolic
syndrome in aged rats. Material and Methods. Five groups of male Wistar rats were made, each with six rats: two groups with
normal diet (ND) and three with high-fructose diet (HFD). The first ND group was treated with saline solution (SS), the second
with VS; treatment for HFD groups was in the first group with SS, second with VS, and third with metformin. Weight, body
mass index (BMI), blood glucose, and lipidic profile were measured; water, food, fructose and energy consumption were also
determined. All parameters were compared among groups. Results and Discussion. Although obese rats treated with VS
presented anorexia, oligodipsia, and a marked weight loss in the first two weeks. They recovered food and water intake in the
third week with a slow recovery of some weight weeks later. VS normalized blood glucose level and decreased triglyceride and
insulin levels in obese rats. These results suggest that vanadyl sulfate shows antiobesity, hypoglycemic, and hypolipidemic
properties in old obese rats and could be useful as an alternative, additional, and potent preventive treatment for obesity and
T2DM control in elderly obese and poorly controlled diabetic patients. Conclusion. VS could play an important role in the
treatment of metabolic syndrome, contributing to a decrease in obesity and T2DM, through different ways, such as euglycemia,
satiety, weight loss, and lipid profile optimization, among others. However, more research is needed to confirm this suggestion.

1. Introduction

The prevalence of diabetes mellitus type 2 (T2DM) increased
from 1980 to 2014 approximately 4 times and follows this
pattern according to the projections of the World Health
Organization [1, 2]. It is a serious public health problem with
a high health burden taking top positions in the public
agenda of both developing countries, such as Mexico, and

developed countries [3, 4]. Indeed, the increase is due to
aspects such as sedentary lifestyle, high consumption of
high-energy diets resulting in obesity, insulin resistance,
hyperglycemia, dyslipidemia, hypertension, and systemic
inflammation. This brings with it several serious known
complications [5]. A risk phase to develop T2DM and cardio-
vascular and hepatic diseases is the metabolic syndrome
(MetS), which is defined as the combination of insulin
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resistance with three or more of the metabolic abnormalities
mentioned above [6].

MetS engages several vital organs and tissues that
maintain optimal health when functioning properly. As is
known during old age, this function decreases, so when
developing morbid processes, the organism degenerates fas-
ter, leading to a deplorable quality of life [7]. They especially
develop an acute inflammatory profile that promotes greater
metabolic abnormalities and cardiovascular complications
[8–11]. Frequently, these patients do not respond adequately
to conventional pharmacotherapy and their adherence to a
diet and exercise programs is nil, so that alternative treatment
based on new synthetic drugs, secondary metabolites, or
minerals is necessary [12, 13].

Vanadium derivatives such as vanadyl sulfate (VS),
sodium orthovanadate, and vanadium complexes with sev-
eral ligands have shown hypoglycemic effects in animal
models and humans [14–16]. In addition, due to their role
on insulin signaling and enzymatic process regulation, these
compounds are used to treat diabetes, obesity [17], hyperten-
sion [18], endothelial dysfunction [19], cancer [20], and
mainly the effects in patients with poorly controlled T2DM
[21, 22]. VS reduces fasting plasma glucose, glycated hemo-
globin (HbA1c), low-density-lipoprotein cholesterol, triglyc-
erides, and body mass index (BMI). These improvements
have been shown to be maintained for 2 weeks after the
end of administration [23, 24]; compared to orthovanadate,
VS shows insulinic properties at very low doses, reducing
the presence of adverse effects [16, 25].

In spite of these beneficial effects, vanadium compounds
have not been approved for human therapeutic use, because
they showed some undesirable collateral effects such as gas-
trointestinal alteration [14]. However, in older patients with
morbid obesity and MetS or patients with poorly controlled
T2DM, beneficial effects could be more important than those
undesirable effects [18, 22]. Several studies showed that die-
tary fructose has a direct impact on hepatic lipid metabo-
lism by bypassing the enzyme phosphofructokinase, the
regulatory step imposed on glucose. This allows unregu-
lated flow of fructose-derived carbons into lipogenesis,
decreasing lipolysis and increasing plasma fasting and post-
prandial very low-density-lipoprotein triacylglycerols,
whole-body lipid oxidation, and lipid droplets, among
others [26–29]. In rats, high-fructose diets induce obesity
and can be used as metabolic syndrome in an animal model
[30–32]. The aim of the present study was to determine the
antiobese, hypoglycemic, and hypolipidemic effects of VS
on fructose-induced MetS in aged rats.

2. Experimental Development

2.1. Animals and Diets. All experimental procedures were
approved by the Bioethics and Research Committees of the
Instituto Nacional de Cardiología Ignacio Chávez and were
performed in accordance with the Mexican Federal Regu-
lation for Animal Experimentation and Care (NOM-062-
ZOO-2001). Male Wistar rats were obtained from the
institutional animal facilities.

Male young Wistar rats (6-8 weeks of age) weighing
180–220 g were maintained in their housing conditions
under controlled humidity (55%) at 21± 1°C temperature
with a 12h : 12 h light : dark cycle.

Control diet was fromHarlan Laboratories (2018S Teklad
Global 18%protein rodentdiet), containing 4.07 kcal/g (18.6%
proteins, 44.2% carbohydrates, and 6.2% fat). Rats were ini-
tially divided into two groups and treated for 6 months
under the following conditions: the normal diet (ND) group
with regular chow and drinking water (negative control) and
the high-fructose diet (HFD) group was kept with normal
chow and 15% fructose (4 kcal/g) in the drinking water.

2.2. Administration of Vanadyl Sulfate. On the 28th week,
rats of the ND group with similar weights were distributed
in two subgroups, and the HFD group was subdivided in
three subgroups. These subgroups were followed for the next
4 weeks to confirm no changes in body weight and water and
food intake. After that, on the 32nd week, one ND subgroup
was treated with isotonic saline solution (100ml/kg/day)
(ND+SS), and the other ND group was treated with vanadyl
sulfate (Sigma-Aldrich, USA), 2.72mg/kg/day (0.015mmol),
which contains 0.750mg of elemental vanadium, dissolved
in SS (ND+VS). On the other hand, one HFD group
received saline solution (HFD+SS), the other received
metformin (MET) (Sigma-Aldrich, USA) (100mg/kg/day)
(HFD+MET), and the other vanadyl sulfate (2.72mg/kg/
day) (HFD+VS). Metformin and vanadyl sulfate were
administered intragastrically.

VS dosage was determined based on previous studies of
vanadium [15, 33, 34]. All groups were maintained under the
initial diet conditions, and drug treatments were administered
daily for 8 weeks. Metformin dosage was determined based
on previous studies of metformin treatment [31, 35–37].

2.3. Clinical Measurements and Samplings. Body weight
(BW) was measured weekly, body length (nasoanal length;
mm) monthly, and food and water consumption was mea-
sured daily which allows the kilocalorie consumption estima-
tion. Serum samples were obtained at 32 and 40 weeks
(before and after drug treatments). An oral glucose tolerance
test (OGTT) was performed at week 40, and finally, at the
end of the test (week 8 after treatment), animals were anes-
thetized with pentobarbital; blood samples were obtained
by cardiac puncture for biochemical analysis, and liver and
retroperitoneal white adipose tissue (WAT) were obtained
too. Serum and organs were immediately placed in liquid
N2 and conserved at −70°C until use for analysis.

Body mass index (BMI) was calculated from the formula
BMI = body weight g /length2 (cm2) [32].

Adiposity index was expressed as a percentage of the ratio
of WAT (retroperitoneal adipose tissue) weight (g), divided
by the total BW (g) at the time of death, multiplied by 100.

2.4. Oral Glucose Tolerance Test (OGTT). At the end of
experimentation (week 40), OGTT was performed in 12h
fasted rats. Glucose was administered intraperitoneally at a
final dose of 2 g/kg body weight (dissolved in purified saline
solution), and glucose plasma levels were measured at 0, 15,
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30, 45, 60, 90, 120, 150, and 180min using an Accutrend Sen-
sor glucometer (Roche).

2.5. Biochemical Parameters. Glucose, triglycerides, and total
and high-density-lipoprotein cholesterol concentrations
were determined in plasma with colorimetric-enzymatic
methods (Roche Diagnostics GmbH, Mannheim, Germany)
using a Hitachi 902 autoanalyzer (Hitachi Ltd, Tokyo, Japan)
using blood samples drawn from the tail vein on weeks 32
and 40 in 12h fasted animals [38]. Accuracy and precision
of lipid measurements are under periodic surveillance by
the Centers for Disease Control and Prevention Services
(Atlanta, GA, USA). Interassay coefficients of variation were
less than 6% for all these assays.

2.6. Insulin Quantification. Serum insulin was quantified
using a commercial rat ELISA strip purchased from Crystal
Chem (USA), as described in the manufacturer’s protocol
to attain the corresponding profile.

2.7. Statistical Analysis. Data were analyzed through SPSS
22 and described as mean ± SEM. Statistical significance
was calculated by one-way analysis of variance (ANOVA)
(Dunnett’s post hoc test) to examine the statistical signifi-
cance among experimental groups vs. control. The null
hypothesis was rejected when P < 0 05 [39].

3. Results

3.1. HFD-Induced Body Weight Gain and Food Intake
Disorder. Over the 28 weeks of evolution, rats fed HFD
increases body weight and body mass index as compared to
the ND group (P < 0 05). These latter rats maintained their
weights over the 4 weeks before the VS treatment. Food
intake decreased in rats with HFD compared with ND rats,
but their water intake was higher (see Supplementary Mate-
rials (available here)). This decreased food consumption
and increased water consumption were observed from the
third or fourth week after initiating HFD, as reported for this
model [31, 40].

Since the beginning of the administration of fructose in
drinking water, the rats with a high-fructose diet show an
increased consumption of fructose solution and gradually a
decrease in the consumption of normal food, and they
showed more gain of weight compared with ND rats. Ini-
tially, total caloric intake is higher in rats that consume fruc-
tose, but after week 20 of the HFD, their total calory
consumption begins to decrease (data not shown); it is then
lower than that of the normal diet rats (Supplementary Mate-
rials). However, these rats do not decrease their body weight
and as it is seen at the end, their fat/body weight ratio is
higher compared to normal diet rats (Figure 1(c)); this could
be due to the fact that due to its chronic obesity status, the
rats have less caloric expenditure compared with normal
diet rats.

3.2. VS Induced Body Weight Decrease in Both Aged Normal
and Obese Rats. During the first week of treatment, the obese
rats with VS showed a decrease in weight compared to the
other experimental groups (P < 0 05). In Figure 1(a), it can

be seen how the groups treated with VS decrease their weight
and the behavior of the weight is similar between the groups
under treatment with VS (P > 0 05). This difference is main-
tained until the last week of treatment in the study. However,
as the treatment time prolonged, the weight evolution of the
VS-treated groups seemed to approach that of the ND+SS
group. This aspect is of interest since an optimization of
weight is inferred through the use of VS.

The BMI was calculated in each experimental group,
before, during, and after the treatment (Figure 1(b)). In fact,
at the end of the treatment, it was decreased in the HFD+VS
group (P < 0 0001); however, in rats of the ND+VS group,
there was no significant difference (P > 0 05). With respect
to the adipose tissue/body weight ratio, the rats under the diet
with fructose and treated with VS showed a decreased ratio
(P = 0 05), which indicates a decrease in fat tissue with
respect to body weight.

3.3. VS Induced Decreased Food and Fructose-Water
Intake in Old Obese Rats. From the first day of treatment,
HFD+VS rats showed decreased food and fructose-water
consumption (P < 0 0001) (Figures 2(a) and 2(c)) and
decreased total calorie consumption, as compared to all other
groups (Figure 3). Anorexia and oligodipsia were less
remarkable in ND rats receiving VS, although the differences
are significant (P < 0 0001). ND rats normalized their water
intake in the second week after VS administration
(P = 0 409), and their food intake remained decreased for
the 8 weeks of VS treatment. In the third week, the differ-
ences between the two VS-treated groups were not significant
(Figures 2(b) and 2(c)).

Obese rats treated with VS slowly increased food
consumption at the third week of treatment, although not
reaching the level before treatment. In the fourth week of
treatment, their food consumption was higher than that of
the HFD+SS and HFD+MET groups. Nevertheless, these
differences were not statistically significant (P = 0 966 and
P = 0 440; respectively). This feeding pattern continued
until the eighth week. In the same group, fructose-water
consumption decreased in the first week of treatment
(P < 0 0001), but it increased slowly at the sixth week of
treatment, although not reaching the level before treat-
ment (P < 0 0001). In the sixth week post-treatment, their
water consumption was lesser than that of ND+SS and
ND+VS groups, revealing less water intake as compared
to the other HFD groups too (P < 0 0001) (Figure 2(c)).
These results show a possible VS effect on the food con-
sumption regulation in rats.

3.4. VS Induced Decreased Calorie Intake in Aged Obese Rats.
In general, food intake is decreased in rats with HFD com-
pared to ND rats, while they drank more water than did
ND rats. Although drinking water contained fructose at
15%, their total calorie intake was lower in HFD rats than
in ND rats because they did not eat much food. At the begin-
ning of treatments, calorie consumption was reduced in rats
under VS treatment, as the latter induced anorexia and oligo-
dipsia immediately from the first week (P < 0 05); from the
third week on, obese rats and obese rats treated with VS
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recovered their total calorie intake, mainly from food intake.
At the sixth week of treatment, these groups recovered the
original levels of calories from fructose. ND rats treated
with VS remained with less total calorie intake during the 8
weeks of treatment as compared to the nontreated ND rats
(Figures 3(a)–3(c)).

3.5. VS Induced Decreased Blood Glucose, Insulin Level, and
Insulin Resistance in Both Aged Normal and Obese Rats. Rats
fed with HFD showed moderate increase of blood glucose,
compared to the respective control group (P < 0 0001),
resulting in a compensatory hyperinsulinemia and insulin
resistance. Nevertheless, treatment with VS maintained for
8 weeks induced an important blood glucose level decrease
in the ND+VS (P = 0 002) and HFD+VS (P < 0 0001)
groups. VS decreased the levels of insulin in the HFD+VS
compared to HFD+SS group (P = 0 0001). Values showed
that VS exerted an important effect on improving the

hyperglycemia and insulin resistance in aged obese rats with
a chronic high-fructose diet without negatively affecting
these levels in the ND group (Figure 4(a)).

When comparing theHFD+MET group to theHFD+VS
group, the latter group showed a greater decrease in blood
glucose (P < 0 0001) and HOMA-IR index (P = 0 004).
Blood insulin in the HFD+VS group was lower than in
the HFD+MET group, but not significantly (P = 0 39).
This suggests that VS could have a potent hypoglycemic
effect than metformin, at least at the dosages used in these
experiments (Figures 4(b) and 4(c)).

3.6. VS Effect on Blood Triglycerides and Total, HDL, and
LDL Cholesterol in Both Old Normal and Obese Rats. Rats
fed with HFD showed a large increase in triglycerides and
cholesterol (P < 0 05) compared to the respective control
group. Treatment with VS maintained for 8 weeks induced
a large decrease in triglyceride levels in obese rats compared

450

470

490

510

530

550

570

590

610

630

650

29 30 31 32 33 34 35 36 37 38 39 40

W
ei

gh
t (

g)

Weeks

ND + SS
ND + VS
HFD + SS

HFD + VS
HFD + MET

⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

(a)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ND + SS ND + VS HFD + SS HFD + VS HFD + MET

BM
I

Experimental groups

⁎ ⁎

Pre-treatment
Initial treatment
Post-treatment

(b)

0

0.005

0.01

0.015

0.02

0.025

0.03

ND + SS ND + VS HFD + SS HFD + VS HFD + MET

Ra
tio

Experimental group (post-treatment)

⁎

(c)

Figure 1: Vanadyl sulfate (VS) effect on body mass of old obese male Wistar rats. Obesity was induced in rats with high-fructose diet (HFD)
during 28 weeks, using a set of normal diet (ND) rats as comparative groups; stability in weight was observed during the next 4 weeks. After
that, insulin sensitizer treatment (metformin (MET) or VS) was applied from week 32 to week 40, using saline solution (SS) as a control. (a)
Body mass evolution after treatment with ND or HFD, and insulin sensitizers (starting week 32). ∗P < 0 05 comparing the HFD+VS group
versus HFD plus MET or SS. (b) Body mass index (BMI) in animals after 28 weeks on ND or HFD (pretreatment bars), animals with a week of
insulin sensitizer treatment (initial treatment bars), and animals with 8 weeks of insulin sensitizer treatment (posttreatment bars). ∗P < 0 05
comparing pretreatment versus initial treatment or posttreatment. (c) Abdominal fat tissue/body weight ratio in old obese male Wistar
rats after 8 weeks with insulin sensitizer treatment. ∗P < 0 05 comparing the HFD+VS group versus HFD plus MET or SS. Data are
mean ± SEM (n = 6).
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to control groups (P < 0 0001). Triglyceride reduction in
ND+VS was not significant (P = 0 48). Although VS and
metformin increased the levels of HDL cholesterol in this
experiment, differences among groups were not significant
(P = 0 272). Neither did LDL and total cholesterol show
significant differences (P > 0 05). Metformin induced a
slight decrease in these parameters in obese rats. In the
ND group, VS did not significantly affect blood triglycer-
ide and cholesterol levels (Figures 5(a)–5(d)).

3.7. VS Administration Effect on the Oral Glucose Tolerance
Test. In this experiment, the OGTT curve was more extended
than commonly reported for rats from younger animals or in
short-term induced metabolic syndrome (Figure 6). Treat-
ment with VS during 8 weeks improved OGTT in both ND
and HFD groups, compared to the control group, and the
improvement was better than that induced by metformin in
HFD rats. Groups of obese rats represent the highest curves
until the 45th minute where the curves begin to fall. Each
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Figure 2: Vanadyl sulfate (VS) effect on food, liquid, and fructose consumption in old obese male Wistar rats. Obesity was induced in rats
with high-fructose diet (HFD) during 28 weeks, using a set of normal diet (ND) rats as comparative groups; stability in food and liquid
consumption was observed during 4 weeks. After that, insulin sensitizer treatment (metformin (MET) or VS) was applied from week 32 to
week 40, using saline solution (SS) as a control. (a) Weekly food intake after treatment with insulin sensitizers (starting week 32) in both
lean (ND) and obese (HFD) rats. ∗P < 0 05 comparing VS treatment versus MET and/or SS treatment in lean or obese animals. (b)
Weekly water drink consumption after treatment with insulin sensitizers. ∗P < 0 05 comparing HFD+VS treatment versus HFD+MET or
SS treatment. (c) Weekly fructose consumption after treatment with insulin sensitizers. ∗P < 0 05 comparing HFD+VS treatment versus
HFD+MET or SS treatment. Data are mean ± SEM (n = 6).
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treatment with VS is compared with its controls. The
HFD+VS group represented the highest curve. At the
end (180 minutes), the value of 108.6mg/dl was reached,
which is a lower value than the control group for obese rats
(P < 0 05). Although it represents a borderline value of glyce-
mia, it has a more potent therapeutic effect than metformin,
as has been shown in several studies. The ND+VS group
represented the curve that was most suitable and was lower
than the rats with a normal diet (P = 0 05).

4. Discussion

Most studies on metabolic syndrome in animal models are
made for short periods in young individuals. Humans
develop T2DM and other metabolic syndrome complications
after many years of bad lifestyles, such as high caloric diets
and sedentary life. On the other hand, adults or aged people
are the ones to present the worst MetS-derived complications
and for whom the treatment is more difficult. For these
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Figure 3: Vanadyl sulfate (VS) effect on calorie intake in old obese male Wistar rats. After obesity induced with high-fructose diet (HFD)
during 28 weeks, stability in food and liquid consumption was observed during 4 weeks; then, insulin sensitizer treatment (metformin
(MET) or VS) was applied from week 32 to week 40, using saline solution (SS) as a control. Kilocalories were estimated considering the
amounts of food and fructose consumption registered per week. (a) Weekly food kilocalorie intake in all experimental groups. ∗P < 0 05
comparing VS treatment versus MET and/or SS treatment in both lean and obese animals. (b) Weekly fructose kilocalorie intake after
treatment with insulin sensitizers. ∗P < 0 05 comparing HFD+VS treatment versus HFD+MET or SS treatment. (c) Weekly total
kilocalorie intake in all experimental groups. ∗P < 0 05 comparing VS treatment versus MET and/or SS treatment in both lean and obese
animals. Data are mean values (n = 6).
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reasons, we approached the study of vanadyl sulfate treat-
ment on a long-term metabolic syndrome, using a similar
animal model.

Our interest was to study the possible beneficial effects of
vanadyl sulfate on the treatment of metabolic syndrome
complications in adult human patients, who develop obesity,
morbid obesity, and T2DM. Vanadyl sulfate effects on bio-
chemical, anthropometrical, and food intake parameters
were measured in rats that developed obesity through a diet
high in fructose and compared to normal diet rats.

Fructose is present in sweeteners, like sucrose and high-
fructose corn syrup (HFCS), in most industrialized food

products; high sugar consumption has severe consequences
for health, such as diabetes, hypertension, obesity develop-
ment, uric acid accumulation, and a proinflammatory effect
[26, 41]. In fact, several physiological mechanisms are related
to a high-fructose diet such as insulin signaling and periph-
eral and central satiety [29].

High-fructose diet (HFD) is a model used in labora-
tory animals to induce body weight increase, obesity, and
metabolic syndrome; rats fed HFD show increased body
weight and body mass index. Food intake is decreased in
rats given HFD compared with ND rats, but the intake
of fructose-water is increased, resulting in increased total
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Figure 4: Effect of VS on serum glucose and insulin levels in old obese male Wistar rats. After obesity induced with high-fructose diet (HFD)
during 28 weeks, insulin sensitizers treatment (metformin (MET) or VS) was applied from week 32 to week 40, using saline solution
(SS) as a control. (a) Postprandial blood glucose levels in rats after 32 weeks on ND or HFD (pretreatment bars) and after 8 weeks of
insulin sensitizer treatment (posttreatment bars). ∗P < 0 05 comparing ND+VS pre-treatment versus ND+VS post-treatment. ∗∗P < 0 05
comparing HFD+VS post-treatment versus HFD plus SS or MET post-treatment. (b) Postprandial blood insulin levels in rats after 32
weeks on ND or HFD (pretreatment bars) and after 8 weeks of insulin sensitizer treatment (post-treatment bars). ∗P < 0 05 comparing
pre-treatment versus post-treatment. (c) Homeostatic model assessment for insulin resistance (HOMA-IR) in rats after 32 weeks on ND
or HFD (pretreatment bars) and after 8 weeks of insulin sensitizer treatment (posttreatment bars). ∗P < 0 05 HFD+MET pre-treatment
versus HFD+ SS post-treatment. ∗∗P < 0 05 HFD+VS post-treatment versus HFD+VS pre-treatment HFD+ SS or HFD+MET post-
treatment. Data are mean ± SEM (n = 6).
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calorie consumption. This decreased food and increased
water consumption was observed from the third or fourth
week of HFD in our experiment similarly to other reports
for this model in short-term experiments. However, in our
long-term obesity trial, old rats with HFD showed a
diminished total calorie consumption without loss of body
weight. This decrement is shown after the 20th week of
HFD (Supplementary Materials).

Vanadium is an omnipresent and essential micronutrient
in the human diet through different inorganic compounds,
such as VS, sodium metavanadate, sodium orthovanadate,
and vanadium pentoxide [14, 42]. Although vanadium is
toxic at high doses, its absorption, which is mediated by the
duodenum, is poor [14, 23]. VS has pleiotropic organic

effects like regenerative, antihypertensive, immune modula-
tor, antitumor, and hypoglycemic [14, 20, 22, 23, 43].

In this study, VS was orally administered, dissolved in
saline solution, because some authors have reported that rats
drink less water when vanadium compounds are adminis-
trated in drinking water, arguing that this is due to an
unpleasant flavor. Our results show that VS had an anorexic
effect, diminishing body weight, BMI, food, water, and fruc-
tose intake in obese and nonobese rats.

VS was applied at a dose of 2.72mg/kg/day; this dose was
calculated to provide 0.750mg/kg/day of the vanadium ele-
ment. Oral administration allows us to control the amount
of VS administered, because when it is administered in
drinking water, rats decrease the consumption of water in a
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Figure 5: Effect of VS on lipid plasma levels in old obese male Wistar rats. After obesity induced with high-fructose diet (HFD) during 28
weeks, insulin sensitizer treatment (metformin (MET) or VS) was applied from week 32 to week 40, using saline solution (SS) as a control.
(a) Triglyceride fasting plasma levels in rats after 32 weeks on ND or HFD (pretreatment bars) and after 8 weeks of insulin sensitizer
treatment (posttreatment bars). ∗P < 0 05 HFD+ SS post-treatment. ∗∗P < 0 05 comparing HFD+VS post-treatment versus HFD+ SS or
HFD+MET post-treatment. (b, c) HDL and LDL cholesterol plasma levels in rats after 32 weeks on ND or HFD (pretreatment bars) and
after 8 weeks of insulin sensitizer treatment (posttreatment bars) (nonsignificant differences were found). (d) Triglyceride/HDL ratio in
rats after 32 weeks on ND or HFD (pretreatment bars) and after 8 weeks of insulin sensitizer treatment (posttreatment bars). ∗P < 0 05
comparing HFD+VS post-treatment versus HFD+ SS or HFD+MET post-treatment. Data are mean ± SEM (n = 6).
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variable manner, which has been attributed to the bad taste.
However, in this experiment we observed that both the ani-
mals that receive water alone (unflavored) and those that
receive sweetened water with fructose decrease their water
consumption after the administration of VS.

On the other hand, when we apply this same dose of VS
intraperitoneally or subcutaneously, VS shows the same
effects, but the rats show constant anorexia and oligodipsia
with chronic cachexia and die in the second or third week
of administration, even if the treatment is withdrawn (data
not shown). In contrast, rats that received oral VS at this dose
show a cachexic state at the beginning, but they recover from
this aspect; some rats have mild diarrhea and all show
greenish-colored stool throughout the treatment, indicating
that part of the VS is not absorbed and is eliminated by fecal
route. The recovery from its bad general state could be attrib-
uted to the fact that rats diminish their capacity to uptake VS
from the gastrointestinal tissue. They improve their capacity
of elimination of the VS by fecal way and/or that they adapt
to eliminate or transform VS mainly in the liver. These adap-
tation mechanisms cannot develop them when VS is admin-
istered subcutaneously or intraperitoneally.

During treatment, BMI values were similar in both
groups until the last week. In this time, the BMI of the
HFD and ND with VS groups stayed within error of the
values of the normal group without treatment. BMI and
weight reduction started together with food, water, and fruc-
tose intake decrement. Nevertheless, food intake increased in
the third treatment week until it was equal to the respective
control group. Although food intake is normalized in a few
weeks, BMI, water, and fructose are not. Water intake in
obese rats was maintained among all groups until the last

week, but in ND-treated rats, consumption was recovered.
This effect has been seen in other studies [18]. Despite these
results, fructose consumption remained diminished in obese
rats treated with VS for the first week until the eighth week.
These characteristics suggest that VS could be a fructose
intake regulator or a sweet beverage regulator independently
from the food intake. If this aspect is applicable to humans, it
could be used to improve current consumption of beverages
with high fructose without affecting the food consumption,
thereby improving the anthropometric profile as a preventive
measure and contributing to public health.

Fructose decreases central and peripheral satiety through
inhibition of neuropeptide YY (PYY), ghrelin, and proopio-
melanocortin (POMC) mRNA or by an increase in circulat-
ing leptin levels [29, 44]. Additionally, leptin resistance is
observed in animal models with high lipids in their diet and
it is related to inflammation that decrease TNF-α and its
toxicity [45]. Nevertheless, hormones like insulin, glucocorti-
coids, and estrogens are positive leptin regulators [44]; there-
fore, the insulin-mimetic effect of VS can modify these
pathways or molecules, by incrementing satiety for fructose
independently from food intake.

Several studies have shown the insulin-mimetic effects of
VS, and its hypoglycemic effect is the most investigated cur-
rently [18, 21, 23, 46]. In fact, our results are similar, old
obese rats treated with VS-diminished glucose and insulin
blood levels compared to respective control groups. In fat rats
with VS, glucose decrease was more efficient than metformin
treatment (P > 0 0001), whereas the insulin level decrement
was similar in both treatments (P = 0 399). ND rats with VS
treatment showed a significant blood glucose decrement
(P = 0 002). Goldfine et al. [21] exhibited the VS effect in
T2DM patients; they concluded that VS acts on human skel-
etal muscle in the early insulin signaling steps. These steps
are on basal insulin receptor, substrate tyrosine phosphoryla-
tion, and PI-3-kinase activation [21]. In fact, this molecular
cascade has action on other enzymes, such as PI3K-PKβ/
Akt-mTOR, NF-κβ, and MEK1/2-ERK activation. These
messengers are related to GLUT transporter insertion into
the plasma membrane, which results in increased glucose
transport into the cells and subsequently decreased blood
glucose and insulin [21, 23, 47, 48]. Gluconeogenesis and
hepatic glucose output are decreased in treatment with vana-
dium; consequently, this compound could diminish the loss
of muscle protein that occurs in T2DM patients [16].

Studies in mice treated with vanadium compounds
revealed an antiobesity effect, adiponectin segregation,
increment of insulin product, and adipogenic effect [42].
These mechanisms are related to adiponectin, leptin, and
insulin hormones and their effects on satiety and body weight
[29, 30, 44, 49]. Insulin production increases adiponectin
synthesis through adipocytes, improving satiety, which prob-
ably influenced the BMI of obese rats in this study, as shown
by Maachi et al. [50].

On the other hand, a study in the mouse preadipocyte
fibroblast cell line 3T3-L1 showed an adipocyte differentia-
tion inhibitory effect of vanadium dissolved in water through
PPARγ and C/EBPα gene downregulation [17]. PPARγ, as a
peroxisome proliferator, is a nuclear receptor implicated in
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fat accumulation in adipocytes, weight increment, and leptin
negative regulation. It is thiazolidinedione’s therapeutic tar-
get with secondary effects [44, 51, 52].

It has been evidenced that VS treatment of T2DM
patients reduces serum cholesterol, triglycerides, and glucose
[21, 25, 46]. In our study, total cholesterol and triglycerides
decreased in treated aged rats but differences in other param-
eters, such as HDL and LDL, were not significant (P > 0 05).
It should not be discarded that this lack of significance could
be due to the fact that results of the present study show a high
standard deviation in obese rats treated with vanadyl sulfate
(HFD+VS group). Moreover, it has been previously reported
that HDL decreases in T2DM patients treated with VS [21].
Although results of the present study show a slightly
increased in HDL (P = nonsignif icant), triglyceride/HDL
and fat tissue/body weight ratios were the lowest in VS-
treated obese aged rats (P = 0 003), suggesting a fat tissue loss
and HDL increment. In fact, in our analysis an elevated tri-
glyceride/HDL ratio was correlated with insulin resistance
observed in HFD aged rats. These effects can be explained
because VS can stimulate other nuclear receptors, like
PPARγ, involved in fatty acid mitochondrial oxidation,
energy consumption, thermogenesis, HDL increment, and
triglyceride decrease as reported by Bermúdez et al. [51].

Obesity is a chronic inflammatory state with different
factors involved in its development and many conse-
quences, like T2DM. According to our results, VS can act
like a potent preventive dietary compound that improves
insulin resistance, hyperglycemia, OGTT, high cholesterol,
and high triglyceride levels. Although this study was made
in an animal model, currently beneficial properties of VS
have been demonstrated in humans by decreasing the same
parameters as in this investigation without affecting hepatic
enzymes [21]. People consume diets with a high-fructose or
-sucrose content; these sugars are elevated in industrialized
sweetened beverages and foods with unclear health regula-
tion [53]. Consequently, the entire population is immersed
in an obesogenic environment that has several conse-
quences, one of them the metabolic syndrome [41, 54].
Thus, the parameters evaluated show a possible alternative
treatment and a preventive dietary compound. It is neces-
sary to investigate the role of VS on fructose as well as on
water and food decreased consumption.

5. Conclusions

According to our results, VS has an antiobesity effect in aged
obese rats. VS induces decreased fructose consumption and
oligodipsia, decreasing the total calorie intake inducing the
immediate loss of weight in these aged obese rats. VS induces
decreases in levels of blood glucose, triglycerides, cholesterol,
and triglyceride/HDL ratio and improves insulin sensitivity
and oral glucose tolerance test results at 8 weeks of treatment
in rats with fructose-induced chronic obesity.

VS can be a valuable therapeutic agent in preventing
insulin resistance, as well as the development and progres-
sion of obesity and metabolic syndrome complications in
aged patients with obesity or T2DM. However, research on
undesirable side effects in long-term trials is necessary. With

this experiment, we obtained serum and organ samples
that permit us to study beneficial or undesirable effects
on other metabolic parameters such as inflammatory state,
oxidative stress, and organ damage, results that will allow
us to evaluate the convenience of vanadyl sulfate adminis-
tration in human patients.
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Introduction. Streptozotocin- (STZ-) induced diabetes is under polygenic control, and the genetic loci for STZ susceptibility are
mapped to chromosome (Chr) 11 in Nagoya-Shibata-Yasuda (NSY) mice. In addition to Chr11, other genes on different
chromosomes may contribute to STZ susceptibility in NSY mice. The aim of this study was to determine whether NSY-Chr14
contributes to STZ susceptibility and contains the STZ-susceptible region. Materials and Methods. A consomic C3H-14NSY

strain (R0: homozygous for NSY-derived whole Chr14 on the control C3H background), two congenic strains (R1: the region
retained proximal and middle segments of NSY-Chr14 and R2: the region retained a proximal segment of NSY-Chr14), and
parental NSY and C3H mice were intraperitoneally injected with a single injection of STZ at a dose of 175mg/kg body weight at
12 weeks of age. Blood glucose levels and body weights were measured at days 0, 1, 2, 4, 5, 7, 8, and 14 after STZ injection. At
day 14 after STZ injection, pancreata were dissected and fixed. Results. After STZ injection, blood glucose levels were
significantly higher in R0 mice than in C3H mice. However, blood glucose levels in R0 mice were not as severely affected as
those in NSY mice. In R1 and R2 mice, blood glucose levels were similar to those in C3H mice and were significantly lower than
those in R0 mice. Body weights were decreased in NSY and R0 mice; however, this change was not observed in R1, R2, and C3H
mice. Although islet tissues in all strains exhibited degeneration and cellular infiltration, histological changes in NSY and R0
mice were more severe than those in R1, R2, and C3H mice. Conclusions. These data demonstrated that NSY-Chr14 was a STZ-
susceptible chromosome and that STZ susceptibility was mapped to the distal segment of NSY-Chr14.

1. Introduction

Streptozotocin (STZ) has been widely used to induce diabetes
through pancreatic islet destruction in experimental animals
[1–3]. STZ, a small molecule that resembles glucose, is taken
up to bind glucose transporter-2 [1, 3]. In islet β-cells, STZ
decomposes and damages DNA, which leads to cell death
[1, 3]. Among inbred mouse strains, varying susceptibility
to STZ-induced diabetes has been reported. Nonobese dia-
betic (NOD) mice, an inbred strain of type 1 diabetes [4],
are extremely susceptible to β-cell destruction by STZ [5].

Although susceptibility to type 1 diabetes is primarily deter-
mined by the immunological factor, several studies have
indicated that the intrinsic vulnerability of β-cells is also
involved in susceptibility to type 1 diabetes, which suggests
shared mechanisms between STZ-induced diabetes and type
1 diabetes [5–8].

Nagoya-Shibata-Yasuda (NSY) mice [9], an inbred strain
of type 2 diabetes with moderate obesity and fatty liver, were
established by selective breeding for glucose intolerance from
an outbred colony, Jcl:ICRmice, from which NODmice were
also derived [10]. Both NSY and NOD mice are extremely
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STZ-sensitive strains [5, 7, 11], which suggests a shared
genetic basis in the vulnerability of β-cells between these
strains. β-cell fragility may be shared between type 1 and type
2 diabetes [6, 12, 13]. These lines of evidence indicate that
three types of diabetes (STZ-induced, type 1, and type 2
diabetes) share common genetic factors and mechanisms.
Therefore, the identification of STZ-susceptible genes is
important to clarify the mechanism of β-cell vulnerability
in type 1 and type 2 diabetes.

We previously identified three major quantitative
trait loci (QTLs) for diabetes-related phenotypes (Nidd1n,
Nidd2n, and Nidd3n) on chromosome (Chr) 11, 14, and
6, respectively [14]. A QTL for fatty liver (Fl1n) and a QTL
for body weight (Bw1n) on Chr6 [15] were found using
NSY and C3H (nondiabetic) mice. Subsequent studies using
consomic C3H-11NSY and C3H-14NSY mice in which the
entire NSY-Chr11 and NSY-Chr14 were introgressed onto
the genetic background of control C3H mice clearly dem-
onstrated that NSY-Chr11 and NSY-Chr14 harbor loci for
diabetes [16]. Subsequent studies using consomic C3H-
11NSY mice indicated that NSY-derived Chr11 harbors sus-
ceptibility to STZ-induced diabetes [7, 11]. However, the
STZ sensitivity of the C3H-11NSY strain is not as strong as
that of the NSY parental strain, which suggests that STZ-
induced diabetes is under polygenic control and that genes
on chromosomes other than Chr11 also contribute to STZ
susceptibility [7, 11].

In this study, to detect novel loci related to STZ suscepti-
bility, we focused on another diabetogenic chromosome, i.e.,
NSY-Chr14. C3H-14NSY mice and their congenic strains
were administered a single high dose of STZ, and the STZ

sensitivities of these strains were compared with those of
the parental strains.

2. Materials and Methods

2.1. Animals.We used five strains, namely, NSY [9, 10, 14, 17,
18], C3H/HeNcrj (C3H), consomic C3H-14NSY (R0) [16],
congenic R1, and R2 mice [19]. NSY mice were originally
obtained from the Branch Hospital of Nagoya University
School of Medicine. C3H mice were purchased from Charles
River Laboratories (Kanagawa, Japan).

R0 mice, which were homozygous for the NSY-derived
whole Chr14 on the control C3H background, were previ-
ously constructed [16] using the speed congenic method
[20, 21]. Briefly, F1 male mice were obtained by mating
(NSY×C3H). These males were mated with C3H females,
and their progeny heterozygous for Chr14 were used for next
generation. This backcross was repeated until all the markers
for background typing became homozygous for C3H geno-
type, at which point the heterozygous consomic strains were
obtained. The mice heterozygous for Chr14 were inter-
crossed to obtain mice homozygous for Chr14.

Recently, we also constructed two novel congenic lines,
R1 and R2, obtained from R0 (Figure 1) [19]. Briefly, hetero-
zygous R1 and R2 male mice were produced by mating
(R0×C3H) F1 with C3H and selecting males that possessed
the genomic region of interest on Chr14, and then, the
heterozygous R1 and R2 male mice were mated with
C3H females. Their progeny with the genomic region of
interest were intercrossed to obtain homozygous mice. R1
mice possess the proximal and middle segments of NSY-
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Figure 1: Schematic illustration of NSY, Chr14 of consomic mice (C3H-14NSY; R0) and congenic mice (R1 and R2), which carry NSY-derived
susceptible regions onto a C3H-derived resistance background. Regions from NSY mice are shown in gray, and regions from C3H mice are
shown in white.
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Chr14 from the centromere to the recombinant position
between D14Mit5 and D14Mit235 (Figure 2). R2 mice pos-
sess the proximal segment of NSY-Chr14 from the centro-
mere to the recombinant position between D14Mit186 and
D14Mit59 (Figure 2). The positions of the diabetogenic loci
(Nidd2.1n and Nidd2.2n) and the adiposity locus (Adp1n),
which were reported in our previous study [19], are shown
in Figure 2.

These mice were maintained by brother-sister mating
and under specific pathogen-free conditions in the animal
facilities of Osaka University Graduate School of Medicine.
All mice had free access to tap water and a standard diet
(CRF-1: Oriental Yeast, Tokyo, Japan) in a temperature-
controlled room (22–25°C) on a 12h light-dark cycle (6:00–
18:00 h). The animal protocols used for this study were
approved by the Osaka University Graduate School of Med-
icine Committee on Animal Welfare. Male mice were used
for all experiments.

2.2. Protocols. NSY, C3H, R0, R1, and R2 mice received a sin-
gle injection of STZ at a dose of 175mg/kg body weight at 12
weeks of age. STZ was dissolved in sodium citrate buffer
(Wako Pure Chemical Industries, Ltd., Osaka, JAPAN) and
immediately injected intraperitoneally. Blood glucose levels
and body weights were measured ad lib at days 0, 1, 2, 4, 5,
7, 8, and 14 after STZ injection. Blood glucose levels were
determined by the glucose oxidase method using Glutest
Ace (Sanwa Kagaku Kenkyusho Co., Ltd., Nagoya, Japan)
in which the detection limit was 33.34mmol/l. In this study,
glucose values greater than 33.34mmol/l were reported as

33.34mmol/l. Mice with glycemia greater than 16.7mmol/l
were considered hyperglycemic because the NSY strain is a
model of type 2 diabetes; therefore, the ad lib blood glucose
level can exceed 11.1mmol/l. Some of the data from NSY
and C3H mice have been previously reported [7, 11] and
were reanalyzed in this study.

2.3. Histological Examination. STZ-treated mice were killed
under sevoflurane anesthesia at day 14 after injection,
and pancreata were dissected and fixed in neutralized 10%
formalin. Paraffin sections of those tissues were stained with
hematoxylin-eosin by the standard method. The cellular
infiltration in and around islets in NSY, C3H, R0, R1,
and R2 mice was graded (0: normal islet; 1: peri-insulitis or
<25% of β-cell area infiltrated; and 2: more than 25% of β-
cell area infiltrated). All islets were evaluated by an observer,
blinded with respect to the origin of the sections.

2.4. Statistical Analysis. All values are expressed as the mean
± SEM. Statistical analysis was performed by the Mann–
Whitney U test or one-way analysis of variance (ANOVA)
with post hoc tests (Dunnett’s multiple comparison tests).
Survival curves were analyzed with the log-rank test. Statisti-
cal tests were performed using the Prism software (GraphPad
Prism®). P < 0 05 was considered statistically significant.

3. Results

3.1. STZ Sensitivity in Consomic C3H-14NSY; R0 (Figure 3,
Supplemental Figure 1). Three R0 mice were dead at days

D14Mit206 (11.53)
D14Mit207 (12.07)
D14Mit209 (15.06)
D14Mit186 (16.80)

D14Mit59 (24.47)
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D14Mit266 (64.86)

Congenic
(R1)

Congenic
(R2)

Centromere

Telomere

STZ-susceptibility

Nidd2.1n

Adp1n

Nidd2.2n

and

Figure 2: Schematic illustration of congenic mice. R1 possesses proximal and middle segments of NSY-Chr14 from the centromere to the
recombinant position between D14Mit5 and D14Mit235. R2 mice possess the proximal segment of NSY-Chr14 from the centromere to
the recombinant position between D14Mit186 and D14Mit59. Regions from NSY mice are shown in gray, and regions from C3H mice are
shown in white. Arrows show each recombinant position. In parentheses, marker map positions from the centromere obtained from the
Mouse Genome Database (http://www.informatics.jax.org). The diabetogenic loci (Nidd2.1n and Nidd2.2n) and the adiposity locus
(Adp1n), which were reported in our previous study [19], and STZ-susceptibility locus, which was demonstrated in this study, are shown
in black bars.
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9–13 due to hyperglycemia. R0 mice exhibited significantly
higher blood glucose levels after STZ injection than did
C3H mice (Figure 3(a)). Life table analysis demonstrated a
significant difference in the survival curves of mice free from
hyperglycemia between R0 and C3H mice (Figure 3(b),
p < 0 001). At 14 days post-STZ injection, body weights
(Figure 3(c)) were significantly reduced in R0 mice (−5.6%
from the basal, p < 0 05). In contrast, no body weight
reduction was observed in C3H mice (+0.8% from the basal,

p = 0 35). These results indicate that introgression of a single
Chr14 from STZ-sensitive NSY mice converted STZ-
resistant C3H mice to STZ-sensitive mice.

However, blood glucose levels in R0 mice were not as
severe as those in NSY mice (Figure 3(a)). Four NSY mice
were dead (one at day 3 and three at days 9–13) because of
hyperglycemia. Compared with R0 mice, NSY mice exhibited
significantly higher blood glucose levels after STZ injection,
and life table analysis demonstrated a significant difference
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Figure 3: STZ sensitivity at 12 weeks of age in NSY (n = 17; black squares), R0 (n = 19; black circles), and C3H mice (n = 20; white squares).
Glucose concentrations and body weight are measured ad lib at days 0, 1, 2, 4, 5, 7, 8, and 14 days after STZ injection. Data are expressed as the
mean± SEM. (a) Blood glucose concentrations. Four NSY mice were dead (one at day 3 and three at days 9–13). Three R0 mice were dead at
days 9–13. Because these dead mice showed hyperglycemia before death, the glucose levels after death were reported as 33.34mmol/l, which is
the detection limit of the glucose sensor. ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001 compared with R0 (one-way ANOVA with post hoc test
(Dunnett’s multiple comparison tests)). (b) The percentage of animals free of hyperglycemia. Mice with glycemia higher than 16.7mmol/l
were considered hyperglycemic. ∗∗p < 0 01, ∗∗∗p < 0 001 compared with R0 (log-rank test). (c) Body weight changes. Four NSY and three
R0 mice were dead (described previously). This figure does not contain the body weight data after death. ∗p < 0 05 compared with the
basal body weight of R0 and ††p < 0 01 compared with the basal body weight of NSY (Mann–Whitney U test).
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Figure 4: STZ sensitivity at 12 weeks of age in R0 (n = 19; black circles), C3H (n = 20; white squares), R1 (n = 13; white circles), and R2 mice
(n = 12; black triangles). Glucose concentrations and body weight are measured ad lib at days 0, 1, 2, 4, 5, 7, 8, and 14 days after STZ injection.
Data are expressed as the mean± SEM. (a) Blood glucose concentrations. The values of glucose in the R0 were reported as shown in Figure 3
legend. ∗p < 0 05, ∗∗p < 0 01 compared with R1 (one-way ANOVA with post hoc test (Dunnett’s multiple comparison tests)). (b) The
percentage of animals free of hyperglycemia. Mice with glycemia higher than 16.7mmol/l were considered hyperglycemic. ∗p < 0 05
compared with R1 (log-rank test). (c) Body weight changes. The values of body weight in R0 were reported as shown in Figure 3 legend.
∗p < 0 05 compared with the basal body weight of R0 (Mann–Whitney U test).
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between the survival curves (Figure 3(b), p < 0 01). At
14 days after STZ injection, the reduction in the body
weights of NSY mice (−11.4% from the basal, p < 0 01) was
more severe than that of R0 mice (Figure 3(c)). These
results indicate that the sensitivity of R0 mice to STZ is
not as strong as that of NSY mice, which suggests the con-
tribution of other chromosomes in addition to Chr14 to
STZ susceptibility.

3.2. STZ Sensitivity in Congenic Mice; R1 and R2 (Figure 4,
Supplemental Figure 1). Glucose levels after STZ injection
in R1 mice were similar to those in C3H mice and were
significantly lower than those in R0 mice (Figure 4(a)). The
cumulative incidence of STZ-induced hyperglycemia in R1
mice was similar to that in C3H mice and was significantly
lower than that in R0 mice (Figure 4(b), p < 0 05). In R1
mice, no reduction in body weight was observed (+0.0% from
the basal, p = 0 94).

Glucose levels after STZ injection in R2 mice were similar
to those in R1 and C3H mice (Figure 4(a)). Life table analysis
demonstrated no difference in the survival curves of mice free
from hyperglycemia among congenic (R1 and R2) and C3H
mice (Figure 4(b)). In R2 mice, no reduction in body weight
was observed (+0.9% from the basal, p = 0 82).

Since R0 mice but not R1 and R2 mice showed STZ sen-
sitivity, the data in the present study indicate that the distal
region of Chr14 retained in R0 mice but not in R1 and R2
mice plays an important role in STZ susceptibility (Figure 2).

3.3. Histological Phenotype in NSY, C3H, R0, R1, and R2
Mice (Figure 5, Supplemental Figure 2). In all strains, the his-
tological sections of islet tissues at day 14 showed degenera-
tion. Architectural disarray of pancreatic islets and cellular
infiltration were observed. Histological changes in NSY and
R0 mice were more severe than those in R1, R2, and C3H
mice. Apparent signs of cellular infiltration in or around

(a) (b)

(c) (d)

(e) (f)

Figure 5: Pancreatic islets stained with hematoxylin-eosin. Scale bars, 50μm. (a) An intact islet from non-STZ-injected NSYmice at 24 weeks
of age. Inflammatory changes were not observed. (b–f) Typical islets from STZ-injected NSY (b), R0 (c), R1 (d), R2 (e), and C3H (f) mice at
day 14 after STZ injection.
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the pancreatic islets were also observed in all strains. Cellular
infiltration in NSY and R0 mice was more severe than that in
R1, R2, and C3H mice (Supplemental Figure 2).

4. Discussion

We previously reported that Chr11 harbors susceptibility to
STZ-induced diabetes in NSY mice [7, 11]. However, Chr11
was insufficient to explain all STZ sensitivity in NSY mice.
In this study, we identified an additional STZ-susceptible
chromosome, Chr14, and mapped STZ susceptibility to the
distal region of Chr14 (from D14Mit5 to the telomere).

In our previous study, we established two congenic
strains in which limited segments of NSY-Chr14 were
introgressed onto control C3H background genes [19]. One
congenic strain, termed R1, possessed a proximal half seg-
ment of NSY-Chr14 (<33.34 cM from the centromere to
D14Mit235), and the other congenic, termed R2, possessed
a more limited segment of NSY-Chr14 (<24.47 cM from the
centromere to D4Mit59). Analysis of these congenic strains
demonstrated that a locus termed Nidd2.2n in the distal seg-
ment of NSY-Chr14 affects fasting glucose, postchallenge
hyperglycemia, and insulin resistance [19]. A locus for STZ
susceptibility localized to the distal region of NSY-Chr14
in the present study overlaps with the region for Nidd2.2n.
Further studies with congenic strains with the distal region of
NSY-Chr14 are necessary for fine mapping and identification
of the responsible gene.

The distal region of Chr14 where STZ susceptibility was
mapped in the present study was not previously linked to
STZ-induced diabetes. Gonzalez et al. reported that two
genetic loci for STZ susceptibility were identified on Chr 9
and Chr 11 in NOD mice and suggested that the two loci
were insufficient to predict resistance or sensitivity to STZ-
induced diabetes [5]. In our previous and present studies,
the STZ sensitivity of consomic C3H-11NSY and C3H-
14NSY mice was less than that of NSY mice, suggesting that
STZ-induced diabetes is under polygenic control. We do
not know whether NSY-Chr11 and NSY-Chr14 are sufficient
for the full expression of the STZ sensitivity of NSY mice.
Analysis of C3H-11NSY14NSY mice [16] containing both
NSY-Chr11 and NSY-Chr14 on the C3H background will
lead to the answer.

A single high dose of STZ is used for experiments
attempting to cause type 1 diabetes by direct toxicity, and
glucose homeostasis deterioration rapidly arises within a
few days [22]. Although only 10% of STZ-treated mice that
received a single high dose exhibited mononuclear cell
infiltration in pancreatic islets, more than 60% of STZ-
treated mice that were treated with a single low dose
exhibited this phenomenon [23]. In this study, we used a
single high dose of STZ in NSY mice. Hyperglycemia began
to appear within 48 h after STZ injection. Mononuclear cell
infiltration was detected in all examined pancreata. How-
ever, we do not know why NSY mice had severe mononu-
clear cell infiltration despite the single high-dose STZ
injection. One possible reason is that pancreata were dis-
sected at 14 days after STZ injection in our study, whereas
dissection occurred within 1 week after the development of

hyperglycemia in a previous study [23]. Another possible
reason is simply strain differences.

5. Conclusion

The present study demonstrated that NSY-Chr14 was a STZ-
susceptible chromosome and that the STZ-susceptible region
was located in the distal segment of NSY-Chr14. Construc-
tion of new congenic strains will lead to fine mapping and
identification of causal variants of the genes responsible for
STZ susceptibility in the NSY mouse.
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In patients with diabetes mellitus (DM), impairments of circadian rhythms, including the sleep–wake cycle, blood pressure, and
plasma melatonin concentrations, are frequently observed. Animal models of DM are also reported to show aberrant circadian
rhythms. However, the changes in the circadian rhythms of plasma soluble substances, including melatonin, in diabetic animals
are controversial. In the present study, we investigated the circadian rhythms of spontaneous locomotor activity, metabolic
parameters (plasma glucose, triglyceride, and total cholesterol), and plasma melatonin concentrations in Spontaneously Diabetic
Torii (SDT) fatty rats, a novel animal model of type 2 DM. Although SDT fatty rats exhibited low locomotor activity in the dark
phase, no phase shifts were observed. The circadian variations of plasma metabolic parameters were more apparent in the SDT
fatty rats compared with control Sprague–Dawley (SD) rats. The circadian rhythms of plasma melatonin concentrations were
significantly impaired in SDT fatty rats. To get an insight into the mechanism underlying the impaired melatonin secretion in
SDT fatty rats, the expression of arylalkylamine N-acetyltransferase (Aanat) and acetylserotonin O-methyltransferase (Asmt)
mRNA, which encode the rate-limiting enzymes for melatonin synthesis, was investigated in the pineal gland. There were no
significant differences in Aanat and Asmt expression between the control SD and SDT fatty rats. These results suggest that
SDT fatty rats show impaired circadian rhythms and dysregulated melatonin secretion.

1. Introduction

It is well known that mammals have circadian rhythms not
only for many kinds of behaviors, such as the sleep–wake
cycle and feeding behavior, but also for several fundamental
physiological functions, including hormone secretion. The
circadian rhythm is organized by the so-called clock genes
(e.g., period (PER), circadian locomotor output cycles kaput
(CLOCK), and brain and muscle Arnt-like protein (BMAL))
in the suprachiasmatic nucleus (SCN) of the brain as “master
regulators,” with the amplitude and/or phase of the rhythm
modulated in response to extracellular stimuli such as light
[1], feeding [2], and melatonin [3].

Circadian rhythms and metabolic function are known to
be reciprocally linked [4]. For example, it has been reported
that impairment of circadian rhythms leads to the develop-
ment of diabetes via the induction of abnormal insulin
secretion, decreased sensitivity to insulin, and exacerbated
inflammation [5, 6]. In contrast, patients with diabetes report-
edly exhibit circadian rhythms of blood pressure and plasma
cortisol concentrations [7, 8], suggesting that metabolic func-
tions substantially affect circadian rhythms. However, the
mechanisms underlying the disrupted circadian rhythms in
diabetes remain to be fully elucidated, because the metabolic
disorders are very complex, with many factors, including
hyperglycemia, obesity, and hypertension, involved. Several
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animal models of diabetes mellitus (DM) have been reported
to exhibit deficits in circadian rhythms. For example, strepto-
zotocin- (STZ-) induced diabetic rats exhibit a blunted circa-
dian rhythm of locomotor activity with a normal phase
entrainment [9], whereas Zucker obese rats, an animal model
of type 2 DM (T2DM), exhibit a phase advance and blunted
amplitude of locomotor activity [10].

Melatonin, a hormone secreted from the pineal gland in
the brain, is known as a regulator of many physiological
circadian rhythms including the sleep–wake cycle [11].
Growing evidence suggests an important role for melatonin
in DM. For example, melatonin is known to decrease plasma
insulin concentrations in humans [12] and rodents [13–15].
Moreover, the physiological increase in nocturnal plasma
melatonin concentrations is not observed in diabetic patients,
especially those with neuropathy [16]. Similarly, Peschke et al.
[17] reported reduced diurnal circulating melatonin levels in
patients with T2DM, suggesting that melatonin secretion is
impaired in DM patients. Similarly, several animal models
of DM have been reported to exhibit aberrant plasmamelato-
nin concentrations. For example, plasma melatonin concen-
trations at midnight are attenuated in Goto-Kakizaki (GK)
rats, and melatonin synthesis efficiency is decreased [18].
Conversely, Peschke et al. [19] reported that melatonin
synthesis was increased in the pineal glands of STZ-induced
diabetic rats. Moreover, another study demonstrated that dia-
betic rats transgenic for human islet amyloid polypeptide
(HIP rats), an established nonobese model of T2DM, showed
normal circadian rhythms and melatonin secretion [20].
Thus, the relationship betweenmetabolic disorders, including
hyperglycemia, and aberrant circadian rhythms of melatonin
is still controversial.

The Spontaneously Diabetic Torii (SDT) fatty rat is a
novel animal model of T2DM, developing not only hypergly-
cemia but also hyperlipidemia and insulin resistance from a
young age [21]. In the present study, we investigated whether
SDT fatty rats show impaired circadian rhythms of spontane-
ous locomotor activity (SLA), plasma metabolic parameters,
and plasma melatonin concentrations, as well as changes in
the expression of arylalkylamine-N-acetyltransferase (Aanat)
and acetylserotonin O-methyltransferase (Asmt) mRNA,
which encode the rate-limiting enzymes for melatonin
synthesis [22–24] in the pineal glands of SDT fatty rats.

2. Materials and Methods

2.1. Animals. The present study was performed in compli-
ance with the Guidelines for Animal Experimentation of
Japan Tobacco Biological/Pharmacological Research Labora-
tories. The animal protocol was designed to minimize pain or
discomfort to the animals. SDT fatty rats and age-matched
Sprague–Dawley (SD) rats (as controls) were used in the
study. The age of animals used in each experiment were as
follows: 8 weeks of age for measurement of SLA, plasma glu-
cose, triglyceride (TG), total cholesterol (TC), and melatonin
concentrations and 12 weeks of age for measurement of
mRNA expressions. All rats were obtained from CLEA Japan
(Tokyo, Japan). Rats were housed in groups of two to three
per bracket cage in a climate-controlled room (temperature

23°C± 3°C, humidity 55%± 15%) under a 12 h light–dark
cycle (lights on at 0800 hours), with free access to a commer-
cial diet (CRF-1; Charles River Japan, Yokohama, Japan)
and water.

2.2. Locomotor Activity. The SLA of rats was assessed using a
Supermex apparatus (Muromachi Kikai, Tokyo, Japan). An
infrared beam sensor was set on top of a Plexiglas cage, and
the number of movements was counted. Activity was inte-
grated every 1 h. SLAwasmeasured during the 12h light–dark
cycle for 5 days. Rats had free access to food and water during
the measurements.

2.3. Blood Sampling and Measurement of Metabolic
Parameters and Melatonin. Blood samples were collected
from the tail vein at 1000, 1600, 2100, and 0400 hours by
cutting the edge of the tail with a razor. Plasma was separated
by centrifugation (15,000×g for 5min at 4°C) and stored
at−80°Cuntil analysis.Metabolic parameters, namely, plasma
glucose, TG, and TC concentrations, were measured using an
automatic analyzer (Hitachi Clinical Analyzer 7180; Hitachi,
Tokyo, Japan). Plasma melatonin concentrations were deter-
mined using a commercially available ELISA kit (RE54021;
IBL International, Hamburg, Germany) according to the
manufacturer’s instructions.

2.4. Sample Preparation for mRNA Measurement. Rats were
killed by decapitation, and the pineal gland was dissected at
0400 hours under dim red light. RNA from the pineal gland
was extracted using the RNeasy mini kit (Qiagen, Valencia,
CA, USA). RNA was quantified using the Nanodrop D8000
(Thermo Scientific, Wilmington, DE, USA). The purity of
RNA samples was assessed using the ratio of absorbance
at 260/280 nm, and samples with an absorbance ratio of
1.8–2.0 were used to prepare cDNA. The RNA was tran-
scribed into cDNA using high-capacity cDNA reverse tran-
scription kits with RNA inhibitors (Applied Biosystems).
The reaction mixture was incubated for 10min at 25°C,
for 2 h at 37°C and then for 5 s at 85°C. The cDNA was
stored at −20°C until use.

2.5. Quantitative Reverse Transcription Polymerase Chain
Reaction. Quantitative reverse transcription polymerase
chain reaction (qRT-PCR) was performed in a 20μL reaction
mixture with an automated sequence detector combined with
StepOne plus (Applied Biosystems). The reaction mixture
was created using TaqMan Gene Expression Master Mix
(Applied Biosystems) and contained approximately 50 ng
synthesized cDNA, 0.9μmol/L primers, 0.25μmol/L probes
or TaqMan gene expression assays on demand, and Universal
Master Mix (primer/probe set). The reaction mixture was
incubated for 2min at 50°C and then 10min at 95°C, followed
by 40 cycles of 15 s at 95°C and 60 s at 60°C. The expression of
beta-actin (Actb; purchased fromApplied Biosystems),Aanat
(Rn00664873_g1), and Asmt (Rn00595341_m1) was investi-
gated using TaqMan gene expression assays and theUniversal
Master Mix (primer/probe set), with the expression of Aanat
and Asmt in each sample normalized against that of Actb.
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2.6. Statistical Analysis. Results are expressed as mean± SEM
(standard error of the mean). Comparisons between control
SD and SDT fatty rats were performed using two-way
analysis of variance (ANOVA) with post hoc tests where
appropriate for SLA and plasma parameters over time,
whereas qRT-PCR data were compared using unpaired
t-tests. All data were analyzed using Excel (Microsoft
Corp., Bellevue, WA, USA) or EXSUS software (CAC
Croit, Tokyo, Japan). A two-sided P value of <0.05 was
considered significant. A P value of <0.05 was considered
statistically significant.

3. Results

3.1. Circadian Rhythms of SLA in SDT Fatty Rats. In order to
investigate whether there were any disruptions to circadian
rhythms of SDT fatty rats, the SLA of control SD and SDT
fatty rats was monitored over a period of 5 consecutive days.
As shown in Figure 1, SLA during the dark phase was signif-
icantly lower in SDT fatty than in control SD rats (P < 0 001).
In addition, SLA during the first 1 h during the light phase
(0800–0900 hours) was markedly decreased in SDT fatty
compared with control SD rats. However, the SLA of SDT
fatty rats in the light phase was slightly high compared with
that of control SD rats, though total activity did not differ
significantly between the two groups.

3.2. Circadian Rhythms of Metabolic Parameters in SDT Fatty
Rats. It is well known that several metabolic parameters,
including glucose and TG, show circadian rhythms regulated
by diet and/or hormones. This led us to investigate whether
glucose, TG, and TC exhibit aberrant circadian rhythms in
SDT fatty rats. Comparisons of plasma glucose, TG, and

TC concentrations in control SD and SDT fatty rats are
shown in Figure 2. Two-way ANOVA of the circadian pat-
tern of plasma glucose revealed significant effects of group
(F1,8 = 16 0, P < 0 01), time (F3,24 = 29 3, P < 0 001), and
their interaction (F3,24 = 14 4, P < 0 001). Post hoc analysis
using the Aspin-Welch test revealed that plasma glucose con-
centrations were significantly higher in SDT fatty than in
control SD rats at 1600 (P < 0 05), 2100 (P < 0 01), and
0400 hours (P < 0 05). Two-way ANOVA of the circadian
pattern of plasma TG showed significant effects of group
(F1,8 = 17 0, P < 0 05) and time (F3,24 = 4 6, P < 0 05). Post
hoc analysis using the Aspin-Welch test revealed that plasma
TG concentrations were significantly higher in SDT fatty
than in control SD rats at all time points measured
(i.e., 1000, 1600, and 0400 hours (P < 0 05 for all), as well as
at 2100 hours (P < 0 01)). Unlike glucose and TG concentra-
tions, there were no obvious changes in TC in either strain,
with TC concentrations in the range 80–100mg/dL in con-
trol SD rats and 100–120mg/dL in SDT fatty rats. Plasma
TC levels peaked at 0400 hours in control SD rats, compared
with 1000 hours in SDT fatty rats. Two-way ANOVA of
the circadian pattern of plasma TC showed significant
effects of group (F1,8 = 8 9, P < 0 05), but not time
(F3,24 = 2 7, P > 0 05). Post hoc analysis using the Aspin-
Welch test revealed that plasma TC concentrations were
significantly higher in SDT fatty than in control SD rats
at 1000 (P < 0 01) and 2100 (P < 0 05) hours.

3.3. Circadian Rhythms of Plasma Melatonin. In order to
obtain an insight into the mechanism(s) underlying the aber-
rant circadian rhythms in SDT fatty rats, we measured
plasma melatonin concentrations. As shown in Figure 3,
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Figure 1: Circadian rhythm of spontaneous locomotor activity (SLA) in control Sprague–Dawley (SD) and Spontaneously Diabetic Torii
(SDT) fatty rats. (a) Hourly averages of SLA over a 24 h period for 5 consecutive days under a standard light–dark cycle (the shaded area
indicates the dark phase). (b) Total activity during the light and dark phases in control SD and SDT fatty rats. Data are mean± SEM
(n = 8 in each group). ∗∗∗P < 0 001 compared with control SD rats (Aspin-Welch test).
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there was an obvious circadian rhythm for melatonin in con-
trol SD rats, with low concentrations during the light phase
(1000 and 1600 hours) and early dark phase (2100 hours),
with the greatest increase in contrast during the night (0400
hours). Two-way ANOVA and subsequent post hoc analysis
revealed significant effects of time (F3,42 = 16 0, P < 0 001),
but not group (F1,14 = 1 9, P = 0 19). Their interaction was
significant (F3,42 = 7 4, P < 0 001) on changes over time in

plasma melatonin concentrations between the control SD
and SDT fatty rats. Plasma melatonin concentrations were
significantly higher in SDT fatty than in control SD rats at
1600 (P < 0 05) and 2100 (P < 0 01) hours but were signifi-
cantly lower at 0400 hours (P < 0 01). In addition, the total
melatonin production was also analyzed, and it was found
that there was a higher tendency in SDT fatty rats than in con-
trol SD rats, with the area under the curve value of 1949.1±
163.0 pg·day/mL (SD rats) vs. 2422.7± 206.2 pg·day/mL
(SDT fatty rats) (P = 0 093).

3.4. Expression of Melatonin-Synthesizing Enzymes. The
observation that SDT fatty rats showed blunted circadian
rhythms of plasma melatonin led us to investigate whether
the expression of Aanat and Asmt mRNA, enzymes impor-
tant for melatonin synthesis, in the pineal gland of SDT fatty
rats was impaired compared with that of control SD rats at
night, when melatonin expression was highest. Although
there were no significant differences in Aanat and Asmt
mRNA expression in the pineal glands of the two groups,
there was a tendency for higher Aanat and Asmt mRNA
expression in SDT fatty than in control SD rats (Figure 4).

4. Discussion

In the present study, we found that (1) SDT fatty rats showed
aberrant circadian rhythms of SLA, (2) the circadian fluctua-
tions of plasma glucose, TG, and TC concentrations were
found to be more apparent in SDT fatty rats, and (3) these
rats exhibited blunted circadian rhythms of plasma melato-
nin secretion, even though the mRNA expression of
melatonin-synthesizing enzymes did not differ significantly
from that in the control SD rats.

Because rats are generally nocturnal, their activity
increases in the dark phase and decreases markedly during
the light phase. However, SLA in SDT fatty rats was
decreased during the dark phase, with a tendency for higher
SLA compared with control SD rats during the light phase.
This observation suggests that SDT fatty rats have blunted

Pl
as

m
a g

lu
co

se
 (m

g/
dl

)

1000 1600 2100 0400
0

200

400

600

800

Control
SDT fatty

Clock time (hours)

⁎⁎

⁎

⁎

(a)
Pl

as
m

a t
rig

ly
ce

rid
e (

m
g/

dl
)

1000 1600 2100 0400
0

200

400

600

800

Control
SDT fatty

Clock time (hours)

⁎⁎

⁎

⁎
⁎

(b)

Pl
as

m
a c

ho
le

ste
ro

l (
m

g/
dl

)

1000 1600 2100 0400
60

80

100

120

140

Control
SDT fatty

Clock time (hours)

⁎⁎

⁎

(c)

Figure 2: Circadian rhythms of plasma metabolic parameters in control Sprague–Dawley (SD) and Spontaneously Diabetic Torii (SDT) fatty
rats: (a) glucose, (b) triglyceride, and (c) total cholesterol. Data are mean± SEM (n = 5 in each group). ∗P < 0 05 and ∗∗P < 0 01 compared
with the control group at the same time point (two-way ANOVA with post hoc Aspin-Welch tests).
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Figure 3: Circadian rhythm of plasma melatonin concentrations in
control Sprague–Dawley (SD) and Spontaneously Diabetic Torii
(SDT) fatty rats. Data are mean± SEM (n = 5 in each group).
∗P < 0 05 and ∗∗P < 0 01 compared with the control group at
the same time point (two-way ANOVA with post hoc Aspin-
Welch tests).
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circadian rhythms of SLA. In addition, the entrainment by
light stimuli seemed normal in the SDT fatty rats, as
revealed by the observation that the SDT fatty rats exhib-
ited the same SLA pattern over a period of 5 consecutive
days of monitoring, although actograms were not measured
in the present study. The findings of the present study
confirm those of previous reports demonstrating impaired
circadian rhythms in animal models of T2DM. For exam-
ple, Zucker obese rats, an animal model for T2DM with
mutations in the leptin receptor, exhibit a phase advance
and a decreased amplitude of activity and body temperature
[10]. In addition, Otsuka Long-Evans Tokushima Fatty
(OLETF) rats have been reported to show decreased noc-
turnal locomotor activity before developing hyperglycemia
[25]. Furthermore, STZ-induced diabetic rats, an animal
model of type 1 DM, also show a blunted circadian rhythm
for locomotor activity, but no phase shift [9]. Together, these
findings suggest that hyperglycemia and/or obesity may
induce blunted circadian rhythms while phase entrainment
is preserved.

Circadian rhythms are known to be affected by food-
taking behavior [26, 27]. As our previous studies have
revealed that SDT fatty rats show hyperphagia [28, 29], this
feature may underlie the deficits of circadian rhythm in the
SDT fatty rats. Although there is no data on the food intake
pattern of SDT fatty rats, the relatively higher SLA during
the light phase may reflect the food-taking behavior. Consis-
tent with this, plasma glucose, TG, and TC concentrations

are significantly higher than those of control SD rats even
in the light phase as well as in the dark phase.

As mentioned in Introduction, diabetes and impaired
circadian rhythms are known to be closely linked [4]. In
addition, Yoda et al. [30] recently reported that the increased
HbA1c associated with poor glycemic control in T2DM
induces sleep disorder with exacerbated sleep quality. Fur-
thermore, those authors demonstrated that sleep disorders
in T2DM can increase the risk of cardiovascular events via
aberrant hypertension in the morning [30]. Future studies
investigating the relationship between hyperglycemia and
the quality of sleep in SDT fatty rats are needed in order to
elucidate the underlying pathophysiology.

In addition to the impaired circadian rhythm of SLA in
SDT fatty rats, the rhythm of melatonin secretion was
blunted in SDT fatty compared with control SD rats. Melato-
nin signaling, including its synthesis and secretion, is known
to be suppressed by light inputs from eyes and usually
reaches peak values at night both in humans and in rodents
[31–33]. Consistent with this, in the present study, melatonin
concentrations in control SD rats were low during the light
and early dark phases and were highest in samples collected
at 0400 hours. In contrast, melatonin concentrations during
the light phase (1600hours) and at 2100 hours were higher
in SDT fatty than in control SD rats, whereas they were lower
at 0400 hours in the SDT fatty rats, suggesting that SDT fatty
rats have blunted circadian rhythms of melatonin secretion.
To get an insight into the mechanism underlying this

Re
la

tiv
e e

xp
re

ss
io

n

0.0

0.5

1.0

1.5

Control SDT fatty

(a)

Re
la

tiv
e e

xp
re

ss
io

n

Control
0.0

0.5

1.0

1.5

SDT fatty

(b)

Figure 4: Relative expression of (a) arylalkylamine N-acetyltransferase (Aanat) and (b) acetylserotonin O-methyltransferase (Asmt) mRNA
in the pineal gland of control Sprague–Dawley (SD) and Spontaneously Diabetic Torii (SDT) fatty rats at night (0400 hours). Data are
mean + SEM (n = 6 in each group). There were no significant differences in Aanat and Asmt expression between the two strains
(P > 0 05, Student’s t-test).
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aberrant melatonin secretion, we investigated the mRNA
expression of melatonin-synthesizing enzymes in the pineal
glands of SDT fatty rats by focusing on the peak time of mel-
atonin secretion (0400 hours). Unexpectedly, there was no
significant difference in the expression of Aanat and Asmt
between the SDT fatty and control SD rats, while there was
a tendency for higher expression in the SDT fatty rats. In
the present study, we did not investigate the levels of Aanat
and Asmt proteins, nor the precursors of melatonin includ-
ing tryptophan and serotonin in the pineal gland of SDT fatty
rats. Thus, further study is required in order to expand the
understanding about the alteration of melatonin synthesis
of SDT fatty rats. One possibility is that the not obvious
changes in the mRNA expression in the SDT fatty rats were
due to a time lag between the mRNA expression and the
protein production. Thus, in addition to the time course
measurement of melatonin protein, the time course of
mRNA expression is needed in order to unveil the exact
melatonin synthesis regulation in the SDT fatty rats. Similar
findings have been reported by Frese et al. [18] who dem-
onstrated that melatonin synthesis was impaired in the
pineal glands of GK rats. They also found that the mRNA
expression of three of four melatonin-synthesizing enzymes
(i.e., tryptophan hydroxylase, aromatic amino acid decar-
boxylase, and Asmt) was significantly increased in the
pineal gland of GK rats [18]. Based on these findings, the
authors suggested that the upregulated mRNA expression
may be a compensatory response to a decrease in the effi-
ciency of melatonin synthesis. Although melatonin content
and its synthesis in the pineal gland of SDT fatty rats were
not investigated in the present study, it may be that a sim-
ilar compensatory response occurs in SDT fatty rats. Mean-
while, the mRNA expression of Aanat was decreased by
approximately 50% in GK rats in contrast to SDT fatty rats
[18]. The findings from the present study confirm the findings
of Frese et al. [18] in part; however, the opposite direction of
changes in AanatmRNA expression between the two studies
suggests that the mechanism regulating melatonin synthesis
in the pineal gland may differ between these two rat strains.

Altered melatonin secretion in diabetic patients has
also been reported. For example, the physiological increase
in nocturnal plasma melatonin concentrations was not
observed in diabetic patients, especially those with neuropa-
thy [16]. Similarly, Peschke et al. [17] reported reduced diur-
nal circulating melatonin levels in T2DM patients. The
findings of the present study support these clinical findings.
Moreover, a relatively large clinical case-control study sug-
gested that the decreased nocturnal melatonin secretion
may be the cause of T2DM [34]. It is important to investigate
any intervention such as antidiabetics that will improve
the circadian rhythm deficits as well as the symptoms of
T2DM. Such an investigation should be performed in the
future in order to judge the validity of this model as
T2DM is comorbid with circadian rhythm deficit.

5. Conclusions

The results of the present study provide important evidence of
the deficits in the circadian rhythms, as well as dysregulation

of melatonin secretion, in animal models of T2DM. Unlike
other animal models of DM, SDT fatty rats develop not only
hyperglycemia but also hyperlipidemia and insulin resistance
from a young age as described in Introduction. Thus, given
the findings in this study, SDT fatty rats may be a useful ani-
mal model for investigating the relationship between deficits
in the circadian rhythm and metabolic dysfunction.
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Background. Nitric oxide (NO) is an important vascular signaling molecule that plays a role in vascular homeostasis. A reduction in
NO bioavailability is thought to contribute to endothelial dysfunction, an early risk factor for both cardiovascular disease and type 2
diabetes. Dietary nitrate, through the nitrate-nitrite-NO pathway, may provide an alternate source of NO when the endogenous
eNOS system is compromised. In addition to a role in the vascular system, NO may also play a role in the metabolic syndrome
including obesity and glucose tolerance. Aim. To investigate the effect of long-term dietary nitrate supplementation on
development of the metabolic syndrome in mice fed a high-fat diet. Methods. Following 1 week of acclimatisation, male (6–8
weeks) C57BL6 mice were randomly assigned to the following groups (10/group) for 12 weeks: (i) normal chow+NaCl (1mmol/
kg/day), (ii) normal chow+NaNO3 (1mmol/kg/day), (iii) high-fat diet +NaCl (1mmol/kg/day), and (iv) high-fat diet + NaNO3
(1mmol/kg/day). Body weight and food consumption were monitored weekly. A subset of mice (5/group) underwent running
wheel assessment. At the end of the treatment period, all mice underwent fasting glucose tolerance testing. Caecum contents,
serum, and tissues (liver, skeletal muscle, white and brown adipose, and kidney) were collected, frozen, and stored at −80°C
until analysis. Results. Consumption of the high-fat diet resulted in significantly greater weight gain that was not affected by
dietary nitrate. Mice on the high-fat diet also had impaired glucose tolerance that was not affected by dietary nitrate. There
was no difference in adipose tissue expression of thermogenic proteins or energy expenditure as assessed by the running wheel
activity. Mice on the high-fat diet and those receiving dietary nitrate had reduced caecum concentrations of both butyrate and
propionate. Conclusions. Dietary nitrate does not prevent development of the metabolic syndrome in mice fed a high-fat diet.
This may be due, in part due, to reductions in the concentration of important short-chain fatty acids.

1. Introduction

Nitric oxide (NO) is an important vascular signaling mole-
cule that plays a major role in the control of vascular
function and tone [1]. The majority of the body’s NO is
synthesised endogenously through conversion of L-arginine
to citrulline by endothelial cell-derived nitric oxide synthase
(eNOS). Once released, NO diffuses to the underlying
smooth muscle cells and stimulates the production of cyclic
guanosine monophosphate (cGMP) and subsequent relaxa-
tion of the vessel wall. A reduction in the bioactivity and/

or bioavailability of endogenously-derived NO is thought
to be the main cause of endothelial dysfunction, an early risk
factor for cardiovascular disease (CVD) and type 2 diabetes
(T2DM) [2].

There is substantial epidemiological evidence to suggest
that diets rich in fruits and vegetables have beneficial effects
on CVD and its risk factors [3]. Dietary nitrate (NO3

−),
found predominantly in green leafy vegetables, may be one
of the beneficial components of such a diet as it represents
an alternative source of NO. Dietary nitrate is well absorbed,
and approximately 25% of ingested nitrate is secreted into the
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saliva and 20% of this (~5% of ingested nitrate) is converted
to nitrite (NO2

−) by bacteria in the mouth. The nitrite is then
swallowed and absorbed where it can be stored to act as a pool
of NO or have direct vasodilatory effects [4]. This nitrate/
nitrite-derived NO pool represents a NOS-independent path-
way that can be used to supplement endogenous NO supplies
or replace them when they are compromised.

The metabolic syndrome is classified as a cluster of risk
factors that include hypertension, obesity, impaired glu-
cose/insulin tolerance, and dyslipidaemia, and is a significant
contributor to the development of both CVD and type 2
diabetes [5]. Endothelial dysfunction is often present in the
metabolic syndrome, and studies have shown that reduced
NO production and/or bioavailability has a role in the path-
ogenesis of many risk factors associated with the condition
[6]. We have previously shown that low and moderate dose
dietary nitrate can prevent endothelial dysfunction and
improve plaque composition and stability in the ApoE−/−

mouse [7]. Dietary nitrate has also been shown to reduce
triglycerides and improve intravenous glucose tolerance in
eNOS-deficient mice [8]. Additionally, nitrate has been
shown to induce antiobesity effects, including weight loss
and reductions in body fat, via increases in the expression
of thermogenic genes in brown adipose tissue [9]. Despite
this, there is little evidence examining the effect of long-
term dietary nitrate supplementation on the development
of features of the metabolic syndrome. Therefore, the aim
of the present study was to investigate the effect of long-
term dietary nitrate supplementation on weight gain, glucose
and insulin tolerance, and indices of thermogenesis in
C57BL6 mice fed a high-fat diet.

2. Methods

2.1. Animal Study.Male C57BL6 mice (6–8) weeks were pur-
chased from the Animal Resource Centre (Perth, Australia)
and maintained at 23± 2°C under a 12-hour light–dark cycle.
Following a week of acclimatisation, the mice were randomly
divided into one of four groups (n = 10, 5 mice/cage): (i)
normal chow+NaCl-supplemented water (1mmol/kg/day),
(ii) normal chow+NaNO3-supplemented water, (iii) high-
fat diet +NaCl-supplemented water (1mmol/kg/day), and
(iv) high-fat diet +NaNO3-supplemented water (1mmol/
kg/day). The normal chow diet was commercial rodent chow
consisting of 4.8% wt/wt fat, while the high-fat diet (HFD)
contained 23.5% wt/wt fat (clarified butter). The nitrate dose
is both physiologically relevant and comparable to the dose
previously used where we observed beneficial effects on both
vascular function and atherosclerotic plaque composition
[7]. Mice were allowed ad libitum access to water and food,
with all diets prepared by Specialty Feeds (Glenn Forrest,
Australia). The level of nitrate and nitrite in the food pellet
was 9.9μg/g and 0.8μg/g, respectively [7]. The mice were
maintained on their respective diets for 12 weeks. Body
weight and food intake were measured weekly. The study
was approved by the Royal Perth Hospital Animal Ethics
Committee (R534/17-18) with reciprocal approval from
Curtin University Animal Ethics Committee. All animal
experiments were compliant with the National Health and

Medical Research Council (NHMRC) guidelines for the Care
and Use of Laboratory Animals in Australia.

2.2. Glucose Tolerance Tests. Intraperitoneal glucose toler-
ance tests (IPGTT) were performed on fasting (5 hr) mice
at week 11. To measure blood glucose levels, blood sam-
ples were taken from the tail of fasting (5 hr) mice before
(t = 0 min) and at subsequent time intervals of t = 15, 30,
45, 60, 90, and 120 min following intraperitoneal administra-
tion of 1 g glucose/kg. Blood glucose levels were measured
using Accu-Chek Performa Strips and Glucometer (Roche
Diagnostics, Australia). The area under the curves (AUCs)
was calculated using the trapezoidal method.

2.3. Tissue Histology and Pathology. Fasted (5 hr) mice were
anaesthetised with methoxyflurane at week 12, and liver
and white adipose tissues were collected and fixed in 4%
formaldehyde overnight before being incubated in 50%
ethanol and embedded in paraffin. The tissues were then
cut into 4μm sections and stained with hematoxylin and
eosin (CellCentral, UWA) before being visualized and photo-
graphed using a Nikon Eclipse TS100 microscope. Additional
liver, white and brown adipose tissues, gastrointestinal tract,
kidney, and skeletal muscle were collected and snap frozen
in liquid nitrogen and stored at −80°C until analysis. White
and brown adipose tissue protein expression of AMPK (Cell
Signaling, USA), phosphorylated AMPK (Cell Signaling,
USA), ACC (Cell Signaling, USA), phosphorylated ACC
(Cell Signaling, USA), and UCP-1 (Cell Signaling, USA) were
determined using western blot and normalised to actin
(Sigma, USA), as previously described [7]. In a subset of mice
(5/group), kidneys were also collected and stained with
antisodium glucose cotransporter 2 (SGLT2, Santa Cruz
Biotechnology) as previously described [10].

2.4. Energy Expenditure. Subsets of mice (5/treatment group)
were housed individually with wireless running wheels
during week 10 of the treatment period. Each mouse was
allowed free access to their running wheel, which collected
data on behaviour and activity, assessed as wheel revolutions
and distance covered by the mouse using the Running
Wheel Manager Acquisition Software (Med Associates
Inc.). Individual mice were housed with their wheel for a
period of 6 days. The first 3 days were an acclimatisation
period with all measurements discarded from final analysis.
The final 3 days of activity were collected and averaged using
the Wheel Analysis Software (Med Associates Inc.) to pro-
vide information on daily activity level and mean overall
activity level.

2.5. Caecum Short-Chain Fatty Acid (SCFA) Analysis. Cae-
cum samples isolated from the gastrointestinal tract were col-
lected and snap frozen in liquid nitrogen and stored at −80°C
until analysis. SCFA concentrations of acetate, butyrate, and
propionate were analysed using gas chromatography–mass
spectrometry as previously described [11].

2.6. Serum Nitrate/Nitrite Concentrations. Fasted (5 hr) mice
were anaesthetised with methoxyflurane at week 12, and
blood samples were obtained via cardiac puncture. Serum
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was separated via centrifugation (3000 rpm, 4°C, 10mins)
and stored at −80°C until analysis. Nitrate and nitrite concen-
trations were determined using gas chromatography–mass
spectrometry (GC–MS) as previously described [12].

2.7. Statistical Analysis. Statistical analysis was performed
using SPSS (version 21.0). All values are expressed as mean
± standard error (SEM). Data was analysed using repeated
measures analysis of variance (ANOVA) and one-way
ANOVA with Tukey post hoc analysis to determine differ-
ences between groups. A p < 0 05 was determined to be of
statistical significance. The data used to support the findings
of this study are available from the corresponding author
upon request.

3. Results

3.1. Nitrate Diet and the Effect of Dietary Nitrate on Obesity,
Hepatic Fat, and Food Intake. Previous studies suggest mice
consume approximately 5 g of chow and 6mL of water per
day [13]. Our previous nitrate study demonstrated that water
supplemented with 1mmol of nitrate contains 130μg/mL of
nitrate and 3μg/mL of nitrite [7]. In the present study, mice
consuming the HFD gained significantly more weight over
12 weeks compared tomice consuming the normal chow diet.
The addition of nitrate had no effect on weight gain when
added to either the normal chow or HFD (Figure 1(a)). Aver-
age food consumption (g/mouse/day) was lower in mice
consuming the HFD compared to normal chow. When
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Figure 1: (a) Body weight gain, (b) adipocyte hypertrophy, and (c) hepatic lipid droplet accumulation in C57BL6 mice fed a normal chow or
HFD with or without dietary nitrate for 12 weeks. n = 10/group, ANOVA (∗p < 0 05).
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measured as calories/mouse/day, mice fed the HFD con-
sumed more than those fed the normal chow diet. Neither
of these reached statistical significance, and dietary nitrate
supplementation had no effect on food consumption with
either diet (data not shown).

There was noticeable adipocyte hypertrophy in mice con-
suming the HFD compared to normal chow; however, addi-
tion of dietary nitrate had no effect on this (Figure 1(b)).
Hepatic fat accumulation as evidenced by lipid droplets
was also higher in mice consuming the HFD compared
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Figure 2: (a) Fasting glucose tolerance testing in C57BL6 mice fed a normal chow or HFD with or without dietary nitrate for 12 weeks.
n = 10/group, ANOVA (∗p < 0 05). (b) Representative immunohistochemistry images (depicted by brown staining, magnification at
200×) and the ratio of renal proximal tubule expression of SGLT2 in C57BL6 mice fed a normal chow or HFD with or without
dietary nitrate for 12 weeks (n = 5/group; FOV: field of view).
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to normal chow, and once again, this was not affected by
dietary nitrate (Figure 1(c)).

3.2. The Effect of Dietary Nitrate on the Development of Diet-
Induced Glucose Intolerance. Mice fed the HFD for 12 weeks
had significantly impaired glucose tolerance compared to
mice receiving the normal chow diet. Addition of dietary
nitrate had no significant effect on glucose tolerance with
either diet (Figure 2(a)). As SGLT2 is responsible for glucose
reabsorption and may influence blood glucose levels, we
assessed SGLT2 expression in the renal proximal tubules in
a subset of mice (5/group). We observed no difference in
renal proximal tubule SGLT2 expression, regardless of the
diet they were receiving (Figure 2(b)).

3.3. The Effect of Dietary Nitrate on Markers of Metabolic
Activity and Energy Expenditure. There was no significant
difference in white or brown adipose tissue expression of
AMPK, p-AMPK, ACC, or p-ACC in mice fed the normal
chow or HFD, with or without the addition of nitrate (data
not shown). UCP1 expression was not detectable in white
adipose tissue in any of the dietary treatment groups (data
not shown) and was not significantly different in brown
adipose tissue between the normal chow and HFD, with or
without nitrate (data not shown).

Energy expenditure as assessed via running wheel use
revealed no significant difference between any of the die-
tary treatment groups in the amount of exercise as assessed
via the total distance or the total revolutions over a 3-day
period (Table 1).

3.4. The Effect of Dietary Nitrate Supplementation on
Circulating Nitrate and Nitrite. Circulating serum nitrate
and nitrite levels were increased in mice receiving the nitrate
supplemented diet, and this appeared most pronounced and
significant in the HFD group (Figures 3(a) and 3(b)).

3.5. The Effect of Dietary Nitrate on Production of Short-
Chain Fatty Acids. There was no effect of any dietary treat-
ment on caecum levels of acetate (Figure 4(a)). Caecum con-
centrations of butyrate and propionate were significantly
reduced in the nitrate-supplemented normal chow and both
the HFD and nitrate-supplemented HFD compared to nor-
mal chow diet alone (Figures 4(b) and 4(c)).

4. Discussion

Inorganic nitrate was originally believed to be an inert by-
product of NO metabolism that was readily excreted by the
body but could be potentially toxic and carcinogenic when
given in supraphysiological doses [14]. However, nitrate is
present in the diet, particularly green leafy vegetables [15],
and discovery of the nitrate-nitrite-NO conversion pathway
in mammals [16] has highlighted the possibility of using this
system to enhance or supplement the body’s NO supplies.
This may be particularly important in disease states where
NO levels are compromised, such as CVD and T2DM. Inor-
ganic nitrate has previously been shown to improve risk fac-
tors for CVD such as endothelial dysfunction and blood
pressure in humans [17], protect against myocardial

ischaemia-reperfusion injury in mice [18], reverse features
of the metabolic syndrome in the eNOS knockout mouse
[8] and mice having undergone ovariectomy [19], prevent
endothelial dysfunction, and improve plaque composition
and stability in the ApoE−/− mouse [7].

In the present study, we examined the potential for long-
term dietary nitrate supplementation to prevent develop-
ment of the metabolic syndrome in the C57BL6 mouse fed
a high-fat diet for 12 weeks. Despite seeing significant
increases in circulating nitrate and nitrite in mice receiving
the nitrate-supplemented diets, this did not result in
improvements in any features of the metabolic syndrome.
Mice on the HFD gained more weight and had significant
glucose intolerance compared to their normal chow-fed
counterparts, and addition of nitrate to their diet did not
ameliorate this. Furthermore, there was no effect of dietary
nitrate on white or brown adipose tissue expression of pro-
teins involved in thermogenesis or fatty acid oxidation.
Moreover, dietary nitrate significantly reduced caecum con-
centrations of the short-chain fatty acids, butyrate, and pro-
pionate, regardless of whether the mice were consuming a
normal chow or high-fat diet.

Obesity, caused by excessive accumulation of white
adipose tissue, is a major component of the metabolic syn-
drome. White adipose tissue is the primary site of energy
storage and hormone and cytokine release. In contrast,
brown adipose tissue is important for both basal and thermal
energy expenditure [20]. A previous in vitro study has shown
that cGMP promotes a healthy expansion and browning of
white adipose tissue to so-called “brown-like” or “brite” cells
that have been suggested to have both antiobesity and
insulin-sensitising effects [21]. As cGMP is a target of NO,
it is possible that dietary nitrate treatment, through conver-
sion via the nitrate-nitrite-NO pathway, could target cGMP
in adipose tissue and enhance this browning phenomenon.
Through a series of in vitro and in vivo studies, Roberts
et al. found out that this browning effect of nitrate was medi-
ated through both a cGMP and protein kinase-G mediated

Table 1: Energy expenditure as assessed by running wheel distance
and revolutions over a 3-day period.

NC
+NaCl

NC
+NaNO3

HFD
+NaCl

HFD
+NaNO3

Distance (meters)

Day 1 185± 44 156± 24 104± 12 91± 39
Day 2 198± 51 206± 41 157± 22 111± 50
Day 3 221± 32 267± 65 238± 26 139± 60

Average
206± 38 213± 48 166± 20 114± 50

Revolutions

Day 1 502± 126 412± 63 417± 59 296± 133
Day 2 528± 136 547± 108 417± 59 296± 133
Day 3 591± 87 684± 135 633± 69 369± 159

Average
541± 106 548± 99 442± 52 302± 131

Mean ± SEM (n = 5/group).
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mechanism that was further enhanced in hypoxia [9, 22].
Despite this, in the present study, we saw no beneficial effects
of dietary nitrate on weight gain, adipocyte hypertrophy, or
hepatic lipid accumulation, as well as no difference in
markers of thermogenesis or fatty acid oxidation in the white

or brown adipose tissue of these mice. While the reason for
the lack of beneficial effect in our study is unknown, it is
possible that differences in the dose of nitrate, mouse model,
and severity of disease (vascular versus metabolic endpoints)
or study duration may have all contributed. This is supported
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Figure 3: Serum (a) nitrate and (b) nitrite concentrations in C57BL6 mice fed a normal chow or HFD with or without dietary nitrate for 12
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by our previous study where we saw dose-dependent effects
of dietary nitrate on endothelial function and atherosclerotic
plaque size and composition [7] and the known negative
cross talk that exists between the nitrate-nitrite-NO and
eNOS pathways [23]. It is also possible that the benefits of
dietary nitrate are more apparent in a disease model that
specifically targets the endogenous eNOS pathway, resulting
in detrimental effects on the vasculature, as seen in the
eNOS−/− and ApoE−/− mouse models [7, 8]. In addition,
despite seeing significant increases in circulating nitrate and
nitrite suggesting conversion of the dietary nitrate to nitrite
by the mouse oral bacteria, subsequent tissue uptake of
nitrate/nitrite may have been impaired or reduced, limiting
any potential beneficial effects. While future studies with
higher doses or supplementation with nitrite are warranted,
in the present study, we chose to use a moderate dose of die-
tary nitrate, which is both physiologically relevant and repre-
sents what could be achieved through a diet rich in fruits and
vegetables, in contrast to nitrite, which is predominately
found in processed meats [15].

An alternate possibility for the lack of beneficial effect
may be related to the reduction we observed in the caecum
concentrations of the SCFAs butyrate and propionate. SCFAs
are produced by the gut microbiome and have been associ-
ated with several key metabolic processes, including adipos-
ity, food intake, lipid metabolism, glucose homeostasis, and
insulin resistance [24, 25]. Gut-derived propionate is used
in the hepatic synthesis of odd-chain fatty acids, which are
associated with a reduced risk of T2DM [26], and butyrate
supplementation has been shown to improve insulin sensitiv-
ity and increase energy expenditure in mice fed a HFD [27].
In the present study, we saw significant reductions in both
propionate and butyrate in the HFD-fed mice compared to
normal chow-fed mice, which support these HFD-fed mice
developing features of the metabolic syndrome. Unexpect-
edly, however, dietary nitrate supplementation was unable
to prevent this reduction in the HFD-fed mice and, in fact,
significantly reduced the levels of these two important SCFA
in mice fed the normal chow diet. This may partly explain the
lack of beneficial effect we observed on development of the
metabolic syndrome, although we acknowledge that 16S
RNA sequencing and analysis to confirm gut remodeling
would further support this.

In conclusion, despite previous studies suggesting that
dietary nitrate supplementation has beneficial effects on risk
factors associated with CVD and T2DM, we observed no
beneficial effect on the development of the metabolic syn-
drome in mice fed a HFD for 12 weeks. Although the mech-
anisms for this are unknown, it may be partly attributable to
reductions in the concentration of the important SCFAs
butyrate and propionate. Future studies investigating differ-
ent doses and duration as well as intervention after disease
has been established are warranted.
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The prevalence of diabetes is at pandemic levels in today’s society. Microvascular complications in organs including the eye are
commonly observed in human diabetic subjects. Diabetic retinopathy (DR) is a prominent microvascular complication observed
in many diabetics and is particularly debilitating as it may result in impaired or complete vision loss. In addition, DR is
extremely costly for the patient and financially impacts the economy as a range of drug-related therapies and laser treatment
may be essential. Prevention of microvascular complications is the major treatment goal of current therapeutic approaches;
however, these therapies appear insufficient. Presently, sodium glucose cotransporter-2 (SGLT2) inhibitors may offer a novel
therapy beyond simple glucose lowering. Excitingly, the EMPA-REG clinical trial, which focuses on the clinically used SGLT2
inhibitor empagliflozin, has been extremely fruitful and has highlighted beneficial cardiovascular and renal outcomes. The
effects of SGLT2 inhibitors on DR are currently a topic of much research as outlined in the current review, but future
studies are urgently needed to fully gain mechanistic insights. Here, we summarize current evidence and identify gaps that need
to be addressed.

1. Diabetes and Its Complications

Diabetes mellitus is a chronic metabolic disorder marked by
high blood glucose levels resulting from defects in insulin
secretion, insulin action, or both. At present, diabetes is at
pandemic levels. As per the International Diabetes Federa-
tion, in the year 2015, the global diabetic population was
~415 million. By the year 2040, this number is expected
to increase to 642 million. All forms of diabetes can lead
to the development of diabetes-specific macrovascular
and/or microvascular complications. These macrovascular
complications commonly affect the arteries of the heart
(coronary artery disease), brain, and lower body whereas

the microvascular complications can affect small blood ves-
sels of the heart, kidney, foot, and the eye [1]. In this review,
we will focus our attention on the microvascular complica-
tion of the eye which is known as diabetic retinopathy (DR).

2. Diabetic Retinopathy (DR)

Diabetic retinopathy is recognized as one of the most preva-
lent complications of both type 1 (T1D) and type 2 diabetes
(T2D), and it is a leading cause of vision impairment
[2]. Globally, the number of people with DR is estimated
to grow from 126.6 million in 2011 to 191.0 million by
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2030, and vision-threatening DR is projected to increase
from 37.3 million in 2010 to 56.3 million by 2030 [3].

Retinal vascular abnormalities observed via ophthalmos-
copy form the basis of the clinical diagnosis for DR [4]. How-
ever, a growing body of evidence supports that DR is both
a vascular and a neurodegenerative disease of the retina
[5]. Characteristic features of DR include hemorrhages,
microaneurysms, and intraretinal microvascular abnormali-
ties (IRMA) such as dilated preexisting capillaries, cotton
wool spots, hard exudates (lipid deposits), retinal edema,
and neovascularization [2, 6].

In general, DR is known to progress from a mild nonpro-
liferative DR (NPDR) to a severe proliferative DR (PDR).
The early stage of the disease often does not show recog-
nizable retinal changes, leaving patients unaware of the con-
dition. As retinopathy progresses, patients may invariably
experience vision loss [6].

The early retinal change in DR is called nonproliferative
or background DR. Nonproliferative DR can be subdivided
into mild, moderate, severe, and very severe NPDR, accord-
ing to the modified Airlie House classification of DR severity
scale [4, 6]. During the NPDR stage, patients usually have no
symptoms and have normal vision. Although the presence of
microaneurysms is the hallmark of NPDR, histopathological
observations of diabetic retinas show the presence of pericyte
ghosts, acellular capillaries, and thickening of the capillary
basement membrane [7] marking the mild or early NPDR
stage. However, microaneurysms are the earliest opthalmos-
copically detectable, clinical manifestation of DR. Typically,
the pericyte to endothelial cell ratio is 1 : 1. Due to diabetes,
pericytes necrotise significantly reducing the number of
functional pericytes on capillary walls [7]. This selective loss
of pericytes from the retinal capillaries is a characteristic
lesion that occurs in the very early stages of DR. It is specu-
lated that the loss of pericytes affects the integrity of the
capillaries, leading to the formation of acellular capillaries,
microaneurysms, or capillary occlusion [8]. Capillary occlu-
sion is histologically manifested as an increased number of
acellular capillaries. These capillaries are mere basement
membrane tubes lacking endothelial cells and pericyte nuclei
[9]. In addition, the mild NPDR stage can also manifest
as hemorrhages and/or hard exudates [4, 6]. The presence
of microaneurysms and retinal hemorrhages along with
cotton wool spots or IRMA marks the moderate NPDR
stage [4]. Moderate NPDR progresses to severe NPDR and
shows microaneurysms with venous beading, hemorrhages,
or both [6].

Cotton wool spots, also known as soft exudates, are
round or oval spots with feathered edges. They appear white,
grayish-white, or pale yellow-white under ophthalmoscopic
observation. On the other hand, hard exudates are waxy,
white, or yellow in colour with sharp edges. IRMA occur in
intraretinal blood vessels between the arterioles and venules,
closer to areas with capillary nonperfusion. The IRMA can
be tortuous blood vessels formed due to intraretinal neo-
vascularization or dilation of preexisting capillaries [10].
When very severe NPDR approaches, features of mild to
moderate NPDR increase by severalfold in all four quad-
rants of the eye [6]. All microvascular changes of NPDR

are limited to the inner retina and do not extend beyond
the internal limiting membrane [11].

Proliferative DR occurs once NPDR progresses to its next
level, with the growth of new blood vessels from preexisting
vessels (neoangiogenesis) on the innermost layer of the
retina. These blood vessels develop towards the vitreous
body and its cavity. The neovascularization or formation
of new blood vessels takes place in addition to the clinical
features of NPDR. Extensive lack of oxygen leads to the
development of neovascularization which is a random
growth pattern of blood vessels. Winding of vessels and
other various complicated formations indicates neovascular
events. The newly formed preretinal vessels are thin, leaky,
and fragile in structure and susceptible to hemorrhages,
causing the leakage of blood into the vitreous body. As
PDR progresses, fibrovascular scar tissue can form around
new vessels. This tissue can be vascular or avascular. This
fibrovascular variety can lead to retinal tearing and tractional
retinal detachment followed by blindness [11]. The exact
chronological sequence of development of the above lesions
is still incompletely understood.

3. Molecular Aspects of the Pathogenesis of DR

One aspect of the pathogenesis of DR is linked to changes in
retinal haemodynamics. The decreased blood flow through
the retinal tissue leads to retinal hypoxia and has a significant
impact on metabolic activities of the retina. The development
of a hypoxic environment in the diabetic retina is evident
prior to occurrence of other symptoms observed in diabetic
patients [12] and diabetic animals [13] and is linked to capil-
lary occlusion, a well-defined mechanism occurring in early
DR [14]. As more capillaries become occluded with time,
hypoxia in the surrounding retinal tissue enhances vascular
endothelial growth factor (VEGF) expression [15]. This
promotes breakdown of the blood-retinal barrier, increases
vascular permeability, and stimulates endothelial cell growth
and retinal neovascularization in the ischemic retina in
PDR [16].

A number of other growth factors have been associated
with the development of DR and these include platelet-
derived growth factors (PDGFs), angiopoietin-1 and angio-
poietin-2, basic fibroblast growth factor (bFGF), insulin-like
growth factor-1 (IGF-1), stromal-derived factor-1, epidermal
growth factor (EGF), transforming growth factor-beta 2
(TGF-β2), and erythropoietin. In addition to these, VEGF
has been demonstrated as the main mediator of ocular
neovascularization [16].

4. Perturbed Glucose Homeostasis and DR

Prolonged duration of diabetes and poorer glycemic and
blood pressure control are strongly associated with DR. The
storage of glucose in the retina is minimal compared to its
high metabolic activity [17]. Thus, the retina is heavily
dependent on the systemic circulation for the delivery of
adequate glucose [18]. The endothelial cells of the capillaries
of the inner blood-retinal barrier and the choroidal vessels
across the retinal pigment epithelium (RPE) of the outer
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blood-retinal barrier are responsible for the transport of glu-
cose across the retina. Excessive transport of glucose across
the retina leading to high glucose concentrations within cells
of the retina is a common factor leading to the pathogenesis
of DR. Increased metabolic dysfunction due to high glucose
levels and activation of signalling pathways as mentioned
below lead to the development and progression of DR. Of
the biochemical pathways involved, four major mechanisms
have been found to explain the fate of cells and tissues
exposed to hyperglycemia (Table 1). These include (1) activa-
tion of protein kinase C (PKC), (2) increased glucose flow via
the polyol pathway, (3) increased advanced glycation end
product (AGE) formation, and (4) increased hexosamine
pathway flux [19]. All these pathways ultimately lead to
increased oxidative stress, inflammation, and vascular dys-
function and upregulation of a wide range of growth factors
and eventually contributes to the pathogenesis of DR.

At present, tight control of blood glucose levels is viewed
as the primary means by which to disrupt the abovemen-
tioned pathways and slow the progression of retinopathy.
However, the precise mechanism by which glucose enters
the retina and how hyperglycemia causes retinopathy
remains unclear. Therefore, in the past two decades, a major
focus has been placed in understanding the role and mecha-
nism of glucose transporters in DR.

5. Glucose Regulatory Mechanisms in DR

The entry of glucose into cells is regulated by facilitative glu-
cose transporters (GLUTs) and sodium-dependent glucose
cotransporters (SGLTs). In the sodium-dependent glucose
transport process, SGLT1 and SGLT2 have been well charac-
terised. In particular, SGLT1 is considered to be predomi-
nantly expressed in the brush border membrane of mature
enterocytes in the small intestine and plays a major role in
the absorption of glucose from the lumen of the intestine
[20]. In contrast, SGLT2 is mainly found in the S1 and S2
segments of the renal convoluted proximal tubules and is
required for the reabsorption of glucose [21].

The GLUT protein family is responsible for the glucose
movement within the body, which occurs primary thought
14 isoforms [22]. Of these, GLUT1 and GLUT3 isoforms
are expressed in a variety of tissue and cell types in the eye
[23]. In particular, GLUT1 is expressed extensively through-
out the eye and retina [24–26], suggesting GLUT1 as the
main glucose transporter of the eye. In the retina, GLUT1 is
highly expressed in pigment epithelial cells, Muller cells,
and vascular endothelial cells forming the blood-retinal
barrier [18, 25, 27, 28]. In contrast, relatively low levels
of GLUT3 expression is seen in retinal inner and outer
plexiform layers and pigment epithelium. In fact, it is pre-
dominantly expressed by the neuronal cells of the retina
[26, 29–32]. Due to pathological characteristics of DR
being associated with the loss of blood-retinal barrier
function which leads to retinal microvascular abnormalities,
GLUT1 and GLUT3 have been investigated in DR. Currently,
the role of GLUT3 in DR is not well established. A recent
study showed downregulation of GLUT3 in the retina of
streptozotocin (STZ) diabetic rats with DR features and

suggested this effect was a compensatory response to glu-
cose during hyperglycemia. Furthermore, Knott et al. [32]
reported upregulation of GLUT3 mRNA in cultured human
retinal endothelial cells exposed to high glucose levels;
however, these findings have been controversial due to
the expression of GLUT3 being confined to the neurons
of the retina [23]. The controversial nature of GLUT3 in
DR and the limited number of studies that have investi-
gated its role clearly show the need to further assess the
role of GLUT3 in DR.

Given the entry of glucose into the endothelial cells of the
inner blood-retinal barrier occurring primarily through
GLUT1, its expression and glucose transport could have a
major implication on the pathogenic pathways influencing
the development and progression of DR. In retinal endothe-
lial cells obtained from postmortem retinas from individuals
with long-standing diabetes with minimal or no clinical fea-
tures of retinopathy, it has been shown that upregulated
GLUT1 is localised in the inner blood-retinal barrier. How-
ever, this upregulation of GLUT1 can serve to exacerbate
the damage to the retinal microvasculature due to ongoing
glucose influx [28]. Hypoxia which is a factor associated with
the development of more severe retinal lesions in NPDR has
been shown to increase GLUT1 expression in retinal endo-
thelial cells [33]. Upregulation of GLUT1 mRNA has been
reported in STZ-induced and galactose-fed diabetic rats with
DR lesions [34, 35]. Furthermore, knockdown of GLUT1 by
intraocular injections of siRNA after 2–4 weeks of STZ-
induced diabetes in mice has shown restricted glucose
transport by inhibiting GLUT1 expression, which decreased
retinal glucose concentrations [36, 37]. In the same mouse
model, blockade of GLUT1 reduced early biomarkers of DR
such as superoxide radicals, chaperone protein b2 crystallin,
and VEGF [36]. Taken together, these studies suggest that
upregulation of retinal GLUT1 occurs early in DR and this
plays a crucial role in disease progression.

Interestingly and important in the current context, the
expression of SGLT1 and SGLT2 (Figure 1) has been
reported in the eye and the retina [24, 38, 39]. However, the
full spectrum of SGLT expression and its role in the eye is
poorly understood. Restricted expression patterns of both
SGLT1 and SGLT2 have been reported in the lens [24]. It is
suggested that SGLT1 is localised at the basolateral mem-
brane of epithelial cells of the chick RPE [38]. The RPE is
responsible for transportation of nutrients, ions, and water
from the choroidal circulation to the photoreceptors of the
retina. Hence, the RPE is essential for the integrity and
survival of the neural retina and consequently visual func-
tion [40]. In recent years, alteration of both the structural
and secretory functions of RPE has been found in DR
[41]. The possible localisation of SGLT1 in the basolateral
membrane may cause a transmembrane Na+ gradient to
drive glucose into the RPE [42], and glucose would diffuse
into the neurosensory retina via the apically located
GLUT1. Alterations caused to this circuit by high concen-
trations of glucose may lead to inducible nitric oxide syn-
thase (iNOS) causing nitric oxide-dependent oxidative
damage in RPE cells [43]. Although the precise role of
SGLT1 in the retina and retinal disease is not well-known,
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the above hypothesis warrants investigations to establish
the role of SGLT1 in DR.

Wakisaka and Nagao first reported the expression of
SGLT2 in cultured bovine retinal pericytes [39] highlighting

the functional glucose sensor role of SGLT2 in the retinal
microvasculature. Excessive Na+-dependent glucose entry
causes intracellular swelling of pericytes [44] and leads to
loss of contractile function, pericyte death, and retinal

Table 1: Proposed mechanisms involved in the pathogenesis of DR. Prolonged exposure to hyperglycemia leads to the activation of a number
of interconnecting biochemical pathways that contribute to the pathogenesis of DR.

Pathway Mechanism Reference

Activation of protein kinase C (PKC)

(i) Hyperglycemia increases the synthesis of diacylglycerol (DAG).
(ii) Several PKC isoforms (such as PKC-β, α, and δ) are activated.
(iii) Phosphorylation of substrate proteins mediated via PKC promotes changes in retinal

blood flow, increased vascular permeability, endothelial cell dysfunction, and altered
growth factor signaling.

(iv) Retinal ischemia and neovascularization result.

[62]

Polyol pathway

(i) Metabolizes excess glucose to sorbitol and then fructose during hyperglycemia.
(ii) Intracellular accumulation of sorbitol leads to osmotic stress in retinal cells including

ganglion cells, Muller glia, vascular endothelial cells, and pericytes.
(iii) Pathophysiological consequences include thickening of capillary basement

membrane, pericyte loss, formation of acellular capillaries, microaneurysms,
hemorrhages, glial cell activation, and apoptosis.

[63]

Advanced glycation end product
(AGE) formation

(i) Hyperglycemia increases the formation of AGEs.
(ii) Production of AGEs damages target cells via three mechanisms:

(1) Changed extracellular matrix brings about abnormal interactions with matrix
receptor proteins and surrounding matrix components.
(2) AGE-modified intracellular proteins have altered functions.
(3) AGE-modified plasma proteins bind to the receptor for advanced glycation end

products (RAGE) on endothelial cells, leading to the production of reactive oxygen
species.

[64]

Increased hexosamine pathway flux

(i) During hyperglycemia, ~3% of glucose is processed through the hexosamine
pathway.

(ii) Fructose-6-phosphate is converted to glucosamine-6-phosphate.
(iii) Subsequently, glucosamine-6-phosphate is metabolized to UDP-GluNAc (uridine

diphosphate N-acetyl glucosamine).
(iv) UDP-GluNAc attaches to serine and threonine residues of transcription factors.

[65]
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Figure 1: The potential molecular role of the SNS and SGLT2 in the pathogenesis of DR. Based on previous studies completed by our team
and others, we propose a pivotal role for SGLT2 inhibition (SGLT2i) in the prevention of DR.
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hyperperfusion. Overexpression of the extracellular matrix
(such as fibronectin, collagen IV, and laminin) is associated
with the development of basement membrane thickening
followed by microvascular occlusion and retinal hypoperfu-
sion [45]. This shift in retinal haemodynamics can bring
about several downstream triggers of DR. SGLT2 inhibitors
have shown to reduce pericyte swelling and overexpression
of the extracellular matrix [45]. Arresting the haemodynamic
shift early in DR is of significant importance for the develop-
ment of effective therapeutics for DR.

A new class of antidiabetic drugs act by inhibition of
SGLT2, which decreases the reabsorption of glucose from
the renal proximal tubules. Hence, specific SGLT2 inhibition
(SGLTi) leads to the initiation of glucose excretion via the
urine (glucosuria) resulting in reduced blood glucose levels
[46]. The SGLT2 inhibitors dapagliflozin, empagliflozin,
and canagliflozin have shown to reduce glycosylated haemo-
globin levels (HbA1c), fasting plasma glucose levels, blood
pressure, and body weight [47–50]. Additionally, it has
been shown that SGLT2 inhibitors have protective effects,
targeting two of the main complications of diabetes which
are cardiovascular disease and kidney-related complications
[47, 48]. These outcomes have been assessed mainly in
T2D; however, many studies are currently underway with
T1D [51]. Takakura et al. showed for the first time the effect
of ipragliflozin on the diabetic retina in spontaneously
diabetic Torii fatty rats. In this study, diabetic rats treated
with ipragliflozin demonstrated reduced prolongation of
oscillatory potential in the electroretinogram, irregularities
of the outer nuclear layers of the neural retina were absent,
and ipragliflozin inhibited the progression of cataract forma-
tion in the lens [52]. The first patient-based study evaluating
the impact of dapagliflozin on the retinal microvasculature
showed lowered retinal capillary flow and prevented retinal
arteriole changes. In this study, the placebo-treated diabetic
group showed increased wall-to-lumen ratio indicative of
retinal vascular hypertrophy, while the dapagliflozin-treated
group showed no changes in wall-to-lumen ratio, indicating
the positive effect of dapagliflozin in the prevention of vascu-
lar hypertrophy and remodelling [53]. In addition, evidence
exists to highlight that dapagliflozin reduced the incidence
of DR by 10% in human T2D cohorts [54]. One possible
mechanism of SGLT2i in DR is that it results in blockade of
the renin-angiotensin system, improving glycemic control
and blood pressure lowering [55, 56]. A recent meta-
analysis conducted by Tang et al. showed that the risk of
DR with the treatment of SGLT2i was similar to that with
placebo suggesting that SGLT2i did not increase the risk of
DR [57]. Thus far, clinical evidence has shown a statistically
insignificant beneficial effect. However, none of these studies
systematically assessed the retinal vascular and neural
pathology in detail during the development and progression
of DR. This opens up an opportunity to test the effectiveness
of SGLT2 inhibitors in mouse models with retinal and neural
damage associated with DR (Figure 1), such as the Akita and
Akimba mouse models [5]. The Akita and Akimba mouse
models develop diabetes ~4–8 weeks of age, and these strains
progressively develop characteristics of DR ultimately lead-
ing to retinal neovascularization, a hallmark feature of

DR. The ultimate goal of effective DR treatments should
ideally arrest the progression of the disease to PDR where
neovascularization occurs. Therefore, the availability of well-
characterised DR mouse models such as the Akita and
Akimba will provide an ideal vehicle to assess the effec-
tiveness of SGLT2 inhibitors in the pathogenesis and progres-
sion of DR. These studies are currently being conducted
by our team.

6. Possible Interaction with the Sympathetic
Nervous System

Recent findings indicate that relevant interactions exist
between SGLT2 expression and the sympathetic nervous
system. Hyperactivity of the sympathetic nervous system
(SNS) is a characteristic feature of obesity and T2D [58, 59].
We have shown for the first time that the major neurotrans-
mitter of the SNS, noradrenaline, upregulates SGLT2 protein
expression in human renal proximal tubule cells (Figure 1).
In addition, high-fat diet-fed mice treated with dapagliflozin
showed a reduction in tissue noradrenaline content and tyro-
sine hydroxylase expression in both heart and kidney tissue
which points to a significant sympathoinhibitory action of
SGLT2 inhibitors in our animal model [60]. To date, a
limited number of studies have investigated the autonomic
nervous system in relation to DR, and these studies suggest
DR to be associated with early autonomic dysfunction in
T1D and T2D patients [61]. The balance between sympa-
thetic and parasympathetic effects determines the proper
function of the autonomic nervous system. We have pro-
duced novel data highlighting that in a mouse model of neu-
rogenic hypertension with a substantially activated SNS,
neural damage of the outer layer of the retina is evident
which is a characteristic feature of DR (Figure 2). We are
now conducting mechanistic studies that aim to understand
these preliminary findings. As we have already documented
[60] that SGLT2 inhibition may downregulate the SNS in
the heart and kidney, it is plausible that SGLT2 inhibition
may also alleviate detrimental retinal changes that may be
underpinned by hyperactivation of the SNS (Figure 1). Our
recent results highlight an opportunity to investigate the role
of SGLT2 and the SNS in DR.

7. Alternative Therapies for the Management of
Diabetic Retinopathy

Controlling systemic factors such as blood glucose levels and
blood pressure have shown to reduce the development and
the progression of nonproliferative to proliferative DR.

Medical interventions such as the use of antiplatelet
agents, PKC inhibitors, aldose reductase inhibitors, growth
hormone/insulin-like growth factor, and intravitreal admin-
istration of corticosteroids and antiangiogenesis agents have
proven to be effective at varying levels in limiting visual
loss in DR. Among these, antivascular endothelial growth
factor (VEGF) therapy administrated into the vitreous cavity
represents one of the most beneficial treatment strategies
implemented to treat PDR and diabetic macular edema
(DME) [16].
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Laser and surgical interventions such as panretinal
laser photocoagulation and vitrectomy have proven to be
effective in treating severe NPDR and PDR. In fact, until
recently, panretinal laser photocoagulation was the first
and only choice for treating PDR. Furthermore, vitrectomy
has been used for the treatment of PDR with vitreous
hemorrhages or fibrosis. Vitrectomy is currently used in
treating ongoing DME. In the eyes with DME, focal laser
treatment has been able to maintain visual acuity without
future deterioration. Despite the availability of several
treatments, DR remains a major clinical challenge with
prevalence expected to rise further over the next decades.
Alternative and preventative measures are therefore
urgently needed. Based on the limited data available at this
stage, therapeutic targeting of the SGLTs, particularly
SGLT2, may provide a novel therapeutic opportunity to
curb the global burden of DR. Similarly, targeting sympa-
thetic hyperactivity per se and thereby its haemodynamic
and inflammatory consequences may provide a useful
novel target for DR. Relevant studies are currently being
conducted and may well provide further support for such
an approach in due course.
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