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Abstract
Recent evidence suggests that young rodents submitted to high fructose (FRU) diet develop metabolic, and cognitive dys-
functions. However, it remains unclear whether these detrimental effects of FRU intake can also be observed in middle-aged 
mice. Nine months-old C57BL/6 female mice were fed with water (Control) or 10% FRU in drinking water during 12 weeks. 
After that, metabolic, and neurochemical alterations were evaluated, focusing on neurotransmitters, and antioxidant defenses. 
Behavioral parameters related to motor activity, memory, anxiety, and depression were also evaluated. Mice consuming FRU 
diet displayed increased water, and caloric intake, resulting in weight gain, which was partially compensated due to decreased 
food pellet intake. FRU fed animals displayed increased plasma glucose, and cholesterol levels, which was not observed 
in overnight-fasted animals. Superoxide dismutase (SOD), and catalase (CAT) activities were markedly decreased in the 
prefrontal cortex of animals receiving FRU diet, while glutathione peroxidase (GPx) slightly increased. Liver (lower GPx), 
striatum (higher SOD and lower CAT), and hippocampus (no changes) were less impacted. No changes were observed in 
glutathione reductase, and thioredoxin reductase activities, two ancillary enzymes for peroxide detoxification. FRU intake did 
not alter serotonin, dopamine, and norepinephrine levels in the hippocampus, prefrontal cortex, and striatum. No significant 
alterations were observed in working, and short-term spatial memory; and in anxiety- and depressive-like behaviors in animals 
treated with FRU. Increased locomotor activity was observed in FRU-fed middle-aged mice, as evaluated in the open field, 
elevated plus-maze, Y maze, and object location tasks. Overall, these results demonstrate that high FRU consumption can 
disturb antioxidant defenses, and increase locomotor activity in middle-aged mice, open the opportunity for further studies 
to address the underlying mechanisms related to these findings.
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Introduction

Understanding the dietary components that may adversely 
affect health, and wellness becomes an important topic, 
where new approaches are welcome. Fructose (FRU) is a 
naturally occurring monosaccharide of high palatability, 
and low cost; as a consequence it is largely employed as an 
industrial sweetener. High FRU intake contributes to brain 
damage, and neurogenesis impairment [1]. The Dietary 
Guidelines for Americans 2015–2020 [2] suggested a limit 
for added sugars, including FRU, to be less than 10% of 
ingested calories per day, which is below the current daily 
intake that approaches 15%. Recent studies reported that 
a FRU-rich diet is widely associated with dyslipidemias, 
behavioral impairments, dental caries, obesity, and coronary 
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heart disease [3]. Several neurochemical changes in the 
rodent brain can be observed under high FRU diets, such 
as increased reactive gliosis, mitochondrial impairment, 
inflammation, and oxidative stress [4–6]. In adult rodents, 
the FRU-induced brain alterations have been associated 
with learning, and memory impairments, which have been 
addressed in several behavioral tasks [7, 8], including water 
maze, novel object recognition, and Y-maze.

Over the past decades, FRU has been increasingly incor-
porated in the Western diet, becoming a relevant compo-
nent in the total caloric intake. Daily FRU consumption can 
be as high as 85–100 g/day [3]. In line with this, epidemic 
levels of metabolic dysfunctions have been related to the 
worldwide exponential increase in the consumption of sug-
ary beverages, which are rich in FRU [3]. FRU consumption 
is widely associated with body weight gain, and increased 
plasma levels of triglycerides as a result of de novo lipo-
genesis. A recent meta-analysis found that consumption of 
FRU-rich beverages contributed to increased body weight 
gain, elevated systolic blood pressure, hyperglycemia, hyper-
insulinemia, and increased serum triglycerides [9]. These 
findings support the “fructose hypothesis” of metabolic 
dysfunction, which predicts that high FRU consumption is 
a leading risk factor for the development, and progression 
of obesity, insulin resistance, dyslipidemia, fatty liver, and 
cardiovascular diseases [9].

The impairment in antioxidant defenses, and oxidative 
damage are pointed out among the potential deleterious 
effects of FRU intake. A number of FRU supplementation 
studies were performed in rats, mostly showing decreased 
superoxide dismutase (SOD), and catalase (CAT) activi-
ties. Rats fed with a 60% FRU diet for 2 weeks presented 
decreased plasma SOD, and CAT activities [10]. Similarly, 
rats receiving a FRU solution (10%) for two weeks presented 
lower hepatic SOD, and CAT activities [11]. A three-week 
FRU-rich diet (10%) induced a decrease in plasma CAT, and 
CuZnSOD relative gene, and protein expression, as well as 
a decrease in the CAT, and glutathione peroxidase (GPx) 
activities [12]. However, FRU (20%) solid diet for 10 weeks 
failed to induce alterations in hepatic SOD, and CAT activi-
ties in rats [13]. FRU-treated rats did not present changes in 
CAT, but heart SOD activity was decreased [14]. Consid-
ering the differences in these previous studies concerning 
methodologies (e.g., treatments, parameters, and tissues ana-
lyzed), and the conflicting results described, further studies 
are required.

The literature addressing the impact of FRU intake on 
the mood, and locomotor behavior, particularly in middle-
aged, and aging rodents, is scarce. Additionally, distur-
bances on the brain antioxidant system following FRU diet 
have not been frequently investigated. Therefore, here we 
investigated the effects of chronic (12 weeks) FRU con-
sumption on a set of antioxidant defenses, and nuclear 

factor erythroid 2-related factor 2 (Nrf2) targets, and gly-
oxalases in the liver and brain of middle-aged female mice. 
Food, and water intake, blood glucose, cholesterol, and 
triglycerides, and brain monoamine levels were assessed 
in different brain areas. Behavioral parameters related to 
memory, anxiety, depression, and locomotor activity were 
also investigated.

Materials and Methods

Animals

Female C57BL/6 mice (20–30 g) were obtained from our 
own breeding colony, at the Federal University of Santa 
Catarina (UFSC), Florianópolis, Brazil. Mice were housed 
in groups of 10 animals per cage (42 × 34 × 17 cm), under 
controlled light conditions (12 h light cycle starting at 
7:00 a.m.), and temperature (22 ± 2 °C), with free access 
to standard chow, and water. All experimental procedures 
were performed in accordance with the National Institute 
of Health Guide for the Care, and Use of Laboratory Ani-
mals, and approved by the local ethics committee (CEUA 
PP0735). All efforts were made to minimize the number 
of animals used, and their suffering.

Experimental Design

Mice were randomly distributed in the control group 
(CTL), receiving tap water; and the FRU group, receiving 
10% FRU in tap water. Treatment was maintained for 12 
weeks, starting at 9 months of age, and the behavioral, and 
biochemical parameters were addressed at the age of 12 
months. The consumption of liquid, and food, as well as 
the body mass, were registered weekly. Behavioral tasks 
were carried out in a sound-isolated room during the last 
week of the treatment, between 10:00 and 15:00 h. The 
experiments were performed in three independent cohorts 
of mice that were submitted to behavioral tests, as follows: 
(i) open field, Y-maze, and tail suspension test; (ii) light/
dark box, marble burying test, and elevated plus maze; 
(iii) object location task, splash test, and rotarod. In order 
to provide a less aversive environment, a red lamp (15 lx) 
was used during behavioral tasks, except in the light/dark 
box test in which a white fluorescent light (60 lux) was 
used. Mice were anesthetized with isoflurane followed by 
cardiac puncture 48 h after the end of the behavioral bat-
tery. Then, mice were euthanized by cervical dislocation, 
and the liver, prefrontal cortex, striatum, and hippocampus 
were dissected on ice, and stored at − 80 °C for biochemi-
cal analysis.
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Biochemical Analysis

The measurements of plasma levels of glucose, total choles-
terol, and triglycerides, aspartate aminotransferase (AST), 
and alanine aminotransferase (ALT) were performed by 
enzymatic methods following manufacturer instructions 
(Labtest Diagnostica, Lagoa Santa, MG, Brazil, and Bio-
técnica, Varginha, Brazil).

The levels of norepinephrine, dopamine, and serotonin 
were determined by HPLC with fluorometric detection [15].

Lipid hydroperoxides present in the liver were quantified 
by the ferrous oxidation-xylenol orange (FOX) method, as 
previously described [16].

For the measurement of enzymatic activities, routine 
methods were used. Samples were homogenized in 20 mM 
Hepes, pH 7.4, and centrifuged at 20,000×g for 30 min, at 

4 °C, and the supernatants were used for further analyzes. 
The protein was measured according to the method of Brad-
ford [17], using bovine serum albumin as the standard. SOD 
activity was measured by the inhibition of NADH oxidation 
[18]. This method is based on the superoxide-dependent 
oxidation of NADH, which is formed in the presence of 
2-mercaptoethanol, EDTA, and manganese. CAT activity 
was measured by the rate of  H2O2 consumption at 240 nm 
[19]. GPx activity was measured indirectly by NADPH 
consumption. Glutathione reductase (GR) was added to the 
media to maintain peroxide consumption proportional to 
the reduction of the GPx product, GSSG [20]. Fast GSSG 
reduction was achieved by excess GR in the media, thus, 
making NADPH consumption proportional to GPx activity 
[21]. The thioredoxin reductase (TrxR) activity was meas-
ured by DTNB reduction in the presence of NADPH [22]. 

Fig. 1  Effects of FRU consumption on cumulative liquid, food, and 
caloric intake, as well as the body weight gain in middle age female 
mice. Female C57BL/6 mice (9 months old) received water (CTL) or 
10% FRU in drinking water for 12 weeks, thus, at the end of treat-
ment, animals were 12-months old. a Liquid. Data was obtained 

in two experiments. b Food intake and c caloric intake. Data was 
obtained from the group average. d Body weight were monitored 
weekly. Data are presented as mean ± SEM (n = 13–17 animals per 
group). Significant differences are indicated by *p < 0.05, as com-
pared to the control group
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Glyoxalase 1 (Glo1) activity was measured by the forma-
tion of S-D-lactoylglutathione by reading the absorbance 
at 240 nm [23].

Western blot was performed after sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis, as described ini-
tially by Laemmli [24], proteins were electrotransferred to 
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a PVDF membrane, incubated with appropriated antibodies, 
and revealed by ECL.

Behavioral Tasks

Spontaneous locomotor activity, and exploratory behavior 
of mice, were evaluated for 5 min in a standard 40 × 40 cm 
open field arena. The number, and rate (%) of spontaneous 
alternation on the Y-maze were used to evaluate the working 
memory, and locomotor activity of the mice [25]. The short-
term (90 min) spatial memory of mice was assessed using 
the object location task, that was carried out using a protocol 
previously described [26]. The light-dark box test was used 
to evaluate anxiety-related behaviors, based on the innate 
aversion of rodents to brightly illuminated areas, as well 
as assessing respective locomotor activity [27]. The marble 
burying test addressed repetitive and stereotyped behavior, 
likely associated with anxiety phenotype [28]. Anxiety-like, 
and exploratory behaviors were also evaluated using the 
elevated plus-maze apparatus [29]. The tail suspension test 
is a predictive test for the screening of new antidepressant 
drugs, as well as the analysis of depressive-like behaviors 
in the experimental models of depression [30]. The splash 
test evaluated self-grooming behavior, defined as cleaning 
of the fur by licking or scratching, after vaporization of 10% 
sucrose solution onto the mouse’s dorsal coat [31]. The pole 
test was used to evaluate motor coordination, and bradykin-
esia of mice [32]. The rotarod test was carried out to evalu-
ate the motor coordination, and balance of mice [33].

A more detailed methodology description is presented as 
supplementary material.

Statistical Analysis

Differences between rates of liquid, food, and caloric intake 
were analyzed by linear regression. Body weight gain was 
analyzed by a two-way analysis of variance (ANOVA) with 
repeated measures, followed by Sidak’s multiple compari-
son tests. Student’s t test was used for single comparisons 
between groups (e.g. FRU versus CTL groups). Student’s t 
test was also used in the object location task by comparing 

the exploratory time (%) on the two identical objects against 
the random chance (50%) of exploring both object equally. 
The accepted level of statistical significance was p < 0.05.

Results

Metabolic Profile

The cumulative liquid intake was 85% higher in the FRU 
group, as compared to the control group  (F(1,20) = 38.0; 
p < 0.001) (Fig.  1a). FRU-treated middle aged mice 
decreased their cumulative solid food intake by about 30% 
 (F(1,20) = 485; p < 0.0001) (Fig. 1b), whereas their caloric 
intake increased by 7.3%  (F(1,20) = 19.2; p < 0.001) (Fig. 1c), 
resulting in a significant increase in body weight of about 
5%  (F(1,364) = 42.0); p < 0.0001), as compared to the CTL 
group (Fig. 1d).

No changes were observed in the plasmatic lev-
els of hepatic enzymes ALT (CTL: 26.96 ± 2.26; FRU: 
25.86 ± 2.11), and AST (CTL: 50.39 ± 5.32; FRU: 
46.86 ± 6.11). These results indicate that no major liver dam-
age was induced by FRU intake.

The FRU diet did not alter the blood levels of glucose 
(Fig. 2a) or triglycerides (Fig. 2b) in 24 h food-deprived 
mice, but increased plasmatic total cholesterol (Fig. 2c). In 
another set of experiments, during the fed state, FRU con-
sumption increased the levels of blood glucose (D), and 
cholesterol (F), but not triglycerides (E). Interestingly, liver 
tissue of FRU fed mice presented a marked accumulation 
of triglycerides (Fig. 2h), and cholesterol (Fig. 2i). When 
normalized to lipid content, liver lipid peroxides were not 
altered by the FRU diet (Fig. 2g).

Biochemical Alterations in the Liver and Brain 
of Fructose Treated Mice

We next investigated the effect of chronic consumption of 
FRU on the activity of several protective enzymes in the 
brain tissues, including the prefrontal cortex, hippocampus, 
and striatum, as well as in the liver. Regarding the enzymes 
GR, and TrxR1, no significant differences were observed 
after FRU treatment (Fig. 3). The methylglyoxal (MGO) 
metabolizing enzyme Glo1 was significantly increased in 
the liver of FRU-treated mice, but no significant changes in 
this parameter were observed on the analyzed brain tissues 
(Fig. 3).

Changes in SOD activity were not observed in the liver 
(Fig. 4a) or hippocampus (Fig. 4d), but a significant decrease 
in the SOD activity was observed in the prefrontal cortex 
(Fig. 4b), and, inversely, we found a significant increase in 
the striatum (Fig. 4c). CAT activity was markedly decreased 
in the prefrontal cortex (Fig. 4f), and striatum (Fig. 4g), 

Fig. 2  Effects of FRU consumption on glucose, triglycerides, total 
cholesterol, and lipid hydroperoxides (Lipid-OOH) levels of middle 
age female mice. C57BL/6 female mice were fed with 10% FRU in 
drinking water for 12 weeks in the plasma levels of food-deprived 
mice: a glucose, b triglycerides, and c total cholesterol; or fed mice: 
d glucose, e triglycerides, and f total cholesterol. After treatment the 
levels of g lipid hydroperoxides (Lipid-OOH) normalized to hepatic 
lipid content, h triglycerides, and i cholesterol were assayed in the 
liver. Data are presented as mean ± SEM (n = 13–17 animals per 
group for blood and n = 06 for liver). Significant differences are indi-
cated by *p < 0.05 or **p < 0.01, as compared to control group (CTL)

◂
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with no changes in the liver (Fig. 4e), and hippocampus 
(Fig. 4h). GPx activity showed a significant decrease in the 
liver (Fig. 4i), and in an opposite way, it was found increased 
in the prefrontal cortex (Fig. 4j). No significant differences 
were found in GPx activity in the striatum (Fig. 4k), and 
hippocampus (Fig. 4l).

Cerebral cortex, and liver presented more intense altera-
tions in previous analyzes (Figs. 3 and 4), for this reason 
these tissues were further tested for alterations in the protein 
levels. We investigated the effect of chronic FRU consump-
tion on the protein levels of Nrf2 target genes (GCL and 
NQO1), thiol reductases (GR and TrxR), and MGO metab-
olizing enzymes (Glo1 and Glo2) in the prefrontal cortex 
(Fig. 5a, c), and liver (Fig. 5b, d). In the liver, we observed 
an increase in TrxR1, and a decrease in the GCL proteins. 
No alterations were observed in hepatic NQO1, Glo1, Glo2, 
and neither in GR activity in liver, and prefrontal cortex. 
There was a threefold increase in Glo2 levels in the prefron-
tal cortex (Fig. 5b), without changes in the other proteins 
analyzed (NQO1, GCL, Glo1, GR, and TrxR1).

Effects of Chronic Fructose Consumption on Brain 
Monoamine Levels

Monoamines analysis in the prefrontal cortex, hippocampus, 
and striatum indicated that 10% FRU consumption during 12 
weeks did not alter the levels of norepinephrine, dopamine, 
and serotonin in the studied brain structures of middle age 
female mice (Table 1).

Effects of Chronic Fructose Consumption 
on Locomotor Activity

In the open field, the FRU-treated mice presented a signifi-
cant increase in the total distance traveled (Fig. 6a), without 
affecting anxiety-related parameters, including the number 
of entries (Fig. 6b), and time spent in the central “aversive” 
area (Fig. 6c) of the open field arena.

Effects of Chronic Fructose Consumption 
on Learning and Memory

The effects of FRU consumption on working memory 
(Y-maze), and spatial short-term memory (object location 
task) of mice were also investigated. The FRU group dis-
played a significant increase in the total number of alter-
nations in the Y-maze (Fig. 7a), and in the percentage of 
correct sequences (Fig. 7b).

In the test session of the object location task, performed 
90 min after training (Fig. 7d), both the FRU, and CTL groups 

displayed increased time in the relocated object. This result 
indicates that chronic FRU consumption did not alter short-
term spatial memory in middle age female mice. In the train-
ing session, both groups presented similar exploratory time of 
objects “A”, and “B”, indicating no biases due to a previous 
preference. Interestingly, the two-way ANOVA revealed a sig-
nificant effect for treatment on the exploration time (Fig. 7c) on 
objects A, and B  (F(1,56) = 4.032; p < 0.05). This indicates that 
FRU consumption increased the overall exploratory activity in 
the object relocation task, as indicated by increased explora-
tory time in the training session, thus, confirming the previous 
hyperactivity phenotype of mice, as detected on the open field.

Effects of Chronic Fructose Consumption 
on Anxiety‑Like Behavior

The time spent in the dark compartment (Fig. 8a), and the 
number of crossings (Fig. 8b) of mice in light/dark box was 
not altered by FRU consumption. These results suggest that 
FRU consumption does not alter the anxiety-like behavior of 
mice in this task.

FRU consumption increased the fraction of buried marble 
balls (Fig. 8c). Control animals buried about 82% of marble 
balls, while the FRU group buried 93%, which was statistically 
higher, as compared to the control group (p < 0.05).

The time spent in the open arms (Fig. 8d) of the elevated 
plus-maze apparatus was not altered by FRU consumption. 
However, there was a significant increase in the number of 
entries in the open arms (Fig. 8e), and closed arms (Fig. 8f), 
indicating that mice submitted to FRU diet displayed increased 
locomotor activity in this test.

Effects of Chronic Fructose Consumption on Motor 
Performance

The rotarod test evaluates general motor coordination, and 
balance of rodents [34], while the pole test is used to inves-
tigate the presence of bradykinesia, and more refined motor 
alterations [32]. The time to fall in the rotarod was not altered 
by FRU diet (Fig. 9a). In the pole test, both the turning time 
(Fig. 9b), and the descend time (Fig. 9c), were not altered by 
the FRU diet. These results indicate that chronic FRU con-
sumption did not alter motor coordination, and balance, as 
indicated by the rotarod, and pole tests.

Effects of Chronic Fructose Consumption 
on Anhedonic‑ and Depressive‑Like Behaviors

The anhedonic-like behavior was evaluated in the splash test. It 
was observed that the latency to grooming (Fig. 10a), and total 
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grooming time (Fig. 10b) were not altered by the FRU diet. 
The depressive-like behavior assessed by the tail suspension 
test showed that the immobility time was not altered (Fig. 10c). 
These results indicate that chronic consumption of FRU did 

not induce anhedonic- or depressive-like behaviors in middle 
age female mice.

Fig. 3  Effects of chronic FRU consumption on the enzymatic activity 
of GR, TrxR1, and Glo1 in the liver and brain of middle age female 
mice. Female mice received water (CTL) or 10% FRU for 12 weeks 
before enzymatic analyzes were performed in the liver (a, e, i), pre-

frontal cortex (b, f, j), striatum (c, g, k) and hippocampus (d, h, l). 
Data are presented as mean ± SEM (n = 04–8). Significant differences 
are indicated by *p < 0.05 as compared to the control group
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Discussion

In the present study, calories obtained in solid food were 
partially replaced by FRU in drinking water, resulting 
in a significant increase in energy intake. This increased 
caloric intake induced a net body weight gain in the first 
weeks, which was maintained along the entire period 

of the experimental protocol. Noteworthy, middle aged 
female mice displayed a marked hyperactivity-like behav-
ior without further alterations in motor coordination, 
or emotional, and cognitive parameters. Previous stud-
ies demonstrated that C57BL/6 mice presented no body 
weight gain when FRU was provided as solid food [35], 
but when FRU was offered in drinking water, increased 

Fig. 4  Effects of chronic FRU consumption on the activity of SOD, 
CAT, and GPx in the liver and the brain of middle age female 
mice. Female mice received water (CTL) or 10% FRU for 3 months 

before enzymatic analyses were performed. Data are presented as 
mean ± SEM (n = 04–8). Significant differences are indicated by 
*p < 0.05 or **p < 0.01, as compared to control group
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body weight, elevated circulating triglycerides [36], and 
hepatic steatosis [37], were observed. The current findings 
are in agreement with these previous results, indicating a 
similar response in 12-months-old female mice.

We investigated whether MGO degrading enzymes 
Glo1, and Glo2 would be altered as a consequence of 
chronic FRU treatment, since FRU intake would increase 
glycolytic flux, and, as a consequence, it is expected to 
increase MGO formation [38]. The increased Glo1 activ-
ity, and a tendency to increased protein, indicates that 
hepatic MGO production was increased by chronic FRU 
consumption, since Glo1 is the rate limiting enzyme in 
MGO metabolism. Interestingly, Glo2 protein was not 
altered in the liver, but it was markedly increased in the 

prefrontal cortex. Despite this detoxifying enzyme seems 
to be less important than Glo1 in regulating MGO degra-
dation, there are studies indicating Glo2 actively protects 
cells, and ischemic animals [39, 40]. Glo2 was also con-
sidered a pro-survival factor dependent on the p53 signal-
ing, where its induction was able to prevent DNA damage-
induced apoptosis, and to inhibit MGO-induced cell death, 
contributing to normal development of tissues [41–43]. 
The regeneration of GSH catalyzed by Glo2 is also impor-
tant to maintain an appropriate cellular redox state [39, 
44]. Therefore, it is plausible to think that chronic con-
sumption of FRU would lead to an activation of p53 sign-
aling in the brain, leading to increased Glo2 protein, which 
needs to be confirmed.

Fig. 5  Effects of chronic FRU consumption relative protein levels 
of NQO1, GCL, Glo1, Glo2, TrxR1, and GR in the prefrontal cor-
tex and liver of middle age female mice. Representative images of 
blots performed with prefrontal cortex (a) and liver samples (b), and 

their corresponding quantifications (c and d). Data are presented as 
mean ± SEM (n = 04–7). Significant differences are indicated by 
*p < 0.05, or **p < 0.01, as compared to control group
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Decreased SOD, and CAT activities in the prefrontal 
cortex would limit the protection against reactive oxygen 
species, thus, increasing the chance of oxidative damage. 
The increase in GPx activity in the prefrontal cortex can be 
understood as a compensatory response due to decreased 
SOD, and CAT activities, which remains to be confirmed. 
As stated above, decreased SOD, and CAT seems to be a 
common finding in FRU-treated rats [10–12], and mice [45], 
corroborating our results. Despite the variability on the lit-
erature data regarding the schedules of FRU treatment, time 
points, and tissues analyzed, most results have indicated that 

increased FRU intake decreases SOD, and CAT activities, 
reinforcing the need for further confirmation, especially in 
the brain, where it would be accompanied by behavioral 
alterations.

Given the finding that FRU uptake can decrease antioxi-
dant protection by limiting Nrf2 activity in the brain [45], 
we investigated two Nrf2-target genes GCL, and NQO1. The 
results provided some evidence of a FRU-induced decrease 
in Nrf2 activity, as indicated by decreased GCL protein in 
the liver. Decreased Nrf2 activity can also lead to decreased 
aldo-keto reductases expression, enzymes capable of MGO 
detoxification. A possible increase in MGO burden, can 
increase the potential for damage due to decreased detoxifi-
cation by glutathione, and glyoxalase systems [46].

Taken into account these biochemical, and metabolic 
alterations, as well as previous data reporting FRU-induced 
learning, and memory impairments in young rodents [9], 
we addressed putative behavioral impairments in mice, 
as induced by 12-weeks diet with 10% FRU in drinking 
water. The mechanisms, and related behaviors of long-term 
memory storage were not investigated in the present study. 
However, the effects of FRU consumption were evaluated 
on short-term, and working memory expressions. Previous 
studies showed that FRU diet reduced synaptic plasticity, 
hippocampal redox balance, and neurogenesis. These effects 
were linked to short-term spatial learning, and episodic 
memory impairments in mice [7, 8]. However, this study was 
unable to provide evidence for spatial, and working mem-
ory deficits after chronic FRU consumption in middle age 
mice, as evaluated in the object location, and Y-maze tasks. 
Moreover, no significant changes were observed at rotarod, 
and pole tests, two tests widely employed to evaluate murine 

Table 1  Monoamine levels in the prefrontal cortex, hippocampus, 
and striatum of 12-month-old female C57BL/6 mice previously 
treated for 12 weeks with 10% FRU in drinking water (CTL)

a Values are presented as µg/g tissue ± SEM (n = 06 animals per group)
n.d. not detected

Neurotransmitter/tissue CTL FRU

Norepinephrine
 Prefrontal  cortexa 14.3 ± 0.43 13.9 ± 0.71
 Hippocampus 7.63 ± 0.71 7.27 ± 0.54
 Striatum 2.06 ± 1.19 1.66 ± 0.63

Dopamine
 Prefrontal cortex 54.1 ± 4.10 47.8 ± 1.74
 Hippocampus n.d. n.d.
 Striatum 11.2 ± 1.22 14.2 ± 2.37

Serotonin
 Prefrontal cortex 2.02 ± 0.05 2.05 ± 0.08
 Hippocampus 5.89 ± 0.76 4.96 ± 0.47
 Striatum 1.02 ± 0.30 0.79 ± 0.11

Fig. 6  Effects of FRU consumption on spontaneous locomotor and 
exploratory behavior of middle age female mice in the open field. 
a  Total distance traveled, b number of entrances in the center, and 
c time in the center of the apparatus. Analysis was performed in 

12-month-old C57BL/6 female mice that received water (CTL) or 
10% FRU (FRU) in drinking water during 12 weeks. Data are pre-
sented as mean ± SEM (n = 13–17 animals per group). Significant dif-
ferences are indicated by **p < 0.01, as compared to control group
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motor function. In accordance with these findings, a previ-
ous study also demonstrated that the latency to fall from the 
rotarod did not differ between the FRU-treated, and control 
groups [47].

In the present study, we found that high FRU intake did 
not alter behavioral responses related to anxiety, anhedonia, 
and depression. For instance, mice from both FRU, and CTL 
groups displayed similar performance in the elevated plus-
maze, tail suspension and splash tests. In accordance with 
these findings, it was previously demonstrated that rats fed 
a 10% FRU diet for five weeks did not alter the time spent 
in the central area of the open field, suggesting no differ-
ences in the anxiety-related behavior of these animals [48]. 
In addition, rats that ingested 11% FRU solution for 30 days 
also did not present significant differences in the anxiety-like 
behavior in the zero maze test, as compared to the respec-
tive control group [9]. Conversely, it was previously demon-
strated that young rats consuming 65% FRU in the chow for 

8 weeks exhibited decreased time in the center of the open 
field, and spent more time in the dark compartment of the 
light/dark box test, reflecting an anxiogenic profile [49]. It 
is important to emphasize that these studies used models of 
metabolic syndrome [9, 48, 49], that are distinct from the 
current FRU consumption protocol. The 10% FRU intake 
for 3 months is not expected to induce metabolic syndrome 
in the animals, since no concomitant fat or higher FRU con-
centrations were used. In addition, the fact that dopamine, 
serotonin, and norepinephrine levels, were not altered in dif-
ferent brain structures, is somewhat in line with the absence 
of gross behavioral alterations on cognitive function, and 
mood-related behaviors.

There are discrepant clinical findings around the concept 
stating that increased intake of added sugars may have a 
role in hyperactivity disorders. For example, it was reported 
that hyperactive children who ingested more sucrose showed 
greater hyperactivity indexes [50], while evidence that sugar 

Fig. 7  Effects of FRU consump-
tion on cognitive function and 
locomotor activity of middle 
age female mice addressed 
in the Y-maze alternation 
and the object location tasks. 
Before the tests, female mice 
received water (CTL) or 10% 
FRU (FRU) in drinking water 
during 12 weeks. Total number 
of entries (a) and percentage 
of correct alternations (b) in 
the Y-maze task. In the object 
relocation task, the explora-
tory time spent on object “A” 
and “B” in the training session 
(c) and the location index of 
the relocated object in the test 
session (d) are presented. Data 
are presented as mean ± SEM 
(n = 13–17 animals per group). 
Significant differences are indi-
cated by *p < 0.05, as compared 
to the untreated control group. 
In the training session, animals 
receiving FRU diet presented 
higher overall exploratory time, 
as compared to the control 
group (##p < 0.01). In the object 
location task, the location index 
was higher the 50% (&p < 0.05), 
which is indicative of memory 
retention
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(sucrose) intake did not alter the symptoms of attention-
deficit/hyperactivity disorder [51]. Seven-years-old children, 
who consumed a diet rich in “junk food” with high sugar 
content, were more likely to exhibit hyperactivity, as com-
pared to children who had a healthier diet [52]. Herein, we 
provided the first evidence that high FRU intake increased 
the distance traveled in the open field test, the total number 
of entries in the elevated plus maze arms, the number of 
alternations in the Y maze, and the overall exploratory time 
in the object location task. Therefore, following chronic 10% 
FRU diet, all these behavioral parameters observed in differ-
ent paradigms indicate an association to a hyperlocomotion 

profile in middle-aged mice. In line with the present results, 
pregnant rats exposed to 30% sucrose solution resulted in 
offspring with increased locomotor activity [53]. Interest-
ingly, FRU supplementation in solid food induced a sig-
nificant increase in the number of crossings in the open 
field [49], and in the metabolic rate of C57BL/6 mice, as 
measured by the circadian increase in oxygen consumption, 
an effect that lasted for at least 9 weeks [35]. This higher 
energy expenditure suggests that animals were more active, 
in agreement to the hyperactivity-like phenotype found in 
the present work.

Fig. 8  Effects of FRU consumption on the anxiety-like behaviors of 
middle age female mice evaluated in the light/dark box, marble bury-
ing test, and elevated plus-maze. a Time spent in the dark compart-
ment of the light/dark box, b total number of crossings between light 
and dark compartments, c number of marbles buried in the marble 
burying test, d time in the open arm, the total number of entries in 

the e open arms and f closed arms of the elevated plus-maze. Before 
the tests, female mice received water (CTL) or 10% FRU (FRU) in 
drinking water during 12 weeks. Values are presented as mean ± SEM 
(n = 13–17). Statistical differences are indicated by *p < 0.05 com-
pared to control group
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It is interesting to note the relationship between SOD 
and CAT activities, and locomotor behavior. Common 
carotid occlusion increased SOD activity, which was 
associated with decreased ambulation, and self-care 
behavior in rats [54]. Vitamin A induced oxidative dam-
age in the adult rat hippocampus, which was accompanied 
by decreased locomotor activity in the open field [55]. 
This decreased ambulatory activity was paralleled by 
increased SOD, and lower CAT activity in the hippocam-
pus. The overall picture suggests an association between 
decreased locomotor activity, and increased SOD, and 
CAT activities, while the converse statement is also sup-
ported. Decreased CAT, and SOD activities are related to 

increased ambulatory activity, implying that antioxidant 
defenses would be a relevant, and underrepresented topic, 
awaiting to be further explored. However, the available 
data also indicate other points that need further investiga-
tion, primarily due to differences in species, strains, tissues 
analyzed, and treatment regimens.

Fig. 9  Effects of FRU consumption on the motor function of middle 
age female mice in the rotarod and pole tests. a Latency to fall in the 
rotarod test, b  average time to turn and c descend time in the pole 

test performed by middle age male mice that received water (CTL) 
or 10% FRU (FRU) in drinking water during 12 weeks. Data are pre-
sented as mean ± SEM (n = 13–17)

Fig. 10  Effects of FRU consumption on anhedonic- and depressive-
like behaviors in middle age female mice. Female mice received 
water (CTL) or 10% FRU in drinking water for 12 weeks. Graphics 

show the latency to grooming (a) and total time of grooming (b) in 
the splash test and the immobility time in the tail suspension test (c). 
Data are presented as mean ± SEM (n = 13–17)
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Conclusions

Collectively, our results demonstrate that 12-months-old 
female C57BL/6 mice submitted to a 10% FRU diet for 12 
weeks displayed a marked hyperactivity-like behavior, with-
out further alterations in motor coordination and balance, 
emotional, and cognitive parameters. Based on the current 
findings, and previous literature data, it seems plausible to 
speculate that locomotor activity in rodents is particularly 
sensitive to changes in SOD, and CAT activities in the brain. 
Nonetheless, further studies are necessary to confirm, and to 
determine the molecular mechanisms underlying the hyper-
locomotion phenotype induced by FRU intake.
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