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ABSTRACT  

  

  The rising prevalence in noncommunicable diseases worldwide calls for the effort to 

determine their underlying causes. Common metabolic disorders in particular overwhelm the 

healthcare systems and are a one of the leading causes of poor quality of life of patients.  Metabolic 

syndrome is represented by concurrence of several conditions - dyslipidaemia, obesity, 

hypertension or impaired glucose tolerance - altered metabolic phenotypes related to genetic and 

environmental factors. Recent studies suggest that early-life exposure to certain environmental 

stimuli is particularly capable of changing the mammalian phenotypes. Nutrition, as one of the 

major factors influencing health, is naturally a focus of research, which studies the link between 

parental diets and phenotypic alterations in offspring. The developmental origins of health and 

disease were historically more focused on maternal undernutrition, it is, however, more important 

to focus on surplus of macronutrients considering the westernization of modern diets. We propose 

the relevancy of not only the amount of macronutrients in maternal diet, but also their sources, as 

they may increase disease risk in offspring. Here we report, that sucrose as an alternative 

carbohydrate in maternal diet, has a marked impact on metabolism of the offspring in adulthood, 

which can be modulated by Zbtb16 gene variation. In F1 generation, male rats programmed in 

early life by maternal high-sucrose diet showed an increased proportion of brown fat (by 46.5% 

in SHR vs. 70% in SHR-Zbtb16), which also showed distinct a transcriptomic profile pointing to 

a compromised function. The transcriptomic profiles of liver and white fat tissue also revealed 

strain-specific differences. The response variations were illustrated by a nutritional challenge with 

sucrose in adulthood, when congenic strain SHR-Zbtb16 displayed more significant inclination 

towards metabolic syndrome-like phenotype than SHR, with deterioration of glucose tolerance, 

insulinemia and elevated levels of glycerol (by 15% in SHR vs. 46% in SHR-Zbtb16) in serum. 

The metabolic effects of early life programming with sucrose were apparent in subsequent F2 

generation of offspring. Some of the intergenerational effects manifested differently than in F1, 

in particular higher fasting glycaemia and increased levels of HDL. We show that sucrose as a 

source of carbohydrates in maternal diet can have significant impact on development of metabolic 

sydrome-like phenotypes in two generations of offspring, which is to an extent modulated by a 

mutation in Zbtb16 gene. 

Keywords: metabolic syndrome, nutrition, Zbtb16, DOHaD, sucrose, brown fat 
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ABSTRAKT  

  

  Stoupající prevalence nepřenosných nemocí po celém světě vyzývá ke snaze rozluštit 

jejich příčiny. Zejména běžné metabolické poruchy zatěžují systémy zdravotní péče a jsou jednou 

z nejčastějších příčin horší kvality života pacientů. Metabolický syndrom představuje souběh více 

stavů – dyslipidémie, obezity, hypertenze a zhoršené glukózové tolerance – změněných 

metabolických fenotypů závislých na genetických a enviromentálních faktorech. Nedávné studie 

naznačují, že expozice jistým enviromentálním podnětům v průběhu časného vývoje jsou schopné 

výrazně pozměňovat savčí fenotypy. Výživa jako jeden z významných faktorů ovlivňujících 

zdraví je přirozeně předmětem výzkumu, zabývajícího se souvislostí parentální diety a 

fenotypické alterace potomstva. Vývojové počátky zdraví a nemoci se historicky víc zaměřovaly 

na podvýživu matky, ale s ohledem na současné diety západního typu je důležité orientovat se 

také na přebytek makronutrientů. Navrhujeme, že je relevantní nejenom množství makronutrientů 

v mateřské dietě, ale také jejich zdroje, protože můžou zvyšovat riziko onemocnění u potomků. 

Ukázali jsme, že sacharóza jako alternativní zdroj sacharidů v mateřské dietě má zřetelný dopad 

na metabolismus potomků v dospělosti, což může být regulováno variací genu Zbtb16. V F1 

generaci, samci potkanů programovaní v časném vývoji vysokosacharózovou dietou matky 

vykázali nárůst hnědé tukové tkáně (o 46.5 % u SHR vs. 70 % u SHR-Zbtb16), s potenciálně 

narušenou funkcí, kterou naznačila transkriptomická analýza. Analýza transkriptomických profilů 

jater a bílé tukové tkáně také odhalila kmenově specifické rozdíly. Ty kmenově specifické byly 

zviditelněny nutriční zátěží sacharózou v dospělosti, kdy kongenní kmen SHR-Zbtb16 projevil 

výraznější inklinaci k fenotypu podobnému metabolickému syndromu než SHR, se zhoršením 

glukózové tolerance, inzulinémií a zvýšenou hladinou glycerolu (o 15 % u SHR vs. o 46 % u 

SHR-Zbtb16) v séru. Metabolické efekty programování sacharózou v průběhu časného vývoje 

byly patrné i v následující F2 generaci potomků. Některé z mezigeneračních efektů se projevily 

odlišně než v F1, zejména vyšší lačná glykémie a zvýšené hladiny HDL. Sacharóza jako zdroj 

sacharidů v mateřské dietě může mít významný dopad na rozvoj fenotypu podobnému 

metabolickému syndromu ve dvou generacích potomků, což je do jisté míry modulováno mutací 

genu Zbtb16. 

Klíčová slova: metabolický syndrom, výživa, Zbtb16, DOHaD, sacharóza, hnědý tuk  
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1. INTRODUCTION  
  

1.1. Metabolic syndrome  

   Metabolic syndrome describes concurrent metabolic abnormalities that increase the risk 

of coronary heart disease and type 2 diabetes. The diagnosis requires simultaneous presence of 

at least three pathophysiological characteristics – obesity, hypertension, insulin resistance, 

elevated fasting plasma glucose, type 2 diabetes (T2D) and atherogenic dyslipidemia [1; 2] or 

treatment. 

   Pathological weight gain in central part of the body (central visceral adiposity) 

contributes to increase in free fatty acids in circulation, which are able to interfere with insulin 

signaling and beta cell function via their metabolites. Visceral adiposity seems to have 

definitive impact on development of metabolic pathologies and is the criterion is therefore met 

with elevated waist circumference, characterized by ≥ 102 cm in males and ≥ 88 cm in females 

[3; 4]. Type 2 diabetes is defined by impaired glucose homeostasis, beta cell dysfunction and 

insulin resistance in metabolic tissues, which is often induced by obesity. Insulin resistance in 

peripheral tissues leads to hyperinsulinemia, which can deplete beta cells and cause persistent 

hyperglycemia. Overall, T2D is a complex multifactorial metabolic disorder influenced by 

lifestyle, environment and genetic factors [5]. The major component of atherogenic 

dyslipidemia is elevation of apo B-containing lipoproteins such as low-density lipoprotein 

(LDL) and very low-density lipoprotein (VLDL). Along with elevated triglycerides and 

reduced high-density lipoprotein (HDL) cholesterol, these abnormal lipid levels associate 

strongly with atherosclerotic cardiovascular disease and contribute to development of 

metabolic syndrome [6; 7]. Hypertension present in individuals with metabolic syndrome, as 

well as atherosclerosis doubles the risk for stroke [8]. 

   It is important to note that global expenses for treatment of “globesity” (WHO), notably 

metabolic syndrome and its individual contributing components present a major economic 

burden on healthcare and it is therefore necessary for scientific inquiry to work towards 

identification of underlying mechanisms, causes and prevention of these pathophysiological 

states in the future. The collaborative effort of science and medicine should effectively lower 

these widespread causes of morbidity and mortality, simply by understanding the causes and 

implementing findings in clinical care. 
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1.2. Nutrigenetics 

  Nutrigenetics and nutrigenomics are fields of genetics focused on nutrition, specifically 

the effect of genetic variation on dietary response and the role of nutrients and other food 

compounds in gene expression. The importance of this particular field of science is significantly 

supported by three factors: 

1. nutrient bioavailability and metabolism are affected by great genomic diversity between 

ethnic groups and individuals 

2. the existence of vast differences in food or nutrient availability and choices is dependent 

on economic, geographical and cultural factors 

3. malnutrition (deficiency or excess) can change gene expression and genome stability 

which can lead to altered phenotypes and possibly disease [9; 10]. 

 

  Nutrients and food bioactives exert biological effects which depend on various 

physiological processes. Absorption, transport, biotransformation, uptake, binding, cellular 

mechanisms of action all involve genes, which can carry polymorphisms potentially altering their 

function and ultimately the physiological response to dietary compound [11]. 

Common genetic polymorphisms can occur in up to 40-50% of the population, and even 

polymorphisms with at least 1% occurrence such as single nucleotide polymorphisms (SNPs), 

provide a vast platform for genetic variation in human populations, as there have been reported 

over 10 million SNPs in public databases. Not only nucleotide insertions or deletions, but also 

copy number variants can modify personal response to diet, simply because those variants that do, 

have significant effects on the structure or function of the gene product. The most common 

approach to the identification of gene variants modifying effects of dietary factors or influencing 

the food preferences is a process of selection based on known or putative function, otherwise 

known as candidate gene study. Analyzing individual SNPs or combinations of SNPs (haplotypes) 

can provide more knowledge on individual variability in response to bioactive food compounds 

and identify relevant nutrient-gene interactions [9; 10]. Gene-diet interactions are described as 

able to modulate the effect of dietary compounds on a particular phenotype by a genetic 

polymorphism [12]. 

  An important aspect of nutrient-gene interaction studies is epigenetics, as diet is able to 

either on its own or in combination with other environmental factors cause epigenetic changes 

that activate or repress transcription of certain genes. DNA methylation is one of the most 

important epigenetic mechanisms in mammals and is solely dependent on methyl donors e. g. 
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folate, vitamin B12, choline and methionine. Dietary effects on genome stability (DNA damage), 

epigenome alterations (DNA methylation), RNA and micro-RNA expression (transcriptomics), 

protein expression (proteomics) and metabolite changes (metabolomics) are all disciplines used 

in the field of nutrigenomics to study health outcomes of altered nutritional exposure and can also 

be used to study a disease trajectory in relation to nutrition [11]. 

 

1.3. Early life programming and developmental plasticity 

 One of the most important abilities of living organisms is perception, evaluation and 

adaptation to surrounding environments. Adoption of appropriate responses increases the chance 

of survival and reproduction, and maintaining a memory of such responses allows for coping with 

similar conditions when encountered later in life [13-15]. An inherited trait or a behavioral 

adaptation are usually beneficial and help adjust to the changing environment, however, a 

mismatch between external conditions and adaptation can be maladaptive and not fit the 

offspring’s environmental demand [16-18]. The biological mechanisms underlying adaptations to 

the environment are complex and presumably mediated by non-genomic processes such as 

epigenetic mechanisms [19-21]. 

 

1.3.1. Mechanisms of epigenetic inheritance  

 Epigenetics generally refers to the long-term regulation of gene expression and function 

induced by environmental factors without a change in DNA sequence [22].  Certain epigenetic 

changes can be transmitted from parents to their offspring, allowing organisms to transfer adaptive 

and non-adaptive information related to the ancestral environment [22]. The mechanisms 

underlying parental environment-induced epigenetic inheritance include DNA methylation, 

histone modifications, and production of non-coding RNAs. Regarding the adult-onset disease, 

epigenome modification of the developing organ can be critical for the exposed individual, 

however only the reprogrammed germline is required to transmit this phenotype 

transgenerationally [23; 24]. If the F0 gestating female is exposed to an environmental factor, the 

developing F1 embryo is in this regard directly exposed. This embryonic exposure to 

environmental factors such as nutrition or toxic substances can influence disease or abnormal 

phenotypes in the F1 generation, but as a result of direct exposure, it is not considered a 

transgenerational phenomenon [25] but rather intergenerational. Furthermore, an exposure of 

gestating F0 female directly affecting the F1 embryo also exposes present F2 generation germline. 
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1.3.2. Developmental Origins of Health and Disease (DOHaD)  

  The field of biomedical science and public health known as the developmental origins of 

health and disease contains research of how adverse environmental factors during early human 

development influence the risk of later chronic disease [26]. The biological phenomena that may 

connect intrauterine nutritional experiences and subsequent health outcomes of the offspring was 

also described by the term “metabolic imprinting”. This term was based on the historical precedent 

of Konrad Lorenz, who used the term imprinting to describe powerful setting of animal behaviors 

that resulted from an experience early in life. Metabolic programming/imprinting/conditioning or 

developmental plasticity are all terms that are intended to represent adaptive responses of the 

organism to specific conditions in early life that are characterized by 

1. a susceptibility limited to a critical window of early development, 

2. a persistent effect lasting up to adulthood, 

3. a specific and measurable outcome, which may differ among individuals, 

4. an existence of a threshold or a specific dose relation between the exposure and outcome 

[27]. 

 The physiological processes had to be selected during evolution as they confer an adaptive 

advantage in terms of survival to the age of reproductive ability. The risk of chronic diseases 

rapidly increases in the post-reproductive period due to accumulative effects of consequences of 

lifestyle, behavior and environment. They represent a mismatch between conditions of 

individual’s development or conditions of their evolutionary ancestry and current challenges with 

an element of evolutionary novelty [28]. 

 The studies of Dutch Winter Famine cohorts were one of the first to spark interest in this 

field of research. These studies investigated a link between 1944-1945 famine period in western 

Netherlands affecting pregnant women and onset of cardiovascular disease and type 2 diabetes in 

adulthood of their children. Individuals that were undernourished in utero during the first trimester 

of their mothers’ pregnancy were also more likely to suffer from glucose tolerance impairments, 

altered blood coagulation, atherogenic lipid profile and obesity [29; 30]. The exposure to famine 

in the second trimester was connected to a higher prevalence of glucose intolerance, 

microalbuminuria and obstructive airways disease in affected people. Mid gestation is 

characteristic for rapid growth of the bronchial tree and therefore the findings support the 

hypothesis that fetal undernutrition in this critical period of airway development permanently 

affects their structure and physiology [29]. Women who gave birth during the famine and were 
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exposed to undernutrition in the late gestation not only showed reduced body weight postpartum, 

but also delivered babies with lower birthweights which displayed decreased glucose tolerance at 

the age of 50 compared to individuals born the year before or after famine [31]. 

 

  

1.3.3. Maternal effects on offspring metabolism  

 Maternal environment is, without a doubt, crucial for the health of the developing fetus 

and remained the main focus of studies investigating diseases later in life of the offspring. The 

period of conception to birth is a time of cellular replication, differentiation and maturation of 

organs [32], which are all sensitive to alterations in nutrient availability or the impact of 

environmental chemicals. The inheritance of disease risk from maternal side seems to be 

multifactorial with metabolic, epigenetic and mitochondrial contributing factors. 

 Parental stress and trauma have been shown to induce emotional and behavioral disorders 

in offspring over several generations. In general, the behavioral adaptation helps to adjust to 

changing environment, but when the conditions change too rapidly, it can cause a mismatch with 

the adapted behavior [17]. A discrepancy between individual’s response and surrounding 

conditions can lead to pathological behaviors and can increase the predisposition to disease [16]. 

 The epigenetic modifications are directly influenced by the nutritional state of the organism 

and rely upon substrates derived from one-carbon metabolism such as S-adenosyl methionine 

(SAM), acetyl CoA, alpha ketoglutarate and nicotinamide adenine dinucleotide (NAD+) [33]. 

Foods containing methionine, serine, folate, biotin and choline provide a dietary source of methyl 

groups that are transferred to DNA and histones through SAM [34]. Caloric restriction during 

pregnancy and lactation also negatively impacts offspring health. Restriction of maternal food 

intake to just 30% of ad libitum leads to hyperphagia and an increase in adiposity in the offspring 

[35]. When provided with a high-fat diet programmed animals developed obesity, and in general, 

obese animals decrease their locomotor activity [36]. Caloric restriction during the last week of 

gestation in pregnant F0 mice was linked to impairment of fetal growth, 15-20% reduction in birth 

weight and subsequently to the development of obesity and glucose tolerance in F1 offspring [37; 

38]. These effects resulted from impaired glucose-stimulated insulin secretion [37] and were 

transmitted to the F2 generation as well [39]. 
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2. AIMS  

 This thesis aims to test a hypothesis that genetic factors represented by a specific variant 

of Zbtb16 gene influence susceptibility to epigenetic nutritional stimuli in early development and 

whether they have an impact on manifestation of metabolic syndrome in adulthood. 

 

Partial aims of the thesis: 

 1. Testing of hypothesis that high-sucrose diet feeding in pregnancy and lactation has an impact 

on metabolic syndrome components in adult offspring depending on the presence of variant 

Zbtb16 gene in SHR-Zbtb16 novel congenic strain of rat, 

 2. Testing of hypothesis that nutritional challenge with high-sucrose diet in adulthood would 

exacerbate the different responses in SHR vs. SHR-Zbtb16, 

 3. Testing the hypothesis that high-sucrose diet feeding effects transfer to the F2 generation of 

offspring, 

 4. Testing the hypothesis that pharmacological challenge with dexamethasone exacerbates the 

different responses of both strains, 

 5. Testing the hypothesis that a specific time window for high-sucrose diet feeding is important 

to have an impact on offspring health and that the effects also transfer to the F2 generation of 

SHR-Zbtb16 offspring. 

 

3. MATERIAL & METHODS  

3.1. Animal models 

In our study, we used two inbred strains of rats with the intention of observing the impact 

metabolic programming possibly has depending on a particular genetic background. 

  First strain used in the study was the spontaneously hypertensive rat (SHR/OlaIpcv, 

RGD ID 631848) as commonly used model of essential hypertension [40] was used because of 

its known metabolic abnormalities [41]. SHR is a polygenic model of hypertension which is 

reflective of human polygenetic hypertension risk. SHR was created from outbred albino 

Wistar strain and in process of selective breeding fixed hypertensive alleles in homozygous 

state. This genetic homogeneity allows the use of SHR as a model for cardiovascular diseases 

and metabolic syndrome as well [42]. 

 The SHR-Lx.PD5PD-Zbtb16 single congenic strain (SHR-Zbtb16 hereafter) carries the Zbtb16 

gene of polydactylous rat (PD/Cub, RGD ID 728161) origin on the SHR genomic background. 

The derivation of this strain was described previously [43-45]. This introgression of rat 
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chromosome 8 region onto SHR background was related to metabolism alterations in the animals. 

These changes were related to the development of metabolic syndrome traits, such as decreased 

insulin sensitivity of the skeletal muscle and rise in postprandial triglycerides after dexamethasone 

administration [43]. The introduction of mutant Zbtb16 allele causes preaxial polydactyly in hind 

legs/paws with less pronounced polydactyly-luxate syndrome as in PD/Cub [46]. 

 All animals were held under controlled conditions (temperature, humidity) with free access 

to food and water. F0 rat dams were fed standard diet till breeding with corresponding (SHRxSHR, 

SHR-Zbtb16 x SHR-Zbtb16) males fed standard diet. After mating, rat dams were placed in the 

cages individually and fed either standard diet (STD, ssniff Rat breeding V1324-000, ssniff 

Spezialdiäten GmbH, Soest, Germany) in control group or high-sucrose diet (HSD, proteins (19.6 

cal%), fat (10.4 cal%), carbohydrates (sucrose, 70 cal%) prepared by Institute for Clinical and 

Experimental Medicine, Prague, Czech Republic) in experimental group. The diets differed in the 

carbohydrate fraction only, with starch in STD vs. sucrose in HSD as a source of carbohydrates; 

otherwise they contained equal amounts of macro- and micronutrients. Detailed protocols of 

studies are described in the thesis.  

 

3.2. Morphometric and metabolic assessments  

Blood samples for metabolic and glycemic assessments were drawn after overnight fasting 

from the tail vein. The OGTT of females selected as mothers was performed at 16 weeks of age 

(adulthood) and on the 10th day of pregnancy. The blood samples were obtained at intervals of 0, 

30, 60, 120, and 180 min after intragastric glucose gavage to conscious rats (3 g/kg body weight, 

30% aqueous solution; Ascensia Elite Blood Glucose Meter; Bayer HealthCare, Mishawaka, IN, 

USA). The OGTT of adult offspring was performed at 6 months of age with the same protocol. 

 F0 female rats were subjected to a detailed analysis of metabolic parameters using the 

multiplex immunoassay system Bio-Plex®. The lipid profiles of all groups were assessed using 

high performance liquid chromatography (HPLC) for determining triglyceride and cholesterol 

concentrations in 20 lipoprotein fractions and the size of major classes of lipoprotein particles 

through Liposearch company. In addition to metabolic assessments, the adult male rats were 

sacrificed to determine the weights of heart, liver, kidneys, adrenals, interscapular brown fat, 

epididymal fat pads, retroperitoneal fat pads and skeletal muscle (musculus soleus) from right hind 

leg. Liver, interscapular brown fat and epididymal adipose tissue were snap-frozen in liquid 

nitrogen in preparation for the transcriptome assessment. 
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3.3. Transcriptome assessment  

 The transcriptome analysis in three metabolically active tissues of adult male rats was a 

part of Manuscript 3. Total RNA was isolated from liver tissue (RNeasy Mini Kit, Qiagen), 

epididymal (visceral) and brown fat (RNeasy Lipid Tissue Mini Kit, Qiagen). The quality and 

integrity of the total RNA was evaluated on Agilent 2100 Bioanalyzer system (Agilent, Palo Alto, 

CA). Agilent RNA kits contain chips and reagents designed for the analysis of total RNA. To 

assess the transcriptome of liver and fat tissues (brown and visceral white fat) we performed 

microarray using the Rat Gene 2.1 ST Array Strip in quadruplicate (per strain/programming). 

Using high-quality total RNA from isolation described above we followed the whole hybridization 

procedure using the Affymetrix GeneAtlas® system according to manufacturer’s instructions. The 

quality control of the chips was performed using Affymetrix Expression Console. Partek 

Genomics Suite (Partek, St. Louis, Missouri) was used for subsequent data analysis. After 

applying quality filters and data normalization by Robust Multichip Average (RMA) algorithm 

implemented in Affymetrix Expression Console, the set of obtained differentially expressed 

probesets was filtered by false discovery rate (FDR) method implemented in PARTEK Genomics 

Suite 6.6 (Partek, St. Louis, Missouri). Transcriptomic data were then processed by standardized 

sequence of analyses (hierarchical clustering and principal component analysis, gene ontology, 

gene set enrichment, 'Upstream Regulator Analysis', 'Mechanistic Networks', 'Causal Network 

Analysis' and 'Downstream Effects Analysis') using Ingenuity Pathway Analysis (Qiagen). 

 

3.4. Quantitative PCR validation  

Total RNA (1 µg) was reverse-transcribed with oligo-dT primers using the SuperScript III 

(Invitrogen). We used total RNA (c = 250 ng/μl) isolated from liver, white and brown fat to 

prepare cDNA for the quantitative PCR validation of the microarray data. We used cDNA with c 

= 5 ng/µl in quantitative real-time PCR (RT-qPCR) using TaqMan® probes (Applied 

BiosystemsTM). Real-time PCR reaction was performed in triplicate with TaqMan® Gene 

Expression Master Mix (Applied Biosystems) according to the manufacturer’s protocol 

(Invitrogen) using Applied Biosystems® 7900HT Real-Time PCR System. The probes used for 

validation were Rn00567167_m1 (Hsd11b1), Rn00562884_m1 (Cox8b), Rn00566938_m1 

(Sod1), Rn00581867_m1 (Dio2), Rn00593680_m1 (Apoe), Rn00589173_m1 (Nr0b2), 

Rn01416753_m1 (Pcsk9), Rn01495769_m1 (Srebf1), Rn01789864_s1 (Acot1), Rn00567532_m1 
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(Sqle), Rn00562597_m1 (Slc2a4), Rn01454585_g1 (Vegfb), Rn00567668_m1 (Adora1) with 

FAM-MGB reporter dyes (FAM – 6-carboxyfluorescein, MGB – minor groove binder) with 3’ 

nonfluorescent quencher (NFQ) for lower background signal and better quantitation. Results were 

analyzed using the Livak analysis method [47] with glyceraldehyde 3-phosphate dehydrogenase 

(Gapdh) as reference gene. 

 

3.5. Statistical analysis  

   All statistical analyses were performed using STATISTICA 13.3 (TIBCO Software 

Inc.). When comparing morphometric and biochemical variables between groups, two-way 

ANOVA with STRAIN and DIET as major factors were used, followed by post-hoc Fisher’s 

test for comparison of the specific pairs of variables. Null hypothesis was rejected whenever 

p>0.05. 

   Detailed information about materials, methods and different experimental protocols are 

reported in the thesis and enclosed publications.  

  

  

  

4. RESULTS & DISCUSSION  

   In this section, the major findings from each publication representing the PhD study are 

discussed.  

  

Manuscript 1:  

   The study “Grandmother's Diet Matters: Early Life Programming with Sucrose 

Influences Metabolic and Lipid Parameters in Second Generation of Rats” explored the 

transfer of metabolic effects of HSD feeding during pregnancy and lactation of grandmothers 

to their grandsons. 

   The major findings of the study confirmed the hypothesis of the multi-generational 

transfer of these effects, as metabolism of the F2 HSD/HSD STD/STD offspring showed 

several significant differences from their unprogrammed STD controls. The levels of fasting 

glycaemia in F2-programmed males were higher than in controls, and in SHR strain, the levels 

of blood glucose remained higher than controls even 3 hours after administration of the glucose 

load. Selected F2-programmed SHR-Zbtb16 males showed a significant drop of blood glucose 
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levels at t = 60 min and therefore inclined to biphasic course of OGTT [48]. We observed a 

significant increase in medium to very small HDL cholesterol levels in both strains of F2-

programmed offspring (by 44.5% increase in SHR and 41.9% increase in SHR-Zbtb16), with 

simultaneous decrease in size of these particles. HSD feeding of F0 rat dams also increased a 

proportion of interscapular brown fat in F2-programmed males, as brown fat represents an 

essential regulator of the effects of nutritional programming [49]. 

  

Manuscript 2:  

   The study “SHR-Zbtb16 minimal congenic strain reveals nutrigenetic interaction 

between Zbtb16 and high-sucrose diet” was performed to test whether the nutritional challenge 

with HSD in adulthood would exacerbate the different responses in SHR vs. SHR-Zbtb16 F1 

HSD-programmed males. Adult male rats of both strains were programmed by maternal HSD 

during early development – prenatally and during suckling period, fed STD after weaning till 

the age of 6 months and then re-exposed to HSD for 14 days. The re-exposed HSD-programmed 

males of both strains showed increase in adiposity of all measured parameters. The comparison 

of glucose tolerance between the strains revealed the effect of HSD, which was more prominent 

in SHR-Zbtb16, showing significant increase in area under the glycaemic curve, despite the 

rise in serum insulin. F1 HSD-programmed SHR-Zbtb16 males re-exposed to HSD had 

elevated glycaemia at 30, 60 and 90 minutes after the glucose bolus administration, whereas in 

SHR males, the blood glucose levels in t = 60 and 90 minutes dropped significantly with 

increase in t = 120 minutes, which pronounces the difference in response based on variation of 

Zbtb16 gene. The effect could be attributable to greater rise in fasting insulin of re-exposed 

SHR males (78% compared to 44% increase in SHR-Zbtb16). We also observed significantly 

higher levels of free glycerol in the serum of HSD-programmed re-exposed groups, which is 

one of the most important biomarkers for an increased risk of development of hyperglycaemia 

and type 2 diabetes [50]. Together with possible glucose metabolism impairment represented 

by higher levels of blood glucose levels in course of OGTT despite the higher levels of insulin, 

significantly increased levels of free glycerol in the serum of SHR-Zbtb16 re-exposed males 

compared to SHR re-exposed males indicate that the congenic strain with variant Zbtb16 gene 

was more susceptible to the development of type 2 diabetes. 

 

Manuscript 3:  
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 The study “Maternal High-Sucrose Diet Affects Phenotype Outcome in Adult Male 

Offspring: Role of Zbtb16” describes the F0 mothers fed HSD during pregnancy and lactation 

and their F1 offspring. The results of the study show, that the administration of HSD to 

pregnant rat dams significantly affects not only their metabolic profiles but, to an extent, also 

the metabolic and transcriptomic profiles of their offspring. Providing pregnant female rats 

with high-sucrose diet ad libitum resulted in higher fasting glycaemia and elevation of serum 

cholesterol and triacylglycerols in chylomicrons and LDL particles in rat dams of both strains. 

This is in line with observations of previous studies focused on the consumption of diets high 

in sugar [51] even after just 10 days, when the metabolic screening was performed. Maternal 

HSD administration substantially increased brown fat weight in adult male offspring of both 

strains. It points to an interesting connotation with a study showing that brown fat is a critical 

regulator of the effect of maternal nutritional programming [49]. We observed a similar effect 

in the second generation of both SHR and SHR-Zbtb16 offspring of HSD-fed rat dams, showed 

in Manuscript 1. However, the transcriptomic profile in both strains suggests a compromised 

function of brown adipose tissue. The most enriched canonical pathway in both strains was 

Mitochondrial dysfunction, and we observed and validated a two-fold increase in expression 

of hydroxysteroid 11-beta dehydrogenase 1 (Hsd11b1), overexpression of which was shown to 

suppress brown adipocyte function [52]. This is complemented by a significant decrease of 

Iodothyronine deiodinase 2 (Dio2) gene expression, a major activating deiodinase [53]. Most 

pronounced programming effect across all tissues at the level of individual upstream regulators 

was inhibition of RICTOR, a regulatory subunit of the mammalian target of rapamycin 

complex 2. Loss of RICTOR leads to the global dampening of insulin/AKT signaling [54]. 

Although this observation did not translate to change of global glucose tolerance in the 

programmed rat offspring, subtler change in insulin resistance of peripheral tissues cannot be 

excluded, as suggested by the three-fold (two-fold in SHR-Zbtb16) reduction of Glut4 

expression in white adipose tissue of SHR male offspring and, in a network perspective, the 

glucose metabolism disorder activated node. However, it seems that this effect may be 

secondary to changes in the expression of lipid metabolism-related transcripts, including 

Srebf1, Srebf2, Pcsk9, Scd, Acat2 and others, observed particularly in livers of both strains. A 

systematic shift in expression of more than 20 transcripts indicated a substantial 

downregulation of cholesterol metabolism and synthesis of cholesterol esters. An upregulation 

of Lcn2 gene coding lipocalin 2, a metabolic syndrome-related adipokine, exclusively in the 

white adipose tissue of SHR-Zbtb16 HSD-programmed males points to an inclination towards 

metabolic syndrome-like phenotype in this strain, as analyzed adipose tissues of SHR HSD-
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programmed animals didn’t show any significant change in expression of Lcn2. As shown in 

Manuscript 2, additional metabolic challenge such as re-exposure to HSD in adulthood can 

exacerbate this increased propensity towards metabolic syndrome in SHR-Zbtb16 male rats, 

suggesting the importance of Zbtb16 variation. 

 

Unpublished results:  

 The 3-day treatment with dexamethasone of male rats produced changes in lipid profiles, 

adiposity and a significant decrease in relative adrenal weights consistent with known effects of 

glucocorticoid treatment in both unprogrammed SHR-Zbtb16 and HSD-programmed SHR males. 

The glucose tolerance of both groups was undoubtedly impaired as a result of dexamethasone 

treatment and whether presence or absence of maternal HSD programming influenced the 

response of the two strains was inconclusive. 

 The study of programming effect of HSD restricted to postnatal period in SHR-Zbtb16 

animals consisted of rat dams fed STD during pregnancy and HSD during breastfeeding and their 

F1 and F2 offspring. F1 STD/HSD males had significantly higher glycaemia 3 hours after 

administration of glucose load compared to controls and F1 HSD/HSD programmed males 

described in Manuscript 1. The observed gradual increase in CM fraction of TAG were in direct 

proportion to the level of exposure to HSD in early life, i. e. the levels of CM in F1 HSD/HSD 

programmed animals re-exposed to HSD were the highest, as were the levels of serum glycerol 

indicating these animals were more prone to development of metabolic syndrome-like phenotype. 

We observed the relative weights of kidneys and adiposity to be in indirect proportion to the 

increasing maternal exposure to HSD, following HSD challenge. The male offspring of mothers 

fed STD/STD exposed to HSD in adulthood had the highest relative weights of kidneys, followed 

by the STD/HSD programmed males with the lowest in HSD/HSD programmed males. The 

reduction in kidney weight is an unexpected result of HSD programming followed by a HSD 

challenge in adulthood, as increased fructose intake is generally associated with renal glomerular 

hypertrophy [55]. The female F1 offspring programmed STD/HSD showed decrease in body 

weight in adulthood and in course of pregnancy and lactation than STD/STD controls and 

consumed more chow. Their F2 STD/HSD STD/STD programmed offspring, influenced only by 

grandmaternal HSD during breastfeeding, had the inclination in maintaining elevated blood 

glucose levels 3 hours after administration of the glucose load, despite themselves and their 

mothers being fed STD throughout life. 
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 In the study of increasing exposure to HSD as a programming factor, we fed F1 HSD/HSD 

programmed females HSD throughout their pregnancy and lactation as well. The group of F1-

programmed HSD/HSD rat dams consumed the highest amount of chow in comparison to all of 

the other pregnant female groups in the experiment. The F2-programmed HSD/HSD HSD/HSD 

males - the group of animals that were programmed with the highest amount of HSD (maternal 

grandmother HSD/HSD in pregnancy and lactation, mother HSD/HSD in pregnancy and lactation) 

had significantly increased relative heart mass and decreased relative weight of kidneys compared 

to only “grandmaternally” programmed F2 HSD/HSD STD/STD males. 

 

5. CONCLUSIONS  

  In effort to determine the effects of HSD acting during prenatal and early postnatal period 

in adulthood of the rat offspring, we observed that: 

• alternative carbohydrate source in the maternal diet (sucrose) during early development 

impacted morphometric parameters in both strains – increase in interscapular brown fat 

proportion, metabolic parameters – altered blood lipid profile and transcriptome of liver and 

adipose tissues – change in gene expression pointing to compromised function of brown fat, 

decreased insulin signalling and downregulation of cholesterol metabolism 

• changes in transcriptomic profiles following HSD programming were strain-specific 

• F1 HSD-programmed offspring challenged with HSD in adulthood also showed strain-

specific differences likely due to Zbtb16 variation 

• F1 HSD-programmed SHR-Zbtb16 males challenged with HSD in adulthood showed greater 

inclination towards development of metabolic syndrome-like phenotype represented by 

dyslipidaemia, higher levels of blood glucose and elevated serum glycerol concentrations 

compared to SHR males 

• F2 “grandmaternally” programmed SHR-Zbtb16 male rats showed a display of effects similar 

to F1 generation – increase in the proportion of interscapular brown fat and distinct from F1 

generation – increase in fasting glycaemia and significant elevation of medium to very small 

HDL cholesterol 

• HSD fed exclusively in lactation period of F0 SHR-Zbtb16 females affects proportion of 

interscapular brown fat in the F1 offspring and relative kidney weights. The increased blood 

glucose levels 3 hours after administration of glucose load was apparent not only in F1, but 

F2 generation as well 
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• increasing proportion of HSD in grandmaternal and maternal diet is related to increased 

relative heart mass and decreased relative weights of kidneys of F2 HSD/HSD HSD/HSD 

SHR males 

• dexamethasone treatment elicits similar responses in SHR and SHR-Zbtb16, independent of 

their metabolic programming background 
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