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Em consonância com as regras do Programa de Pós-graduação em Ciências Biológicas, está tese é 

composta por 2 artigos científicos, redigidos de acordo com as normas das respectivas revistas. O 

primeiro artigo, “Acephate exposure during perinatal life program to type 2 diabetes” publicado na 

versão online da revista Toxicology (doi 10.1016/j.tox.2016.10.010) em outubro de 2016, apresenta 

pela primeira vez que a exposição ao pesticida Organofosforado Acefato durante a vida perinatal 

leva a prole a um quadro de diabetes tipo 2 na vida adulta. 

O segundo artigo, “Maternal low intensity physical exercise prevents obesity in offspring rats 

exposed to early overnutrition” está sob revisão na revista Scientific Reports. Neste trabalho 

mostramos pela primeira vez que o exercício físico de baixa intensidade durante a a vida perinatal, 

impede à instalação de disfunção metabólica na prole de ratos induzidos a obesidade por 

superalimentação no inicio da vida.  

Ambos os trabalhos, confirmam o conceito DOHaD, Developmental Origins of Health and 

Diseases, o qual propõe que intervenções maléficas ou benéficas à saúde durante a vida perinatal 

(gestação e lactação), podem determinar as condições de saúde ou doença mais tarde na vida. 

 

Tatiane Aparecida Ribeiro; Kelly Valério Prates; Audrei Pavanello; Ananda Malta;
 
Laize Peron 

Tófolo; Isabela Peixoto Martins; Júlio Cezar de Oliveira; Rosiane Aparecida Miranda; Rodrigo 

Mello Gomes, Elaine Vieira; Claudinéia Conationi da Silva Franco, Luiz Felipe Barella; Flávio 

Andrade Francisco, Vander Silva Alves; Sandra da Silva Silveira, Veridiana Mota Moreira; Gabriel 

Sergio Fabricio; Kesia Palma-Rigo; Deborah M. Sloboda; Paulo Cezar de Freitas Mathias. 
 

Acephate exposure during perinatal life program to type 2 diabetes, publicado na versão online 

da revista toxicology (doi 10.1016/j.tox.2016.10.010) em outubro de 2016. 

 

Tatiane Aparecida Ribeiro; Laize Peron Tófolo; Audrei Pavanello; Júlio Cezar de Oliveira; Kelly 

Valério Prates; Rosiane Aparecida Miranda; Isabela Peixoto Martins; Claudinéia Conationi da Silva 

Franco, Flávio Andrade Francisco, Vander Silva Alves; Douglas Lopes de Almeida; Veridiana 

Mota Moreira; Kesia Palma-Rigo; Elaine Vieira; Gabriel Sergio Fabricio; Marcos Ricardo 

Rodrigues; Wilson Rinaldi; Ananda Malta; Paulo Cezar de Freitas Mathias. Maternal low intensity 

physical exercise prevents obesity in offspring rats exposed to early overnutrition, sob revisão 

na revista Scientific Reports. 



9 

 

 

RESUMO GERAL 

INTRODUÇÃO  

Estudos epidemiológicos tem demostrado que a vida perinatal desempenha um papel importante em 

determinar a saúde ou a doença a longo prazo na vida de gerações subsequentes. A hipótese da 

origem do desenvolvimento da saúde e doença, conceito DOHaD, sugere que doenças não 

comunicáveis como doenças cardiovasculares e diabetes tipo 2, são originadas durante a vida 

perinatal e nos primeiros dias de vida, fenômeno conhecido como programação metabólica. Os 

períodos de gestação e lactação são particularmente sensíveis à composição de dietas materna, 

individuos cujas mães foram desnutridas ou superalimentadas com dieta rica em gordura durante 

este período são conhecidos por desenvolverem disfunções metabólicas na vida adulta.  

No entanto a programação metabólica não se limita apenas a insultos nutricionais, mas a outros 

fatores, como poluição ambiental, tabaco, fárrmacos e agrotóxicos, entre outros. Diversas pesquisas 

tem demonstrado que a exposição materna a contaminantes ambientais como bisfenol e agrotoxicos 

organofosforados, durante fases criticas de desenvolvimento, está relacionados à disfunção 

metabólica da prole a longo prazo. Outros estudos tem demostrado que mães com um estilo de vida 

saudável durante o período perinatal, incluindo dieta balanceada e exercício físico regular, pode 

levar as gerações subsequantes a efeitos positivos no metabolismo. Assim sendo, insultos durante a 

vida perinatal pode programar o individuo para mudanças positivas ou negativas no padrão de saúde 

em fases mais tardias da vida.  

OBJETIVOS  

Geral  

Manuscrito 1: Avaliar os efeitos da exposição materna ao pesticida organofosforado Acefato, 

durante a vida perinatal na prole de ratos adultos. 

Manuscrito 2: Investigar os efeitos do exercício fisico materno de baixa intensidade durante a 

gestação e lactação na prole de ratos adultos. 

 Específicos  

Manuscrito 1: Verificar os efeitos da exposição perinatal, ao organofosforado Acefato como 

programador de disfunções metabólicas na prole, regulação do peso corporal e homeostase 

glicêmica e insulinêmica. 

Manuscrito 2: Analisar os efeitos os efeitos de um programa de exercício físico materno de baixa 

intensidade durante a vida perinatal na prevenção ou atenuação de disfunção metabólica na prole, 

regulação do peso corporal e homeostase glicêmica e insulinêmica. 

MÉTODOS  

Animais Experimentais 

Foram utilizados ratos Wistar mantidos sob condições de temperatura (23±2ºC) e fotoperíodo (12h 

claro/escuro) com água e dieta padrão ad libitum. A divisão de todos os grupos está descrita em 

detalhes em cada artigo. 

Coleta de Leite 
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As amostras de leite foram coletadas manuamente com pipeta Pasteur. Para induzir a secreção de 

leite foi administrada oxitosina sintética, Oxiton
®
 (5 U.I./ml), e os animais foram anestiados com 

Thiopental
®
 (0.2 ml, ip). 

Homeostase Glicêmica 

Os procedimentos cirúrgicos foram realizados com ratos previamente anestesiados. Foi realizada 

uma cirurgia para implantação de uma cânula de silicone na veia jugular direita, para posterior 

retirada de sangue durante o teste de tolerância a glicose intravenosa (ivGTT). As mensurações de 

glicose sanguinea a partir do teste de tolerância a glicose intraperitôneal (ipGTT), teste de tolerancia 

a insulina intraperitôneal (ipITT) e teste de tolerancia ao piruvato intraperitôneal (ipPTT), foram 

realizadas por meio de glicosimetro (Accu-Chek Aviva system
®
 - Roche Diagnostics). 

Dosagens Bioquímicas 

A atividade da enzima Butyrylcholinesterase (BuChE), o perfil lipidico e a glicose foram medidas 

por espectofotometria usando  kits comerciais (Gold Analisa
®

) especificos. A insulina foi dosada 

pela técnica de radioimmunoassaio. 

Remoção dos Estoques de Gordura 

Após eutanásia, os principais estoques de gordura (retroperitôneal, ovariana, uterina, periepididimal 

and mesenterica) foram removidos e pesados para caracterização da obesidade.  

Análises Estatísticas  

Os dados foram submetidos ao teste t de Student ou análise de variância (two-way ANOVA), 

seguido pelo pós-teste de Tukey.  

RESULTADOS E DISCUSSÃO 

Manuscrito1: O presente estudo mostrou pela primeira vez que a exposição materna ao 

organofosforado Acefato durante o período perinatal teve efeitos adversos sobre a homeostase da 

glicose e a sensibilidade à insulina tanto nas mães como na prole. Quando as mães grávidas e 

lactantes foram expostas ao acefato, desenvolveram intolerância à glicose e aumentaram o peso 

corporal e a ingestão de alimentos em comparação com mães controle. Curiosamente, a exposição 

ao acefato durante a gravidez e a lactação programou a prole para ser suscetível ao diabetes tipo 2 

durante a idade adulta. 

Manuscrito 2: O presente estudo demonstra pela primeira vez que o exercício físico materno de 

baixa intensidade durante a gestação e a lactação foi capaz de prevenir a obesidade e a disfunção 

metabólica em descendentes adultos do sexo masculino submetidos a sobrenutrição precoce pós-

natal. O exercício físico materno de baixa intensidade melhorou o metabolismo da glicose, a 

capacidade do VO2max e intensificou a atividade elétrica do nervo simpático nas mães, também 

promoveu mudanças na composição do leite, incluindo um alto teor de insulina.  

 

CONCLUSÕES  

Manuscrito 1: A exposição materna ao Acefato durante a vida perinatal, levou a prole a uma pré-

disposição a instalação de dislipidemia e diabetes tipo 2 na vida adulta. 
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Manuscrito 2: O exercício materno de baixa intensidade, durante a vida perinatal foi capaz de 

programar os animais para um fenótipo saudavél na vida adulta, protegendo contra as 

consequências metabólicas da superalimentação em fases inicias do desenvolvimento. 
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GENERAL ABSTRACT 

 

INTRODUCTION 

Epidemiological studies have shown that perinatal life plays an important role in determining long-

term health or disease in subsequent generations. The hypothesis of the origin of health and disease 

development, DOHaD concept, suggests that non communicable diseases, as cardiovascular 

diseases and type 2 diabetes, are originated during perinatal life and in early life, a phenomenon 

known as metabolic programming. Pregnancy and lactation periods are particularly sensitive to the 

composition of maternal diet; individuals whose mothers were malnourished or overfed with a high-

fat diet during this period are known to develop metabolic dysfunctions in adult life. 

However, metabolic programming is not limited only to nutritional insults, but other factors, such as 

environmental ar pollution, tobacco, drugs and pesticides, among others. Others studies have shown 

that maternal exposure to environmental contaminats and organophosphate pesticides during critical 

phases of development is related to long term offspring metabolic dysfunction. Other studies have 

shown that mothers with a healthy lifestyle during perinatal life, including a balanced diet and 

regular physical exercise, can lead subsequent generations to positive effects on metabolism. Thus, 

insults during perinatal life can program the individual for positive or negative changes in health 

pattern in adult life. 

AIMS 

General 

Manuscript 1: Evaluate the effects of maternal exposure to organophosphate Acephate pesticide 

during perinatal life in adult offspring rats. 

Manuscript 2: Investigate the effects of maternal low intensity physical exercise during pregnancy 

and lactation in offspring adult rats. 

Specific 

Manuscript 1: Verify the effects of perinatal exposure to organophosphate Acephate as a 

programmer of metabolic dysfunctions in offspring, body weight regulation and glycemic and 

insulinemic homeostasis. 

Manuscript 2: Analyze the effects of  maternal low intensity physical exercise during perinatal life 

in the prevention or attenuation of metabolic dysfunction in offspring, body weight regulation and 

glycemic and insulinemic homeostasis. 

METHODS  

Experimental Animals 

Wistar rats were kept under conditions of temperature (23±2ºC) and photoperiod cycle (12h 

light/dark) with water and controlled diet ad libitum. The division of all groups is described in detail 

in each article. 

Milk Collection 
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The milk samples were collected manually with a Pasteur pipette. Oxiton
®
 synthetic oxitosin (5 

U.I./ml) was administered to induce milk secretion, and the animals were anesthetized with 

Thiopental
®
 (0.2 ml, ip). 

Glycemic Homeostasis 

Surgical procedures were performed with rats previously anesthetized. Surgery was performed to 

implant a silicone cannula in the right jugular vein for subsequent blood collect during intravenous 

glucose tolerance test (ivGTT). Measurements of blood glucose from the intraperitoneal glucose 

tolerance test (ipGTT), intraperitoneal insulin tolerance test (ipITT) and intraperitoneal pyruvate 

tolerance test (ipPTT) were performed by means of a glycosimetre (Accu-Chek Aviva system
®

 - 

Roche Diagnostics). 

Biochemical measurements 

The activity of Butyrylcholinesterase enzyme (BuChE), lipid profile and glucose were measured by 

spectrophotometry using specific commercial kits (Gold Analisa
®
). Insulin was measured by the 

radioimmunoassay technique. 

Fat pad stores mesurements 

After euthanasia, the fat pad stores (retroperitoneal, ovarian, uterine, periepididimal and 

mesenterica) were removed and weighed to obesity characterizetion. 

Statistical Analyzes 

Data were submitted to Student's t-test or analysis of variance (two-way ANOVA), followed by 

Tukey's post-test. 

RESULTS AND DISCUSSION 

Manuscript 1: The present study showed for the first time that maternal exposure to 

organophosphate Acephate during perinatal life had adverse effects on glucose homeostasis and 

insulin sensitivity in both, mothers and offspring. Mothers exposured to acephate, the offspring 

during pregnancy and lactation  developed glucose intolerance and increased body weight and food 

intake compared to control mothers. Interestingly, exposure to acephate during pregnancy and 

lactation programmed the offspring to be susceptible to type 2 diabetes during adulthood. 

Manuscript 2: The current study demonstrates for first time that maternal low intensity physical 

exercise during pregnancy and lactation was able to prevent obesity and metabolic dysfunction in 

adult male offspring submitted to early postnatal overnutrion. Maternal low physical exercise 

improved glucose metabolism, VO2max ability and increased sympathetic nerve electrical activity 

in mothers, also promoted changes in milk composition, including high insulin content. 

CONCLUSIONS  

Manuscript 1: Maternal Acephate exposure during perinatal life led the offspring to predisposition 

of dyslipidemia and type 2 diabetes in adulthood. 

Manuscript 2: The maternal low intensity physical exercise during perinatal life was able to 

program offspring to a healthy phenotype in adult life, protecting against the metabolic 

consequences of overfeeding in early stages of development. 
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A B S T R A C T 

 
Acephate has been used extensively as an insecticide in agriculture. Its downstream sequelae are associated with 

hyperglycemia, lipid metabolism dysfunction, DNA damage, and cancer, which are rapidly growing epidemics and which lead 

to increased morbidity and mortality rates and soaring health-care costs. Developing interventions will require a 

comprehensive understanding of which excess insecticides during perinatal life can cause insulin resistance and type 2 

diabetes. A Wistar rat animal model suggests that acephate exposure during pregnancy and lactation causes alterations in 

maternal glucose metabolism and programs the offspring to be susceptible to type 2 diabetes at adulthood. Therapeutic 

approaches based on preventive actions to food contaminated with insecticides during pregnancy and lactation could prevent 

new cases of type 2 diabetes. 

 
ã 2016 Published by Elsevier Ireland Ltd. 
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1. Introduction 

 
Epidemiological studies have resulted in the Developmental Origins of 

Health and Disease (DOHaD) hypothesis, which suggests that 

noncommunicable diseases, such as cardiovascular disease and type 2 

diabetes, originate in the perinatal period and in early life (Barker, 2004). 

Intrauterine life plays an important role in determining the long-term health of 

individuals because maternal factors such as hormones and placental function 

can affect the developing fetus and lead to metabolic programming of positive 

or negative health outcomes (Barker and Osmond, 1986; Barker et al., 2005; 

Hales et al., 1991; Silveira et al., 2007). 

 

The perinatal period is particularly sensitive to changes in maternal diet 

composition because offspring that experience changes during this period are 

known to develop metabolic dysfunction in their adult life (Davy and Orr, 

2009; de Oliveira et al., 2012; Howie et al., 2009; Morgane et al., 1993; 

Plagemann et al., 2000; Resnick et al., 1979). Studies have shown that 

maternal malnutrition is associated with low birth weight and an increased the 

risk of type 2 diabetes and other chronic diseases later in life among their 

offspring because of rapid compensatory growth in childhood (Barker, 2004; 

Barker et al., 2002; Eriksson, 2016; Eriksson et al., 2007). 

 

 

Metabolic programming is not limited to nutritional insults. Other factors, 

such as food contaminants like the organophos-phates (OP) that are used in 

large-scale to improve agricultural production, are also related to long-term 

metabolic dysfunction (Lassiter and Brimijoin, 2008; Slotkin, 2011; Younes-

Rapozo et al., 2015). Consumers are frequently exposed to residual levels of 

OP pesticides in foods (Omoike et al., 2015). Exposure to different products 

contaminated with OP pesticides increases the dose and may increase the 

deleterious effects on long-term health (Du et al., 2014). Many countries have 

laws that forbid using high doses of these components (Du et al., 2014). The 

extensive use of acephate in the agricultural fields to improve soya bean 

culture (Alho and Vieira, 1997) in Brazil, as well as other countries (Liu et 

al., 2011), increases the possibility that OP residues in food could affect food 

safety, contributing to the dilemma between public health and crop protection 

(Du et al., 2014). 

 

 

OP, which is extensively used in pest control and to kill insects, inhibits 

acetylcholinesterase (AChE) enzyme involvement in the regulation of 

neurotransmission by hydrolysis of the neurotrans-mitter acetylcholine (ACh) 

and leads to cholinergic syndrome in the nervous system (Costa, 2006; Pundir 

and Chauhan, 2012; Sanghi et al., 2003; Suemizu et al., 2014). Recently, 

pesticides, such 

 
 
as acephate, have become a public health concern because pesticide exposure 

leads to harmful effects in human metabolism, such as hyperglycemia, lipid 

metabolism dysfunction, DNA damage, increased oxidative stress and cancer 

(Costa, 2006; Du et al., 2014). In the current study, we aimed to investigate 

whether acephate exposure to dams during pregnancy and lactation could lead 

to metabolic changes in rat offspring. 

 
 
2. Material and methods 

 
2.1. Ethical approval 

 
All experiments were conducted according to the guidelines established 

by the Brazilian Association for Animal Experimenta-tion (COBEA) and 

were approved by the Ethics Committee in Animal Research of the State 

University of Maringa (protocol number 9427151014). 

 
 
2.2. Experimental design and acephate exposure 

 
Adult male and female Wistar rats that were 70 days old (weighing 280–

300 g and 200 g, respectively) were housed in the Animal House of the 

Department of Biotechnology, Genetics and Cellular Biology in 

polypropylene cages (45 cm/30 cm/15 cm) under light controlled conditions 

with a 12-h light-dark cycle (07:00 a.m. to 07:00 p.m.) and a temperature of 

22.0 2 C. After one week of adaptation, animals were mated at a ratio of three 

females to each male. Pregnancy was confirmed by the presence of sperm in a 

vaginal smear, and pregnant dams were individually housed. Dams were 

randomized into 2 groups, including (1) acephate (ACE)-treated pregnant rats 

that received OP acephate (2.5 mg/kg/bw) that was diluted in corn oil via 

gavage from gestational day 7 to lactation day 21 (ACE- Mothers) and (2) 

control pregnant rats that received gavage with the corn oil vehicle (OIL-

Mothers). 

 
 

The dose of OP acephate, O,S-Dimethyl N-acetylphosphorami-dothioate 

(C4H10NO3PS), 2.5 mg/kg was considered no observed adverse effect levels 

(NOAEL) and in females rats (Pesticides, 2006; Solecki, 2016). Both groups 

were treated by gavage daily between 9:00 and 10:00 a.m. The acephate was 

purchased from Chem Service, NORTOX S.A, Parana SEAB/PR no. 466 

(purity of 75%). During treatment, dams were constantly observed, and no 

toxicity characteristics or death were observed. After birth (postnatal day 0, 

P0), the rats were distributed into 2 groups (offspring of the corn oil mothers, 

OIL and offspring of the acephate mothers, ACE), and 
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each lactating dam (4 litters for each experimental group) was housed with 9 

pups (preferentially male). However, when the required number of male 

offspring in the litter was not reached, females newborns were used to adjust 

the litter size to 9 pups throughout the sucking phase. At weaning (P21), rats 

were housed with 3 per cage, and only male offspring were used in the 

experiments. The offspring were placed in an environmentally controlled 

room and received water and standard chow (Nuvital, Curitiba, Brazil) ad 

libitum. 

 
Maternal body weight and food intake were measured throughout 

pregnancy and lactation periods. After birth (P0) and weaning P21, the 

offspring were weighed, the food intake was determined weekly and the total 

area under the curve (AUC) for food intake and body weight was calculated. 

 
 
2.3. Glucose metabolism experiments and glucose measurements 

 
2.3.1. Intraperitoneal glucose tolerance test (ipGTT)  

Mothers at pregnancy day 20 and the end of lactation day 21, as well as 

their offspring (P21), fasted for 6 h and were then intraperitoneally injected 

with glucose (2 g/kg) for the ipGTT to evaluate glucose tolerance. Blood 

samples were obtained from the tail vein at 0, 40, 80 and 120 min after 

injection. Glucose levels were measured using the Accu-Chek Aviva system 

(Roche Diagnostics) as previously described. 

 
 
2.3.2. Intraperitoneal insulin tolerance test (ipITT)  

Mothers, after weaning and offspring at P90, fasted for 6 h and were then 

intraperitoneally injected with insulin (1 U/kg) to obtain the ipITT to evaluate 

insulin sensitivity. Blood samples were obtained from the tail vein at 0, 20, 

40, 60 and 80 min after injection. Glucose levels were measured using the 

Accu-Chek Aviva system (Roche Diagnostics). The constant for the insulin 

tolerance test (Kitt) was calculated using formula Kitt (%/min) = 0.693/t
1/2

, 

where t
1/2

 was calculated from the slope of the plasma glucose concentration 

during ipITT [22]. 

 
 
2.3.3. Intravenous glucose tolerance test (ivGTT)  

Adult offspring (P90) underwent a surgical procedure under ketamine and 

xylazine anesthesia (3 and 0.6 mg/100 g, respective-ly) to implant a silicone 

cannula into the right jugular vein. All cannula were flushed with heparinized 

saline solution (50 IU heparin/ml; 0.9% w/v of saline solution) before 

implantation to avoid blood clots. After a 12 h fast (19:00–07:00 h), the 

animals were infused with a glucose load (1 g/kg), and blood samples were 

collected at 0, 5, 15, 30, and 45 min. Blood was collected and centrifuged, 

and the plasma was collected and stored at 20 C for determination of glucose 

and insulin concentrations. At the end of the ivGTT, the mothers and 

offspring were euthanized by an overdose of sodium thiopental (Thiopentax
1
, 

Cristália, Itapira, SP, 120 mg/kg). The adipose tissue stores were removed and 

weighed as a marker of body fat. Glucose was determined with the glucose 

oxidase method (Trinder, 1969) using a commercial kit (Gold Analisa, Belo 

Horizonte, MG, Brazil). Additionally, plasma insulin was measured by a 

radioimmunoassay (RIA) (Scott et al., 1981) using a gamma counter (Wizard
2
 

Automatic Gamma Counter, TM-2470, PerkinElmer
1
, Shelton, CT, USA). 

Standard human insulin and anti-rat insulin antibodies (Sigma-Aldrich
1
, St. 

Louis, MO, USA) and recombinant human insulin labeled Iodo125 

(PerkinElmer
1
, Shelton, CT, USA) were used. The intra-assay coefficients of 

variation were in the range of 8–10%. The limit of detection was 0.006 ng/ml. 

The measurements were performed in a single assay. 

 
2.3.4. Intravenous pyruvate tolerance test (ipPTT)  

Mothers after weaning and offspring at P90 fasted for 6 h and were then 

intraperitoneally injected with pyruvate (2 g/kg) for the pyruvate tolerance 

test in order to evaluate the activity of hepatic gluconeogenesis (Tsuneki et 

al., 2016). Blood samples were obtained from the tail 0, 15, 30, 45 and 60 min 

after injection. Glucose levels were measured using the Accu-Chek Aviva 

system (Roche Diagnostics). 

 
 
2.4. Butyrylcholinesterase (BuChE) serum and milk activity 

determination 

 
BuChE activity was used to test the level of toxicity that was eventually 

caused by the pesticide acephate, as shown in previous studies (Kapka-

Skrzypczak et al., 2015). Plasma activity levels of BuChE in mothers at the 

end of the lactation period and P90 adult offspring were determined using a 

commercial kit (Gold Analisa, Belo Horizonte, MG, Brazil). Plasma and milk 

samples (10 ml) were incubated with 500 ml of buffer pyrophosphate (90 

mmol/l) and potassium ferricyanide (2 mmol/l) for 3 min at 37 C. Then, 250 

ml of butyrylcholine (15 mmol/l) was added, and the progress of the reaction 

was monitored in a spectrophotometer at 405 nm (BIOPLUS, Bio-200). The 

final activity was the decreasing absorbance as measured in 3 intervals of 1 

min. The results were expressed in units per litter (U/L) (Panteghini and 

Bonora, 1984). 

 

 

 

2.5. Milk collection 

 

Milk samples were collected at 10 and 21 days of age before 2 h pups had 

been weaned from their dams. To induce milk secretion, a synthetic oxytocin, 

Oxiton (5 U.I./ml, União Química S/A, Sao Paulo, Brazil), was administered 

(0.5 ml ip), and the animals were anaesthetized with thiopental (0.2 ml, ip). 

Milk was collected in a sterile Pasteur pipette by manually massaging the 

nipple as described previously (DePeters and Hovey, 2009). Milk samples (1 

ml/dam) were stored at 80C for subsequent BuChE analysis. 

 

 

2.6. Lipid profile 

 

Total cholesterol, high density lipoproteins (HDL), very low density 

lipoproteins (VLDL), low density lipoproteins (LDL) and triglyceride 

concentrations were measured using the enzymatic colorimetric cholesterol 

oxidase method with a commercially available kit (Gold Analisa; Belo 

Horizonte, MG, Brazil). 

 
2.7. Fat pad stores mesurements 

 

After the experimental procedures, the dams and offsprings were 

euthanized and their fat pad stores (retroperitoneal, ovarian, uterine, 

periepididymal and mesenteric) were removed and weighted to assess the 

state of obesity. Each of the fat pad store values were correlated with the bw 

of each rat and were calculated as g/100 kg of bw (de Oliveira et al., 2016). 

 

 

2.8. Statistical analyses 

 

Data are presented as the mean standard error of the mean. All data were 

subjected to Student’s t-test and were considered significantly different when 

the value of p< 0.05. Tests and graphics were performed using GraphPad 

Prism version 6.01 for Windows (GraphPad
1
 Software, Inc. San Diego, CA, 

USA). 
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Table 1  
Adipose tissue stores, fasting glucose and BuChE activity in plasma of rat mothers. 
 
  OIL-Mothers ACE-Mothers p value 

 Retroperitoneal fat pad (g/100 g bw) 1.30  0.19 0.92 0.08 0.38 

 Ovarian fat pad (g/100 g bw) 1.24  0.24 0.84 0.10 0.05* 

 Uterine fat pad (g/100 g bw) 1.12  0.06 1.08  0.08 0.24 

 Mesenteric fat pad (g/100 g bw) 0.87  0.10 0.77  0.09 0.47 

 Fasting glucose on pregnancy day 20 (mg/dl) 62.5  3.09 60.8 1.74 0.62 

 Fasting glucose after weaning (mg/dl) 76.79  2.82 85.00  3.57 0.10 

 Kitt (%) min) 1.64  0.12 1.09  0.13 0.03* 

 BuChE activity after weaning plasma (U/L) 688.33  59.52 591.42  48.37 0.22 

 Milk BuChE activity on pregnancy day 10 (U/L) 1224  2296.6 1281  66.46 0.89 

 BuChE activity after weaning milk (U/L) 1591  177.3 2327  227.5 0.02*  
*p < 0.05 from comparison of OIL-Mothers with ACE-Mothers with a Student’s t test (n = 6–5 rats/group). 

 
 
3. Results 

 
3.1. Acephate exposure during pregnancy and lactation: consequences for 

maternal health 

 
We first determined whether 2.5 mg/kg of acephate could be toxic for the 

dams by measuring the BuChE activity in the plasma after weaning. We could 

not detect any changes in BuChE activity in the plasma in OIL-Mothers or 

ACE-Mothers (Table 1). We also observed no signs of cholinergic toxicity, 

such as tremors, salivation, or diarrhea. However, when we measured BuChE 

activity in the milk, there was an increase of BuChE activity in ACE-Mothers 

after weaning compared to in OIL-Mothers (p< 0.05, Table 1). To determine 

whether acephate exposure during pregnancy and lactation was detrimental to 

the mothers’ metabolism after weaning, biometric parameters were measured. 

 
 

We observed no difference in body weight between the groups during 

pregnancy. However, during lactation, ACE-Mothers had an 

 
 
increase in body weight compared to OIL-Mothers (p < 0.05, Fig. 1A). The 

increase in food intake was already evident during pregnancy and was 

exacerbated during lactation in ACE-Mothers (p < 0.05, Fig. 1B). There was 

no difference in maternal body fat weight after pregnancy except in ovarian 

fat pad stores, which showed a reduction of 32.2% compared to OIL-Mothers 

(p< 0.05, Table 1). 

 

We next tested the effects of acephate on maternal glucose metabolism. 

The results of the ipGTT at gestational day 20 and after weaning revealed that 

ACE-Mothers were glucose intolerant in the first 15 min after glucose 

administration compared to the OIL-Mothers (p < 0.05, Fig. 2A and B). 

Therefore, the ACE-Mothers group displayed a tendency to develop glucose 

intolerance, and the AUC, which was an index of glucose tolerance, was not 

significantly different from OIL-Mothers (Fig. 2A and B). 

 
We performed an ipITT to assess insulin sensitivity. In the ACE-Mothers 

group, insulin caused a modest decrease in plasma glucose levels, which 

reflects decreased insulin sensitivity, and the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Effects of acephate exposure on body weight and food intake during pregnancy and lactation in rat mothers. (A) Body weight in OIL-Mothers (n = 6) and ACE-Mothers (n = 5); the inset 

shows mean total AUC body weight evolution during pregnancy and lactation. (B) Food intake in OIL-Mothers (n = 6), ACE-Mothers (n = 5); the inset shows mean total AUC food intake evolution 

during pregnancy and lactation. Data are expressed as the mean, SE. *p < 0.05, **p < 0.005 and ****p < 0.0001 by Student’s t test. 
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Fig. 2. Effects of acephate exposure on ipGTT in plasma glucose during pregnancy and lactation in rat mothers. (A) ipGTT performed in OIL-Mothers (n = 6) and ACE-Mothers (n = 5); the inset 

shows mean total AUC in response to a glucose load during pregnancy day 20. (B) ipGTT performed in OIL-Mothers (n = 6), ACE-Mothers (n = 5); the inset shows mean total AUC in response to a 

glucose load at weaning day. Data are expressed as the mean, SE. *p< 0.05 and **p< 0.005 by Student’s t test. 

 

 
AUC was 30.66% lower than OIL-Mothers (p< 0.05, Fig. 3A). We also 

estimated the constant for Kitt to evaluate the insulin sensitivity, and the Kitt 

index confirmed that ACE-mothers had a decrease of 33.5% in the Kitt index 

compared to OIL-Mothers (p< 0.05, Table 1).  
We next studied whether gluconeogenesis was altered in ACE-Mothers by 

performing an ipPTT after weaning. During ipPTT, plasma glucose levels 

were increased by 30.1% in ACE-Mothers compared to OIL-Mothers (p< 

0.05, Fig. 3B). Thus, acephate exposure during pregnancy and lactation led to 

alterations in body weight, food intake, insulin sensitivity and 

gluconeogenesis. 

 
3.2. Acephate exposure during pregnancy and lactation: programming male 

adult offspring for type 2 diabetes 

 
To test whether acephate exposure in utero predisposes offspring for 

future development of metabolic abnormalities, we studied two groups of 

animals: ACE offspring and OIL offspring. Note that these offspring received 

no direct treatment with acephate but that their mothers were exposed to 

acephate during gestation and lactation. We first measured BuChE activity in 

the plasma of the offspring. We could not detect any changes in BuChE 

activity in plasma in OIL-offspring or ACE offspring (Table 2). 

 

 
The ACE offspring weighed 7.8% less than the OIL offspring at birth, P0, 

and the relative difference persisted until weaning when they weighed 8.5% 

less at P21 (p< 0.05, Fig. 4A). In contrast, body weights at P90 were not 

significantly different between the groups (p< 0.05–Table 2). 

 
When we observed the AUC body weight curve of the animals during the 

period from P0 to P21, ACE offspring group showed an 13,12% decreased in 

AUC bw compared to OIL offspring group (p < 0.0001, Fig. 4A). However, 

at P21 to P90 the AUC bw increased 13,86% in the ACE groups compared to 

the OIL group (p < 0.0001, Fig. 4B). 

 
The ACE offspring also showed a 21.22% increase of AUC food intake 

compared to the OIL offspring (p< 0.05, Fig. 4C). The increase in body 

weight was not followed by changes in fat pad stores because the ACE and 

OIL offspring did not exhibit any significant difference in fat pad stores 

(Table 2). Interestingly, the ACE offspring showed alterations in their plasma 

lipid profile. These animals had an increase in total cholesterol, HDL, VLDL, 

LDL and triglyceride plasma levels compared to the OIL offspring (p< 0.05, 

Table 2). 

 

Glucose intolerance was detected in the ACE offspring as early as P21. 

These animals showed an increase of glucose plasma levels during ipGTT 

with an increase of 47.7% in the AUC compared to the 
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Fig. 3. Effects of acephate exposure on ipITT and ipPTT in plasma glucose during pregnancy and lactation in rat mothers. (A) ipITT performed in OIL-Mothers (n = 6) and ACE-Mothers (n = 5); the 

inset shows mean total AUC in response to an insulin load after weaning. (B) ipPTT performed in OIL-Mothers (n = 6), ACE-Mothers (n = 5); the inset shows mean total AUC in response to a 

pyruvate load after weaning. Data are expressed as the mean, SE. *p< 0.05 and **p< 0.005 by Student’s t test. 

 
Table 2  
Body weight, adipose tissue stores, fasting plasma glucose, insulin, lipid profile and BuChE activity in rat offspring. 

 
  OIL Offspring ACE Offspring p value 

 Body Weight P0 (g) 6.64  0.06 6.12  0.66 0.0001**** 

 Body Weight P21(g) 52.10  0.88 47.63  1.22 0.009** 

 Fasting glucose P21 (mg/dl) 86.91  1.84 89.83  1.66 0.29 

 Body Weight P90 (g) 377.5  2.01 385.83  6.04 0.21 

 Retroperitoneal fat pad (g/100 g bw) 1.19  0.051 1.23  0.054 0.58 

 Periepididymal fat pad (g/100 g bw) 1.13  0.050 1.14  0.048 0.9 

 Mesenteric fat pad P90 (g/100 g bw) 0.72  0.022 0.65  0.049 0.16 

 Fasting Glucose P90 (mg/dl) 86.220  1.70 109.6  17.81 0.03* 

 Fasting insulin P90 (ng/ml) 0.34  0.01 0.54  0.06 0.001*** 

 Total cholesterol (mg/dl) 75.57  3.66 95.42  4.14 0.005** 

 Total HDL (mg/dl) 7.82  0.96 14.30  0.90 0.0008**** 

 Total VLDL (mg/dl) 16.61  2.32 65.80  8.95 0.0001**** 

 Total LDL (mg/dl) 52.90  57 67.96  4.13 0.021* 

 Triglycerides (mg/dl) 44.29  2.46 65.80  8.95 0.022* 

 BuChE activity P90 (U/L) 458.88  24.12 475.55  32.75 0.68  
*p < 0.05, **p < 0.005, ***p < 0.001 and ****p < 0.0001 when compared to OIL with ACE offspring with a Student’s t test. (18–20 rats at least 3 different litters). 

 
 

 
OIL offspring (p< 0.05, Fig. 5). At P90, fasting plasma glucose and insulin 

were 21.3% and 37% higher in ACE offspring compared to OIL offspring, 

respectively (p< 0.05, Table 2).  
We also performed an ivGTT and ipITT to evaluate glucose tolerance and 

insulin sensitivity, respectively, of the offspring at 

 
 

 
P90. At this age, the ACE offspring were highly glucose intolerant and 

exhibited alterations in plasma glucose levels at all time points during the 

ivGTT compared to the OIL offspring (Fig. 6A). The insulin levels during the 

ivGTT were also increased at all time points in the ACE offspring (Fig. 6B). 

As expected, insulin sensitivity 
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Fig. 4. Effects of exposing pregnant and lactating rat mothers to acephate on body weight and food intake of their offspring. (A) Body weight in OIL offspring (n = 18) and ACE offspring (n = 20); 

the inset shows the mean total AUC body weight evolution from the P0 to the P21 nursing periods. (B) Body weight in OIL offspring (n = 18) and ACE offspring (n = 20); the inset shows the mean 

total AUC body weight evolution from P21 to P90. (C) Food intake in OIL offspring (n = 18) and ACE offspring (n = 20); the inset shows the mean total food intake evolution from P21 to P90. Data 

are expressed as the mean, SE. *p< 0.05 and ****p< 0.0001 by Student’s t test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. Effects of exposing pregnant and lactating rat mothers to acephate on ipGTT plasma 

glucose of their offspring. ipGTT performed in OIL offspring (n = 9) and ACE offspring (n = 

9); the inset shows the mean total AUC in response to a glucose load at P21. Data are expressed 

as the mean, SE. *p< 0.05 and **p< 0.005 by Student’s t test. 

 

 
detected by IPITT was significantly decreased in ACE offspring compared to 

the OIL offspring (p< 0.05 Fig. 6C). Our results demonstrated that acephate 

exposure during pregnancy and lactation disrupt body weight, food intake, 

glucose metabolism and lipid metabolism in the offspring. 

 
4. Discussion 

 
In the present study, we showed for the first time that exposure to low 

doses of acephate during critical periods of life had adverse effects on glucose 

homeostasis and insulin sensitivity both in the mothers and the offspring. 

When pregnant and lactating mothers were exposed to acephate, they 

developed glucose intolerance and increased body weight and food intake 

compared to control mothers. Interestingly, exposure to acephate during 

pregnancy and lactation programmed the offspring to be susceptible to type 2 

diabetes during adulthood. 
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Fig. 6. Effects of exposing pregnant and lactating rat mothers to acephate on glucose and 

insulin plasma during ivGTT and glucose plasma in ipITT in their offspring. (A) ivGTT 

performed in OIL offspring (n = 9) and ACE offspring (n = 12); the inset shows the mean total 

AUC in response to a glucose load at P90. (B) ipGTT performed in OIL offspring (n = 9) and 

ACE offspring (n = 12); the inset shows the mean total AUC in response to a glucose load at 

P90. (C) ipITT performed in OIL offspring (n = 9) and ACE offspring (n = 12); the inset shows 

the mean total AUC in response to an insulin load at P90. Data are expressed as the mean, SE. 

*p< 0.05, **p< 0.005 and ****p< 0.0001 by Student’s t test. 

 
 

 
Dangerous OP compounds, such as acephate, have been used as 

insecticides in agriculture and in chemical warfare. These compounds are 

very toxic when absorbed by humans because of the acetylcholinesterase 

deactivation. Recently, acephate residues were found to be present in 22.3% 

of the samples, especially in soybean meals at a Brazilian university 

restaurant (Caldas et al., 2011). The dose of acephate that we used in our 

study (2.5 mg/kg/day) was considered the lowest dose to cause an 

observeable adverse effect according to the US Environmental Protection 

AgencyUnited States Environmental Protection Agency (US-EPA: IRIS 

0354) (Storm, 2001). 

 
At a dose of 2.5 mg/kg, the rats did not present clinical toxic symptoms, 

such as exophthalmos, tremors, salivation, and diarrhea (Bhadaniya et al., 

2015; Lassiter and Brimijoin, 2008). 

 
In the present study, we observed no changes in BuChE activity in the plasma 

of mothers and offspring, which suggested that there were no toxic effects in 

mothers and in the offspring. For the first time, we showed the presence of 

BuChE activity in milk. However, we detected high levels of BuChE activity 

in the milk of ACE-Mothers. The increase in BuChE activity in the milk of 

ACE-Mothers could be a mechanism of protection for the acephate exposure 

because this enzyme was shown to prevent intoxication of animals exposed to 

OP compounds. (Cerasoli et al., 2005; Lenz et al., 2007). On the other hand, a 

decrease of plasma BuChE activity in patients is associated with acephate 

intoxication (Kapka-Skrzypczak et al., 2015). 

 

 

Experimental studies in humans and animals suggest that gestational 

diabetes is characterized by high plasma glucose and insulin levels, which 

increase the risk of obesity and type 2 diabetes in offspring later in life (Kahn 

et al., 2006; Reece et al., 2009). Our data showed that ACE-Mothers had high 

plasma glucose levels in the first 15 min after a glucose load in the ipGTT as 

well as high glucose levels and insulin resistance during ipPTT. OP induced 

glycogenolysis, gluconeogenesis and insulin resistance for maintaining 

normal glycemic blood glucose levels (Joshi and Rajini, 2009; Rahimi and 

Abdollahi, 2007). Hepatic gluconeogene-sis is the main source of hepatic 

glucose production during prolonged fasting and contributes to the 

development of type 2 diabetes (Pilkis and Granner, 1992). 

 

 

In addition, ACE-Mothers had an increase in body weight and food 

intake. All these metabolic abnormalities that were caused by acephate 

exposure during pregnancy and lactation could explain the low birth weight in 

early life in the ACE offspring. Indeed, experimental and epidemiological 

studies in rodents and humans have shown that low birth weight and small 

body size in infancy were strongly associated with risk factors for type 2 

diabetes later in life (Barker, 2004; Barker et al., 2005; Eriksson, 2016; 

Eriksson et al., 2007). 

 
Several studies have shown an association between low birth weight and 

coronary heart disease and type 2 diabetes because low birth weight can led to 

alterations in lipid profile, high triglyceride and insulin levels (Kajantie et al., 

2008; Perala and Eriksson, 2012; Perala et al., 2011). In the present study, we 

found that the ACE offspring had reduced glucose tolerance, insulin 

resistance, and altered levels of plasma insulin and total cholesterol, HDL, 

VLDL, LDL and triglycerides, which suggested a high predisposition to 

metabolic diseases. 

 
The observed metabolic effects of acephate exposure during pregnancy 

and lactation may be due to altered glucose metabolism in the mothers. 

Whether the effects that we observed in the offspring were due to a direct 

effect of exposing the fetus to acephate during pregnancy or because the pups 

were exposed to an altered maternal glucose metabolism during pregnancy 

and lactation or the combination of both factors remains unknown. 

 
Nevertheless, both situations are plausible. First, acephate could affect the 

placenta during pregnancy (Farag et al., 2000) or might affect the milk during 

breast feeding (Boobis et al., 2008; Sanghi et al., 2003), and then acephate 

could impair glucose metabolism during gestation and lactation, which could 

alter fetal growth (Hales et al., 1991; Kajantie et al., 2008; Perala and 

Eriksson, 2012; Perala et al., 2011). Indeed, maternal metabolism is 

important, and the differences observed in glucose tolerance and plasmatic 

parameters in ACE-Mothers may explain, at least in part, the metabolic 

abnormalities that were displayed subsequent-ly in their ACE offspring. In 

any case, the results of the present study suggest that the endocrine disruptor 

acephate should be evaluated as a possible risk factor for gestational diabetes 

and type 2 diabetes associated with metabolic dysfunction. Moreover, our 

findings demonstrate that fetal exposure to acephate may 
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predispose offspring to type 2 diabetes and dyslipidemia during adulthood. 
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Abstract 35 

Low intensity exercise during pregnancy and lactation may create a protective effect against the 36 

development of obesity in offspring exposed to overnutrition in early life. To test these hypotheses, 37 

pregnant rats were randomly assigned into 2 groups: Sedentary and Exercised, low intensity, on a 38 

rodent treadmill at 30% VO2Max /30-minute/session/3x/week throughout pregnancy and the 39 

lactation. Male offspring were raised in small litters (SL, 3 pups/dam) and normal litters (NL, 9 40 

pups/dam) as models of early overnutrition and normal feed, respectively. Exercised mothers 41 

showed low mesenteric fat pad stores and fasting glucose and improved glucose-insulin tolerance, 42 

VO2max during lactation and sympathetic activity. Moreover, the breast milk contained elevated 43 

levels of insulin. In addition, SL of sedentary mothers presented metabolic dysfunction and glucose 44 

and insulin intolerance and were hyperglycemic and hyperinsulinemic in adulthood. SL of exercised 45 

mothers showed lower fat tissue accretion and improvements in glucose tolerance, insulin 46 

sensitivity, insulinemia and glycemia. The results suggest that maternal exercise during the perinatal 47 

period can have a possible reprogramming effect to prevent metabolic dysfunction in adult rat 48 

offspring exposed to early overnutrition, which may be associated with the improvement in 49 

maternal health caused by exercise. 50 

51 
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Introduction 52 

Nutritional, hormonal and metabolic insults during early critical periods of life can predispose 53 

individuals to long-lasting deleterious effects later in life 
1
. This phenomenon has been known as 54 

metabolic programming 
2
. Studies have shown that poor or overnutrition during perinatal life is 55 

associated with an increased risk of type 2 diabetes and other chronic diseases later in life 
3
. 56 

A healthy lifestyle including a balanced diet and regular physical exercise during perinatal life can 57 

have positive effects on maternal metabolism and that of the subsequent generation 
4,5

. Physical 58 

exercise during pregnancy is known to have beneficial effects on maternal health, decreasing the 59 

risk of preeclampsia and gestational diabetes 
6
. In addition, aerobic physical exercise in lactating 60 

woman improves maternal maximal oxygen consumption (VO2max) and plasma high-density 61 

lipoprotein (HDL) cholesterol concentrations 
7
.  62 

On the other hand, high intensity physical exercise during pregnancy in women can affect fetal 63 

health, inducing maternal hyperthermia 
8
, increased uterine contractility by hormone stimulation 

9
, 64 

fetal hypoglycemia 
10

, and reduction in visceral and placental blood flow due to diverted blood to 65 

the working muscles mass and skin 
11

. Higher intensity exercise over a long duration during 66 

pregnancy can induce negative outcomes in human and rodent offspring
12,13

. 67 

The current study highlights the scarcity of a clear recommendation regarding the type, timing, 68 

intensity, frequency and duration and benefits of exercise; therefore, we aim to evaluate whether 69 

maternal low intensity exercise during pregnancy and lactation can attenuate the adult metabolic 70 

dysfunction induced by early postnatal overnutrition in offspring rats. 71 
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Results 72 

Effects of low intensity physical exercise during pregnancy and lactation on theVO2max parameters 73 

of the dams. 74 

Table 1 shows the VO2maxvalues in the dams. There was no difference in theVO2max values before 75 

physical exercise between groups (Table 1). However, after physical exercise, at  lactational day 3 76 

(LD3), exercised mothers (EM) showed an increase of 22.56% in the VO2max compared with that of 77 

SM (p<0.05 - Table 1). 78 

Effects of low intensity physical exercise during pregnancy and lactation on the body composition 79 

of the dams. 80 

No difference was found in the AUC for body weight during pregnancy and lactation between the 81 

two groups (Fig. 2). There were differences in maternal mesenteric fat pad stores in LD21, with EM 82 

showing 29% less maternal mesenteric fat pad stores than SM (p<0.001 – Table 1).  83 

Effects of low intensity physical exercise during pregnancy and lactation on the milk and plasma 84 

biochemical parameters of the dams. 85 

Low intensity exercise in EM resulted in a lower fasting plasma glucose than in SM by 18.69% 86 

(p<0.004 – Table 1), while plasma insulin levels were not different between the groups (Table 1). 87 

During the ivGTT, EM plasma glucose and insulin increments, showed significant difference at 5 88 

and 15 minutes peak time points of the plasma glucose, as well as in the 15min time point of the 89 

plasma insulin, compared to SM (p<0.0001 - Fig. 3a and 3b). The AUC, which is shown in the inset 90 

of Fig. 3a, showed that the glucose presented an reduction of 54% compared with the SM mothers 91 

(p<0.0001). And the inset of Fig. 3b, in the same test, the plasma insulin concentration was 23% 92 

lower in the EM animals than SM mothers (p<0.05). The HOMA-IR values were 36.14% lower in 93 

EM (p=0.05 – Table 1). There was no difference in the glucose and lipid composition of the milk 94 

between the groups. However, total cholesterol content at day 21 was 20.61% lower in EM 95 

compared to SM (p<0.03). Interestingly, EM exhibited an increase in insulin levels in the milk on 96 

the 10
th

 and 21
st
day of lactation by 87.21% and 145.63%, respectively, compared to that of SM 97 

(p<0.005 – Table 2). 98 

Effects of low intensity physical exercise during pregnancy and lactation on the autonomic nervous 99 

system of the dams. 100 
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We observed no difference in parasympathetic nervous system activity between the groups (Table 101 

1). Nevertheless, the EM presented a 39.6% increase in sympathetic nervous system activity 102 

compared to that of the SM (p<0.05 – Table 1).  103 

Long-term effects of low intensity physical exercise in pregnant and lactating dams on the body 104 

composition of the adult offspring.  105 

As observed in Table 3, there was no difference in birth weight between the offspring groups 106 

(p=0.6). Early overnutrition induced an increase in the bw of the rats in the SL-SM group at P21 107 

and P90 of 44.6% (pl<0.001) and 10% (pl<0.05), respectively, compared to that of rats in the NL-108 

SM group. The SL-SM group showed higher body weigh at P21 through P90, compared to that of 109 

the NL-SM, as well as, the SL-EM group showed low body weigh at P21 through P90, compared to 110 

that of the SL-SM (p<0.05 - Fig. 4). In Fig. 4, the evolution of the body weight, as indicated by the 111 

AUC, in the SL-SM group was 22.1% higher than in the NL-SM rats (pl<0.001). In contrast, the 112 

NL-EM group showed no difference in the bw curve compared to that of the NL-SM group, and 113 

SL-EM rats had a lower body weight than the SL-SM rats, resulting in a significant interaction 114 

between litter and maternal exercise (plxe <0.001).  115 

Low intensity physical exercise during pregnancy and lactation mediated changes in the offspring’s 116 

fat pad stores in adulthood. The SL-SM rats exhibited higher weights of the retroperitoneal, 117 

periepididymal and mesenteric fat pad stores than the NL-SM rats (pl<0.05, Table 3). Although the 118 

NL-EM rats only showed a 15% decrease in the periepididymal fat pad stores compared to that of 119 

the NL-SM rats, the SL-EM rats exhibited a lower weight in all evaluated fat pad stores when 120 

compared to that of the SL-SM rats, which demonstrated a significant effect of maternal exercise on 121 

the offspring fat depots (pe<0.0001, Table 3). 122 

Long-term effects of low intensity physical exercise in pregnant and lactating dams on the glucose-123 

insulin homeostasis of the adult offspring.  124 

At P90, SL-SM rats showed a higher fasting plasma glucose than NL-SM rats (plxe<0.001, Table 3), 125 

while SL-EM rats exhibited a 21.5% decrease compared to that of the SL-SM rats (pe<0.0001; 126 

plxe<0.0001, Table 3). Glucose intolerance was detected in the SL-SM group, where rats exhibited 127 

alterations in plasma glucose levels during the ivGTT compared to that of the NL-SM rats, as 128 

shown by the 16.9% increase in the AUC (plxe<0.005, Fig. 5a). There was no significant difference 129 

in the glucose levels between adult rat offspring from exercised mothers in relation to their 130 

counterpart control groups (Fig. 5a). 131 
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During the ivGTT, the insulin plasma levels were reduced in both the NL-EM (28.8%) and SL-EM 132 

(45.5%) groups compared to the levels of their counterpart groups, the NL-SM and SL-SM rats, 133 

respectively (pe<0.01- Table 3). During the ivGTT, SL-SM plasma glucose and insulin increments, 134 

showed significant difference at 5, 15, 30 and 45 minutes peak time points of the plasma glucose, as 135 

well as in the 5, 15 and 45 minutes time point of the plasma insulin, compared to NL-SM (p<0.05 - 136 

Fig. 5a and 5b). SL-SM plasma glucose and insulin increments, also showed significant difference 137 

at 5, 30 and 45 minutes peak time points of the plasma glucose, as well as in the 5 and 15 minutes 138 

time point of the plasma insulin, compared to SL-EM (p<0.05 - Fig. 5a and 5b). The glucose levels 139 

were increased during ivGTT in the SL-SM compared to that of the NL-SM group. These animals 140 

showed a 15.9% increase in the AUC of the glucose plasma levels compared to that of the NL-SM 141 

group (pl<0.005, Figure 5a). As well as, the insulin levels were increased during ivGTT in the SL-142 

SM compared to that of the SL-EM group. These animals showed a 50% increase in the AUC of the 143 

insulin plasma levels compared to that of the SL-EM group (pl<0.001, Fig. 5b).  144 

At P90, the SL-SM rats presented a 54.2% increase in fasting insulinemia compared with that of the 145 

NL-SM rats (pl<0.001, Table 3). In relation to their counterparts, the NL-EM and SL-EM animals 146 

showed decreases in fasting insulin of 28.5% and 33.3%, respectively, indicating a not able effect of 147 

maternal exercise on insulin levels (pe<0.01, Table 3). The HOMA–IR values of the SL-SM rats 148 

were increased by 102.0% when compared to that of the NL-SM rats (pl<0.0001). In contrast, the 149 

NL-EM rats exhibited a 26.3% decrease in HOMA-IR values compared to that of the NL-SM rats 150 

(plxe<0.01, Table 3), and the values of the SL-EM rats were 46.8% lower than the values observed 151 

in their counterpart rats (plxe<0.01, Table 3). Altogether, the results showed a significant interaction 152 

between maternal exercise and small litter size. 153 

Discussion 154 

The current study demonstrates for first time that maternal low intensity physical exercise during 155 

pregnancy and lactation was able to prevent obesity and metabolic dysfunction in adult male 156 

offspring exposed to early postnatal overnutrition. Small-litter offspring from exercised dams 157 

presented low depots of adipose tissue and low fasting insulin and glucose plasma levels, as well as 158 

normal glucose tolerance and insulin sensitivity. Interestingly, maternal low physical exercise 159 

improved maternal glucose metabolism and VO2max capacity and enhanced sympathetic nerve 160 

electrical activity and increase insulin milk levels. Our results highlight the beneficial effects of low 161 

intensity maternal physical exercise on the health status of the offspring and mother. 162 
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Early overnutrition is an established model for the study of its long-term consequences in an animal 163 

model. Studies have shown that small litter size during the suckling period leads to overnutrition 164 

because of the reduced competition for milk and increase caloric intake 
14

. Early-overfeeding has 165 

been shown to malprogram hypothalamic leptin resistance 
15

, and reduce the thermogenic activity of  166 

brown adipose tissue 
16

. Combined, these changes may well predispose individuals to exhibit 167 

hyperphagic behavior and adipose tissue accumulation due to lack of sympathetic-induced energy 168 

wastage. Interestingly, in the current study, mothers that performed low intensity physical exercise 169 

throughout pregnancy and lactation displayed reduced sympathetic nervous tone, and 170 

normoinsulinemia but elevated concentrations of insulin in their milk. We hypothesised that it may 171 

be the altered levels of insulin in the milk that contributed to attenuation of early-overfeeding 172 

induced obesity in their rat offspring. 173 

Beyond the well-characterised action of insulin on food intake, body weight and energy balance in 174 

the hypothalamus 
17

, insulin also regulates the function of several hypothalamic areas by modifying 175 

neuronal plasticity, especially during early life by promoting metabolic derangement and neuronal 176 

dysfunction associated with impaired synaptic plasticity 
18

. Accordingly, it is possible that the 177 

offspring of physical exercise dams ingested more insulin via milk during the first 21 days of life 178 

and that this attenuated or modulated the early overfeeding effects in neuronal pathways involved in 179 

energy regulation and thermogenesis function in rat immature brain.  180 

Postnatal early nutrition, especially breast-feeding, is essential to infant development, protecting 181 

against obesity and metabolic dysfunction in later life 
19

. Studies have shown that human milk 182 

contains high concentrations of bioactive substances such as proteins, peptides, steroids, growth 183 

factors and hormones, including insulin 
20-23

.  184 

Oral insulin from the mother may function in the regulation of the growth and development of the 185 

neuroendocrine system, newborn immune system and gastrointestinal tract 
24

. Additionally, insulin 186 

levels in milk appear to have a beneficial effect on gut maturation and prevent later diseases such as 187 

Crohn's disease, celiac disease and type 1 diabetes 
25-28

. Studies have documented the presence of 188 

insulin receptors in the mammalian intestine, in the jejunal and ileal brush border and intestinal 189 

crypt, in the fetal period, during the suckling period, at weaning, and in adults 
20,29-32

. 190 

The macromolecule insulin is digested in the lumen of the gut to avoid absorption into the blood 191 

stream; however, there is some evidence that oral insulin treatment decreases bw, cholesterol and 192 

the triglyceride blood level in different animal models 
22,33

. In insulin-resistant states, the intestine 193 

significantly enhances the production of lipoproteins 
34

 and glucose 
35

. The mechanism by which 194 
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luminal insulin influences intestinal metabolism even without being absorbed is not completely 195 

understood, but its capacity to downregulate gut insulin receptor expression 
33

 might be the 196 

cornerstone factor.  197 

Interestingly our study showed that exercised dams have a modified milk composition on the10
th 

198 

and 21
st 

days of the lactation period with significantly higher levels of insulin. Studies have shown 199 

that exercise during lactation does not affect the quality of breast milk composition, but improves 200 

the maternal health condition 
36-38

.  Interestingly milk insulin levels during lactation was different in 201 

exercised mothers, where dams displayed high milk insulin levels, on the other hand, maternal low 202 

intensity physical exercise reduced plasma insulin. This result suggests a possible high skeletal 203 

muscle adaptation on uptake nutrients without insulin action. It is known that physical exercise 204 

training increases the peripheral insulin-sensitivity as a compensatory response to better uptake 205 

glucose for the physiological energy demand 
39

.  206 

Regular physical exercise during pregnancy improves maternal health conditions 
40,41

 that are 207 

important to fetal growth and development, which primarily depend on maternal placental transport 208 

for adequate fetal hormones, nutrients and oxygen supply to the fetus 
42

. Low to moderate maternal 209 

exercise, approximately 40–65% of VO2max, during pregnancy has beneficial effects on offspring 210 

metabolism development in exercised mothers exposed to undernutrition 
43

. The suggested 211 

mechanisms of these effects may be related to metabolic changes, promoted through blood flow and 212 

changes in the production of fetal and placental hormones that control development 
44

. 213 

Low intensity exercise (30% of the VO2max) during pregnancy and lactation was beneficial for 214 

maternal and offspring health. Mothers that were exposed to low intensity exercise, 30% VO2max, in 215 

the current study maintained a VO2max after pregnancy similar to theVO2max before pregnancy; on 216 

the other hand, the sedentary mothers showed a reduction in theVO2max after pregnancy compared to 217 

their VO2maxbefore pregnancy. The maintenance of theVO2max may have resulted in improvements 218 

in placental growth and functional capacity. Aerobic exercise increases blood flow and provides 219 

better delivery of nutrients and oxygen, allowing for a better overall growth rate of the fetus in later 220 

pregnancy 
45

. The improvement of the VO2max may induce an increase in blood supply to tissues 221 

leading to high diffusion of oxygen, improving the ability to extract oxygen from the blood into all 222 

tissues 
46

.  223 

Physical exercise during pregnancy and lactation also contributed to a reduction in the fat pad stores 224 

and an improvement in glucose/insulin metabolism in dams. Exercised mothers exhibited a 225 



34 

 

 

 

reduction in mesenteric adipose tissue stores and improved glucose metabolism associated with an 226 

increase in sympathetic electrical activity. Maternal exercise during pregnancy promotes autonomic 227 

nervous system balance and, consequently, has beneficial effects on brain function and structure in 228 

both the mother and her offspring in an animal model 
47

. Studies have shown that the increase in 229 

parasympathetic nervous system activity and reduction in sympathetic nervous system activity 230 

contributes to obesity onset and insulin resistance in obese humans and animal models 
48

. However, 231 

moderate physical exercise in adult male rats is able to improve the sympathetic nerve tone, 232 

enhance energy expenditure, and decrease fat stores and body weight 
49

. 233 

Interestingly, the improvement in the autonomic nervous system (ANS) activity is related to the 234 

VO2max balance 
50

. A sedentary lifestyle decreases the VO2max and leads to the development of an 235 

increase in fat deposition and body weight gain in humans 
51

. Studies have shown that the beneficial 236 

effect of physical exercise on metabolism in pregnant humans and animals is dependent on the type, 237 

intensity and frequency of exercise 
13,52

. The American College of Sports Medicine guidelines 238 

recommend 30 minutes or more of moderate exercise daily for pregnant women in the absence of 239 

medical or obstetric complications
53

. According to most protocols, the exercise is considered 240 

moderate when theVO2max is between 50-70% 
5
. High intensity exercise promotes a deleterious 241 

effects in pregnant mothers 
11

 and subsequent generations 
8
.  242 

The ANS is involved in the fatty acid mobilization induced by physical exercise 
54

. The activity of 243 

the heart is also stimulated by the SNS during exercise, which functions to increase blood flow, 244 

particularly to the muscles, improving nutrition 
55,56

, and adipose tissue, stimulating the lipolysis 245 

pathway 
57,58

. Previous studies from our group have shown that moderate physical exercise 246 

promotes a beneficial effect on glucose metabolism by improvement of pancreatic islet function and 247 

ANS activity in an adult obese animal model 
59

 and induces a decrease in fat pad stores, related to 248 

activation of the sympathoadrenal axis 
60,61

. Furthermore, we found that mothers submitted to low 249 

intensity exercise show an improvement in ANS activity, suggesting a balance in glucose 250 

metabolism, and a decrease in mesenteric fat pad stores and increase in VO2max compared to that of 251 

sedentary mothers after pregnancy. This may contribute to the improvement of maternal health, 252 

leading to the prevention of metabolic programming associated with overnutrition. 253 

In conclusion, the current study suggests that maternal low intensity physical exercise during the 254 

perinatal period improves the health of the mother and prevents metabolic dysfunction in offspring 255 

later in life. These protections can be associated with changes in the maternal milk composition, 256 

including high insulin content, suggesting a potential reprogramming effect.  257 



35 

 

 

 

Materials and Methods 258 

Ethical approval 259 

The handling of animals and the experimental procedures were in accordance to the rules of the 260 

National Council of Animal Experiment Control (CONCEA) and the Brazilian Society of Science 261 

in Laboratory Animals (SBCAL) and approved by the Ethics Committee on Animal Use of 262 

Universidade Estadual de Maringa – CEUA/UEM (protocol number 9427151014). 263 

Animals 264 

At 70days of age, female Wistar rats were mated with 80-day-old male rats insets of 3:1, 265 

respectively. Pregnancy was confirmed by the presence of sperm cells in the vaginal plug 266 

(pregnancy day 0.5). The pregnant rats were maintained in individual cages and distributed into two 267 

groups: Exercised mothers (EM) and sedentary mothers (SM). The exercise was performed 268 

throughout pregnancy and lactation. The maternal body weight (bw) was measured throughout the 269 

pregnancy and lactation periods. 270 

After birth on postnatal day 0 (P0), the rats were distributed into 4 groups: Normal litter of 271 

sedentary mothers (NL-SM), small litter of sedentary mothers (SL-SM), normal litter of exercised 272 

mothers (NL-EM) and small litter of exercised mothers (SL-EM), and each lactating dam (4 litters 273 

for each experimental group) was housed with 9 pups (preferentially male). Considering the issue of 274 

sexual dimorphism and that litter size manipulation has been shown to have significant effects on 275 

male rats compared to females 
62,63

,we used only males in this study. However, when the required 276 

number of male offspring in the litter was not reached, females newborns were used to adjust the 277 

litter size to 9 pups throughout the sucking phase. To induce early overnutrition, on the third day 278 

after birth, the litter size was adjusted to 3 male pups per dam. The offspring were placed in an 279 

environmentally controlled room and received water and standard chow (Nuvital, Curitiba, Brazil) 280 

ad libitum. 281 

Exercise protocol 282 

Adaptationand protocol for the maximal efforttest 283 
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During the mating period (approximately 1 to 2 weeks), female rats were acclimated, using a 284 

modified protocol, to a treadmill for rats (Panlab, Harvard Apparatus
®
, Cornellà- Barcelona – 285 

Spain) 10 minutes per day, 3 times a week at 10 cm/s
64

. After detection of pregnancy, the animals 286 

were submitted to an effort test to determine the velocity of the training throughout pregnancy. On 287 

the third day of lactation, the second test was performed to determine the intensity of the exercise 288 

protocol (30% VO2max). The test was performed twice: on pregnancy day 0.5 and lactation day 3 289 

(the period of parturition), using a treadmill for rodents with an indirect calorimetry analyzer 290 

(Panlab technology for bioresearch, Harvard Apparatus
®

- Le405, gas analyzer) for the 291 

determination of the O2/CO2 gas concentrations.  292 

The test began with a warm up (5 minutes, 10 cm/s, 0° of inclination), after which the velocity was 293 

increased by 5 cm/s every 3 minutes until the exhaustion of the animal 
65

. The VO2maxdetermination 294 

was used to calculate the intensity of the training (30%) for each phase of training, based on the 295 

maximal velocity (100% maximal effort) of the VO2max test. Exercised and sedentary dams were 296 

submitted to the effort test at the same time to compare the physical performance.  297 

Physical training protocol 298 

The physical exercise training began 24 h after the effort test. On lactation day 3, the animals 299 

performed an other effort test to adjust the speed training for the lactational period (30%). The 300 

training was performed three times a week, 30 minutes/day during pregnancy and the lactation 301 

period, using 30% of the maximal velocity obtained in the effort test (Fig. 1). We did not use an 302 

electrical stimulus to keep the animals running. 303 

Body weight  304 

Maternal bw (n=10-12 per group) was measured throughout pregnancy and the lactation period. 305 

The bw of the offspring (n=6-18 per group) was determined once weekly throughout the 306 

experimental protocol. The total area under the curve (AUC) for body weight was calculated
66

. 307 

Milk sample collection 308 

Milk samples were collected at P10 and P21 (n=8-10 per group);lactating mothers were separated 309 

from their pups for 2 h before collection. The fed dams were anesthetized with sodium thiopental 310 
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(45 mg/kg of BW, i.p., Thiopentax®, Cristália, Itapira, São Paulo, Brazil) and received an injection 311 

(2.5 UI/kg of BW, i.p.) of synthetic oxytocin (Oxytocin®, Chemical Union, Embu, São Paulo, 312 

Brazil) to induce milk secretion 
67,68

. Breast milk samples were collected by manually massaging 313 

the nipple (0.5 ml/dam) and stored at -20
0
 C for subsequent analysis. Milk samples were diluted 314 

(1:20 v/v) in saline solution (0.9% NaCl) for glucose measurement using the enzymatic colorimetric 315 

glucose oxidase method with a commercial kit (Gold Analisa; Belo Horizonte, Minas Gerais, 316 

Brazil) 
69

. 317 

 Lipid profile 318 

Milk samples (n=8-10 per group)were diluted (1:20 v/v) in saline solution (0.9% NaCl) for total 319 

cholesterol measurement using the enzymatic colorimetric cholesterol oxidase method with a 320 

commercial kit (Gold Analisa; Belo Horizonte, Minas Gerais, Brazil)
70

 and triglyceride 321 

concentration using the enzymatic colorimetric glycerol-3-phosphate oxidase method with a 322 

commercial kit (Gold Analisa; Belo Horizonte, Minas Gerais, Brazil) 
71

. 323 

Intravenous glucose tolerance test (ivGTT) 324 

Offspring at P90 (n=6-18 per group) anda batch of dams(n=5-6 per group), after weaning on LD21 325 

underwent a surgical procedure under ketamine and xylazine anesthesia (3 and 0.6 mg/100 g of bw) 326 

to implant a silicone cannula into the right jugular vein for the ivGTT, as previously described 
72

. 327 

Animals were allowed to recover 24 hours after surgery. Rats fasted for 12 hand were then infused 328 

with a glucose load (1 g/kg bw). Blood samples were obtained from the silicone canula 0, 5, 15, 30 329 

and 45 minutes after glucose injection. Glucose and insulin levels were measured using biochemical 330 

analyses. The delta peak glucose in the ivGTT was calculated by the subtraction of the fasting 331 

plasma glucose and insulin concentration was used to obtain the glucose (Δglucose) and insulin 332 

changes (Δinsulin) for each time point of the ivGTT. Increases in total Δglucose and Δinsulin were 333 

calculated with the glucose and/or insulin AUC for the 45 minutes of the ivGTT 
73

. 334 

Radioimmunoassay and biochemical analyses 335 

Plasma and milk insulin were measured by radioimmunoassay (RIA) in a gamma counter (Wizard2 336 

Automatic Gamma Counter, TM-2470, PerkinElmer
®

, Shelton, CT, USA). Standard human insulin, 337 

and anti-rat insulin antibody (Sigma-Aldrich
®
, St. Louis, MO, USA), and 

125
I-labeled recombinant 338 

human insulin (PerkinElmer
®
, Shelton, CT, USA) were used. The intra-assay coefficients of 339 



38 

 

 

 

variation were in the range of 8-10%. The limit of detection was 0.006 ng/ml. The plasma glucose, 340 

milk glucose, and lipid profile was determined by using a commercial kit (Gold Analisa
®
, Belo 341 

Horizonte, MG, Brazil)
74

.  342 

Sympathetic and parasympathetic electrical activity assessment  343 

For the autonomic nerve activity assessment at LD21, another batch of dams (n=5-6 per group) 344 

fasted for 12 h and was subsequently anesthetized with thiopental (45 mg/kg bw); longitudinal 345 

incisions were made on the anterior cervical region under a dissection microscope to isolate the 346 

nerve bundle of the left superior branch of the vagus nerve from the carotid artery. The nerve was 347 

covered with silicone oil to prevent dehydration and placed on a pair of curved silver recording 348 

electrodes (0.6 mm diameter) connected to an electronic device (Bio-Amplificator, Insight®; 349 

Riberão Preto/SP, Brazil) that amplified the electrical signals up to 10,000 times, and the low and 350 

high frequencies, 1-80 kHz, were filtered. The neural signal output was acquired by an Insight 351 

interface (Insight®, Riberão Preto, Brazil), viewed online and stored by a personal computer 352 

running software (Bio-Amplificator, Insight®; Riberão Preto/SP, Brazil). For data acquisition, 353 

recordings took place in a Faraday cage to avoid any electromagnetic interference. Nerve activity 354 

was analyzed as the number of spikes/ 5 s (after a 2-minute period of signal stabilization), and 20 355 

record frames of 15s from each animal were randomly chosen for spike counting. The average 356 

number of spikes was used as the nerve firing rate for each rat. Also, the branch of the sympathetic 357 

nerve from the lumbar plexus (retroperitoneal white adipose tissue innervation - greater splanchnic 358 

nerve) was dissected. The electrode was placed under the greater splanchnic nerve, close to the 359 

retroperitoneal area. Firing rates from the nerve were obtained as described for the vagus nerve
64

. 360 

Removal of fat pad stores for measurement 361 

After the experimental procedures, dams (n=10-12) and offspring (n=6-18) were euthanized, and fat 362 

pad stores (mesenteric, retroperitoneal and periepididymal) were removed and weighed to assess the 363 

state of obesity. Fat pad store values were correlated with the rat bw and calculated as g/100 kg of 364 

bw 
73

. 365 

Statistical analysis 366 

Results were reported as means  SEM. Statistical analysis and graphics were performed using 367 

GraphPad Prism
®
 version 6.01 for Windows (GraphPad Software, Inc. San Diego, CA, USA). Data 368 
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sets with only two groups (mothers) were analyzed for statistical significance using Student’st test. 369 

The data sets with more than two groups (offspring) were analyzed using Two-way analysis of 370 

variance (ANOVA) followed by Tukey’s post hoc test. p<0.05 was considered significantly 371 

different when considering the main effect of exercise (E), litter size (L), their interaction (LxE; 372 

litter size vs exercise) and the differences between groups. Changes in body weight and ivGTT were 373 

analyzed using repeated measure ANOVA. 374 

375 



40 

 

 

 

References 376 

 377 

1 Barker, D. J., Eriksson, J. G., Forsen, T. & Osmond, C. Fetal origins of adult disease: strength of 378 

effects and biological basis. International journal of epidemiology 31, 1235-1239 (2002). 379 

2 Barker, D. J. The long-term outcome of retarded fetal growth. Schweizerische medizinische 380 

Wochenschrift 129, 189-196 (1999). 381 

3 Howie, G. J., Sloboda, D. M., Kamal, T. & Vickers, M. H. Maternal nutritional history predicts obesity 382 

in adult offspring independent of postnatal diet. The Journal of physiology 587, 905-915, 383 

doi:10.1113/jphysiol.2008.163477 (2009). 384 

4 Hopkins, S. A., Baldi, J. C., Cutfield, W. S., McCowan, L. & Hofman, P. L. Exercise training in 385 

pregnancy reduces offspring size without changes in maternal insulin sensitivity. The Journal of 386 

clinical endocrinology and metabolism 95, 2080-2088, doi:10.1210/jc.2009-2255 (2010). 387 

5 Leandro, C. G. et al. Maternal moderate physical training during pregnancy attenuates the effects 388 

of a low-protein diet on the impaired secretion of insulin in rats: potential role for compensation of 389 

insulin resistance and preventing gestational diabetes mellitus. Journal of biomedicine & 390 

biotechnology 2012, 805418, doi:10.1155/2012/805418 (2012). 391 

6 Carter, L. G. et al. Perinatal exercise improves glucose homeostasis in adult offspring. American 392 

Journal of Physiology-Endocrinology and Metabolism 303, E1061-E1068 (2012). 393 

7 Lovelady, C. A., Nommsen-Rivers, L. A., McCrory, M. A. & Dewey, K. G. Effects of exercise on plasma 394 

lipids and metabolism of lactating women. Medicine and science in sports and exercise 27, 22-28 395 

(1995). 396 

8 Sorensen, T. K. et al. Recreational physical activity during pregnancy and risk of preeclampsia. 397 

Hypertension 41, 1273-1280, doi:10.1161/01.HYP.0000072270.82815.91 (2003). 398 

9 Spinnewijn, W. E., Lotgering, F. K., Struijk, P. C. & Wallenburg, H. C. Fetal heart rate and uterine 399 

contractility during maternal exercise at term. American journal of obstetrics and gynecology 174, 400 

43-48 (1996). 401 

10 Treadway, J. L. & Young, J. C. Decreased glucose uptake in the fetus after maternal exercise. 402 

Medicine and science in sports and exercise 21, 140-145 (1989). 403 

11 Kennelly, M. M. et al. Exercise-related changes in umbilical and uterine artery waveforms as 404 

assessed by Doppler ultrasound scans. American journal of obstetrics and gynecology 187, 661-666 405 

(2002). 406 

12 Denadai, B. S. et al. High intensity exercise during pregnancy of rats. Effects on mother and 407 

offspring. Comparative biochemistry and physiology. Part A, Physiology 109, 727-740 (1994). 408 

13 Madsen, M. et al. [Leisure time physical exercise during pregnancy and the risk of miscarriage: a 409 

study within the Danish National Birth Cohort--secondary publication]. Ugeskrift for laeger 170, 410 

2772-2775 (2008). 411 

14 Plagemann, A. et al. Hypothalamic nuclei are malformed in weanling offspring of low protein 412 

malnourished rat dams. The Journal of nutrition 130, 2582-2589 (2000). 413 

15 Glavas, M. M. et al. Early overnutrition results in early-onset arcuate leptin resistance and 414 

increased sensitivity to high-fat diet. Endocrinology 151, 1598-1610 (2010). 415 

16 Xiao, X. Q. et al. Excess weight gain during the early postnatal period is associated with permanent 416 

reprogramming of brown adipose tissue adaptive thermogenesis. Endocrinology 148, 4150-4159 417 

(2007). 418 

17 Schwartz, M. W., Woods, S. C., Porte, D., Seeley, R. J. & Baskin, D. G. Central nervous system control 419 

of food intake. Nature 404, 661-671 (2000). 420 

18 Kleinridders, A., Ferris, H. A., Cai, W. & Kahn, C. R. Insulin action in brain regulates systemic 421 

metabolism and brain function. Diabetes 63, 2232-2243 (2014). 422 



41 

 

 

 

19 Carvalho, A. L. O., Ferri, B. G., de Sousa, F. A. L., Vilela, F. C. & Giusti-Paiva, A. Early life overnutrition 423 

induced by litter size manipulation decreases social play behavior in adolescent male rats. 424 

International Journal of Developmental Neuroscience 53, 75-82 (2016). 425 

20 Shamir, R. & Shehadeh, N. Insulin in human milk and the use of hormones in infant formulas. Nestle 426 

Nutrition Institute workshop series 77, 57-64, doi:10.1159/000351384 (2013). 427 

21 Shehadeh, N. et al. Importance of insulin content in infant diet: suggestion for a new infant 428 

formula. Acta paediatrica 90, 93-95 (2001). 429 

22 Shehadeh, N. et al. Insulin in human milk: postpartum changes and effect of gestational age. 430 

Archives of disease in childhood. Fetal and neonatal edition 88, F214-216 (2003). 431 

23 Shehadeh, N., Shamir, R., Berant, M. & Etzioni, A. Insulin in human milk and the prevention of type 432 

1 diabetes. Pediatric diabetes 2, 175-177, doi:10.1034/j.1399-5448.2001.20406.x (2001). 433 

24 Staley, M. D., Gibson, C. A., Herbein, J. F., Grosvenor, C. E. & Baumrucker, C. R. Rat milk and dietary 434 

long arginine3 insulin-like growth factor I promote intestinal growth of newborn rat pups. Pediatric 435 

research 44, 512-518, doi:10.1203/00006450-199810000-00008 (1998). 436 

25 Bischoff, S. C. et al. Intestinal permeability--a new target for disease prevention and therapy. BMC 437 

gastroenterology 14, 189, doi:10.1186/s12876-014-0189-7 (2014). 438 

26 Corpeleijn, W. E. et al. Effect of enteral IGF-1 supplementation on feeding tolerance, growth, and 439 

gut permeability in enterally fed premature neonates. Journal of pediatric gastroenterology and 440 

nutrition 46, 184-190, doi:10.1097/MPG.0b013e31815affec (2008). 441 

27 Jorgensen, J. et al. Is an increased intestinal permeability a valid predictor of relapse in Crohn 442 

disease? Scandinavian journal of gastroenterology 36, 521-527 (2001). 443 

28 Nylund, C. M. et al. Granulocyte macrophage-colony-stimulating factor autoantibodies and 444 

increased intestinal permeability in Crohn disease. Journal of pediatric gastroenterology and 445 

nutrition 52, 542-548, doi:10.1097/MPG.0b013e3181fe2d93 (2011). 446 

29 Ben Lulu, S. et al. Oral insulin stimulates intestinal epithelial cell turnover in correlation with insulin-447 

receptor expression along the villus-crypt axis in a rat model of short bowel syndrome. Pediatric 448 

surgery international 26, 37-44, doi:10.1007/s00383-009-2520-x (2010). 449 

30 Buts, J. P. et al. Expression of insulin receptors and of 60-kDa receptor substrate in rat mature and 450 

immature enterocytes. The American journal of physiology 273, G217-226 (1997). 451 

31 Georgiev, I. P., Georgieva, T. M., Pfaffl, M., Hammon, H. M. & Blum, J. W. Insulin-like growth factor 452 

and insulin receptors in intestinal mucosa of neonatal calves. The Journal of endocrinology 176, 453 

121-132 (2003). 454 

32 Shehadeh, N., Sukhotnik, I. & Shamir, R. Gastrointestinal tract as a target organ for orally 455 

administered insulin. Journal of pediatric gastroenterology and nutrition 43, 276-281, 456 

doi:10.1097/01.mpg.0000226377.03247.fb (2006). 457 

33 Sukhotnik, I. et al. Effect of oral insulin on diabetes-induced intestinal mucosal growth in rats. 458 

Digestive diseases and sciences 56, 2566-2574 (2011). 459 

34 Adeli, K. & Lewis, G. F. Intestinal lipoprotein overproduction in insulin-resistant states. Current 460 

opinion in lipidology 19, 221-228 (2008). 461 

35 Mithieux, G. et al. Induction of control genes in intestinal gluconeogenesis is sequential during 462 

fasting and maximal in diabetes. American Journal of Physiology-Endocrinology and Metabolism 463 

286, E370-E375 (2004). 464 

36 Dewey, K. G., Lovelady, C. A., Nommsen-Rivers, L. A., McCrory, M. A. & Lonnerdal, B. A randomized 465 

study of the effects of aerobic exercise by lactating women on breast-milk volume and 466 

composition. New England Journal of Medicine 330, 449-453 (1994). 467 

37 Lovelady, C. A., Nommsen-Rivers, L. A., McCRORY, M. A. & Dewey, K. G. Effects of exercise on 468 

plasma lipids and metabolism of lactating women. Medicine and science in sports and exercise 27, 469 

22-28 (1995). 470 

38 Roberts, S. B., Cole, T. & Coward, W. Lactational performance in relation to energy intake in the 471 

baboon. The American journal of clinical nutrition 41, 1270-1276 (1985). 472 



42 

 

 

 

39 Hopkins, S. A., Baldi, J. C., Cutfield, W. S., McCowan, L. & Hofman, P. L. Exercise training in 473 

pregnancy reduces offspring size without changes in maternal insulin sensitivity. The Journal of 474 

Clinical Endocrinology & Metabolism 95, 2080-2088 (2010). 475 

40 Clapp, J. F. The effects of maternal exercise on fetal oxygenation and feto-placental growth. 476 

European Journal of Obstetrics & Gynecology and Reproductive Biology 110, S80-S85 (2003). 477 

41 Clapp, J. F. et al. Continuing regular exercise during pregnancy: effect of exercise volume on 478 

fetoplacental growth. American journal of obstetrics and gynecology 186, 142-147 (2002). 479 

42 Harding, J. E. The nutritional basis of the fetal origins of adult disease. International journal of 480 

epidemiology 30, 15-23 (2001). 481 

43 Amorim, M. F. et al. Can physical exercise during gestation attenuate the effects of a maternal 482 

perinatal low-protein diet on oxygen consumption in rats? Experimental physiology 94, 906-913, 483 

doi:10.1113/expphysiol.2009.047621 (2009). 484 

44 Clapp, J. F., 3rd. The effects of maternal exercise on fetal oxygenation and feto-placental growth. 485 

European journal of obstetrics, gynecology, and reproductive biology 110 Suppl 1, S80-85 (2003). 486 

45 Clapp, J. F., 3rd et al. Continuing regular exercise during pregnancy: effect of exercise volume on 487 

fetoplacental growth. American journal of obstetrics and gynecology 186, 142-147 (2002). 488 

46 Vella, C. A., Ontiveros, D. & Zubia, R. Y. Cardiac function and arteriovenous oxygen difference 489 

during exercise in obese adults. European journal of applied physiology 111, 915-923, 490 

doi:10.1007/s00421-010-1554-z (2011). 491 

47 Wolfe, L. A. & Weissgerber, T. L. Clinical physiology of exercise in pregnancy: a literature review. 492 

Journal of obstetrics and gynaecology Canada : JOGC = Journal d'obstetrique et gynecologie du 493 

Canada : JOGC 25, 473-483 (2003). 494 

48 Sobocki, J., Herman, R. M. & Fraczek, M. Occipital C1-C2 neuromodulation decreases body mass 495 

and fat stores and modifies activity of the autonomic nervous system in morbidly obese patients--a 496 

pilot study. Obesity surgery 23, 693-697, doi:10.1007/s11695-012-0857-z (2013). 497 

49 Rinaldi, W. et al. Low-intensity and moderate exercise training improves autonomic nervous system 498 

activity imbalanced by postnatal early overfeeding in rats. Journal of the International Society of 499 

Sports Nutrition 11, 25, doi:10.1186/1550-2783-11-25 (2014). 500 

50 Wichi, R. B., De Angelis, K., Jones, L. & Irigoyen, M. C. A brief review of chronic exercise intervention 501 

to prevent autonomic nervous system changes during the aging process. Clinics 64, 253-258 (2009). 502 

51 Bassett, D. R., Jr. & Howley, E. T. Limiting factors for maximum oxygen uptake and determinants of 503 

endurance performance. Medicine and science in sports and exercise 32, 70-84 (2000). 504 

52 Davies, G. A. et al. Exercise in pregnancy and the postpartum period. Journal of obstetrics and 505 

gynaecology Canada : JOGC = Journal d'obstetrique et gynecologie du Canada : JOGC 25, 516-529 506 

(2003). 507 

53 ACOG Committee Opinion No. 650: Physical Activity and Exercise During Pregnancy and the 508 

Postpartum Period. Obstetrics and gynecology 126, e135-142, 509 

doi:10.1097/AOG.0000000000001214 (2015). 510 

54 Mathias, P. C. et al. Maternal diet, bioactive molecules, and exercising as reprogramming tools of 511 

metabolic programming. European journal of nutrition 53, 711-722 (2014). 512 

55 Dishman, R. K. et al. Neurobiology of exercise. Obesity 14, 345-356 (2006). 513 

56 Van Praag, H. Neurogenesis and exercise: past and future directions. Neuromolecular medicine 10, 514 

128-140 (2008). 515 

57 Romijn, J. et al. Regulation of endogenous fat and carbohydrate metabolism in relation to exercise 516 

intensity and duration. American Journal of Physiology-Endocrinology And Metabolism 265, E380-517 

E391 (1993). 518 

58 Romijn, J., Coyle, E., Sidossis, L., Zhang, X. & Wolfe, R. Relationship between fatty acid delivery and 519 

fatty acid oxidation during strenuous exercise. Journal of Applied Physiology 79, 1939-1945 (1995). 520 



43 

 

 

 

59 Scomparin, D. X. et al. Autonomic activity and glycemic homeostasis are maintained by precocious 521 

and low intensity training exercises in MSG-programmed obese mice. Endocrine 36, 510-517 522 

(2009). 523 

60 Andreazzi, A. E. et al. Swimming exercise at weaning improves glycemic control and inhibits the 524 

onset of monosodium L-glutamate-obesity in mice. Journal of Endocrinology 201, 351-359 (2009). 525 

61 Scomparin, D. X. et al. Low-Intensity swimming training after weaning improves glucose and lipid 526 

homeostasis in MSG hypothalamic obese mice. Endocrine research 36, 83-90 (2011). 527 

62 Bassett, D. & Craig, B. Influence of early nutrition on growth and adipose tissue characteristics in 528 

male and female rats. Journal of Applied Physiology 64, 1249-1256 (1988). 529 

63 Boubred, F. et al. Early postnatal overfeeding induces early chronic renal dysfunction in adult male 530 

rats. American Journal of Physiology-Renal Physiology 297, F943-F951 (2009). 531 

64 Rinaldi, W. et al. Low-intensity and moderate exercise training improves autonomic nervous system 532 

activity imbalanced by postnatal early overfeeding in rats. Journal of the International Society of 533 

Sports Nutrition 11, 25 (2014). 534 

65 Ferreira, J. C. et al. Maximal lactate steady state in running mice: effect of exercise training. Clinical 535 

and experimental pharmacology & physiology 34, 760-765, doi:10.1111/j.1440-1681.2007.04635.x 536 

(2007). 537 

66 Malta, A. et al. Neonatal treatment with scopolamine butylbromide prevents metabolic dysfunction 538 

in male rats. Scientific Reports 6 (2016). 539 

67 Francisco, F. A. et al. Methylglyoxal treatment in lactating mothers leads to type 2 diabetes 540 

phenotype in male rat offspring at adulthood. European Journal of Nutrition, 1-10 (2016). 541 

68 Ribeiro, T. A. et al. Acephate exposure during a perinatal life program to type 2 diabetes. Toxicology 542 

372, 12-21 (2016). 543 

69 Dzyadevich, S. V. et al. Application of enzyme field-effect transistors for determination of glucose 544 

concentrations in blood serum. Biosensors and bioelectronics 14, 283-287 (1999). 545 

70 Manual, P. Total Cholesterol Assay Kit (Colorimetric). 546 

71 McGowan, M., Artiss, J. D., Strandbergh, D. R. & Zak, B. A peroxidase-coupled method for the 547 

colorimetric determination of serum triglycerides. Clinical chemistry 29, 538-542 (1983). 548 

72 Malta, A. et al. Protein-energy malnutrition at mid-adulthood does not imprint long-term metabolic 549 

consequences in male rats. European journal of nutrition 55, 1423-1433 (2016). 550 

73 de Oliveira, J. C. et al. Poor pubertal protein nutrition disturbs glucose-induced insulin secretion 551 

process in pancreatic islets and programs rats in adulthood to increase fat accumulation. Journal of 552 

Endocrinology 216, 195-206 (2013). 553 

74 Silva, P. et al. Treatment with soy isoflavones during early adulthood improves metabolism in early 554 

postnatally overfed rats. Nutritional Neuroscience, 1-8 (2016). 555 

556 



44 

 

 

 

Acknowledgements  557 

We must thank Ms. Maroly Pinto, Ms. Marli Licero, and Leila Andreia Frota for helping care for 558 

the rats in the animal facility.  559 

The current study was supported by the Brazilian Federal Foundation, Conselho Nacional de 560 

Desenvolvimento Científico e Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal 561 

de Nível Superior (CAPES), and Paraná Science Foundation (Fundação Araucária).   562 

Author contribution statement 563 

TAR, AM and PCFM contributed to the design and conduct of the study; TAR, AM, LPT and AP 564 

contributed to the acquisition, analysis and interpretation of the data and reviewed and approved the 565 

manuscript. All authors (TAR, KVP, AP, AM,LPT, IPM, JCO, RAM, RMG, CCSF, DLA, FAF, 566 

VSA, VMM, GSF, KPR, EV, MRSR, WR and PCFM) contributed intellectually as well as 567 

reviewed, edited and approved the final version of this manuscript 568 

Additional Information  569 

 Competing financial interests: The authors declare that they have no competing interests.  570 

 571 

 572 

 573 

574 



45 

 

 

 

Figure legends 575 

Figure 1. Low intensity physical training program in female rats during pregnancy and 576 

lactation periods, according to velocity, duration and intensity of sessions.  577 

Figure 2. Body weight in mothers. Effect of low intensity physical exercise training on the 578 

body weight of the mothers. The upper panel represents the area under the curve (AUC) of bw 579 

during pregnancy and lactation of the SM (n=10) compared with that of the EM (n=12), *p<0.05 by 580 

Student’s t test. And *p<0.05, each time points of the bw curve, was calculated by repeated 581 

measures ANOVA. 582 

Figure 3. Effect of low intensity physical exercise training on glucose and insulin increments 583 

(Δ) in mothers during the ivGTT. The upper panel represents the area under the curve (AUC) of 584 

the plasma glucose (a) and plasma insulin levels (b) after weaning until LD21 in the SM (n=5) 585 

compared with that in the EM (n=6), *p<0.05 and ***p<0.001 by Student’s t test. And 586 

****p<0.0001, each time points of the plasma glucose and insulin during ivGTT, was calculated by 587 

repeated measures ANOVA. 588 

Figure 4. Effect of low intensity physical exercise training on adult offspring body weight. 589 

Area under the curve of the body weight from P0-P90. NL-SM, SL-SM, NL-EM and SL-EM 590 

groups. pLxE, interaction between the exercise factor and the litter factor; pe, exercise factor and pl, 591 

litter factor; *p<0.05 and ***p<0.0001 by two-way ANOVA and Tukey’s test. (n=6–18). The 
#
 or 592 

* represents p<0.05 in each time points of the bw curve, was calculated by repeated measures 593 

ANOVA. Over the lines and bars, (*) represents NL-SM compared with SL-SM and (
#
) represents 594 

SL-SM compared to SL-EM. 595 

Figure 5. Effect of low intensity physical exercise training in adult offspring plasma glucose 596 

and insulin levels during the ivGTT. Area under the curve of plasma glucose (a) and insulin 597 

levels (b) evaluated during the ivGTT at P90. NL-SM, SL-SM, NL-EM and SL-EM groups. pLxE, 598 

interaction between sedentary mother and exercised mother factors; pe, exercise factor and pl, litter 599 

factor;*p<0.05 **p<0.005 and ***p<0.001, ****p<0.0001 by two-way ANOVA and Tukey’s test. 600 

(n=6–18). The 
#
 or * represents p<0.05 in each time points of the bw curve, was calculated by 601 

repeated measures ANOVA. Over the lines and bars, (*) represents NL-SM compared with SL-SM 602 

and (
#
) represents SL-SM compared to SL-EM. 603 
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Table 1.  604 

Parameters               SM         EM p value 

Fasting Insulin LD21 (ng/mL) 0.53 ± 0.05   0.43 ± 0.069 0.27 

Fasting Glucose LD21(mg/dL) 98.1 ± 2.2 79.5 ± 3.75** 0.004 

HOMA-IR LD21 3.68 ± 0.25    2.35 ± 0.35 0.05 

Mesenteric fat pad LD21(g/100 g bw) 0.72 ± 0.05 0.51 ± 0.07*** 0.001 

VO2max Pregnancy day 0.5 (mL/kg/min) 25.13 ± 0.94 22.46 ± 0.19 0.11 

VO2max LD3 (mL/kg/min) 18.70 ± 1.05 22.51 ± 0.36* 0.006 

Parasympathetic electrical activity LD21(spike/s) 16.04 ± 1.94 16.79 ± 1.88 0.70 

Sympathetic electrical activity LD21(spike/s) 17.14 ± 1.94 23.79 ± 2.84* 0.04 

Effect of low intensity physical exercise training on metabolism and fat pad stores in mothers. 605 

Data are expressed as the mean±SEM. SM, sedentary mothers (n=5-10); EM, exercised mothers 606 

(n=6-10). The analyses were performed by Student’s t test. 607 

608 
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Table 2.  609 

Milk SM EM p value SM EM p value 

Lactation Day 10 Day 21 

Insulin (ng/mL)  1.33 ± 0.08 2.49 ± 0.24**** 0.0001 1.03 ± 0.10 2.53 ± 0.34**** 0.0001 

Glucose (mg/dL)  140.4 ± 12.4 145 ± 12.7 0.80 190   ± 40.72 206.7 ± 27.5 0.75 

Triglycerides (mg/dL)  2119 ± 284.2 1579 ± 204.0 0.27 4124 ± 1053 3089 ± 405.9 0.41 

Total Cholesterol 

(mg/dL)  84.07 ± 9.96 79.16 ± 9.61 0.73 163.5 ± 6.29 129.8 ± 11.51* 0.03 

Effect of low intensity physical exercise training on milk composition. Data are expressed as the 610 

mean±SEM. SM, sedentary mothers (n=5); EM, exercised mothers (n=6). The analyses were 611 

performed by Student’s t test. 612 

 613 

614 
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Table 3.  615 

Parameters   SM Pups EM Pups p value 

Birth weight (g)                 6.06 ± 0.01                 6.05 ± 0.01         0.6 

 
    NL-SM SL-SM NL-EM SL-EM 

Source of 

variation 

Body weight (g) P21    47.0 ± 2.0 68.0 ± 1.7 46.9 ± 0.7 49.2 ± 1.3 I* / E** / L**** 

Body weight (g) P90     370.4   ± 6.6 406.6 ± 8.5 366.3 ± 3.9  374.2 ± 10.7 
I ns / E** /L* 

 

Retroperitoneal fat pad (g/100 g) 

P90  
1.248 ± 0.042 1.603 ± 0.099 1.09 ± 0.03 1.19 ± 0.113 Ins / E****/ L* 

Periepididymal fat pad (g/100 g) P90  1.14 ± 0.040 1.39 ± 0.091 0.97 ± 0.02 1.03 ± 0.091 I ns / E***/ L* 

Mesenteric fat pad (g/100 g) P90  0.69 ± 0.030 1.06 ± 0.060 0.70 ± 0.03 0.73 ± 0.033 I**** / E****/ L**** 

Fasting Glucose (mg/dL) P90  83.57± 1.59 112.02 ± 1.68 97.08 ± 2.11 87.9 ± 2.46 I**** / E****/ L**** 

Fasting Insulin (ng/mL) P90  0.35 ± 0 01 0.54 ± 0.04 0. 25 ± 0.03 0.36 ± 0 05 I ns / E**/ L*** 

HOMA-IR P90  1.86 ± 0.07 3.76 ± 0.30 1.37 ± 0.17 2.00 ± 0.29 I** / E****/ L**** 

Effect of low intensity physical exercise training on metabolism and fat pad stores in adult rat 616 

offspring. Data are expressed as the mean±SEM (n=6–18). NL-SM, normal litter of sedentary 617 

mothers; SL-SM, small litter of exercised mothers; NL-EM, normal litter of exercised mothers; SL-618 

EM, small litter of exercised mothers, P90, postnatal day 90; P21, postnatal day 21; L, litter size 619 

factor; E, exercise factor; and LxE, interaction between L and E factors. *p<0.05, ** p<0.01, *** 620 

p<0.001, ****p<0.0001 and ns, no significant difference, based on a two-way analysis of variance 621 

or Student’s t test. 622 

 623 
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Figure 1 624 
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Figure 2  627 
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