
Article

Not peer-reviewed version

Fructose-induced insulin

resistance in adult rats and

moderate-intensity training during

peri-pubertal period improves

metabolic dysfunction

Sandra da Silva Silveira 

*

 , Veridiana Mota Moreira 

*

 , Maria Natália Chimirri Peres ,

Lucas Paulo Jacinto Saavedra , Laize Peron Tófolo , Flávio Andrade Andrade ,

Tatiane Aparecida Ribeiro Domingos , Claudinéia Conationi Da Silva Franco , Christian Moreira Mendes ,

Ananda Malta , Douglas Lopes Almeida , Paulo Cezar de Freitas Mathias

Posted Date: 17 July 2023

doi: 10.20944/preprints202307.1077.v1

Keywords: aerobic exercise training; metabolic programming; DOHaD,; adolescence

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/3052778
https://sciprofiles.com/profile/3052573
https://sciprofiles.com/profile/1187000
https://sciprofiles.com/profile/2333062
https://sciprofiles.com/profile/813190
https://sciprofiles.com/profile/3022807


 

Article 

Fructose-Induced Insulin Resistance in Adult Rats 
and Moderate-Intensity Training during  
Peri-Pubertal Period Improves Metabolic 
Dysfunction 

Sandra S. Silveira ¹, Veridiana M. Moreira ¹,*, Maria N. C. Peres ¹, Lucas P. J. Saavedra ¹,  

Laize P. Tófolo ¹, Flávio A. Francisco ¹, Tatiane A. Ribeiro ¹, Claudinéia C. S. Franco ¹,  

Christian M. Mendes ¹, Ananda Malta ¹, Douglas L. Almeida ¹ and Paulo C. F. Mathias ¹ 

1 Department of Biotechnology, Genetics, and Cellular Biology, State University of Maringá, PR, Brazil 

* Correspondence: veridianamoreiralima@gmail.com; Tel.: +55 44 998263387 

Abstract: The purpose of this study was to examine the impact of fructose consumption during the 

peri-pubertal period on the later onset of metabolic syndrome in rats. Additionally, the study sought 

to explore the potential of moderate-intensity physical training as a non-pharmacological approach 

to mitigate the fructose effects. Male rats, 30 days old, received 10% fructose, and were submitted 

to concomitant moderate-intensity training until 60 days old. They were divided into 4 groups: 

sedentary control (SC), sedentary fructose (SF), trained control (TC), and trained fructose (TF). 

Fructose consumption mainly affected adult animals, resulting in glucose intolerance, increased 

periepididymal fat, and increased total cholesterol, triglycerides and insulin levels. Furthermore, 

these rats exhibited reduced sympathetic nerve activity. The moderate running led to a decrease in 

periepididymal and retroperitoneal adipose tissue, as well as a reduction in total cholesterol and 

improved glucose tolerance. Peri-pubertal rats that received combination treatments exhibited 

lower levels of glucose and insulin during an intraperitoneal glucose tolerance test. The results 

indicate that 10% fructose supplementation during peripuberty predisposes to metabolic syndrome 

in adulthood. However, simultaneous moderate-intensity exercise training attenuates these effects 

and induces positive changes in glycemic homeostasis, lipid metabolism and autonomic nervous 

system activity. 

Keywords: aerobic exercise training; metabolic programming; DOHaD; adolescence 

 

1. Introduction 

Metabolic disorders such as insulin resistance, hyperglycaemia, hypertension, dyslipidemia and 

visceral obesity, are the set of clinical markers of the Metabolic Syndrome (MetS) [1]. Increased 

consumption of highly processed foods, including those rich in fructose, has contributed to an 

epidemic incidence of MetS in the last decades [2], and now is a global problem [3]. Although present 

in fruits in small amounts, the large quantity of fructose in the diet comes from processed foods, 

largely, sweetened beverages as soft drinks [3]. The consumption of high fructose corn syrup (HFCS) 

is known for its role as a source of dietary fructose [4].  

Consumption of sweetened beverages and foods has increased in all age groups, with 

adolescents as their main consumers [4–6]. Several studies have shown that stressors, mainly dietary 

factors, in the early stages of life, such as preconception, gestation, lactation and peri-pubertal period, 

can trigger the development of MetS in adult life [7,8]. This hypothesis is part of the DOHaD 

(Developmental Origins of Health and Disease) concept, which postulates that early insults can 

program for metabolic disorders in adult life [9–11]. Current investigations already show that peri-

pubertal period is a susceptible period that lead to metabolic programming [12,13], which can be 

induced by increased ingestion of high caloric drinks and foods.  
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Ingestion of fructose has been shown to cause hyperglyacemia and hyperinsulinemia [14,15], 

insulin resistance [16–19], as well as cardiovascular disorders [20]. Fructose is first captured and 

metabolized by the liver, where it will act in the formation of lipogenic precursors, such as 

dihydroxyacetone phosphate (DHAP), and Acetyl-CoA [21], leading to hepatic fat deposition, 

dyslipidemia and in hepatic insulin resistance [17]. Moreover, animals supplemented with 10% 

fructose for two weeks exhibited hepatomegaly, moderate steatosis, disorganized liver 

histoarquitecture, altered triacylglycerol (TAG) synthesis and ectopic lipid accumulation [22].  

The promising effects of physical exercise on the prevention and treatment of metabolic 

disorders have been verified by many studies that point out its importance in weight loss, fat 

reduction and in the improvement of insulin sensitivity [23,24]. The moderate-intensity training 

exercise has been showed to be protective against development of the MetS [25,26]. Evidences from 

both human and animal model studies suggests that physical exercise performed at different ages 

facilitates neuroplasticity of certain brain structures, and some of these protective effects may be 

related to an attenuation of risk factors associated with MetS [27]. Our laboratory recently 

demonstrated that the moderate intensity running when performed during adolescence is able to 

decrease the Walker-256 tumor growth and metastasis in adult male rats, due to improvement in 

glucose–insulin homeostasis and beneficial effects in biometric and metabolic markers [28,29].  

The experimental model used in the present investigation is reported in the literature as effective 

in producing MetS signs, mainly in adult rats [16]. However, the long-lasting effect of peri-pubertal 

fructose intake concomitant with physical exercise on adult metabolism remains unexplored, and 

also the probably effect of metabolic programming in this model is original and deserves to be 

elucidated. Therefore, the present study aims to investigate: (I) the effects of fructose intake during 

peri-pubertal period in the metabolism in adulthood and, (II) if the short-term moderate-intensity 

training performed at peri-pubertal period, concomitant with fructose intake, could protect the 

metabolism against MetS development in adult life. 

2. Results 

2.1. Oximetry and treadmill parameters 

Table 1 shows that the trained fructose (TF) rats demonstrated significant increases in maximal 

oxygen uptake (VO2max) and energy expenditure (EE) (P= 0.0007) compared to the trained control (TC) 

rats at the end of exercise protocol or at 60 days-old. The FWL (P= 0.018) was greater in the TF rats 

compared to the sedentary fructose (SF) rats, and also greater in the TC rats compared to 

correspondent sedentary (P= 0.0240). On the other hand, the respiratory quotient/coefficient (RQ) (P= 

0.009) was lower in the TF rats compared to the SF rats. No differences were observed in oximetry 

and performance parameters at 120 days-old (Table 2), indicating homogeneity of the experimental 

groups even after 60 days of cessation of the exercise protocol. 

Table 1. Oximetry and treadmill parameters for Wistar rats at 60 days-old. 

 
The data represent the mean ± SEM of 10-12 rats per group. Two-way ANOVA and by Tuckey´s 

post hoc test were used for factors and group comparisons. SC, sedentary rats subjected a normal 

diet; SF, sedentary rats subjected a fructose diet; TC, trained animals subjected to a normal diet; 

and TF, trained animals subjected to a fructose diet. F, fructose factor; T, trained factor; and I, 

interaction between fructose and training factors. *Represent difference between SC and SF; 

**Represent difference between TC and TF; #Represent difference between SF and TF; ##Represent 

difference between SC and TC. 
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Table 2. Oximetry and treadmill parameters for Wistar rats at 120 days-old. 

 
The data represent the mean ± SEM of 10-12 rats per group. Two-way ANOVA and by Tuckey´s 

post hoc test were used for factors and group comparisons. SC, sedentary rats subjected a normal 

diet; SF, sedentary rats subjected a fructose diet; TC, trained animals subjected to a normal diet; 

and TF, trained animals subjected to a fructose diet. F, fructose factor; T, trained factor; and I, 

interaction between fructose and training factors. 

2.2. Biometric parameters 

During 30 days of treatment with fructose and/or training, the rats of all groups exhibited 

different final workload (FI), body weight gain (BWG) and total caloric intake (TCI). The SF rats 

showed a significant decrease in the AUC of FI (P= 0.001, Figure 1A) compared to SC rats. The TF rats 

also showed a decrease in the AUC of FI (P= 0.001, Figure 1A) compared to the TC rats. Yet, 

immediately after the nutritional transition, from 60-120 days, the TC rats experienced a catch-up in 

chow consumption (P= 0.001, Figure 1A) compared to equivalent control rats.  

The BWG (P= 0.05, Figure 1B) in rats that ingested fructose was opposite compared to control 

rats, from 30-60 days. We found no significance difference in the BWG pattern between the treatments 

and groups, from 60-120 days (Figure 1B). The AUC of TCI (P< 0.001, Figure 1C) after the first 30 

experimental days was greater in TC and TF rats than sedentary counterparts. However, SF and TF 

rats ingested more calories (P=0.001, Figure 1C) than equivalent control non-supplemented rats from 

60 to 120 days-old. The increase in FluI by fructose-supplemented peri-pubertal rats (supplementary 

material), could be explained, at least, the highest TCI presented in both experimental periods. 
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Figure 1. Food intake, weight gain and total caloric intake. The values are presented as the mean ± SEM of 

8-10 rats per group. Food intake (A), weight gain (B) and total caloric intake (C) from 30 to 120 days-

old. Repeated measures ANOVA with Sidak’s post hoc test was performed to analyze the evolution 

of food intake, weight gain and total caloric intake. Two-way ANOVA and Tukey’s post hoc test were 

used for AUCs comparison in each figure. SC, sedentary rats subjected a normal diet; SF, sedentary 

rats subjected a fructose diet; TC, trained animals subjected to a normal diet; and TF, trained animals 

subjected to a fructose diet. F, fructose factor; T, training factor; and I, interaction between fructose 

and training factors. 

2.3. Tissues and plasma parameters 

At 60 days-old, TC rats wasn't found differences among all groups in fast glycaemia (Table 3). 

In contrast, SF rats showed an increase in fasting glycaemia (P= 0.02, Table 3) compared to SC rats at 

120 days-old. SF rats showed a significantly increase in the AUC of glycaemia (P= 0.01, Figure 2A) 

during the ipGTT compared to their counterparts at 60 days-old. The training performed during peri-

pubertal period was able to decrease the AUC of glycaemia of TF rats compared to SF rats at 60 (P= 

0.0004, Figure 2A) and 120 days-old (P= 0.01, Figure 2B). 
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Table 3. Tissues and biochemical parameters for Wistar rats at 60 days-old. 

 
The data represent the mean ± SEM of 6-9 rats per group. Two-way ANOVA and by Tuckey´s post 

hoc test were used for factors and group comparisons. SC, sedentary rats subjected a normal diet; 

SF, sedentary rats subjected a fructose diet; TC, trained animals subjected to a normal diet; and 

TF, trained animals subjected to a fructose diet. F, fructose factor; T, trained factor; and I, 

interaction between fructose and training factors. *Represent difference between SC and SF; 

#Represent difference between SF and TF. 

 

Figure 2. Glucose during the ipGTT. The values are presented as the mean ± SEM of 6-8 rats per group. 

Glucose during the ipGTT from 60 (A) and 120 (B) days-old. Repeated measures ANOVA with Sidak’s 

post hoc test was performed to analyze glycaemia after glucose injection. Two-way ANOVA and 

Tukey’s post hoc test were used for AUCs comparison in each figure. SC, sedentary rats subjected a 

normal diet; SF, sedentary rats subjected a fructose diet; TC, trained animals subjected to a normal 

diet; and TF, trained animals subjected to a fructose diet. F, fructose factor; T, trained factor; and I, 

interaction between fructose and training factors. 

Moderate-intensity training and fructose intake affected fasting insulin levels in different 

manners. At 120 days-old, SF rats showed an increase in insulin levels (P= 0.0004, Table 3) compared 

to SC rats. Otherwise, the training decreased this parameter when TF rats was compared to SF (P= 

0.004, Table 3). SF rats also showed an increase in the AUC of insulinemia (P< 0.0001, Figure 3) during 

the ipGTT compared to SC rats. The training reduced significantly the AUC of insulinemia (P< 0.0001, 

Figure 3) in TF rats compared to sedentary equivalents. 
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Figure 3. Insulinemia during the ipGTT. The values are presented as the mean ± SEM 6-8 rats per group. 

Insulin during the ipGTT from 120 days-old. Repeated measures ANOVA with Sidak’s post hoc test 

was performed to analyze insulinemia after glucose injection. Two-way ANOVA and Tukey’s post 

hoc test were used for AUCs comparison in each figure. SC, sedentary rats subjected a normal diet; 

SF, sedentary rats subjected a fructose diet; TC, trained animals subjected to a normal diet; and TF, 

trained animals subjected to a fructose diet. F, fructose factor; T, trained factor; and I, interaction 

between fructose and training factors. 

Table 4 shows that HOMA-IR was increased in adult SF rats compared to SC (P= 0.002) and TF 

rats (P= 0.02). The TyG index also showed a significantly increase in SF compared to SC rats (P< 

0.0001, Table 4). However, the training performed by TF rats contributed to reduce the TyG index 

compared to the rats that receive fructose supplementation, only (P= 0.0003, Table 4).  
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Table 4. Tissues and biochemical parameters for Wistar rats at 120 days-old. 

 
The data represent the mean ± SEM of 6-10 rats per group. Two-way ANOVA and by Tuckey´s 

post hoc test were used for factors and group comparisons. SC, sedentary rats subjected a normal 

diet; SF, sedentary rats subjected a fructose diet; TC, trained animals subjected to a normal diet; 

and TF, trained animals subjected to a fructose diet. F, fructose factor; T, trained factor; and I, 

interaction between fructose and training factors. *Represent difference between SC and SF; 

#Represent difference between SF and TF; ##Represent difference between SC and TC. 

At 60 day of treatment, TC rats showed a significant decrease in the retroperitoneal fat pad (P= 

0.002; Table 3) compared to SC rats. No changes in the liver weight were observed in all experimental 

groups (Table 3). At 120 days-old, SF rats exhibited significantly increased in the periepididymal and 

retroperitoneal fat pads (P= 0.001 and P= 0.03, respectively, Table 4) compared to the equivalent 

control. Curiously, the TC rats also exhibited an increased in the periepididymal fat pad (P= 0.01; 

Table 4) compared to SC rats.  

TC levels (P= 0.001, Table 3) in rats treated with fructose and training was reduced when 

compared to sedentary counterparts at 60 days-old. However, at 120 days-old, the SF rats showed an 

increase the TC and TAGs levels (P= 0.0001 and P< 0.0001, respectively, Table 4) compared to SC rats. 

TF rats had a reduction in these parameters, compared to SF rats (P= 0.001 and P= 0.0003, respectively, 

Table 4). 

2.4. Parasympathetic and sympathetic electrical nerve activity 

At 120 days-old the we found decrease in parasympathetic nerve activity in TF compared to SF 

rats (P= 0.04, Figure 4A). The sympathetic nerve activity was reduced in SF and TF rats when 

compared to control counterparts (P= 0.001 and P= 0.03, respectively, Figure 4B). 

 

Figure 4. Parasympathetic and sympathetic electrical nerve activity. The values are presented as the mean 

± SEM of 5-9 rats per group. Parasympathetic (A) and sympathetic (B) nerve activity at 120 days-old. 

Two-way ANOVA and Tukey’s post hoc test were used. SC, sedentary rats subjected a normal diet; 

SF, sedentary rats subjected a fructose diet; TC, trained animals subjected to a normal diet; and TF, 
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trained animals subjected to a fructose diet. F, fructose factor; T, trained factor; and I, interaction 

between fructose and training factors. 

3. Discussion 

We found that chronic intake of 10% fructose in drinking water during peri-pubertal period 

programming male rats to the MetS-related phenotype at adulthood. Besides, for the first time, we 

demonstrated that moderate physical training applied during peri-pubertal period, simultaneously 

with fructose consumption, was able to preventing several MetS components, such as BWG, 

dyslipidemia, insulin resistance, hyperglycaemia and hyperinsulinemia during ipGTT and increased 

parasympathetic nerve activity in adult Wistar rats. 

In this study, we obtained substantial data that early fructose supplementation is capable of 

induce the onset of MetS, such as impaired blood glucose-excursion following ipGTT in 60 days-old 

sedentary rats. Consistent with previous findings [30], we also showed a reduction in FI and an 

increase in BWG and adiposity in these animals, a phenomenon unrelated to the TCI, but sufficient 

to disturb glucose tolerance at end of the 30 days of treatment. No alteration in fasting glycaemia was 

detected, in agreement with previous findings that introduced fructose in 21 days-old male rats [31]. 

At 60 days-old, trained animals exhibited different chronic adaptations. The moderate physical 

training was able to improve functional and metabolic capacity in control rats, as measured by FWL 

and RQ. Interestingly, the VO2max, EE, glucose tolerance and total cholesterol levels improves only 

in rats that were treated with fructose and training during peri-pubertal period. Fructose-rich diet 

was shown to not impair the ability to perform aerobic trainings in a similar study [32]. It has been 

shown that fructose co-ingestion increases carbohydrate availability and post-exercise glycogen 

replacement rates, maximizing endurance performance in athletes during prolonged moderate- to 

high-intensity exercise, as well as for acute post-exercise recovery [33]. Furthermore, combined 

treatments in this study may have enhanced the energetic demand and lipolysis, preventing weight 

gain and dyslipidemia in young rats, in accord to previous data [34]. 

High levels of plasma insulin concentration has been associated to increased insulin secretion 

and/or decreased insulin clearance [35]. Our results showed that the high fructose consumption 

during peri-pubertal period promoted an increase in fasting glycaemia and insulinemia in sedentary 

adult rats compared to equivalent control. It is important to highlight that the hyperinsulinemia 

during ipGTT persisted even 60 days after the interruption of fructose consumption, despite normal 

blood glucose during in the same test. Consistent with previous findings, our data also showed that 

the administration of fructose induces insulin resistance in adult rats, according the HOMA IR and/or 

TYG index [15,36,37]. TYG index making a relation between glycaemia and lipid profile, being 

strongly associated with diabetes, nonalcoholic fatty liver disease and metabolic syndrome [38,39].  

Fructose consumption in 5 month-old rats increases the risk of cardiovascular disease by 

alterations in fat liver and blood lipid parameters [17]. Cardiovascular disease, visceral adiposity and 

type 2 diabetes is also present in young and adult humans [40–42]. In our study, with only 30 days of 

fructose intake, we detected an increase in TCI, excessive TC and TAGs levels, and elevated 

periepididymal and retroperitoneal adiposity in sedentary adult rats that received fructose during 

peri-pubertal period, compared to equivalent control. It was recently reported that the ingestion of 

20% fructose elevates circulating levels of fibroblast growth factor 21 (FGF21) in C57BL/6J mice, 

causing resistance to FGF21 and, subsequently, an increase of lipid droplets in the liver and the size 

of adipose cells in white adipose tissue (WAT) [43]. 

Although weight gain remained unchanged in adult rats, our data suggest the high potential of 

fructose to alters lipid metabolism and promote adipogenesis-induced hyperinsulinemia [44]. Similar 

studies in literature that used 10% fructose in rats showed no increase in body weight [1,2]. Harrel et 

al. [45] showed that the fructose consumption by adolescents increased fat stores without the BWG. 

Contrasting BWG outcome was observed after consumption of 20% fructose [4]. We did not evaluate 

the hepatic lipogenesis, which also seems to contribute to a large production in TAGs levels [36,42,46]. 

The livers were weighed, but no statistical difference was found.  
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Nutritional insults during critical developmental periods are known for their plastic long-term 

impact on metabolism and described on literature as being responsible for several adult health 

outcomes [9,11,13,47]. On the other hand, interventions using physical exercise were reported to 

attenuate their disturbing effects [48–50]. Accordingly, the present data revealed that adolescent rats 

that received fructose and training concomitantly, presented a reduction in vagal electrical activity 

compared to the sedentary counterpart, and this mechanism could be explained, at least, a better 

metabolic profile in these animals. A high activity of the parasympathetic nervous system has been 

related to metabolic disorders such as obesity [51], hyperinsulinemia and insulin resistance [7].  

We also showed that fructose treatment programmed a large reduction in sympathetic nervous 

system activity in trained and non-trained adult rats. It has been shown that sympathetic nervous 

system activity is decreased in obese animals and humans [52,53]. Our observation is in agreement 

of “MONA LISA” (Most Obesities kNown Are Low In Sympathetic Activity) hypothesis, proposed 

by Bray, which says that the resistance to leptin, related with the obese state, is linked to a decreased 

local sympathetic activity [52,54,55]. 

American teenager consumes approximately 72.8 g/day of fructose [45]. Although the difficulty 

in developing experimental models that present all the characteristics of humans MetS, in the present 

study we used a dose equivalent to a diet containing 48–57% fructose [14] that also mimics fructose 

consumption by human adolescents [4], we suggest that 10% fructose ingestion by pubescent rats in 

this investigation was associated with may result in a long-last programming composed for an onset 

of MetS-related disorders in adult life [16,36,56–58].  

Several studies have demonstrated an effectiveness of the physical exercise on prevention of 

MetS risk factors [22,56,59] and a direct correlation between moderate exercise and improved insulin 

sensitivity in young and adult individuals [60,61], even after cessation of training [26,28]. Our 

laboratory has already demonstrated that the short-term physical training when applied in 

adolescence, protects the organism from the MetS caused by a high-fat diet (HFD) in adolescence 

[25,62]. Frantz and colleagues [2,22] reinforce the beneficial effects of physical exercise as an 

important regulator of fructose dyslipidemia, especially in plasma TAGs levels reduction, 

corroborating with our results in TF animals. 

Consistent with previous findings on the protective ability of moderate-intensity physical 

exercise on glucose-insulin homeostasis, lipid metabolism and autonomic parameters [25,34,63], our 

results showed a significant lower insulin, TC and TAGs fast levels, as well as in HOMA-IR and TYG 

index in adult rats that were supplemented with fructose and submitted to the moderate physical 

protocol during peri-pubertal period, compared to sedentary group. Likewise, after 6 weeks of a 

moderate exercise program, Dupas and coworkers found reductions in BW, fat stores and improved 

glucose-insulin metabolism in fructose-fed rats. For the respective authors, the results were 

associated with exercise-triggered improvement in muscle insulin sensitivity [37]. 

Our data also showed that moderate-intensity training performed at peri-pubertal period could 

reduce the parasympathetic nerve activity in adult rats treated with fructose. This result corroborates 

with previous results that related beneficial effects for vagus nerve activity in HFD-fed exercised 

animals [25,62]. Nevertheless, it is notable that the effect of moderate-intensity training was observed 

in the present study, even when it was interrupted after 60 days before the experiments, suggesting 

some physiological adaptations and/or plasticity of the young organism, as it was carried in a 

sensitive window to programming health or disease [7] in order to prevent components of MetS. 

When moderate physical training have been started early, the effects of discontinuation are not so 

deleterious [25,26,28,29].  

This work predominantly focuses on a non-pharmacological strategy to prevent or attenuate 

several compounds of fructose-induced MetS in male Wistar rats. Overall, the main results reveal the 

ability of a young trained organism to recover, at least in part, to its previous metabolic pattern, as 

observed in supplemented and non-supplemented rats. Despite some limitations, we suggest that the 

expression of some proteins should be investigated to identify other mechanisms, in addition to 

glucose-insulin homeostasis and ANS activity experiments performed, the way an organism 

responds to fructose supplementation, as well as the potential beneficial effects of moderate-intensity 
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training on programming metabolism especially in fructose-supplemented rats. This needs to be 

considered over the long term when thinking about translational research.  

4. Materials and Methods 

4.1. Animals and experimental design 

The handling of animals and experimental procedures were in accordance with the ARRIVE 

guidelines for experiments involving animals [64] and approved by the Ethics Committee on Animal 

Use of Maringa State University – CEUA/UEM (protocol number 5669210917). Male Wistar rats were 

obtained at 25 days-old. They were kept in appropriate cages (5 rats per cage) under controlled 

temperature conditions (22±2°C), and a light/dark cycle of 12 h (07:00 a.m. to 07:00 p.m.), with ad 

libitum access to water and a standard diet (Nuvital®, Curitiba, PR, Brazil). 

After five days of adaptation, at 30 days-old, the animals were divided into four groups: 

Sedentary control (SC), that received water and standard rat chow ad libitum during all the period; 

Sedentary fructose (SF), that received 10% fructose in the drinking water from the 30 to 60 days-old 

and standard rat chow ad libitum; Trained control (TC), that performed moderate-intensity training 

from the 30 to 60 days-old and received water and standard rat chow ad libitum, and Trained fructose 

(TF), that received 10% fructose in the drinking water and performed moderate-intensity training at 

the same time from the 30 to 60 days-old. In order to evaluate the effect of the treatment (fructose and 

physical training) on metabolism immediately after the treatment period, data was collected in 60 

days-old rats. To evaluate the potential role of fructose in programming, data was collected in 120 

day-old rats. 

4.2. Preparation of fructose drinking water 

The fructose used in this protocol was D-fructose >99% (Labsynth®, São Paulo/SP, Brazil). The 

fructose drink was prepared each two days and based on the formula weight/volume (w/v). For the 

preparation of 10% of fructose [16], 10 g of fructose was diluted in 100 mL of filtered water. 

4.3. Effort test and physical training 

All rats performed an effort test (ET) before (initial: 30 days-old), in the final of treatment and 

physical training (middle: 60 days-old), and in the final of the experimental period (final: 120 days-

old), to determine their individual oximetry [maximal oxygen uptake (VO2max), energy expenditure 

(EE) and respiratory quotient/coefficient (RQ)] and treadmill [final workload (FWL)] parameters. 

Incremental ET were performed every 15 days to adjust the training load. The test utilized a gas 

analyzer coupled to a treadmill for rodents (Panlab, Harvard Apparatus®, LE405 76-0195 O2/CO2, 

Cornellà, Barcelona, Spain).  The ET began with a warm up (5 min, 10 cm/s, 0º of inclination), after 

which the velocity was increased by 9 cm/s every 3 min until exhaustion of the animal to obtain 

VO2max and FWL, using Metabolism software, version 2.2.02. The decision to use 3 min at each stage 

was previously described [65], who reported that oxygen consumption stabilized after approximately 

3 min at each stage of exercise after a change in workload. At the end of the treadmill line, a stainless 

steel grid emitted electrical stimuli (0.2 mA in < 1 s) to keep the animal in motion, as previously 

reported [66]. The animal’s inability to maintain the pace was considered to be a sign of exhaustion 

[67].  

Moderate-intensity training was performed with running on a treadmill (Panlab, Harvard 

Apparatus®, LE8710R 76-0308, rat 5-lanes). Previous adaptation was performed in 5 sessions with 

durations of 10, 12, 14, 16 and 18 minutes and an intensity of 16 cm/s. Two days of rest were 

established to apply the ET. The prescription was based on effort test (ET) and was performed by the 

individual value of the FWL corresponding to 55% and 65% of VO2max to optimize the fat metabolism 

zone [68]. The treadmill training protocol was performed for 44 minutes a day (9 am to 10 am), 3 days 

a week in a 4-week macrocycle. The sessions were distributed with 2 minutes of warming up and 

cooling down at 20 cm/s and 40 minutes of continuous running at a moderate-intensity training (~ 
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55% to 65% FWL of the ET) [29]. Rats that reached the same FWL trained at the same time. The 

training protocols were completed at 60 days. 

In the supplementary material we provide additional tables referring to the training 

periodization (A), treadmill adaptation (B), effort test (C), and training sessions (D). 

4.4. Biometric parameters 

Food (FI) and fluid (FluI) intake and body weight gain (BWG) were measured weekly from 30 

to 120 days-old. The FI and FluiI were calculated by subtracting the measured amount provided to 

the remaining amounts in the cage, and divided by the number of days and the number of rats in the 

box [4]. The total caloric intake (TCI) was calculated based on the amount of FI and FluI and the 

corresponding constants [4,69]. The area under the curve (AUC) was calculated for the FI, BWG and 

TCI. 

4.5. Tissues and plasma parameters 

At 60 and 120 days-old, the animals from all groups were weighed and decapitated after a 12-h 

overnight fast, and blood samples were collected and centrifuged (10,000 rpm for 5 min) to obtain 

plasma which was used to measure specific parameters. Glucose, total cholesterol (TC) and 

triglycerides (TAGs) levels in plasma were measured by an enzymatic method using a specific 

colorimetric commercial kit (Gold Analisa®, Belo Horizonte, Brazil) and quantified by 

spectrophotometry (BIO200FL, Bio Plus®, São Paulo, Brazil).  

Insulin was measured by radioimmunoassay (RIA) [36] with a gamma counter through a gamma 

particle emission counter (Wizard Automatic Gamma Counter, TM-2470, PerkinElmer®, Shelton, CT, 

United States), using standard rat insulin, anti-rat insulin (Sigma-Aldrich®, St Louis, MO, United 

States) and recombinant human insulin ([125I]-Insulin (h)] (PerkinElmer®, Shelton, CT, United 

States). Insulin resistance markers were evaluated by homeostasis model assessment-index (HOMA-

IR) [70] and triglyceride and glucose index (TyG) [39].  

Retroperitoneal and periepididymal fat pads were removed and weighted to provide an 

estimate of the fat accumulation. The liver was dissected and weighed. Each of the fat pad stores, and 

liver values were correlated with the BW of each rat and were calculated as g/100kg of BW [7]. The 

samples were weighed on a precision scale (Model BD-600; Instrutherm, São Paulo, Brazil). 

4.6. Intraperitoneal glucose tolerance test (ipGTT) 

The ipGTT was performed at 60 and 120 days-old. Food was withdrawn 12 h before the test, and 

free access to water was allowed. Rats were weighed and had their tail tips cut for measurement of 

blood glucose levels at baseline (time = 0). Afterwards, glucose solution 50% (w/v) was administered 

by I.P. injection at a dose of 2 g kg–1 body weight and blood samples were collected at 15, 30, 60 and 

120 min to determinate the glucose and insulin levels. The AUC was calculated from the values for 

each rat. Anesthesia was not used during the ipGTT test [28].  

The glucose was measured by the enzymatic method using a commercial colorimetric kit (Gold 

Analisa®, Belo Horizonte, Brazil) and quantified by spectrophotometry (BIO200FL, Bio Plus®, São 

Paulo, Brazil). The insulin levels were measured by RIA [71]. Standard human insulin, anti-rat insulin 

antibody (Sigma Aldrich®, St. Louis, MO, United States) and recombinant human insulin labeled 

Iodo125 (PerkinElmer®, Shelton, CT, United States) were used. The intra- and interassay coefficients of 

variation were 9.8% and 12.2%, respectively, for insulin. The insulin level of the detection limit was 

0.006 ng/mL, and measurements were performed in a single assay. 

4.7. Parasympathetic and sympathetic electrical nerve activity 

To verify the autonomic nervous system activity (ANS) at 120 days-old, a longitudinal surgical 

incision was made on the anterior cervical region of the animals. The left vagus superior branch was 

isolated and placed over a silver electrode inside a faraday cage [25]. After 12 min of vagus nerve 

electrical recordings, a laparotomy was performed to isolate the branch of the sympathetic nerve that 
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is located in the splanchnic region; this branch originates in the lumbar plexus at the level of L2 and 

extends to the retroperitoneal adipose tissue. The neural signal output was acquired using the Insight 

interface (Insight®, Ribeirão Preto, SP, Brazil) for 12 min, from which 20 recorded frames of 5 s from 

each animal were randomly chosen for spike counting. Spikes >0 mV were considered. The average 

number of spikes was used as the nerve firing rate.  

4.8. Statistical analysis 

Data were expressed as the mean ± SEM and were subjected a two-way ANOVA considering 

fructose (F), training (T) and interaction (I; fructose vs training) as factors. Tukey’s post hoc test was 

used for comparison between groups (SC, TC, SF and TF). Repeated measures ANOVA with Sidak’s 

multiple comparisons test was performed to analyze the food intake, weight gain, total caloric intake, 

blood glucose and insulin levels measured at different time points. P < 0.05 was considered 

statistically significant. GraphPad Prism version 9.1.0 for Windows (GraphPad Software, La Jolla, 

CA, USA) was used for statistical analyses and developing graphs.  

5. Conclusions 

In conclusion, our results showed that the 10% fructose intake during peri-pubertal period 

remarkably programs adult offspring to MetS, and concomitantly, the moderate-intensity training 

confers the ability to prevent autonomic and metabolic dysfunctions in male rats, protecting the 

organism against the deleterious effects of physical inactivity and fructose-induced MetS. 
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