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Abstract
Endothelial function is a key mechanism in the development of CVD. Arginine and exercise are important non-pharmacological strategies for
mitigating the impact of metabolic changes in the metabolic syndrome, but the effect of their combined administration is unknown. Thus, the
aim of this study was to investigate the isolated and combined effects of aerobic training and arginine supplementation on metabolic variables
and vascular reactivity in rats at high risk for developing the metabolic syndrome. Wistar rats were divided into two groups: control and
fructose (F – water with 10% fructose). After 2 weeks, the F group was divided into four groups: F, fructose + arginine (FA, 880mg/kg per d of
L-arginine), fructose + training (FT) and fructose + arginine + training (FTA); treatments lasted for 8 weeks, and no difference was observed in
body mass gain. Arginine did not improve the body protein content, and both the FA and FT groups show a reversal of the increase in adipose
tissue. Insulin increase was prevented by training and arginine, without additive effect, and the increase in serum TAG was prevented only by
training. The F group showed impaired endothelium-dependent vasodilation and hyperreactivity to phenylephrine, but arginine and training
were capable of preventing these effects, even separately. Higher nitric oxide level was observed in the FA and FT groups, and no potentiating
effect was detected. Thus, only training was able to prevent the increase in TAG and improve the protein mass, and training and arginine exert
similar effects on fat content, insulin and endothelial function, but these effects are not additive.
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CVD is a major cause of death worldwide(1). Therefore, under-
standing the pathophysiology of CVD and developing strategies
to minimise its appearance in the population have become
of paramount importance(2). In fact, some conferences had
attempted to examine and propose strategies for identifying high-
risk cardiovascular patients who require primary prevention(3–5).
The elevated incidence of CVD is believed to be partially due

to the modern lifestyle(2). Diet has changed on a global scale,
and the emphasis on fructose consumption has increased in
recent decades. In addition, high fructose consumption has
been correlated to the onset of cardiometabolic alterations in
the world’s population(6). Chronic fructose ingestion has been
used as a model of CVD(7), and this model can be characterised
by increased serum insulin and TAG levels, as well as vascular
disorders(8–10).
Because of the elevated prevalence of CVD, some researchers

are dedicated to the evaluation and prevention of cardio-
vascular risk factors in different ethnic groups, and it has been
observed that metabolic alterations are emerging earlier in
life(11). In this context, non-pharmacological treatment might
be considered an important intervention for avoiding the

appearance and progression of CVD because it usually has a
low cost(12). Considering the above information, understanding
the mechanisms underlying how non-pharmacological treat-
ment might benefit a population that shows subclinical altera-
tions and is at a constant risk of developing CVD might be
crucial to decreasing the incidence of such diseases.

It is worth noting that the endothelium has been considered
crucial to the regulation of vascular homoeostasis(13); therefore,
endothelial cell dysfunction could precede the development of
atherosclerotic and morphological changes. In addition, endo-
thelial changes contribute to the development of late clinical
complications(14), including arterial remodelling and abnormal
angiogenesis(15–17).

L-Arginine, a semi-essential amino acid, is the precursor of
nitric oxide (NO) production via endothelial nitric oxide syn-
thase (eNOS). NO activates smooth muscle soluble guanylate
cyclase and thereby increases the cyclic GMP (cGMP) and
decreases the intracellular Ca2+ concentrations, culminating in
the relaxation of smooth muscle cells and the inhibition of
platelet aggregation(18). Because arginine is a substrate for
eNOS and NO is crucial for endothelial health, a number of
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early experiments using animal models and humans investi-
gated the potential efficacy of arginine supplementation in
reversing endothelial dysfunction in pathological states(19–24). A
research group showed that acute intravenous(19) and chronic
oral arginine ingestion(20) in rabbits reverses the vascular
damage caused by a hypercholesterolaemic diet. In humans,
the results are controversial because some studies have shown
an improvement in the endothelial function of individuals
with existing endothelial damage, primarily in the elderly
population(21,22), but in healthy patients oral arginine supple-
mentation at the same dose does not improve endothelial
function(23,24). Thus, whether arginine supplementation would
modulate metabolic variables and vasodilation in healthy
subjects who present with metabolic alterations but do not
have the established disease remains unknown.
Regular aerobic exercise is widely recognised as a

non-pharmacological approach to reduce CVD morbidity and
mortality(25,26). In recent years, several researchers have studied
the mechanisms that explain the beneficial health effects of
regular exercise and have shown that exercise decreases TAG,
increases HDL cholesterol(27), lowers blood pressure(28),
improves glucose metabolism and insulin sensitivity(29) and
reduces body weight and inflammatory markers(30). These risk
factor improvements can explain nearly 59% of the reduction in
CVD(31). However, other mechanisms, such as improving
endothelial function and NO bioavailability(32) and enhancing
vagal tone(33), might be involved in the negative correlation
between chronic physical activity and CVD incidence.
Some mechanisms, such as decreases in the total peripheral

resistance(34) and sympathetic nervous activity(35) and increases
in the bioavailability of NO(36), could underlie the effect of
arginine and training on CVD, but whether aerobic training and
arginine supplementation have similar or additive effects in
preventing CVD onset in individuals who are continuously
exposed to a CVD-causing agent remains unknown. Thus, the
aims of this study were to compare the effects of aerobic
training and chronic arginine supplementation and investigate
whether they exert similar or potentiating effects on metabolic
variables and vascular reactivity in rats at high risk for
developing the metabolic syndrome.

Methods

Experimental design

The handling and experimental protocols were approved by
the Ethics Committee for the Care and Use of Laboratory
Animals of Fluminense Federal University (Protocol 466/2013)
and complied with the ethical guidelines of the Brazilian Society
of Laboratory Animal Science. The experiments were per-
formed on 2-month-old male Wistar rats (n 7/group; 329·9
(SEM 8·9) g), and the experimental model has been previously
described by our group(7). The animals were maintained under
controlled temperature conditions (24± 1°C) on a 12-h light
cycle (lights on at 07.00 hours).
The animals were initially randomly allocated into two

groups: a control (C) group that received water and commercial
chow (Nuvilab Cr-1®, Nuvital Nutrientes S/A; Table 1)

ad libitum for 2 weeks and a fructose group that received
an overload of 10% D-fructose (Sigma-Aldrich) in drinking
water ad libitum and commercial chow for 2 weeks (Fig.1).
After 2 weeks, seven animals from each group were euthanised,
and the remaining animals from the C group (n 7) were
maintained under the same previously described conditions
for an additional 8 weeks. The rats from the F group were
divided into four sub-groups, all of which continued receiving
D-fructose in their drinking water for an additional 8 weeks.
The fructose + arginine (FA) group received 880mg/kg per d of
arginine (Sigma-Aldrich) by orogastric gavage. The fructose +
training (FT) group was subjected to aerobic exercise training,
and the fructose + training + arginine (FTA) group was subjected
to a combination of aerobic training with arginine supple-
mentation. The arginine dose was calculated according to the
formula for dose translation based on the body surface area(37),
which was considered to equal 10 g for an adult person(38). In
this context, it is important to note that this amino acid is
naturally found in human nutrition, specifically in edible
mushrooms(39) and in various meats, such as beef, pork and
poultry(40). The energy intake was assessed twice weekly and
calculated by considering that 1·0 g of chow corresponds to
14·06 kJ (3·36 kcal) and 1·0 g of fructose corresponds to
16·7 kJ (4·0 kcal).

Aerobic exercise protocol

Before initiating the experimental protocol, all animals were
subjected to an adaptation period on a treadmill (Inbrasport®)
for 4 weeks (5min/d with weekly increases of 0·3–1·0 km/h).
All of the animals underwent a maximal exercise test (MET) on
a treadmill with an 11% inclination, an initial speed of 1·0 km/h
and increases in velocity of 0·1 km/h every 2min.The MET was
performed before the experiment, 2 weeks after the initiation of
the experiment and at the end of the experiment to determine
the maximum running speed(7).

The groups assigned to aerobic training were subjected
to a moderate-intensity exercise training regimen (50–75%
maximal running speed) with a 0–7% inclination on a treadmill
4 d/week during the last 8 weeks of the experimental
protocol(7). All of the animals allocated to the sedentary
groups were subjected to 5min in the treadmill at low intensity
(0·3 km/h) once a week to maintain their adaptation to
the treadmill.

Table 1. Nutritional information of the Nuvilab Cr-1 commercial chow*

Nutritional informations 1 kg of chow %

Energy content (kJ) 14 058·0 –

Energy content (kcal) 3360·0 –

Carbohydrates (g) 530·0 63
Proteins (g) 220·0 26
Lipids (g) 40·0 11
Ash (g) 90·0

* Ingredients: ground whole maize, soya bean meal, wheat bran, calcium carbonate,
dicalcium phosphate, sodium chloride, vitamins A, D3, E, K2, B1, B6 and B12, niacin,
calcium pantothenate, folic acid, biotin, chloride choline, iron sulphate, manganese
monoxide, zinc oxide, calcium sulphate, sodium selenite, cobalt sulphate, lysine,
methionine and butylatedhydroxytoluene. The nutritional information and ingredient
composition were obtained from the chow label forNuvilab Cr-1 (Nuvital Nutrientes S/A).
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Biochemical analysis

Glycaemia (Accu-Chek glucometer; Roche Diagnostics) and
serum TAG (enzymatic kit; Labtest) were measured in blood
collected from the tail after 5 h of fasting, during which the
animals received only tap water ad libitum. Subsequently, the
animals were euthanised, and blood was collected by cardiac
puncture from the right atrium, centrifuged for 15min at
1700 g and 4°C to separate the serum and stored at −80°C for
future analysis.
The serum insulin was measured by ELISA (Cayman

Chemical Company)(41) at the end of the protocol. The serum
NO levels were measured for the assessment of the nitrite
content using an ozone-based chemiluminescence assay with
an NO analyzer (Sievers Model 280 Nitric Oxide Analyzer;
GE Healthcare), as previously described(42).

Body composition

After euthanasia, the eviscerated carcasses were frozen at
−20°C for posterior analyses. The body fat and protein
content were determined using the carcass technique(43). In
brief, the eviscerated carcasses were weighed, autoclaved and
homogenised in distilled water (1:1). Aliquots of the homo-
genate were used to measure the protein and fat contents. The
homogenate was used to gravimetrically determine the fat mass.
The samples were hydrolysed in a shaking water bath at 70°C
for 2 h with 30% KOH in ethanol. After the addition of 9 M

sulphuric acid, the total lipids were extracted through three
successive washes with petroleum diethyl ether. The samples
were dried at room temperature until a constant weight was
obtained. The protein from the homogenates was extracted
at 37°C for 1 h using 0·6N KOH. The samples were then
centrifuged at 800 g and room temperature for 10min, and the
supernatant was collected to measure the protein concentration
using a Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific). The results are expressed as grams of fat or protein
per 100 g of carcass.

Vascular reactivity

The vascular reactivity was assessed as previously described(7,44).
In brief, the thoracic aorta was dissected after 2 and 10 weeks of
the experimental protocol and prepared for isometric tension
recording. The aortas were placed in freshly prepared Krebs
solution containing 119·0mM NaCl, 14·9mM NaHCO3, 11·5mM

glucose, 4·7mM KCl, 4·2mM KH2PO4, 1·2mM MgSO4 and 1·6mM

CaCl2. The aortas were cleaned, separated from adherent tissue

and cut into rings with a diameter of approximately 3mm. Each
ring was suspended between two wire hooks, mounted in 4-ml
organ chambers with Krebs solution at 37°C and pH 7·4 and
continuously aerated with a mixture of 95% O2 and 5% CO2

under a resting tension of 1·0g.
The isometric tension of the tissues was recorded using a

force-displacement transducer (Ugo Basile) controlled by soft-
ware (Data Capsule Digital Recorder 17400; Ugo Basile). After a
1-h stabilisation period, the intact endothelium aortic rings were
pre-contracted with phenylephrine (1mM), and the cumulative
concentration–response curves of the aortic rings to acetylcho-
line (10−9–10−4 M) were obtained. The relaxation curves are
expressed as percent changes from the contraction induced by
phenylephrine. The cumulative concentration–response curves
to phenylephrine (10−9–10−4 M) were also determined(44).

Quantitative histopathology

At the moment of euthanasia, which was performed immedi-
ately after blood collection, samples of the thoracic aorta were
immersed in 4% phosphate-buffered formalin (pH 7·2) for 48 h.
After fixation, the samples underwent routine histology
processing and were embedded in Paraplast® plus (#P3558;
Sigma-Aldrich). Quantitative analyses were performed using
morphometric tools(7).

The aortic rings were sectioned at 3-μm thickness and stained
with haematoxylin–eosin. Four non-consecutive digital images
were acquired per animal using the Evos XL Core system
(Thermo Fisher Scientific) and were analysed using Image-Pro®

Plus version 4.5 (Media Cybernetics). The intima-media thick-
ness (IMT) was estimated by taking two manual measurements
at positions 0° and 90° for each aorta ring with the line feature.
The lumen diameter was assessed from four digital images by
measuring the smallest and largest luminal diameters using the
line feature. The above-mentioned parameters were used to
assess the IMT:lumen ratio.

Statistical analyses

The appropriate sample size of seven animals per group was
calculated using the vasodilation of the thoracic aorta under
acetylcholine stimulation as the primary outcome and assuming an
average difference of 5% (effect size) and an equal SD of 5%. Both
values were obtained from preliminary experiments by adjusting
the power of the statistical test to 0·8 and the α error to 0·05.

The data normality was verified using the Shapiro–Wilk test.
The experimental groups were compared by one-way ANOVA

Control group Control group

Adaptation period

Fructose group

Sedentary

Arginine

Training

Training and arginine

–4
weeks

0
week

2
weeks

10
weeks

Fig. 1. Experimental protocol.
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followed by Student’s–Newman–Keuls post hoc test, when
appropriate. Nonparametric variables were logarithmically
transformed before analysis. The results are expressed as the
means with their standard errors of the mean, and differences
were considered significant if P< 0·05.

Results

As observed in Table 2, fructose overload and aerobic training
and/or arginine treatment did not change the body mass gain.
The analysis of the body composition through a study of the
carcass content showed no change in protein content after
2 weeks of the protocol. However, the protein content was
improved after 8 weeks of training compared with that of the
untrained groups (C, F and FA groups), which shows that
training, but not arginine, improves the body protein content.
However, fructose overload, even when administered for a
short period of 2 weeks, increased the body fat content, and
both arginine and aerobic training reversed this adverse effect.
As demonstrated through the MET (Table 3), neither fructose

overload nor arginine supplementation altered the exercise
capacity, although the trained groups (FT and FTA) showed an
improvement in the velocity achieved on the MET (P< 0·001).
A period of 2 weeks of fructose overload increased the serum
insulin (29%; P= 0·046), and this effect was sustained until
the 10th week of the experiment (144%; P= 0·014). Aerobic
training and arginine supplementation protected the serum

insulin from increasing after fructose overload. Glycaemia was
not altered by fructose intake or training. At the end of the
protocol, fructose consumption increased the serum TAG by
91% (P< 0·001), and only training inhibited this increase.

A period of 2 weeks of fructose overload had no effect on the
vascular reactivity response to acetylcholine (P= 0·39) or phe-
nylephrine (P= 0·09). However, 10 weeks of fructose supple-
mentation impaired the endothelium-dependent relaxation
response induced by acetylcholine (Fig. 2(a)) (EC50= 36·37×10−7

(SEM 9·61× 10−7) M; P< 0·0; 71·27%) compared with the
C group (EC50= 3·13×10−7 (SEM 1·9×10−7) M), and arginine
(EC50= 0·93×10−7 (SEM 0·4×10−7) M), training (EC50= 11·44×10−7

(SEM 5·1× 10−7) M) and training plus arginine (EC50= 1·89×10−7

(SEM 0·68× 10−7) M) were capable of preventing this endothelial
alteration because the values were similar to those of the C group,
despite the constant intake of fructose. The analysis of the
vasoconstrictory response (Fig. 2(b)) revealed that the F group
(EC50= 2·43×10−7 (SEM 0·65× 10−7) M) showed a hyperreactivity
contractile response (P< 0·01) to phenylephrine compared
with the C group (EC50= 13·6×10−7 (SEM 2·12×10−7) M).
This phenomenon was prevented by arginine (EC50= 4·56×10−7

(SEM 0·78× 10−7) M), training (EC50= 7·99× 10−7 (SEM 1·5× 10−7) M)
and training plus arginine (EC50= 9·22× 10−7 (SEM 2·39× 10−7) M).

Fructose intake did not decrease the NO bioavailability (480·6
(SEM 42·97) nM) (Fig. 3) compared with that detected in the
C group (445·3 (SEM 36·27) nM). The treatment with arginine
or training increased the NO serum levels (P< 0·00;

Table 2. Weight and body composition
(Mean values with their standard errors)

C F FA Fructose + training Fructose + training + arginine

Variables Weeks Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM P

Δ Weight (g) 2 35·34 5·92 39·89 5·51 0·58
10 334·50§ 3·21 334·30§ 3·08 311·70 15·09 332·90 11·34 336·00 11·74 0·19

Body protein (%) 2 11·57 1·62 12·50 1·73 0·70
10 10·46 1·23 10·54 0·61 9·31 0·69 16·53*†‡ 1·66 16·77*†‡ 0·87 <0·01

Body fat (%) 2 5·13 0·70 8·90* 1·43 0·04
10 6·80 1·23 13·61*§ 1·70 8·70† 0·91 7·63† 1·52 8·67† 2·11 0·03

C group, control group; F group, fructose group; FA group, fructose+ arginine group.
The body fat and body protein were assessed using the carcass method (see the ‘Methods’ section). Statistical analysis (one-way ANOVA and post hoc Student’s–Newman–Keuls test):

* P<0·05 v. the C group; † P<0·05 v. the F group; ‡ P<0·05 v. the FA group; § P<0·05 v. the same group 2 weeks later.

Table 3. Training and metabolic parameters
(Mean values with their standard errors)

C F FA Fructose + training Fructose + training + arginine

Variables Weeks Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM P

Δ Velocity (km/h) 2 0·00 0·04 0·02 0·07 0·778
10 0·02 0·09 −0·06*§ 0·25 −0·014 0·17 0·57*†‡ 0·12 0·57*†‡ 0·13 <0·001

Insulin (mmol/l) 2 0·06 0·001 0·08* 0·008 0·046
10 0·09 0·009 0·22*§ 0·068 0·17 0·038 0·09 0·007 0·13 0·011 0·014

Glucose (mmol/l) 2 5·15 0·11 4·92 0·16 0·280
10 4·99 0·08 5·20 0·17 5·52 0·15 5·58 0·22 5·37 0·19 0·637

TAG (mmol/l) 2 3·64 0·43 4·58 0·44 0·154
10 4·63 0·84 8·86*§ 1·04 8·36* 1·57 4·32†‡ 0·48 3·27†‡ 1·34 <0·001
10 6·80 1·23 13·61*§ 1·70 8·70† 0·91 7·63† 1·52 8·67† 2·11 0·03

C group, control group; F group, fructose group; FA group, fructose+ arginine group.
Statistical analysis (one-way ANOVA and post hoc Student’s–Newman–Keuls test): * P< 0·05 v. the C group, † P< 0·05 v. the F group, ‡ P< 0·05 v. the FA group; § P< 0·05 v. the

same group 2 weeks later.
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FA= 838·8 (SEM 118·0) nM; FT= 991·5 (SEM 180·7) nM), and no
potentiating effects were observed with the combination of the
exercise and arginine treatments (FTA= 1275·0 (SEM 205·6) nM;
P< 0·001).
Thoracic aorta morphometry (Table 3 and Fig. 4) showed no

significant changes in the IMT (P= 0·13), lumen diameter
(P= 0·15) or IMT:lumen ratio (P = 0·07) among the experi-
mental groups (Table 4).

Discussion

The data presented confirm that short-term fructose overload
leads to metabolic changes and to vascular damage in the
longer term, as previously demonstrated by our group(7), and
these effects might culminate in the onset of CVD. The novelty
of the present work is that arginine or training, either by
themselves or in combination, are able to avoid the progression
of CVD in its earlier stages. Aerobic training, but not arginine, is
able to improve the protein content and prevent an increase in
the TAG content, and both treatments, namely arginine
supplementation and/or aerobic training, reversed the increases
in serum insulin and adipose tissue and increased the serum
NO concentration. In addition, both treatments were able to
prevent the endothelial dysfunction, but no additive effects
were observed.

Fructose and metabolic alterations

The association between an increase in fructose ingestion and
the appearance of metabolic alterations has been previously
demonstrated. Morris et al.(45) showed that animals that
received 10% fructose in water during either the day or night
for 6 weeks exhibited an increase in fat mass, which corrobo-
rates the data obtained in the present study and confirms that
fructose overload, even without altering the body mass, is
capable of leading to alterations in body composition.

Adipose tissue is responsible for increasing the level of adi-
pokines, which play an important role in energy homoeostasis,
insulin sensitivity, immune response and vascular disease. In this
context, a high ingestion of fructose is correlated with the
appearance of CVD in animals(46) and humans(47) by increasing
insulin resistance, TAG, oxidative stress and impairing vascular
function(7), which is in agreement with the data obtained in the
present study. In addition, one described mechanism for
impaired endothelial function in patients with the metabolic
syndrome is the decrease in NO bioavailability and fatty acid
metabolism in adipose tissue, muscle and liver in health and
disease(48). In this perspective, a high-fructose diet has been
widely used in previous studies as an animal metabolic
model(49–51), and non-pharmacological strategies for blunting the
fructose-induced alterations have received increased interest.

Training protocol

The presented training protocol was effective, as demonstrated
by the finding that the trained rats exhibited an increased max-
imal velocity capacity at the end of the 8 weeks of the training
protocol. In addition, the present data show that training was
able to improve the body protein content, which agrees with the
literature(7). A previous study has shown that 8 weeks of aerobic
exercise on a treadmill can prevent muscle atrophy in rats with
heart failure(52). Aerobic exercise has been recognised as an
efficient preventive and therapeutic strategy for CVD because of
its ability to reduce CVD risk factors(53,54)and improve both
exercise tolerance and quality of life(55).

In contrast, arginine supplementation separately did not
show an improvement in the exercise performance in this
study, showed by the maintenance of the maximal running
speed at the end of protocol by the fructose + arginine group.
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Fig. 2. Vascular reactivity response to acetylcholine (a) and to phenylephrine (b) after 10 weeks of fructose overload. Values are means with their standard errors
represented by vertical bars. C group, control group; F group, fructose group; FA group, fructose +arginine group; FT group, fructose + training group; FTA group,
fructose + training + arginine group; CE50, effective concentration needed to promote 50% of the maximum contractile effect. * P< 0·05 v. the C group; † P< 0·05 v.
the F group.
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Fig. 3. Nitric oxide (NO) after 10 weeks of fructose overload. Values are
means with their standard errors represented by vertical bars. C, control
group; F group, fructose group; FA group, fructose +arginine group; FT group,
fructose + training group; FTA group, fructose + training + arginine group.
* P< 0·05 v. the C group; † P< 0·05 v. the F group.
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Alvares et al. showed that 500mg of isolated acute arginine
supplementation does not result in alterations in exercise per-
formance when supplemented before the physical activity(56),
and Doutreleau et al. showed that 6 weeks of isolated
chronic arginine supplementation is unable to alter the exercise
capacity of heart failure patients(57).

Energetic ingestion and body fat mass

The presented data show that the animals that received fruc-
tose, even under an isoenergetic diet, showed the same body
mass gain as the C group but an increased body fat content, and
this increase was reversed by isolated aerobic training and by
isolated arginine supplementation, but these treatments did not
exert a synergic effect. Although divergences with respect to
fructose-stimulated leptin have been detected(58,59), many
studies have shown that a high fructose intake is not able to
change the circulating leptin concentration(59,60), which can
explain the same energetic ingestion. However, an increase in
visceral fat has been associated with the serum insulin
level(61–63) because an increase in insulin sensibility leads to

improved glucose uptake and, consequently, to increased
fat deposition(64).

Exercise practice leads to changes in body composition, and it
has been elucidated that regular exercise decreases the amount of
abdominal and subcutaneous fat in overweight and obese indivi-
duals, independent of the diet type(65). It is important to emphasise
that an excess of abdominal fat is a complicating factor of meta-
bolic disorders, regardless of weight loss; thus, chronic exercise
can reduce the risk of onset of, or reverse, metabolic disorders(66).

In addition, NO, which is increased by exercise, might
stimulate the oxidation of energy substrates (including fatty
acids and glucose) in adipocytes, liver, skeletal muscle, heart
and the whole body(67). According to previous studies, a
decrease in fat can be achieved through an increase in the
expression of PPARγ coactivator-1α, which is a regulator of
oxidative phosphorylation and mitochondrial biogenesis(68,69).

Metabolic parameters

The analysis of serum insulin revealed that fructose ingestion
leads to insulin resistance with no glucose alteration, as

50 µm

(a) (b)

(c) (d) (e)

Fig. 4. Photomicrographs obtained from the thoracic aorta of control rats (a) or rats that received fructose in their drinking water (b) for 10 weeks. After 2 weeks of
fructose drinking, some animals were subjected to aerobic exercise training (c), arginine supplementation (d) or the combination of both non-pharmacological
treatments (e). Note that the aorta in (b) is morphologically similar to the aorta of the control group. The treatments alone or in combination did not alter the
aorta morphology.

Table 4. Thoracic aorta morphometry*
(Mean values with their standard errors)

Control Fructose Fructose + arginine Fructose + training Fructose + training + arginine

Variables Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM P

IMT (µm) 106·0 8·58 104·3 1·10 98·54 3·26 112·3 4·02 110·6 3·25 0·41
Lumen diameter (µm) 1517 62·34 1482 60·05 1248·0 136·90 1430·0 56·91 1266 67·40 0·20
IMT:lumen ratio 0·071 0·00 0·071 0·00 0·08 0·01 0·079 0·004 0·088 0·005 0·31

IMT, intima-media thickness.
* Statistical analysis: one-way ANOVA and post hoc Student’s–Newman–Keuls test.
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previously described(7). Both aerobic training and arginine
supplementation were separately able to normalise serum
insulin, but the combined treatment did not exert synergistic
effects. Arginine is an amino acid involved in a number of
physiological processes, and it is considered one of the most
powerful secretagogues of the growth hormone(70). It has also
been described as a powerful stimulator of insulin secretion that
acts directly on pancreatic β-cells(71). In addition, it is largely
accepted that regular aerobic exercise enhances insulin sensi-
tivity. A meta-analysis showed that structured exercise training
has a positive effect on HbA1c level in adults with type 2
diabetes(72). In addition, regular exercise improves insulin
sensitivity, and this improvement might persist for 72 h or
longer after the last training bout, even in type 2 diabetes
individuals(73).
The role of arginine in insulin resistance remains under

investigation, and the published data are inconsistent(61,74).
More recent studies have shown the beneficial effects of argi-
nine supplementation. For example, Miczke et al.(63)showed
that 20 g/kg per d of arginine for 40 d can improve insulin
resistance in rats fed a high-fat diet, and similar results have
been obtained in humans(75).
However, the training regimen alone could prevent hyper-

triglyceridaemia, and its combination with arginine supple-
mentation exerted no additional effects. Chronic aerobic
exercise also provides positive adaptations to the lipid profile,
such as increased HDL levels and decreased levels of LDL, TAG
and VLDL compared with those sedentary individuals, regard-
less of sex, biotype and diet. It is likely that this effect of
exercise on the lipid profile occurs because of an increase in the
consumption of fatty acids by muscle tissue and the activity of
the lipoprotein lipase enzyme of the muscle(76), a mechanism
that is not stimulated by arginine supplementation.

Vascular function

The presented data show that arginine supplementation and
aerobic training separately have the same effect on reversing
vascular dysfunction, but their combination does not exert a
synergic effect. Arginine, as it is largely known, is a natural
substrate for nitric oxide synthesis (NOS) that, as a result of the
action of eNOS and the presence of many cofactors, such as
NADPH oxidase, migrates to the adjacent smooth muscle and
stimulates the guanylate cyclase, resulting in an increased con-
version of GTP into cGMP, which decreases the intracellular
calcium concentrations and promotes the relaxation of vascular
smooth muscle(77). However, the available results for the chronic
effect of arginine are conflicting. The Nitric Oxide in Peripheral
Arterial Insufficiency study, which included 133 patients admi-
nistered 6 months of supplementation, observed no effects on
vascular reactivity(78). In contrast, in 2009, Bai et al.(79) published
a meta-analysis of twelve studies and concluded that short-term
oral L-arginine is effective at improving endothelial function.
The aerobic exercise training also increases NO production,

and a 4-week training period resulted in increases in NOS in
the skeletal muscle arterioles of rats and in the vasodilatory
response to acetylcholine but not in the response to
sodium nitroprusside, an endothelium-independent vasodilator,

suggesting an improvement in NO-dependent endothelial
function(80). However, a potentiating effect of the training and
arginine supplementation treatments on endothelial function
was not observed, which indicates that the training and arginine
groups exhibited the same effects as the group subjected to
both treatments concomitantly. These results are likely due to
the ceiling effect because both treatments separately improved
the similar maximum magnitude of NO and decreased oxidative
stress(7,81). In addition, only limited data are available for the
combined treatment. Hambrecht et al. demonstrated that in
patients with chronic heart failure long-term arginine supple-
mentation and training with a submaximal handgrip exercise
presented a synergistic effect on blood flow and radial artery
diameter(82). It is important to note that this type of exercise
mobilises a small muscle group and can thus show only local
responses. However, to the best of our knowledge, the effect of
arginine supplementation and the systemic effect of exercise
have not been previously studied. It is important to emphasise
that in healthy individuals the NOS enzyme activity will likely be
at its maximum; thus, the enzymes exposed to L-arginine do not
show improvements in activity. In individuals with a metabolic
pathological condition, the NOS enzyme cannot reach its highest
activity because of an increase in the intracellular concentration
of NOS, resulting in decreased NO formation compared with that
found under physiological conditions(83).

In addition, the arginine paradox is largely discussed in the
literature with controversial results. Wilson et al.(78) demon-
strated that arginine fails to improve endothelial function(78). In
their work, arginine supplementation decreased both the NO
levels and endothelium-dependent vasodilation in individuals
with peripheral arterial disease. In contrast, arginine supple-
mentation improved the impaired endothelium-dependent
vasodilation in hypercholesterolaemic animals with endothe-
lial dysfunction(84). Previous studies have demonstrated that
reactive O2 species are associated with an impaired arginine-
NO pathway in individuals with metabolic alterations(85–88).
Considering the increased systemic and tissue-specific oxidative
status observed in this experimental model(7), this oxidative
stress can adversely affect the action of NO and, consequently,
vascular function. In contrast, arginine and aerobic training
could avoid the oxidative profile caused by high fructose
ingestion and could thus prevent vascular dysfunction. How-
ever, other mechanisms should be considered.

Conclusion

Thus, aerobic training is able to prevent an increase in TAG and
improve the protein mass content, and both the aerobic training
and arginine supplementation treatments have similar effects on
preventing increases in fat content, serum insulin and serum
NO, as well as endothelial dysfunction, but do not show any
additive effects.
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