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Abstract
The purpose of the study was to verify the effect of 4 weeks of a high-fructose diet (HFD) associated with aerobic training on the risk factors for
cardiometabolic diseases. Twenty-one young adults were randomised into three groups: HFD (HFD: 1 g/kg body weight of fructose/day), high-
glucose diet (HGD: 1 g/kg body weight of glucose/day) and high-fructose diet and exercise (HFDE: 1 g/kg body weight of fructose/dayþ 3
weekly 60-minute sessions of aerobic exercise). Before and after the 4 weeks of the intervention, blood samples were taken and flow-mediated
dilatation, insulin resistance index, pancreatic beta cell functional capacity index, insulin sensitivity index and 24-h blood pressure were evalu-
ated. HFD showed an increase in uric acid concentrations (P= 0·040), andHGD andHFDE groups showed no changes in this outcome between
pre- and post-intervention; however, the HFDE group showed increased uric acid concentrations from the middle to the end of the intervention
(P= 0·013). In addition, the HFD group showed increases in nocturnal systolic blood pressure (SBP) (P= 0·022) and nocturnal diastolic blood
pressure (DBP) (P= 0·009). The HGD group exhibited decreases in nocturnal SBP (P= 0·028) and nocturnal DBP (P= 0·031), and the HFDE
group showed a decrease in 24-h SBP (P= 0·018). The consumption of 1 g/kg of fructose per day may increase uric acid concentrations and
blood pressure in adults. Additionally, aerobic exercises along with fructose consumption attenuate changes in uric acid concentrations and
prevent impairment in nocturnal blood pressure.
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Cardiometabolic diseases, such as hypertension, dyslipidaemia
and diabetes, are significantly prevalent in the adult popula-
tion(1). At the same time, the consumption of added sugars
(high-fructose corn syrup and sucrose), mainly from sweet-
ened drinks and refined products, has grown over the past
few years(1–3). Data collected in Brazil show that the consump-
tion of sweetened beverages still remained high in adult popu-
lation in 2015, with an average amount of consumption of these
products around 300–400ml per day, reaching quantities greater
than 1 liter (90th and 95th percentiles)(4). In this context, cardi-
ometabolic diseases have been associated with high consump-
tion of sweetened beverages. In a meta-analysis of ten
prospective cohort studies and 294 617 participants evaluated(5),
it was identified that individuals who ingested greater quantities
of these products (≥ 1 to 2 doses per day) had a 24 % higher risk
of developing cardiometabolic diseases. Sweetened beverages
are one of the main sources of fructose in the diet and
several studies indicate that the high consumption of this

monosaccharide may result in several risk factors for cardiome-
tabolic diseases, such as hyperuricaemia, dyslipidaemia, insu-
lin resistance, inflammation, endothelial dysfunction and
hypertension(6–8).

Fructose metabolism may stimulate the production of uric
acid, which occurs because of the rapid phosphorylation of
the fructosemolecule by the fructokinase enzyme in the liver(7,9).
In addition to production, some evidence points to the possibility
of a fructose-induced reduction in the excretion of uric acid, con-
tributing to the increase in its concentrations(10). It is widely
known that hyperuricaemia is related to several diseases, being
considered an indicator of metabolic syndrome, chronic renal
disease, CVD and diabetes mellitus(11). These disorders may
occur by various mechanisms, including endothelial dysfunc-
tion(12). It is suggested that hyperuricaemia is able to contribute
to the production of the superoxide anion by activating the
enzymes xanthine oxidase and nicotinamide adenine dinucleo-
tide phosphate oxidase (NADPH oxidase), which may cause
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changes in endothelium-dependent vasodilation by reducing
the bioavailability of nitric oxide(13–15). In addition, evidence
indicates that the increase in uric acid concentrations may result
in negative responses in blood pressure, through this and other
mechanisms(9,16,17).

By contrast, regular physical exercise is considered a non-
drug strategy for the prevention and rehabilitation of disorders
related to cardiometabolic diseases(18). The beneficial influence
of aerobic training on metabolic and cardiovascular
health, including improvements in the lipid profile(19), insulin
sensitivity(20,21), inflammatory state(22), endothelial function(23,24)

and blood pressure(25), is widely recognised. Therefore, physical
training may attenuate the negative effects of fructose. Several
animal studies have shown that regular fructose consumption
causes impairment in the risk factors for cardiometabolic dis-
eases, but aerobic training prevented or reversed these conse-
quences(26–30). In humans, physical activity(31) or aerobic
exercise(32) supressed the fructose-induced deleterious effects,
especially in outcomes related to the lipid profile.

Despite the positive results related to the increase in physical
activity and inclusion of aerobic exercise that were found in
these investigations, to the best of our knowledge there is no
study that has evaluated the effects of aerobic training associated
with fructose consumption on vascular outcomes. Thus, there
are little data in the literature regarding high-fructose diet effects
on endothelial function, since endothelial dysfunction may
cause several impairments in cardiometabolic health such as
increased blood pressure, and regarding whether aerobic train-
ing may be able to prevent metabolic and cardiovascular disor-
ders induced by this monosaccharide in humans. Therefore, the
aim of this study was to verify the effect of 4 weeks of high-fruc-
tose diet associated with aerobic training on the risk factors for
cardiometabolic diseases, especially the pathways related to uric
acid concentrations and endothelial function (nitrite/nitrate
(NOx) and endothelin-1 (ET-1) concentrations, and flow-medi-
ated dilation (FMD)). Our hypothesis is that fructose consump-
tion would promote impairment in the risk factors for
cardiometabolic diseases evaluated and aerobic training would
prevent these damages.

Methods

Participants

The study was characterised as a randomised, double-blind, par-
allel clinical trial, with an allocation ratio of 1:1:1. Prior to recruit-
ment, a sample calculation was performed based on studies by
Stanhope et al.(33) and Sandri et al.(34) for the outcomes of uric
acid (effect size (ES): 0·52) and FMD (ES: 0·48), respectively.
The calculation was performed based on an F-test for repeated
measures within–between interaction, using the GPOWER pro-
gram version 3·1, in which α= 0·05 and 95 % power were
adopted. Thus, the need for a total ‘n’ of eighteen volunteers
for uric acid and twenty-one volunteers for FMD was demon-
strated. Anticipating possible sample losses throughout the
applied interventions, accounting for a 25 % drop-out the total
sample of twenty-eight individuals was recruited.

The sample consisted of twenty-one individuals of both
sexes, aged between 19 and 35 years, BMI between 18 kg/m2

and 30 kg/m², healthy, non-smokers and not engaged in regular
physical exercises (< 150 min per week). For this, the initial
physical activity level of each subject was measured using the
International Physical Activity Questionnaire during the prelimi-
nary tests. Participants had no metabolic or orthopedic compli-
cations. In addition, they could not use drugs and/or nutritional
supplements that could interfere with the study outcomes. In
relation to women, all blood collections (before and after the
4 weeks of intervention) were performed within the first 7 d
of the menstrual cycle to minimise the possible hormonal effects
on the variables(35–37). Recruitment took place through disclo-
sures on social networks and telephone contact. The volunteers
who agreed with all the study procedures signed two copies of
the Free and Informed Consent form. The protocol was
approved by the research ethics committee of the Federal
University of Rio Grande do Sul (UFRGS) (nº
84642318.8.0000.5347) and was performed in accordance with
The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans.
The study was registered on clinicaltrials.gov as
NCT03939130. There were not any changes in methods and out-
comes after the beginning of the trial.

Participants visited the Exercise Research Laboratory
(LAPEX) at the Federal University of Rio Grande do Sul
(UFRGS) for collecting the following data: anamnesis, food rec-
ord, physical activity level, bodymass and height. After the afore-
mentioned preliminary assessments, the participants were
scheduled for a second visit to perform the analysis of the basal
metabolic rate (BMR), blood collection, body composition
assessment, and maximum exercise test on an ergometric bike
with gas analysis for the determination of peak oxygen con-
sumption (VO2peak).

Subsequently, the participants were submitted to a standard
diet (SD) prescribed by the researchers (dietary advice calcu-
lated individually for each participant) for 2 weeks, with the
aim of maintaining body mass and standardising dietary con-
sumption throughout the study.

Study protocols

After the 2-week period of adaptation to SD, the participants
returned to the laboratory for pre-intervention evaluations,
including blood collection, oral glucose tolerance test, FMD,
body composition, VO2peak, blood pressure, food record and
physical activity level. Then, in a randomised manner, the indi-
viduals were allocated to one of three different interventions
(groups) (Fig. 1).

For randomisation, blocks of three were used according to
VO2peak observed on the first day of tests, and the procedure
was performed by a researcher who was not directly involved
in the study (https://www.randomizer.org/). Participants were
randomised to groups based on VO2peak because the literature
shows that the greater the oxygen consumption of the individual,
the greater the cardiometabolic protection(38). Therefore, it is
possible to suggest that individuals with lower values of
VO2peak would be more vulnerable to the effects of fructose
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consumption(39,40). In addition, researchers and outcome asses-
sors who were not involved in the preparation and delivery of
drinks to volunteers were blinded throughout the data collection
and analysis period.

The protocols consisted of maintaining SD with the replace-
ment of part of the carbohydrates from the previous diet (1 g/kg
of body mass) with carbohydrates from a sweetened drink (10 %
fructose or glucose solution, 1 % powdered flavouring and
water) for 4 weeks. The individuals did not know the content
of the drink and were instructed to return the empty bottles at
least twice a week in order to ensure adherence to the interven-
tion. The following conditions were met: (1) high-fructose diet
(HFD), the participants received 1 g/kg of fructose per day;
(2) high-glucose diet (HGD), participants received 1 g/kg of glu-
cose per day and (3) high-fructose diet and exercise (HFDE),
participants received 1 g/kg of fructose per day and performed
3 weekly sessions of 60 min of aerobic exercise at 65 % of heart
rate obtained at VO2peak on an ergometric bike.

After the conclusion of interventions, the evaluations were
conducted following the same procedures adopted in the pre-
intervention period. Furthermore, the volunteers were followed
up for more 4 weeks in order to verify the effects of interrupting
the consumption of sweetened drinks on some outcomes.

Dietary control

Participants were instructed to adhere to prescribed SD through-
out the study period and to avoid drinking sweetened drinks
other than those provided by the researchers. The diet was cal-
culated from the value obtained by the BMR of each individual
multiplied by the activity factors 1·5 (HFD and HGD) or 1·7
(HFDE) and was composed of approximately 55 % carbohy-
drates, 30 % lipids and 15 % proteins(32,41). Thereafter, each sub-
ject received their personalised dietary recommendations, and
they couldmake their own food choices based on the prescribed
diet (quality and quantities of food). The main instruction was to

avoid the consumption of sweetened beverages as much as pos-
sible during this period(42). SD was introduced with the objective
of maintaining body mass throughout the study and to standard-
ise the dietary intake of the participants in order to minimise the
influence of the diet on the outcomes analysed.

In every weekly meetings for the sweetened drinks delivery,
the participants were asked about their eating habits and were
instructed to perform the SD according to the prescription.
Three-day food records were filled by the participants before
and after the interventions and analyzed in order to verify pos-
sible differences in diet. The records were collected in-person by
the participants, and the data were reviewed by the researchers
together with the participants during the visits. The volunteers
were instructed to register all foods and drinks consumed during
2 d of the week and 1 d of the weekend. For data analysis, the
Dietwin® (Brubins) Professional version (2014) software
was used.

Basal metabolic rate

On the day of the BMR test, the participants were instructed not
to perform physical activities of moderate to high intensity 24 h
before the test, to get a night of sleep of at least 8 h, and fast for 12
h, as well as to not consume alcohol, caffeine or any type of
medication in this period without prior communication to the
research team. All BMR tests were performed between 06.30
and 08.30 in an air-conditioned room between 20 and 25°C, with
controlled noise and low light. The protocol consisted of 10 min
of rest on a bed in the supine position, followed by 30 min of
capture of expired gases. VO2 and VCO2 values were obtained
using a computerised gas analyser (Quark CPET, Cosmed, Italy).
For data analysis, the mean values of VO2 and VCO2 (l/min) of
the final 20 min of each collection were used. The equation pro-
posed by Weir was used to obtain the kcal/d values(43).

Body composition

Body mass and height were measured using a stadiometer and
scale (Urano, Brazil). Lean mass, fat mass and body fat percent-
age were determined using a dual-energy X-ray absorptiometry
machine (DEXA) (GE Healthcare Lunar, Bedford, USA). Briefly,
after 12 h of fasting, 24 hwithout exercise, andwearing only light
clothes, the participants lay on the DEXA table in a supine posi-
tion with their arms adequately separated from the trunk.
Thereafter, they were instructed to remain immobile throughout
the procedure.

Control of physical activity

The participants were instructed not to perform physical exer-
cises before the beginning of the study (–2 weeks) and during
the study period (0–4 weeks), with the exception of the HFDE
group that performed the exercise sessions related to the inter-
vention. The level of physical activity was measured using the
International Physical Activity Questionnaire short version.
This instrument was applied at the first visit, before and after
the intervention, in order to verify the initial level of the partic-
ipants and possible changes throughout the study.

Fig. 1. Study design. BMR, basal metabolic rate; FMD, flow-mediated dilation;
OGTT, oral glucose tolerance test; IPAQ, International Physical Activity
Questionnaire; VO2peak, peak oxygen consumpition. , BMR, , blood collec-
tion; , FMD; , OGTT; , blood pressure; , body composition; , food rec-
ord; , IPAQ; VO2peak
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Oxygen consumption

VO2peak was determined using an open-circuit ergospirometry
system with a gas analyser (Quark CPET, Cosmed, Italy). The
progressive load tests were performed on an ergometric bike
(Ergofit 167, Germany) using a ladder protocol. The initial load
was 25 W, with an increase of 25 W every minute. A telemetric
band was positioned to continuously monitor the participants’
heart rate (S610, Polar Electro Oy, Finland). The volunteers were
verbally encouraged to take maximum effort during the test. The
test lasted 8–12 min according to the recommendations of the
American College of Sports Medicine, and it was interrupted
when the participants met the following criteria: (a) heart rate
≥ that predicted for age; (b) respiratory exchange rate value
> 1·15 and (c) subjective perception of effort> 18 or when
the participant voluntarily interrupted the test. The test was car-
ried out on the first visit to verify the participants’ initial cardio-
respiratory capacity and for the exercise prescription to
participants of the HFDE group. In addition, before and after
the intervention, reassessments were performed to examine
possible changes throughout the study.

Aerobic training protocol

The volunteers in the HFDE group, during the 4 weeks of inter-
vention, performed three sessions a week of 60 min aerobic
exercise on an ergometric bike. The exercise protocol was con-
ducted at LAPEX/UFRGS. Each session consisted of 5 min of
warm-up, 50 min of main part with an intensity of 65 % of the
heart rate corresponding to the VO2peak (obtained in an incre-
mental test), and 5 min of cool down. Thus, aerobic exercise
was prescribed using a continuousmethod, without any changes
in intensity or duration during the 4weeks. Throughout the exer-
cise period, the heart rate wasmonitored to verify the intensity of
the effort.

Blood outcomes

Six 12-h fasting blood collections (5–10 ml each) were per-
formed in the vein of the antecubital region of the participants’
forearms throughout the study. Before and after 4 weeks, uric
acid, thiobarbituric acid reactive substances, superoxide dismu-
tase, NOx, lipid profile (total cholesterol, LDL, HDL, TAG), glu-
cose, insulin, C-reactive protein and ET-1 concentrations were
analysed in order to evaluate the effects of interventions on these
outcomes. Before the start of the study (–2 weeks), in the middle
of the intervention (2 weeks), and 2 and 4 weeks after the inter-
ruption of beverage consumption (6 and 8 weeks), uric acid,
lipid profile and glucose concentrations were assessed in order
to observe the behaviour of these blood markers in view of the
inclusion and exclusion of sweetened beverages over time. The
blood collections of the HFDE group volunteers were performed
between 48 and 72 h after the last exercise session.

In order to prepare the blood samples, the tube was of the
vacutainer type containing EDTA. The blood was centrifuged
at 1500 g for 10 min, and the plasma was aliquoted and stored
at −80°C. The analyses of uric acid, total cholesterol, TAG, HDL
and C-reactive protein concentrations were performed by a col-
orimetric method using an automated biochemical analyser

(Cobas C111 – Roche). LDL levels were estimated(44).
Thiobarbituric acid reactive substances formation(45) and the
activity of the superoxide dismutase isoforms(46) were assessed
as previously described. The measurements of plasma insulin
concentrations (DRG International, Springfield, IL, USA) and
ET-1 concentrations (BosterBio, Pleasanton, USA) were per-
formed by ELISA using kits for humans. NOx concentrations
(Cayman Chemical, Michigan, USA) were analysed by fluores-
cence assay using kits for humans, as instructed by the
manufacturer.

Oral glucose tolerance test

To determine the insulin sensitivity index by oral glucose toler-
ance test, the individuals performed the basal blood collection
after 12 h of fasting, and then received a solution containing
75 g of glucose. New blood samples were collected 90 and
120 min after ingesting the solution. Insulin sensitivity index val-
ues were obtained based on insulin levels (baseline and 120 min
after solution) and glucose levels (90 min after solution) using an
equation (insulin sensitivity index= 0·157 – 4·576 × 10−5 × Ins120
– 0·00519 ×Gluc90 – 0·000299 × Ins0)(47).

Insulin resistance and functional capacity of pancreatic
beta cells indices

The insulin resistance index (homeostatic model assessment
2 – insulin resistance (HOMA2-IR)) and the functional capacity
of pancreatic beta cells index (homeostatic model assessment
2 – β-cell function (HOMA2-%B)) were calculated from the
values of fasting glucose and insulin(48,49).

Flow-mediated vasodilation

The FMD test was performed in a quiet roomwith participants in
abstinence from alcohol and caffeine for at least 12 h. High-res-
olution ultrasound was used to image the brachial artery at rest
and after 5 min of ischaemia. All the FMD tests were performed
with the participant in the supine position, with the non-domi-
nant arm extended at an angle of ∼90° from the torso. The bra-
chial artery was imaged in the DUPLEX mode using the high-
resolution ultrasound system LOGIQ-E ultrasound Doppler sys-
tem (General Electric Medical Systems, Milwaukee, WI, USA).
The ultrasound Doppler system was equipped with a 7–12
MHz linear array transducer. The brachial artery was imaged
5–10 cm above the antecubital fossa in the longitudinal plane,
and the diameter was determined at a 60° angle along the central
axis of the scanned area. When an optimal image was acquired,
the position was maintained for the whole test, and all scans
were stored for later analysis. After baseline brachial artery imag-
ing, a blood pressure cuff was placed around the forearm and
inflated to 240mmHg for 5min. Brachial artery images and blood
velocity were obtained continuously 30 s before and 3 min after
cuff release. The brachial artery images were analysed by a
blinded investigator using FloWave.US. Arterial diameter was
measured as the distance (mm) between the intima–lumen inter-
faces for the anterior and posterior walls. To calculate the per-
centage variation of the dilation, the peak diameter was used
in response to reactive hyperaemia in relation to the baseline
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diameter: FMD (%)= (peak diameter – baseline diameter) × 100
÷ baseline diameter(50,51).

Blood pressure

Ambulatory blood pressure monitoring was performed to check
the behaviour of blood pressure during nighttime and daytime.
The equipment (Meditech ABPM-04, Budapest, Hungary) was
installed on the participants, and the participants returned to
their normal activities outside the laboratory. Every 15 min dur-
ing the waking period and every 30 min during the sleeping
period, the monitor recorded the pressure obtained for 24 h.
After this period, the individuals visited the laboratory again to
remove the equipment and the registered data were analyzed
using the HyperView for Windows (Micromed) program.

Statistical analysis

The data were structured and analysed using the statistical pack-
age IBM SPSS statistics (Statistical Package for Social Sciences)
version 22.0 (IBM, USA) for Windows. Continuous data are pre-
sented as means ± standard deviation, and categorical data are
expressed as absolute frequencies. The Shapiro–Wilk test was
performed to verify the assumption of normality, and the analy-
sis of the homogeneity of the variances was performed using the
Levene test. The comparison between the groups regarding the
outcomes of sample characterisation and composition of the pre-
scribed diet was performed by one-way ANOVA and χ2 test. The
comparison of data before and after the first two weeks of SD
(weeks −2 and 0) was performed using a paired sample t test.
The other comparisons were performed using the generalised
estimation equations (GEE), adopting group (three stratifica-
tions) and time (6, 3 and 2 stratifications) as factors. The missing
values were estimated using maximum likelihood estimation by
the automatic regression imputation method within the GEE
analysis. Maximum likelihood estimation is a common estima-
tion method in statistics contingent upon finding estimates of
the treatment differences that maximise the probability of the
observed data(52). Methods as likelihood-based approaches pro-
duces unbiased estimates of the intervention effect and correct
P-values. Furthermore, it makes weaker assumptions about
the missing data compared with complete case analysis. In addi-
tion, GEE can handle with missing data in longitudinal studies
under the assumption that such data are missing completely at
random(53,54). The method for estimating the missing data used
by GEE consider the covariance matrix and the correlation
parameters.

When necessary, the least significant difference post-hoc test
was conducted. The level of significance adopted was 5 %. For
all variables, the ES was calculated (Cohen d corrected by
Hedges) and classified as small (0·2), moderate (0·5) or large
(≥ 0·8)(55).

Results

Of the twenty-eight participants recruited to participate in the
study, twenty-one individuals (nine men and twelve women)
completed the interventions (HFD: n 7; HGD: n 7; HFDE: n 7)

(Fig. 2). Participants were recruited from May 2018 and the trial
ended in January 2019, when the sample size goal was reached.

Unintended effects related to sweetened drinks (taste, consti-
pation and diarrhoea) were reported by some participants. In the
HFDE group, individuals performed approximately twelve exer-
cise sessions throughout the experiment, with 100 % adherence
to training. As described in Table 1, there were no differences
between the characteristics of the participants before the inter-
vention. Regarding the prescribed diet, therewere no differences
between the three groups regarding the energy value, the
amount of macronutrients and sugars related to the intervention
(fructose or glucose) (Table 2). In addition, individuals did not
change body mass, body fat mass, lean body mass or diet com-
position over the intervention period (Table 3). The HGD
(P= 0·031) and HFDE (P≤ 0·001) groups exhibited increases
in VO2peak after the intervention and, in relation to the levels
of physical activity, the HGD group showed lower results than
did the other groups since the initiation of the intervention,
but without differences over the 4 weeks (Table 3). Stratifying
the levels of physical activity by the different domains, all groups
showed increases in walking activity, evidenced by the signifi-
cant difference found only in the time factor for this outcome
(52·64 ± 55·88 mets.min to 187·63 ± 155·49 mets.min;
P= 0·015), considering the sum of the means of HFD, HGD
and HFDE.

Figure 3 represents the behaviour of uric acid concentrations
over time, in which it was possible to identify significant inter-
actions between group and time (P= 0·035). In the HFG group,
there was an increase between the pre- and post-intervention
periods (week 0 to week 4) (4·46 ± 1·11 mg/dl to 4·74 ± 1·22
mg/dl; ES: 0·22; P= 0·040) and a decrease two weeks after stop-
ping the consumption of drinks containing fructose (week 6),
compared with weeks −2 (P= 0·021), 0 (P= 0·021) and 4
(P= 0·004). Regarding the HGD group, the intervention did
not cause significant changes between the pre- and post-inter-
vention periods (5·27 ± 1·56 mg/dl to 5·40 ± 1·32 mg/dl; ES:
0·08; P= 0·573), but there were differences between weeks 2
and 8 (P= 0·011) and between weeks 6 and 8 (P= 0·045).
The HFDE group showed an increase in uric acid concentrations
between the middle and after intervention periods (week 2 to
week 4) (5·23 ± 0·42 mg/dl to 5·66 ± 0·66 mg/dl; P= 0·013), with
a fall occurring two weeks after the interruption of the interven-
tion (week 4 to week 6) (P= 0·20). This reduction was main-
tained at week 8, which was demonstrated to be different
from that at week −2 (P= 0·010). Between the pre- and post-
intervention periods, there were no significant changes
(5·40 ± 0·87 mg/dl to 5·66 ± 0·66 mg/dl; ES: 0·31; P= 0·220).
The HFD group showed lower values compared with the
HFDE group at weeks −2 (P= 0·030), 2 (P= 0·011) and 6
(P= 0·004), and at week 8 in relation to the HGD group
(P= 0·045) (Fig. 3).

As shown in Table 4, there was a significant interaction
between group and time with regard to glucose concentrations
(P≤ 0·001), with no changes between the pre- and post-inter-
vention periods for all groups. However, there was an increase
between weeks 2 and 4 in the HFD group (P= 0·037) and, in the
HFDE group, an increase fromweek 0 to week 2 (P= 0·019), fol-
lowed by a reduction from week 2 to week 4 (P= 0·003).
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Fig. 2. Flowchart of the recruitment, allocation, follow-up and analysis of participant’s data processes. HFD, high-fructose diet; HGD, high-glucose diet; HFDE, high-
fructose diet and exercise.

Table 1. Characteristics of participants
(Mean values and standard deviations)

HFD (n 7) HGD (n 7) HFDE (n 7) P

Mean SD Mean SD Mean SD

Age, years 24·86 1·58 22·71 1·27 24·71 1·71 0·553
Sex, M/F 3/4 3/4 3/4 1·000
Contraceptive use, n 3 3 1 0·424
Body mass, kg 66·46 4·04 66·83 4·56 65·86 4·39 0·987
Height, cm 167·78 3·32 169·28 2·74 166·54 3·81 0·844
BMI, kg/m2 23·50 0·80 23·23 1·15 23·66 1·03 0·955
Body fat, % 32·40 3·82 32·86 3·54 30·16 2·83 0·838
VO2peak, ml.kg.min 32·94 2·42 30·63 2·15 35·07 2·19 0·399
BMR, kcal/d 1787·39 105·16 1710·82 66·47 1692·56 84·93 0·720

Data expressed as mean ± standard deviation or absolute frequencies. VO2peak, peak oxygen consumption; BMR, basal metabolic rate; HFD, high-fructose diet; HGD, high-glucose
diet; HFDE, high-fructose diet and exercise.

Table 2. Composition of the prescribed daily dietary intake throughout the intervention
(Mean values and standard deviations)

HFD (n 7) HGD (n 7) HFDE (n 7) P

Mean SD Mean SD Mean SD

Energy intake, kcal 2642·13 388·65 2540·43 260·49 2858·82 363·24 0·233
Carbohydrates, g 358·99 62·54 341·01 42·64 404·07 48·97 0·092
Proteins, g 125·21 14·91 121·87 22·35 126·77 30·59 0·631
Lipids, g 78·40 9·54 76·58 7·38 81·76 13·06 0·640
Sugar, g 66·57 3·99 66·71 4·55 65·71 4·34 0·984

HFD, high-fructose diet; HGD, high-glucose diet; HFDE, high-fructose diet and exercise.
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Considering all groups, only a significant time effect was demon-
strated for total cholesterol (P≤ 0·001), LDL (P≤ 0·001) and TAG
(P= 0·002) concentrations. The other outcomes did not show
significant differences (Table 4 and Table 5).

On the other hand, a significant interaction was found for
24-h systolic blood pressure (SBP) (P = 0·029), in which the
HFDE group showed a reduction from the pre- to the post-
intervention period (110·68 ± 8·20 mmHg to 107·17 ± 8·15
mmHg; ES: 0·40; P = 0·018), and the HFD group exhibited
higher values than those found in the HGD group after
4 weeks (P = 0·018). The 24-h SBP was not significantly
changed in the other groups (HFD: 110·70 ± 8·02 mmHg to
113·04 ± 6·14 mmHg; ES: 0·30; P = 0·177, HGD: 108·93 ± 6·01
mmHg to 106·70 ± 3·57 mmHg; ES: 0·42; P = 0·075). No signifi-
cant differences were found in the 24-h diastolic blood pres-
sure (DBP) (HFD: 65·55 ± 7·01 mmHg to 66·89 ± 6·96 mmHg;
ES: 0·18, HGD: 63·29 ± 6·16 mmHg to 61·47 ± 6·16 mmHg; ES:
0·27, HFDE: 66·72 ± 4·74 mmHg to 62·70 ± 6·59 mmHg;
ES: 0·65) and daytime SBP (HFD: 115·58 ± 6·22 mmHg to
116·44 ± 5·08 mmHg; ES: 0·14; HGD: 112·50 ± 6·88 mmHg to
110·81 ± 3·92 mmHg; ES: 0·28, HFDE: 115·56 ± 7·75 mmHg
to 111·36 ± 11·30 mmHg; ES: 0·40). With respect to daytime
DBP (HFD: 69·97 ± 4·58 mmHg to 69·56 ± 7·01 mmHg; ES:
0·06, HGD: 67·63 ± 6·96 mmHg to 65·69 ± 6·85 mmHg; ES:
0·26; HFDE: 71·92 ± 4·97 mmHg to 67·32 ± 9·34 mmHg;

ES: 0·57), only significant effect of the time factor was found
among all groups (69·84 ± 3·23 mmHg to 67·52 ± 4·50 mmHg;
P= 0·029). Regarding the values of nocturnal blood pressure,
significant interactions were found for SBP (P= 0·010) and
DBP (P= 0·008) outcomes. The HFD group showed increases
in nocturnal SBP (98·98 ± 9·13 mmHg to 104·99 ± 9·58 mmHg;
ES: 0·59; P= 0·022) and in nocturnal DBP (53·71 ± 6·32
mmHg to 60·98 ± 9·95 mmHg; ES: 0·80; P= 0·009) after
4 weeks. By contrast, the HGD group exhibited decreases in
nocturnal SBP (103·12 ± 5·82 mmHg to 100·26 ± 4·15 mmHg;
ES: 0·52; P= 0·028) and nocturnal DBP (56·29 ± 6·43 mmHg
to 54·80 ± 5·56 mmHg; ES: 0·23; P= 0·031) throughout the inter-
vention. The HFDE group did not show significant changes for
nocturnal SBP (101·73 ± 8·76 mmHg to 99·96 ± 4·34 mmHg;
ES: 0·24; P= 0·552) and nocturnal DBP (57·21 ± 5·29 mmHg
to 55·15 ± 3·25 mmHg; ES: 0·43; P= 0·223). There were no
differences between groups for either variable (Fig. 4).

Discussion

The main findings of the present study demonstrate that the con-
sumption of 1 g/kg of fructose daily for 4 weeks increases uric
acid concentrations and blood pressure in healthy adults, regard-
less of body mass and body fat gains. Additionally, aerobic

Table 3. Control outcomes throughout the interventions: HFD (n 7), HGD (n 7), HFDE (n 7)
(Mean values and standard deviations)

Week

0 4

Mean SD Mean SD ES Change P group P time P group × time

Body mass, kg HFD 66·01 8·52 66·21 8·60 0·02 0·20 0·997 0·928 0·772
HGD 66·17 10·50 66·04 10·03 0·01 –0·13
HFDE 65·83 10·34 65·70 10·69 0·01 –0·13

Body fat, kg HFD 20·32 6·91 20·68 7·01 0·05 0·37 0·842 0·248 0·611
HGD 20·62 6·67 20·66 6·80 0·01 0·04
HFDE 18·94 5·32 19·02 5·34 0·01 0·08

Lean body mass, kg HFD 43·74 9·45 43·47 10·03 0·03 –0·27 0·954 0·217 0·963
HGD 43·56 8·92 43·30 8·47 0·03 –0·26
HFDE 44·85 8·65 44·68 8·89 0·02 –0·17

Physical activity, mets.min HFD 1616·86 1050·87* 1578·43 736·31* 0·04 –38·43 0·006 0·228 0·495
HGD 846·86 235·52 967·14 587·04 0·25 120·29
HFDE 1985·71 1218·02* 2957·29 2329·19* 0·48 971·57

VO2peak, ml.kg.min HFD 32·86 7·51 32·85 5·03† 0·00 0·00 0·056 0·009 0·011
HGD 29·86 5·93 31·14 6·27†,‡ 0·19 1·29
HFDE 35·57 4·26* 38·57 4·82‡ 0·61 3·00

Energy intake, kcal HFD 1885·74 245·15 1770·79 390·49 0·32 –114·95 0·226 0·060 0·820
HGD 1917·80 281·24 1729·66 161·10 0·76 –188·14
HFDE 2232·32 528·94 2130·96 556·16 0·17 –101·36

Carbohydrates, g HFD 268·72 30·43 251·93 56·96 0·34 –16·79 0·362 0·317 0·160
HGD 274·56 46·75 255·14 36·46 0·43 –19·42
HFDE 297·29 67·52 305·86 71·70 0·11 8·57

Proteins, g HFD 88·99 28·04 84·36 21·64 0·17 –4·62 0·182 0·115 0·602
HGD 86·79 22·52 70·07 13·68 0·83 –16·71
HFDE 102·20 36·46 95·49 24·26 0·20 –6·71

Lipids, g HFD 49·53 14·34 42·97 8·23 0·52 –6·56 0·097 0·077 0·543
HGD 49·44 6·75 47·34 9·71 0·23 –2·10
HFDE 67·30 14·84 58·16 25·45 0·40 –9·13

Data expressed as mean ± standard deviation. VO2peak, peak oxygen consumption; HFD, high-fructose diet; HGD, high-glucose diet; HFDE, high-fructose diet and exercise; ES,
effect size (week 0 to week 4); Change: absolute (week 0 to week 4).
* Difference relative to HGD group.
† Difference relative to HFDE group.
‡ Difference to week 0.
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training attenuated fructose-induced increase in uric acid con-
centrations and changes in glucose concentrations, as well as
prevented the impairment of nocturnal blood pressure. These
results were obtained using doses of fructose similar to the aver-
age consumption of the population (∼35–60 g per day)(2,56,57).
However, the American Heart Association recommends that
the intake of this monosaccharide should not exceed 50 g per
day(58). The literature suggests that amounts above this value
may cause metabolic changes and, consequently, increase the
risk for associated diseases(59,60).

There is a relationship between high-fructose diets and risk of
hyperuricaemia(11). After fructose intake, uric acid accumulates
in liver cells and their serum concentrations increase rapidly,
within approximately 30–60 min(61,62). Although a meta-analysis
demonstrated that daily consumption of fructose under isoener-
getic conditions does not seem to increase uric acid concentra-
tions(63), some studies have shown a fructose-induced raise
effect. Most studies that found an increase in uric acid used high
doses of fructose (100–200 g per day)(64–68). However, interven-
tions with moderate amounts of fructose a day, similar to the
doses provided by the present study, were also able to promote

short(69) and long term(70) increases in this outcome. Stanhope
et al.(33) demonstrated that the consumption of different amounts
of high-fructose corn syrup (10 %, 17·5 % and 25 % of the energy
intake) for two weeks promotes negative changes in uric acid
concentrations, and themagnitude of the increase is dose depen-
dent. The group that consumed a daily amount of 17·5 % of high-
fructose corn syrup from the energy intake (111 g, 61 g of
fructose) showed a significant increase of 0·30 mg/dl in uric acid
concentrations after the intervention. These results are in line
with those observed in the present study, in which the HFD
group exhibited increments of, on average, 0·28mg/dl with daily
doses of ∼66 g of fructose. Furthermore, the literature indicates
that uric acid has a strong relationship with cardiometabolic dis-
eases(9). A meta-analysis showed that an increase of 1 mg/dl in
uric acid concentrations generates an increase of 13 % in the risk
of hypertension in young adults(71). Based on these results, the
significant increase in uric acid concentrations caused by mod-
erate doses of fructose, in just 4 weeks, may be considered clin-
ically relevant. In contrast, despite the statistical significance, an
increase of 0·28 mg/dl associated with an ES of 0·22 was found,
which suggests the possibility of this result does not generate
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Fig. 3. Mean ± standard deviation of the behaviour of uric acid concentrations. (a) High-fructose diet (HFD); *difference for week 6; #difference for week 4. (b) High-
glucose diet (HGD); *difference for week 8. (c) High-fructose diet and exercise (HFDE); *difference for week 8; #difference for week 4.
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Table 4. Lipid profile and glucose metabolism outcomes throughout the interventions: HFD (n 7), HGD (n 7), HFDE (n 7)
(Mean values and standard deviations)

Weeks

–2 0 2 4 6 8

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

ES
(0–4)

Change
(0–4) P group P time P group × time

TAG, mg/dl HFD 96·29 45·48 85·98 32·17 98·56 44·50 99·86 46·64 112·69 84·80 98·06 34·79 0·32 13·88 0·841 0·002 0·122
HGD 104·15 40·82 97·78 40·19 89·21 45·45 92·65 38·50 104·79 30·96 80·08 32·20 0·12 –5·14
HFDE 108·57 34·42 70·02 26·19 93·66 27·20 97·44 37·65 87·59 33·76 78·42 6·83 0·78 27·42
Total 103·00 23·38*,|| 84·59 19·25 93·81 23·06 96·65 23·75 101·69 32·13 85·52 15·97

TC, mg/dl HFD 189·95 42·41 186·04 39·05 178·85 32·99 192·54 36·30 190·06 46·57 218·14 3·23 0·16 6·50 0·284 < 0·001 0·086
HGD 176·31 27·57 172·34 27·60 163·33 33·50 171·14 35·59 168·36 29·45 179·26 30·58 0·03 –1·20
HFDE 168·73 30·58 163·92 31·54 166·05 29·08 177·56 22·67 167·79 23·92 191·92 26·59 0·46 13·64
Total 178·33 19·70†,|| 174·10 19·09|| 169·41 18·42‡,|| 180·41 18·55|| 175·40 20·02|| 196·44 13·56

LDL, mg/dl HFD 129·80 35·80 129·71 35·06 119·57 28·34 134·05 32·86 131·35 38·76 162·62 4·71 0·12 4·34 0·214 < 0·001 0·118
HGD 118·04 20·24 116·22 19·31 109·33 23·23 117·67 25·32 113·48 27·57 123·72 23·44 0·06 1·44
HFDE 107·58 26·67 111·27 30·66 107·90 26·99 117·51 20·35 106·38 17·46 131·32 37·07 0·22 6·24
Total 118·47 16·34|| 119·07 16·81†,|| 112·27 15·16‡,|| 123·08 15·40|| 117·07 16·89|| 139·22 14·70

HDL, mg/dl HFD 40·89 5·48 39·13 5·27 39·58 5·11 38·52 4·18 36·17 10·16 35·91 8·70 0·12 –0·61 0·677 0·934 0·070
HGD 37·44 8·28 36·56 10·13 36·16 7·49 34·94 11·27 33·92 14·18 39·53 12·94 0·14 –1·62
HFDE 39·44 10·48 38·65 9·10 39·42 9·74 40·55 10·32 43·89 14·90 44·91 15·87 0·18 1·91
Total 39·26 4·81 38·11 4·87 38·39 4·44 38·01 5·28 37·99 7·65 40·12 7·42

Glucose, mg/dl HFD 91·79 5·82† 87·54 4·29§ 86·70 4·60‡,§ 89·68 5·32† 93·70 6·22*,† 91·46 10·77 0·41 2·14 0·129 0·051 < 0·001
HGD 91·60 4·79|| 89·40 4·00 89·30 4·55 88·68 3·57 86·38 9·31 93·76 4·66*,†,‡,§ 0·18 –0·72
HFDE 95·40 5·98‡ 91·35 5·37†,§,|| 94·36 4·42*,‡,¶ 90·12 5·40†,§,|| 93·72 4·95*,‡ 95·99 1·53*,‡ 0·21 –1·23
Total 92·93 3·21 89·43 2·65 90·12 2·61 89·50 2·79 91·26 4·08 93·74 3·94

Insulin, μIU/ml HFD 9·01 3·97 11·42 7·49 9·98 3·57 – – 0·24 0·97 0·777 0·103 0·525
HGD 11·19 4·39 12·65 4·68 10·89 4·68 – – 0·06 –0·30
HFDE 9·48 4·42 11·72 4·50 9·27 4·58 – – 0·04 –0·21
Total 9·89 2·46 11·93 3·31 10·05 2·48 – –

HOMA2-IR HFD 1·16 0·50 1·45 0·93 1·29 0·45 – – 0·25 0·13 0·787 0·098 0·508
HGD 1·43 0·56 1·62 0·58 1·40 0·58 – – 0·05 –0·03
HFDE 1·23 0·58 1·53 0·58 1·20 0·58 – – 0·05 –0·03
Total 1·27 0·32 1·53 0·41 1·30 0·32 – –

HOMA2-%B HFD 109·07 32·17 128·14 56·30 112·90 30·32 – – 0·11 3·83 0·526 0·149 0·774
HGD 124·24 41·41 134·93 40·29 122·11 40·22 – – 0·05 –2·13
HFDE 101·86 31·62 114·21 33·28 105·44 40·14 – – 0·09 3·59
Total 111·72 20·41 125·76 25·61 113·49 21·47 – –

ISI HFD 0·10 0·01 – 0·10 0·01 – – 0·00 0·00 0·407 0·565 0·818
HGD 0·10 0·01 – 0·10 0·03 – – 0·00 0·00
HFDE 0·11 0·03 – 0·10 0·01 – – 0·41 –0·01
Total 0·10 0·01 – 0·10 0·01 – –

Data expressed asmean ± standard deviation. TC, total cholesterol; HOMA2-IR, insulin resistance index; HOMA2-%B, functional capacity of pancreatic beta cells index; ISI, insulin sensitivity index; HFD, high-fructose diet; HGD, high-glucose
diet; HFDE, high-fructose diet and exercise; ES, effect size (week 0 to week 4); Change: absolute (week 0 to week 4).
* Difference to week 0.
† Difference to week 2.
‡ Difference to week 4.
§ Difference to week 6.
|| Difference to week 8.
¶ Difference to HFD and HGD at week 2.
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clinical changes. Although some studies consider that changes in
uric acid concentrations of 0·113mg/dl may reflect theminimally
important difference for harm or benefit for uric acid(72), these
data must be observed with caution.

On the other hand, the HFDE group showed a significant
increase in uric acid concentrations from the middle of the inter-
vention (week 2) to the post-intervention period (week 4), but
there was no difference between the pre- and post-intervention
periods. Therefore, it appears that aerobic training was not able
to completely prevent fluctuations in uric acid concentrations
caused by fructose, but it has avoided the increase found in
the HFD group. Aerobic training improves uric acid concentra-
tions(73,74); however, the period of 4 weeks, with a weekly fre-
quency of three sessions, may be insufficient for this
adaptation to be developed and for the effects caused by fruc-
tose consumption to be totally prevented. In addition, both
groups (HFD and HFDE) exhibited a drop in uric acid concen-
trations after discontinuing the consumption of drinks sweet-
ened with fructose. This result suggests that exercise
performed for 4 weeks cannot avoid fructose-induced fluctua-
tions in uric acid concentrations, but the suspension of its con-
sumption may be a way to inhibit this alteration. In addition, this
effect may be achieved after twoweeks without regular intake of
∼66 g of fructose.

One of the consequences of lipogenesis promoted by fruc-
tose is the possible accumulation of TAG in liver cells and the

subsequent formation of toxic metabolites, such as diacylgly-
cerol and ceramides. These substances derived from lipids,
when stored, are responsible for causing damage to the action
of insulin(75,76). In the HFD group, no significant changes were
observed in the glucose concentrations from the pre- to the
post-intervention period. However, this outcome increased from
the middle to 4 weeks. Most studies that demonstrated negative
effects of chronic fructose consumption on blood glucose used
high doses of this sugar (> 100 g per day)(42,65,75,77–79). On the
other hand, through intervention with doses of fructose and
duration similar to that applied in the present study, Aeberli
et al.(80) demonstrated an increase of 4·50 mg/dl and 3·42 mg/
dl in glucose concentrations with the consumption of 40 g and
80 g of fructose, respectively, after 3 weeks. In addition to the
changes found in the HFD group, the HFDE group showed an
increase in glucose concentrations from the beginning to the
middle, followed by a reduction from the middle to the end of
the intervention. These results suggest that aerobic exercise
was able to prevent the increase in blood glucose that started
to occur after two weeks of fructose consumption, since this
training modality may be able to promote a decrease in this out-
come in the short term(81).

To our knowledge, this is one of the few studies performed in
humans evaluating the effect of chronic fructose consumption
on vascular outcomes and, in addition, is the first study that veri-
fied its effects on FMD.Nier and colleagues(82) found a significant

Table 5. Metabolic and vascular outcomes throughout the interventions: HFD (n 7), HGD (n 7), HFDE (n 7)
(Mean values and standard deviations)

Weeks

0 4

Mean SD Mean SD ES Change P group P time P group × time

Metabolic outcomes
CRP, mg/l HFD 1·20 1·61 1·26 1·01 0·04 0·06 0·921 0·255 0·127

HGD 1·12 1·19 1·31 1·03 0·16 0·19
HFDE 2·05 1·90 0·81 0·66 0·80 –1·25
Total 1·46 0·92 1·12 0·53

TBARS, μmol MDA/l HFD 1·12 0·34 1·12 0·24 0·00 0·00 0·717 0·561 0·458
HGD 1·32 0·53 1·16 0·26 0·35 –0·16
HFDE 1·22 0·16 1·24 0·48 0·05 0·03
Total 1·22 0·22 1·18 0·20

SOD, U/mg protein HFD 1·10 0·40 1·12 0·34 0·05 0·01 0·705 0·843 0·965
HGD 1·15 0·40 1·12 0·40 0·07 –0·03
HFDE 1·02 0·56 0·96 0·37 0·12 –0·05
Total 1·09 0·26 1·07 0·21

Vascular outcomes
NOx, uM/l HFD 10·11 4·71 9·85 3·07 0·06 –0·26 0·165 0·532 0·968

HGD 11·28 4·18 10·44 2·88 0·22 –0·84
HFDE 8·79 2·25 8·20 2·06 0·25 –0·58
Total 10·06 2·22 9·50 1·56

ET-1, pg/ml HFD 5·78 0·42 6·47 1·11 0·76 0·70 0·068 0·981 0·128
HGD 9·80 4·79 9·66 4·50 0·03 –0·14
HFDE 8·35 4·95 7·78 4·13 0·12 –0·58
Total 7·98 2·30 7·97 2·07

FMD, % HFD 8·93 2·22 8·92 1·93 0·00 –0·01 0·270 0·243 0·308
HGD 10·28 1·96 10·19 1·53 0·05 –0·09
HFDE 8·42 1·96 9·48 1·72 0·53 1·05
Total 9·21 1·19 9·53 1·00

Data expressed as mean ± standard deviation. CRP, C-reactive protein; TBARS, thiobarbituric acid reactive substances; SOD, superoxide dismutase; NOx, nitrite/nitrate; ET-1,
endothelin-1; FMD, flow-mediated dilation; HFD, high-fructose Diet; HGD, high-glucose diet; HFDE, high-fructose diet and exercise; ES, effect size (week 0 to week 4); Change:
Absolute (week 0 to week 4).
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reduction in NOx concentrations after a HFD (∼160 g). Although
the authors used a protocol of only 3 d, the dose of fructose used
was much higher than that used in the present study, which may
explain the contradiction to our result. However, studies using
animal models have demonstrated that fructose-rich diets are
capable of promoting endothelial dysfunction, evidenced by
both a reduction in the NOx vasodilator and an increase in
the ET-1 vasoconstrictor(83,84). Contrary to these results, although
similar to the result found in another study performed in
humans(82), no significant changes were found in the ET-1 out-
come. However, despite the absence of statistical differences,
the HFD group showed an increase in ET-1 concentrations with
an ES of 0·76, suggesting a possible association of fructose on this
marker and corroborating data from interventions performed on
animals. Nevertheless, the HFDE group also presentedmoderate

ES (0·53) in the FMDoutcome, indicating the effect of exercise on
vasodilation. Because the individuals showed high FMD values,
expressive changes were not expected for this variable(85).
Therefore, it is suggested that our training protocol was able
to produce a certain positive effect on FMD even in healthy indi-
viduals, since fructose did not induce damage to endothelial
function during the intervention period.

Another consequence of fructose consumption, as pointed
out in the literature, is its ability to induce hypertension. A series
of mechanisms promoted by fructose may contribute to
increases in blood pressure, such as stimulating Na retention
in the body, impairing endothelial function by reducing the bio-
availability of nitric oxide and increasing vasoconstrictors (ET-1,
thromboxane A2 and angiotensin II), and chronic stimulation of
the sympathetic nervous system(86). This increase in blood
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Fig. 4. Mean ± standard deviation of blood pressure before and after the interventions. (a) 24-h systolic blood pressure (24-h SBP), , HFD; , HGD; , HFDE; (b) 24-h
diastolic blood pressure (24-h DBP), , HFD; , HGD; , HFDE; (c) daytime systolic blood pressure (daytime SBP), , HFD; , HGD; , HFDE; (d) daytime diastolic
blood pressure (daytime DBP), , HFD; , HGD; , HFDE; (e) nocturnal systolic blood pressure (nocturnal SBP), , HFD; , HGD; , HFDE; (f) nocturnal diastolic
blood pressure (nocturnal DBP), , HFD; , HGD; , HFDE. HFD, high-fructose diet; HGD, high-glucose diet; HFDE, high-fructose diet and exercise. Pre: week 0; Post:
week 4. *Difference between pre and post; #difference between groups; **difference between pre and post considering all groups.
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pressure may occur in a short time of treatment with fructose (4–
8weeks), being dependent on the dose and duration of the inter-
vention and independent of body fat gain, as evidenced in ani-
mal models(17). In this sense, in just 4 weeks of intervention, the
HFD group showed increases in nocturnal SBP and DBPwith ES
of 0·59 and 0·80, respectively, consuming moderate doses of
fructose (∼66 g) and without an increase in body fat.
Corroborating our results, several authors have indicated a
strong relationship between increased uric acid concentrations
and negative changes in blood pressure(9,12,71). Nguyen
et al.(87) demonstrated that an increase of 0·18 mg/dl in uric acid
concentrations, associated with a high consumption of sweet-
ened drinks, may be accompanied by increases in systolic blood
pressure (2 mmHg) in adolescents. However, another study
found that uric acid is related to increases in blood pressure in
healthy, non-obese and normotensive men. In addition, an
increase of 1 mg/dl in its concentrations predicts elevations of
27·5 mmHg in SBP and 15·2 mmHg in DBP for 5 years(88).
Based on these results, an increase of 0·28mg/dl in uric acid con-
centrations, as evidenced in the present study, may be respon-
sible for the mean changes of 6·02 mmHg and 7·27 mmHg in the
nocturnal SBP and DBP, respectively. On the other hand, Perez-
Pozo et al.(68) showed that the association of allopurinol with the
consumption of 200 g of fructose per day for 2 weeks prevents
the increase in blood pressure caused by fructose in healthy
adults. Therefore, the literature suggests that uric acid is capable
of causing oxidative stress, inflammation, endothelial dysfunc-
tion, insulin resistance, activation of the renin angiotensin system
and greater stimulation of the sympathetic nervous system,
which are known to influence the increase in blood pres-
sure(9,12,16,17,89). As the HFD group did not show changes in
NOx, FMD, C-reactive protein, thiobarbituric acid reactive sub-
stances andHOMA2-IR throughout the intervention, the increase
in nocturnal blood pressure may have been influenced by the
renin angiotensin system and the sympathetic nervous system
by increasing uric acid concentrations. Although these markers
have not been evaluated, studies suggest that these changes
mediated by uric acid may occur in the early stages of increased
blood pressure(16,88,90). On the other hand, despite the absence
of statistical differences, an ES of 0·76 was observed in ET-1 con-
centrations, suggesting a tendency of increase after 4 weeks of
intervention. Because fructose-rich diets cause changes in this
marker in animals(17) and for the evidence that uric acid may
favour its expression(91), it is suggested that the increase in
plasma ET-1 concentrations may have contributed to the nega-
tive effects of blood pressure. In humans, in addition to our
study, few experiments were able to detect increases in blood
pressure after daily fructose consumption(68,69). Despite meth-
odological differences, one point in common between interven-
tions was the use of 24-h ambulatory blood pressure monitoring
as an assessment method. Therefore, the evidence regarding this
outcomemust be observedwith caution, sincemost studies have
used traditional methods to assess blood pressure, and this factor
may be related to the controversial results available in the
literature.

By contrast, the HGD group showed decreases and theHFDE
group showed no differences in nocturnal SBP and DBP, sug-
gesting maintenance of the behaviour of these outcomes with

the association of exercise. From the pre- to the post-intervention
period, all groups showed an increase in walking activity, evi-
denced by the difference in time effect. From these results, it
is possible to speculate that higher levels of walking may have
contributed to the reduction in blood pressure observed in the
HGD group, since an increase in physical activity acts positively
on this outcome(92,93), and this increasewas not enough to inhibit
the effects of fructose. In addition, the HGD group showed a
small (ES: 0·19), but significant, increase in VO2peak, which
may also have influenced the improvement in blood pres-
sure(94,95). About this increase in VO2peak, it is possible to specu-
late that two mechanisms may have contributed to the result.
Although there was no statistical difference between the three
groups, the individuals in the HGD group started the study with
lower values of VO2peak, whichmay bemore vulnerable to suffer
changes. Moreover, this group also showed an increase in walk-
ing levels throughout the intervention, which may contribute to
improvements in physical fitness(96). Therefore, it is suggested
that the increase in VO2peak may have been influenced by the
combination of these factors found in the HGD group. On the
other hand, structured aerobic exercise, performed three times
a week, was able to prevent negative alterations generated by
fructose in the nocturnal blood pressure. In addition, the
HFDE group showed improvements in the 24-h SBP, in which
it was not influenced by daily fructose consumption even with
an increase in uric acid concentrations. Saladini et al.(89) demon-
strated, based on data from a cohort study, that adults engaged in
regular physical activities did not present a risk of hypertension,
regardless of uric acid concentrations. However, the authors sug-
gest that exercise may modulate the mechanisms involved in
increasing blood pressure. Of these mechanisms, the present
study observed an increase in FMD with moderate ES and a
reduction in C-reactive protein concentrations with large ES.
Although both did not present significant differences over the
intervention, the literature demonstrates that exercise has the
capacity to cause improvements in these outcomes(97,98), and,
furthermore, these positive effects are largely related to lowering
blood pressure(99).

This study has some limitations, such as the inability to evalu-
ate outcomes related to the sympathetic nervous system and the
renin angiotensin system, to better explain the results found, and
the absence of dietary control after 4 weeks of intervention. In
addition, the control of physical activity was not performed using
activity trackers although it was evaluated through the
International Physical Activity Questionnaire. However, this is
the first study evaluating the chronic effect of fructose consump-
tion associated with structured aerobic exercise on vascular
parameters performed in humans. In addition, moderate doses
of fructose were used, which are quantities that approximate
those consumed by the population(2,56,57), contributing to the
results found to become more relevant clinically.

This clinical trial demonstrated that the daily consumption of
∼66 g of fructose promotes increases in uric acid concentrations
and nocturnal blood pressure within 4 weeks in healthy adults,
regardless of body mass and body fat gains. The association of
aerobic exercise with fructose consumption attenuates the
increase in uric acid concentrations, the fluctuations in glucose
concentrations and is able to prevent damage to blood pressure.
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These results confirm that humans are also sensitive to the meta-
bolic effects of fructose, even when consumed in moderate
amounts. In addition, aerobic exercise may be a strategy to min-
imise the impairments caused by the regular consumption of
sweetened drinks.
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modulates vascular endothelial function through the down
regulation of nitric oxide production. Free Radic Res 47, 82–88.

16. Feig DI, Madero M, Jalal DI, et al. (2013) Uric acid and the ori-
gins of hypertension. J Pediatr 162, 896–902.

17. Tran LT, Yuen VG & McNeill JH (2009) The fructose-fed rat: a
review on the mechanisms of fructose-induced insulin resis-
tance and hypertension. Mol Cell Biochem 332, 145–159.

18. Lin X, Zhang X, Guo J, et al. (2015) Effects of exercise training
on cardiorespiratory fitness and biomarkers of cardiometabolic
health: a systematic review and meta-analysis of randomized
controlled trials. J Am Heart Assoc 4, 1–28.

19. Wang Y & Xu D (2017) Effects of aerobic exercise on lipids and
lipoproteins. Lipids Health Dis 16, 1–8.

20. Mann S, Beedie C, Balducci S, et al. (2014) Changes in insulin
sensitivity in response to different modalities of exercise: a
review of the evidence. Diabetes Metab Res Rev 30, 257–268.

21. Swift DL, Houmard JA, Slentz CA, et al. (2018) Effects of aerobic
training with and without weight loss on insulin sensitivity and
lipids. PLOS ONE 13, 1–15.

22. Hayashino Y, Jackson JL, Hirata T, et al. (2014) Effects of exer-
cise on C-reactive protein, inflammatory cytokine and adipo-
kine in patients with type 2 diabetes: a meta-analysis of
randomized controlled trials. Metabolism 63, 431–440.

23. Goto C, Higashi Y, Kimura M, et al. (2003) Effect of different
intensities of exercise on endothelium-dependent vasodilation
in humans: role of endothelium-dependent nitric oxide and
oxidative stress. Circulation 108, 530–535.

24. Pearson MJ & Smart NA (2017) Aerobic training intensity for
improved endothelial function in heart failure patients: a sys-
tematic review and meta-analysis. Cardiol Res Pract 2017,
2450202.

25. Cornelissen VA & Smart NA (2013) Exercise training for blood
pressure: a systematic review and meta-analysis. J Am Heart
Assoc 2, e004473.

26. Boa BCS, Costa RR, Souza MGC, et al. (2014) Aerobic exercise
improves microvascular dysfunction in fructose fed hamsters.
Microvasc Res 93, 34–41.

27. Dupas J, Feray A, Guernec A, et al. (2018) Effect of personalized
moderate exercise training on Wistar rats fed with a fructose
enriched water. Nutr Metab 15, 1–12.

28. Farah D, Nunes J, Sartori M, et al. (2016) Exercise training pre-
vents cardiovascular derangements induced by fructose over-
load in developing rats. PLOS ONE 11, 1–15.

29. Medeiros RF, Gaique TG, Bento-Bernardes T, et al. (2017)
Arginine and aerobic training prevent endothelial and meta-
bolic alterations in rats at high risk for the development of
the metabolic syndrome. Br J Nutr 118, 1–10.
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