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ABSTRACT 

 

The present study evaluated if snack intake during pregnancy and lactation could 

aggravate previously established maternal hyperglycemia and its consequences to 

maternal care, as well as offspring development, metabolism, and behavior throughout 

life. Our hypothesis was that snack intake during pregnancy and lactation would trigger 

further impairments in maternal glycemia homeostasis, resulting in changes in maternal 

behavior as well on offspring development, metabolism, and behavior from birth to 

senescence. Chapter 1 describes how snack intake altered maternal food intake and 

decreased glucose tolerance in STZ-treated females. Birth weight classification was 

normalized in the offspring from hyperglycemic dams with access to snacks, which 

showed a patter similar to Control offspring. Moreover, hyperglycemic dams with access 

to snack were less anxious and had higher maternal motivation. Chapter 2 describes 

short and long-term consequences of this altered maternal nutrition and metabolism to 

both male and female offspring, analyzing glucose metabolism, behavior, and 

morphometric aspects in adolescence, adulthood, and senescence. Male offspring 

reproductive function was impaired in adulthood, while there was an increase in anxiety-

like behavior in senescence, showing that consequences may only be evident in the 

long-term. No further compromises on offspring metabolism were observed. In 

conclusion, the present study showed that snack intake during pregnancy and lactation 

further impaired maternal hyperglycemia, leading to disruptions on maternal motivation 

during lactation and reduced the incidence of macrosomia in their offspring.  In  

adulthood, the reproductive function was disrupted, and senescent offspring showed 

changes on anxiety-like behavior. Future studies will describe effects on offspring 

learning and memory, and its possible neural substrates. The experimental model used 

in this study is useful to study the consequences of maternal diabetes associated with 

inappropriate nutrition, since the glycemic levels resemble those most observed in 

pregnant women diagnosed with clinical or gestational diabetes. Although snack intake 

aggravated the glucose intolerance of mild hyperglycemic rats, glycemic levels were still 

within the mild range, which might explain why this condition did not lead to major 

impairments for both mother and offspring. However, even this mild maternal condition 

was enough to change maternal and offspring outcomes, reinforcing the importance of 

women sustaining target glucose levels and a healthy diet during pregnancy and 

lactation.  

 

Keywords: pregnancy, lactation, glucose tolerance, offspring, rats  



 

RESUMO 

 

O presente estudo avaliou se a ingestão de snacks durante a prenhez e lactação 

agravaria a hiperglicemia materna de ratas diabéticas e suas consequências para o 

cuidado materno, e o desenvolvimento, metabolismo e comportamento dos 

descendentes ao longo da vida. Nossa hipótese era que a ingestão de snacks durante 

a prenhez e lactação prejudicaria a homeostase glicêmica materna, resultando em 

alterações no comportamento materno, bem como desenvolvimento, metabolismo e 

comportamento dos descendentes do nascimento à senescência. O capítulo 1 descreve 

como a ingestão de snacks alterou a ingestão alimentar materna e reduziu a tolerância 

à glicose em fêmeas tratadas com STZ. A classificação do peso ao nascer foi 

normalizada nos descendentes de fêmeas hiperglicêmicas com acesso aos snacks, 

apresentando um padrão semelhante ao grupo Controle. Além disso, essas fêmeas 

eram menos ansiosas e apresentaram maior motivação materna. O capítulo 2 descreve 

consequências, a curto e longo prazo, do metabolismo e nutrição materna alterados nos 

descendentes machos e fêmeas, analisando o metabolismo da glicose, comportamento, 

e parâmetros morfométricos na adolescência, vida adulta e senescência. A função 

reprodutiva em descendentes machos foi alterada na vida adulta, assim como 

aumentaram os níveis de ansiedade na senescência, mostrando que essas 

consequências podem ser vistas apenas a longo prazo. Não houve comprometimento 

do metabolismo da glicose dos descendentes. Assim, o presente estudo mostrou que a 

ingestão de snacks durante a prenhez e lactação agrava a hiperglicemia materna, 

levando a alterações na motivação materna durante a lactação e reduzindo a incidência 

de macrossomia em seus descendentes. Na vida adulta, a função reprodutiva foi 

alterada, e animais idosos apresentaram maior ansiedade. Estudos futuros descreverão 

possíveis consequências para memória e aprendizagem dos descendentes, e as 

possíveis repercussões neurais. O modelo experimental utilizado nesse estudo é útil 

para a avaliação dos efeitos do diabete materno associado a uma nutrição inadequada, 

já que os níveis glicêmicos se assemelham aos observados em mulheres 

diagnosticadas com diabete clínico ou gestacional. Apesar dos snacks agravarem a 

hiperglicemia, os níveis glicêmicos ainda são moderados, o que poderia explicar porque 

não foram observadas alterações mais pronunciadas nas mães e seus descendentes. 

Entretanto, mesmo essa condição materna moderada foi suficiente para causar efeitos 

para mães e seus descendentes, reforçando a importância de mulheres manterem 

níveis glicêmicos adequados e uma dieta saudável durante a gestação e lactação. 

Palavras-chave: prenhez, lactação, tolerância à glicose, descendentes, ratos  



 

BACKGROUND 

 

Diabetes is a chronic disease characterized by hyperglycemia, either due to 

reduced insulin production by the pancreas or impaired insulin action in the body [1]. If 

not properly treated, hyperglycemia can lead to serious and lethal consequences to the 

organism, followed by a considerable burden in the health system and economic loss 

[1]. Diabetes can be assorted into three major categories: type 1, type 2, and gestational 

diabetes [2]. Besides those categories, genetic syndromes, exocrine pancreas diseases, 

drugs, and chemicals can be the cause of specific types of diabetes, which are rare in 

the population. Type 1 diabetes affects between 5-10% of all diabetic patients and is 

defined by -cell loss and absolute insulin deficiency. Type 2 diabetes is the most 

frequent type of diabetes, affecting between 90-95% of the patients, and involves insulin 

resistance that can lead to progressive -cell loss. Diabetes can also be present during 

pregnancy in the form of clinical diabetes, when women previously diagnosed with 

different types of diabetes become pregnant, or gestational diabetes, when it is first 

diagnosed during pregnancy. Gestational diabetes is a condition in which a woman 

without diabetes develops high blood sugar levels during pregnancy. It can affect 5-10% 

of pregnancies and it is diagnosed during the second or third trimester of pregnancy [2].  

Gestational diabetes results from an exacerbation of a variety of physiological 

adjustments that happen in pregnancy to support offspring development. During 

pregnancy, the maternal organism is in a state of physiologically insulin resistance, which 

is pathologically exacerbated in women diagnosed with gestational diabetes [3]. In 

healthy pregnancies, maternal metabolic homeostasis is shifted towards lipids utilization, 

so glucose is readily available to the growing fetus [4]. In early pregnancy, insulin 

sensitivity increases, allowing fat deposition in this anabolic period [5]. However, in the 

third trimester, there is a peak in insulin resistance, with a decrease of 50% in insulin 

sensitivity [6]. Furthermore, pregnant women show a positive energy balance, essential 

for offspring development [6].  All these factors are considerably worsened in gestational 

diabetes. 

Even with increased information and methods of diagnosis available, diabetes in 

women of childbearing age is still sub-diagnosed [2]. The American Diabetes Association 

(ADA) recommends that pregnant women not previously diagnosed with diabetes should 

be screened for gestational diabetes at 24 to 28 weeks of pregnancy through a 75-g oral 

glucose tolerance test. A diagnosis is made when the woman has any of the following 

glycemia:  92 mg/dL at fasting,  180 mg/dL 1 h after glucose load, and  153 mg/dL 2 

h after glucose load [2]. The diagnosis is important, so proper treatment is provided to 



 

avoid further consequences for both mother and offspring [7]. Both gestational and 

clinical diabetes have consequences to the mother and offspring. Since in clinical 

diabetes the uterine milieu is already altered by hyperglycemia in the first stages of 

pregnancy, offspring of women with clinical diabetes are at higher risk of congenital 

anomalies. On the other hand, gestational diabetes is mostly established during the fetal 

stage, compromising offspring growth and development. Changes in fetal growth and 

development are relevant since birth weight is a major predictor of long-term health [8, 

9].  

Women previously diagnosed with clinical diabetes or who develop gestational 

diabetes have a greater risk of obstetric complications, such as preterm birth, 

preeclampsia, c-section, and shoulder dystocia [3, 10]. Their offspring also show a 

greater risk of being premature, having severe malformations, Erb’s palsy, and of being 

classified as macrosomic at birth [3, 10, 11], usually showing increased body fat 

regardless of their birth weight classification [11, 12]. The offspring of the diabetic mother 

are also at a greater risk of developing obesity, metabolic syndrome, insulin resistance, 

and of having a worse lipidic panel and higher fat deposition during childhood and 

adolescence [6, 13-15]. 

In addition to metabolic impairments, the offspring from diabetic mothers also 

may show deficits in intelligence, motor skills, attention, and hyperactivity. Six-month-old 

infants born to diabetic mothers show electrophysiological differences related to visual 

memory [16]. During primary school, this offspring has shown poorer fine and gross 

motor skills and higher levels of hyperactivity [17]. Moreover, maternal hyperglycemia 

severity was positively correlated with poorer offspring outcomes [17]. A systematic 

review and meta-analysis have shown that offspring of diabetic mothers have worse 

cognitive and behavioral outcomes, with an increased risk of being diagnosed with 

attention and hyperactivity disorder as well as autism spectrum disorders [18]. These 

data support the relevance of sustaining adequate glucose levels throughout pregnancy, 

reinforcing the importance of a healthy diet during this period to prevent offspring 

behavioral impairment later in life. 

While most women with clinical diabetes are usually already under treatment 

before pregnancy and thus can prevent those outcomes, gestational diabetes is often 

undiagnosed, leading to a late hyperglycemia management and, consequently, to higher 

impact for the offspring. Diabetes criteria are constantly being reviewed to determine 

values that would better predict or indicate poor fetal outcomes, since different levels of 

maternal hyperglycemia and insulin resistance lead to different adverse offspring 

outcomes; the greater the maternal hyperglycemia, the greater the risks to mother and 

offspring [19]. However, it is important to highlight that there is a positive correlation 



 

between maternal glycemia and offspring body fat during childhood even in non-diabetic 

mothers [20, 21]. It has also been shown a positive correlation between offspring 

hyperglycemia in childhood and HbA1c of mothers with no gestational diabetes [22]. 

Therefore, interventions during pregnancy are key to improve maternal and fetal 

outcomes. Notably, it has been shown that dietary interventions can improve gestational 

diabetes effects, resulting in a better maternal glucose management and fetal outcomes 

[23]. 

The development of clinical and gestational diabetes has been linked to several 

risk factors, such as ethnicity, overweight and obesity, smoking, being physical inactive, 

and an unhealthy diet. Dietary choices, such as an increased intake of foods rich in fat, 

sugar, and saturated fatty acids, are associated with an increased risk for Type 2 

diabetes [24-27]. Healthy lifestyle habits during pregnancy, such as regular physical 

activity and adequate nutrition, are key to reduced diabetes effects both on the mother 

and their offspring. Notably, a healthy diet during pregnancy must be encouraged in 

these patients to reduce obesity and diabetes risks in future generations [28]. The impact 

of maternal diet independent of maternal obesity on offspring development should be 

addressed to promote intervention strategies that are more effective [21]. Lifestyle 

interventions are also crucial to separate the effects of maternal diabetes and 

overnutrition during pregnancy and lactation from the infant's nutritional environment in 

an “over-fed” house [12]. 

The EarlyNutrition Project recommendations highlight that pregnant women do 

not have to change macronutrient proportion in their diet, unless in cases of food 

deprivation [29]. A balanced diet should be maintained throughout pregnancy, with an 

increase in energy intake of no more than 10% of what should be consumed by non-

pregnant women [29]. Nonetheless, poor food choices and overconsumption are related 

to the increase in obesity prevalence worldwide [30]. Maternal diet can also affect 

offspring birth weight, but studies have shown that the diet quality (proportion of 

macronutrients, for example) are more important than the total energy intake [31]. 

Researchers have shown an association between unhealthy diets during pregnancy and 

a higher risk of smaller birth weight, which is a predictor of long-term consequences [32-

34]. Furthermore, a healthy lifestyle is associated with better hyperglycemia 

management during pregnancy [35, 36], while an unhealthy diet may worsen diabetes.  

Cohort studies are valuable because they can identify multiple outcomes in the 

population, independently of case and control groups’ formation, as well as calculate 

incidence rate and relative risks [37]. However, most studies showing long-term 

consequences of maternal diabetes and an inappropriate nutrition in the human 

population show some limitations. Frequently, these studies are retrospective, and 



 

mothers show a wide range of hyperglycemia and/or glucose intolerance. Further, it is 

not always easy to discern between patients with clinical and gestational diabetes. In 

addition, it is difficult to delimitated effects related to maternal metabolism or diet intake, 

as well as to propose possible interventions. In this context, animal models are valuable 

to study manipulations during pregnancy and lactation, their effects on offspring, and 

their possible mechanisms [38, 39]. 

A variety of experimental methods have been employed to model diabetes [38]. 

The administration of -cytotoxic agents, such as streptozotocin (STZ), has been widely 

used to develop hyperglycemia in rodents. STZ administration can induce severe or mild 

hyperglycemia depending on rodents’ lineage and age, dose, and administration route. 

When STZ is giving during adulthood, animals develop severe hyperglycemia, with 

fasting glycemia over 300 mg/dL, and frequently above 500 mg/dL. These glucose levels 

are rare in diabetic patients, so alternative models of mild hyperglycemia have been 

developed. The neonatal STZ administration leads to mild hyperglycemia in rats, with 

glucose levels between 120 and 300 mg/dL, due to partial regeneration of pancreatic -

cells in the first days after birth [40, 41]. Moreover, animals will display hypoinsulinemia 

and glucose intolerance during adulthood [42-45]. Apart from metabolic impairments, 

neonatal STZ administration also leads to behavioral impairments both in dams and their 

offspring. STZ-treated females show reduced exploratory behavior [44], while their male 

offspring, but not female, show higher immobility in the open-field arena [43], indicating 

sex-specific effects of maternal hyperglycemia in offspring development, as previously 

reported [46]. 

Dietary manipulations during pregnancy and lactation may worsen the metabolic 

impairment in previously hyperglycemic females [47, 48]. Several diet manipulations 

have been employed to study the consequences of an unhealthy diet in animal models, 

like hypercaloric or high-fat diets, and cafeteria diets, high-fat and high-sugar junk foods 

[49]. In all these models, a variety of deleterious effects have been observed in the 

offspring, including hyperphagia, increased body adiposity, elevated levels of 

triglycerides, hyperglycemia, and insulin resistance [50, 51], as well as increased 

anxiety-like behavior [52-55]. Recently, a snack intake model has been proposed [56], 

in consonance with the increased intake of snacks between meals in the population [57]. 

Snack intake in addition to regular meals leads to a higher caloric intake and, 

consequently, body weight gain [58, 59]. Snacks composed evenly by carbohydrate and 

fat, like potato chips, trigger a state of hedonic hyperphagia, in which food intake is 

disassociated to hunger [56, 60]. These snacks contribute little to satiety and their 

calories are not completely compensated by a reduced caloric intake in regular meals 

[58, 59], resulting in an increased daily caloric intake. Since an unhealthy diet is 



 

associated with increased risk of developing diabetes, an inappropriate nutrition during 

pregnancy and lactation can trigger further impairments in an already established 

maternal hyperglycemia in animal models, with worse consequences to mother and 

offspring [61].   

Although maternal hyperglycemia and inappropriate nutrition effects on offspring 

development have been extensively explored separately, their association and its impact 

on maternal metabolism and offspring development and behavior throughout life is less 

clear. Our hypothesis is that snack intake during pregnancy and lactation will trigger 

further impairments in maternal glycemia homeostasis, resulting in changes in maternal 

behavior as well as sex-specific effects on offspring development, metabolism, and 

behavior from weaning to senescence. 

Aligned with the Graduate Program of General Physiology research interests, 

this study investigated the relationship between physiological processes and the 

environment, particularly on how the maternal environment shapes offspring 

development and its survival in the long term. Furthermore, studies in animal models 

have the potential to be future applied to clinical settings and health improvement. The 

study of maternal hyperglycemia and inappropriate nutrition will be explored in chapters 

1 and 2, and it may clarify window of opportunities where interventions during the 

perinatal period might be made to promote healthier pregnancies, that will lower the risk 

for the development of metabolic and cognitive disorders in the offspring throughout life. 

Chapter 1 describes how snack intake during pregnancy and lactation changes maternal 

food intake and worsens maternal hyperglycemia of STZ-treated females, as well as its 

impact on offspring birth weight and maternal behavior. This chapter resulted in a 

manuscript submitted to Physiology & Behavior in 20/04/2021 and is currently under 

review. Chapter 2 describes the postnatal life of male and female offspring born to those 

females, showing the consequences of an unbalanced maternal organism to offspring 

glucose metabolism, behavior, and biometric aspects in adolescence, adulthood, and 

senescence. This chapter has been also prepared as a manuscript according to 

Physiology & Behavior guideline and is yet to be submitted. Finally, a side study was 

conducted during an internship at the Department of Neuroscience at Carleton University 

that aimed to investigate the effects of maternal hyperglycemia in the offspring control of 

food intake after access to high-fat diet in the post-weaning period. However, these data 

are still under analysis and will not be presented at the moment. 



 

CONCLUDING REMARKS 
 

 

The present study evaluated if snack intake during pregnancy and lactation would 

aggravate previously established maternal hyperglycemia and its consequences to 

maternal care, as well as offspring development, metabolism, and behavior throughout 

life. Our hypothesis was that snack intake during pregnancy and lactation would trigger 

further impairments in maternal glycemia homeostasis, resulting in changes in maternal 

behavior as well on offspring development, metabolism, and behavior from weaning to 

senescence, that could be sex specific. 

This hypothesis was explored in chapters 1 and 2. Chapter 1 described how 

snack intake during pregnancy and lactation altered maternal food intake and changed 

the glucose tolerance of STZ-treated females, as well as its impact on maternal behavior 

and offspring birth weight. We have shown that snack intake aggravates glucose 

intolerance in hyperglycemic females. This maternal metabolic impairment led to 

changes in offspring birth weight and altered maternal motivation during lactation. Birth 

weight classification was normalized in the offspring from hyperglycemic dams with 

access to snacks, which showed a patter similar to Control offspring.  Corroborating 

previous studies, offspring from hyperglycemic dams were more frequently classified as 

large por pregnancy age, while offspring from snack-fed dams were more frequently 

classified as small. Interestingly, birth weight is a strong predictor of long-term 

consequences to the offspring, being related to an increased risk of developing obesity 

and metabolic impairments later in life. 

On this way, some findings may not be a direct consequence of maternal 

manipulations themselves, but they may occur as a reflection of these manipulations on 

offspring birth weight, which is a strong predictor of future outcomes. Mechanisms related 

to this growth impairment could also be investigated in future studies. In the study 

conducted during the internship at Carleton University placentas were collected that 

could help to elucidate how maternal hyperglycemia and snack intake may change 

nutrients’ flow during pregnancy, which might explain offspring outcomes later in life. 

Short and long-term consequences to the offspring were then explored in 

Chapter 2, which described the effects of the association of an impaired maternal 

metabolism and altered nutrition to offspring glucose metabolism, behavior, and 

biometric aspects in adolescence, adulthood, and senescence. While offspring 

metabolism was not further compromised, changes were observed on offspring 

reproductive function and general behavior in adulthood and senescence, respectively, 

showing that consequences may only be evident in the long-term. Although no major 



 

impairments were observed on the behavioral tasks evaluated, it is known that both 

maternal diabetes and inappropriate nutrition are linked to offspring cognitive 

impairments [49, 62]. For that reason, object recognition and spatial memory in the 

Morris water maze were also evaluated in the offspring of hyperglycemic dams with 

access to snacks, which may help to elucidate these behavioral impairments in all age 

groups. However, given the complexity of this evaluation, the analysis of the videos from 

this behavioral task is still under way. Results will be assembled in a manuscript 

addressing impacts of maternal hyperglycemia and snack intake on offspring learning. 

Additionally, besides morphometric analysis, offspring from both sexes and from all age 

groups were perfused, and brains were collected for future evaluation. Brain analysis will 

be planned in order to correlate with possible learning impairments. 

Despite not reproducing all aspects of the diabetic syndrome, the experimental 

model used in this study is useful to study the consequences of maternal hyperglycemia 

associated with an inappropriate nutrition, since the glycemic levels observed resemble 

those found in pregnant women diagnosed with clinical or gestational diabetes. Another 

positive aspect of this study is the analysis of both male and female offspring outcomes. 

Studying both sexes is extremely important since sex-specific differences related to 

maternal metabolism have already been described and could help to delineate future 

experimental and clinical research. Furthermore, offspring outcomes are rarely followed 

until senescence. Frequently, experimental studies evaluate offspring up until earl 

adulthood, while most clinical studies still follow only children and adolescents. 

Therefore, this study broadens the analysis of offspring outcomes, both related to 

animals’ sex and age. 

As the experimental model of snack intake described in this study was proven 

effective to further impair the glucose tolerance of hyperglycemic rats, new research 

questions emerged, aiming to better understand the impact of this maternal manipulation 

on other offspring outcomes, such as food intake control and preference. This resulted 

in a research grant submission in which I’m a collaborator that was granted and is 

currently under way (Impact of maternal diabetes and snack consumption on male and 

female offspring control of food intake, FAPESP 2019/01306-2). This project provided 

the basis for two Master’s thesis (Effects of chronic central leptin infusion on food intake 

of offspring of rats with mild hyperglycemia, FAPESP 2019/06974-3; Effects of chronic 

central leptin infusion on sexual behavior and reproductive tract of offspring of rats with 

mild hyperglycemia, CNPq) and an undergraduate thesis (Impact of maternal diabetes 

and snack consumption on offspring food preference, FAPESP 2020/03604-8) that are 

also under way with my collaboration. Plus, I was co-advisor in an undergraduate thesis 



 

(Maternal hyperglycemia and overnutrition: effects on anxiety-like behavior of Wistar rats 

during lactation). 

The experimental model employed in the present study was adjust to better suit 

the new projects. A change in rat lineage, from Wistar to Sprague-Dawley rats, was 

judged more adequate to the new proposed aims. In addition, as we started using 

Sprague-Dawley rats, we observed that the experimental model of neonatal STZ 

injection, which worked well on Wistar rats, was not the most adequate for this lineage. 

Thus, a modified protocol of STZ administration during pregnancy was employed with 

success. Although the protocol for inducing hyperglycemia and rat lineage was changed, 

the aggravated glucose tolerance phenotype was similar to the one described in the 

present study, reinforcing the validity and consistence of the experimental model.  

In conclusion, the present study showed that snack intake during pregnancy and 

lactation further impaired maternal hyperglycemia, leading to disruptions in offspring birth 

weight and maternal motivation during lactation, as well as to impaired offspring 

reproductive function in adulthood and changes in anxiety-live behavior in senescence. 

Future studies will describe effects on offspring learning and memory, and its possible 

neural substrates. Although snack intake aggravated the glucose intolerance of mild 

hyperglycemic rats, glycemic levels were still within the mild range (120 – 300 mg/dL), 

which might explain why this condition did not lead to major impairments for both mother 

and offspring. However, the experimental model used in this study is useful to study the 

consequences of maternal diabetes associated with inappropriate nutrition, since the 

glycemic levels observed resemble those most observed in pregnant women diagnosed 

with clinical or gestational diabetes. On the other hand, this experimental model may not 

be the most suitable to evaluate intervention strategies during pregnancy and lactation 

that might improve the consequences of this maternal metabolic impairment, because 

maternal and fetal impairments are limited. However, it should be considered that even 

this mild maternal condition was enough to change maternal and offspring outcomes, 

reinforcing the importance of women sustaining target glucose levels and a healthy diet 

during pregnancy and lactation.  
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