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II. Introduction 

 

 The interaction of genetic and environmental factors may result in obesity, defined  

as a body mass index (BMI) greater than 30 kg/m2 (1). The prevalence of obesity has increased 

substantially worldwide among children, adolescents, and adults (2). The increasing 

development of obesity is associated with type 2 diabetes (T2DM) (3), cardiovascular diseases 

(4) and some forms of cancer (5) prevalence. Hence, obesity is one of the major international 

public health awareness and economic burden of medical care. The lack of physical activity 

and over-eating have risen the numbers of overweight people over the years (6, 7).  

There is a conviction that the identification of obesity genetic factors and other factors that 

influence on weight gain, can be a target for therapeutic intervention. Moreover, recognition of 

various environmental factors such as dietary intake may influence on the associations between 

genetic risk and obesity development. Therefore, an approach to address a balanced diet, that 

fulfils all nutritional needs, and the genome-customized recommendations, seems to be an 

efficient strategy to prevent obesity development. 

 Genome-wide association studies have identified several sequence variants of single 

nucleotide polymorphisms (SNPs) in the fat mass and obesity-associated (FTO) gene, 

transcription factor-7–like 2 (TCF7L2) gene, melanocortin-4 receptor (MC4R) gene, and other 

genes (8). Among the above genes, the FTO gene has been described as the gene with  

a significant correlation with obesity (9). Based on the research concerned on impaired satiety 

responsiveness conducted among children, it has been shown that the FTO gene is widely 

expressed in many tissues, especially the region involved in appetite regulation, particularly the 

hypothalamus (10). A newly published population based study, presents the association 

between large consumption of energy and risk-allele carriers in adults (11). Some of the studies, 

concerned on the genotype and energy expenditure (12, 13), indicate that the association  

of obesity and the FTO gene is mainly influenced by appetite and satiety regulation.  

Diet composition and level of physical activity are two main lifestyle factors that may modulate 

genetic susceptibility. Particularly, several studies indicate that physical activity may interact 

with a person’s genetic predisposition and could reduce the effect of FTO SNPs on the risk of 

obesity in diverse world populations (14-18). Another significant contributor of weight balance 

is diet composition and food intake. The role of diet in the etiology of obesity remains  

a controversial matter among the public health debate, due to inconsistent research findings  

(19, 20) and their relation to specific nutrients or foods. Whereas it should be confirmed which 

selected components of food intake interact with the FTO gene. Therefore, research on the 
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nutritional area that combines gene-nutrient associations and interactions may have beneficial 

actions on the health of an individual nowadays and in the future perspective. 
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III. Aims  

 

 Over the last decade, more attention is being focused on the associations of dietary 

patterns and their relationship with the genetic risk of obesity. Nevertheless, further 

investigation of the associations between dietary patterns and FTO genetic variants is required. 

Accordingly, advances in this field of science may stand by the development of genome-

customized diet recommendations in the prevention of obesity and its metabolic complications. 

 Therefore, the purpose of this dissertation was to investigate the associations between 

energy and essential nutrients intake, and some common genetic variants, including the FTO 

gene, obesity and glucose metabolism. 

 Taking the above into consideration, the following aims of the doctoral dissertation  

are presented as: 

1. Exploration of the potential effect of the dietary factors and FTO gene polymorphisms on the 

obesity-related parameters in the Polish population. 

2. Evaluation of whether dietary factors could modify the association between some common 

genetic variants of the FTO gene and obesity and obesity-related parameters. 
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IV. Materials and Methods 

 

In order to perform the scientific work, a wide research panel was implemented, 

including standard experimental methods (anthropometric data evaluation and nutritional 

questionnaires), laboratory analysis, as well as statistical analysis. The schematic protocol  

of the study is presented at the Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Graphical protocol of the study. 

 

 

 

Ethics statement 

All of the research methods were carried out in the accordance with ethical 

experimentation standards on humans and with the Helsinki Declaration, published in 1975,  

and revised in 1983. The study protocol was approved by the local Ethics Committee  

(Medical University of Bialystok, Poland, R-I-002/35/2009). Before starting the inclusion 

procedure, the written informed consent was obtained from all study participants. 
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Study Population 

The study was conducted among 819 subjects (47.5% men and 52.5% women), recruited 

from 1549 participants of the 1000PLUS Cohort Study of a Polish-origin Caucasian population 

(registered at www.clinicaltrials.gov as NCT03792685), and described previously (21-25). 

Individuals who used to take medicines (e.g., anti-diabetic, weight loss, lipid-lowering),  

diet supplements, and other substances that could influence investigated parameters,  

were excluded from the analysis. Moreover, subjects who reported any metabolic or other 

significant diseases, or who had bariatric surgery, which could have an impact on investigated 

parameters, or followed any special diet or dietary pattern (vegan, vegetarian, Atkins, Dukan, 

Paleo, etc.), were excluded from the study analysis as well. 

 

Clinical examination - Anthropometry and body composition analysis 

The following anthropometric data of each participant were evaluated: body weight, 

body height, waist circumference and hip circumference, using standardized methods (26).  

We evaluated body composition (skeletal muscle mass (SMM), fat-free mass (FFM), and fat 

mass) by the bioelectrical impedance method (InBody 220, Biospace, Korea). Measurements 

of body fat distribution: visceral adipose tissue (VAT), subcutaneous adipose tissue (SAT), 

VAT/SAT ratio, were carried out by the multi-frequency bioimpedance method 

(MaltronBioScan 920-2, Maltron International Ltd., Rayleigh, UK). Body Mass Index (BMI) 

was calculated using the following formula: body weight (kg) divided by height (m) squared. 

The waist–hip ratio (WHR) was determined by dividing the waist by hip circumference,  

the similar formula was used for the VAT/SAT ratio calculations. 

 

Blood Collection and Biochemical Analysis 

According to the World Health Organization (WHO) recommendations, oral glucose 

tolerance tests (OGTTs) were performed among participants without a history of diabetes,  

with a dose of 75 g oral glucose load. The subjects were instructed to fast for 8–12 h prior to 

the test and to not restrict carbohydrate intake in the 3 days before the test. Blood was collected 

in time intervals at 0, 30, 60, and 120 min after glucose administration. 

Blood samples were obtained and collected to evaluate the concentrations of fasting and 

during OGTT plasma glucose and insulin, total cholesterol, LDL, HDL, triglyceride (TG),  

and hemoglobin A1c (HbA1c) level. The samples were prepared for assessment according to 

the laboratory kit instructions and stored until testing at −20 or −80 °C. Serum insulin 

concentrations were evaluated by immunoradiometric assay (INS-Irma, DIASource S.A., 
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Belgium; Wallac Wizard 1470 Automatic Gamma Counter, PerkinElmer Life Sciences, Turku, 

Finland). Plasma glucose concentrations were measured using the hexokinase enzymatic 

method (Cobas c111, Roche Diagnostics Ltd., Switzerland). Lipid concentrations were 

evaluated by the use of enzymatic colorimetric assay using commercially available kits (Cobas 

c111, Roche Diagnostic Ltd., Switzerland). By the use of the HPLC (high-performance liquid 

chromatography; D-10 Hemoglobin Testing System, Bio-Rad Laboratories Inc., Hercules, CA, 

USA; Bio-Rad, Marnes-la-Coquette, France) HbA1c levels were assessed. 

For insulin resistance evaluation the homeostasis model assessment (HOMA-IR) was 

performed as follows: (fasting plasma glucose concentration (mmol/L)) × (fasting insulin 

concentration (µU/mL))/22.5. By the use of the following formula: 20 × fasting insulin 

(μIU/mL)/fasting glucose 100 (mmol/mL) − 3.5, the homeostatic model assessment of β-cell 

function (HOMA-B) was determined. 

 

Dietary intake and daily physical activity analyses 

The International Physical Activity Questionnaire-Long Form (IPAQ-LF) was used to 

evaluate daily physical activity. Study subjects were stratified as having a low, moderate,  

or high level of physical activity, expressed by the metabolic equivalent (MET). Values of MET 

were determined using the following formula: (MET level) × (minutes of activity) × (events 

per week) (27).  

The daily dietary intake among individuals was carried out with the use of 3-day food 

intake diaries. Participants were instructed on how to estimate portion sizes of foods, based on 

the provided colour photograph albums of portion sizes, and instructed on how to weigh the 

food, if possible. We did not include in the analysis diaries that were not fully completed. Total 

energy, carbohydrate, fat, protein, and fiber intake were estimated using Dieta 6.0 software 

(National Food and Nutrition Institute, Warsaw, Poland). Dieta software is used to calculate the 

nutritional value of food and diets based on tables of the nutritional value of local food products 

and dishes. 

To evaluate the associations and interactions between genetic factors and diet, study 

subjects were divided based on the average daily protein, fat, carbohydrate and fiber intake  

as follows: lower and higher quantiles of dietary protein intake (≤18% and >18% of total energy 

intake, respectively), lower and higher quantiles of dietary fat intake (≤30% and >30% of total 

energy intake, respectively), lower and higher quantiles of dietary carbohydrate intake  

(≤48% and  >48% of total energy intake, respectively), and lower and higher quantiles of dietary 

fiber intake (≤18g and >18g daily intake, respectively). 
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Genotyping 

Based on the catalogue of genome-wide association studies (28), the 6 FTO 

polymorphisms were selected and genotyped: rs3751812 (G > T), rs9939609 (T > A), 

rs8050136 (A > C), rs6499640 (G > A), rs7190492 (A > G), and rs8044769 (C > T). The DNA 

from peripheral blood leukocytes using a classical salting-out method was extracted. Using the 

TaqMan SNP technology from a ready-to-use human assay library (Applied Biosystems, MA, 

USA) and with the use of a high-throughput genotyping system, OpenArray  

(Life Technologies, CA, USA), the SNPs were determined. Moreover, SNP genotyping was 

performed in duplicate, following the manufacturer’s instructions. As a negative control,  

a sample without a template was used, in the case of possible false positive signals caused by 

the contamination. 

 

Statistical Analysis 

Collected data were summarized with a number of observations (N), standard deviation 

(SD), and arithmetic mean. The number of observations and frequency (percentage) were 

presented for categorical data. Study individuals were divided into quantiles based on average 

daily protein, carbohydrate, fat, and fiber intake, with the thresholds set as the median value  

of each parameter.  Based on the scientific literature and previous findings, risk genotypes of 

the 6 previously identified FTO SNPs were predefined. We did not include in this study 

comparisons of the allelic and genotypic frequencies, as well as odds ratio calculations, because 

of the relatively small sample size. Continuous parameters were tested for normality with 

Shapiro–Wilk’s test and by visual inspection. Using Levene’s test, the homogeneity of variance 

across groups was checked. Nonparametric tests were used for response variables that failed 

the mentioned statistical tests. Differences between studied groups and measured parameters 

were compared using analysis of variance (ANOVA) or Kruskal–Wallis test for numerical 

variables, with either Tukey’s or Dunn’s post hoc test with Holm p-value adjustment,  

and the chi-squared test for categorical variables. All calculations were prepared in R (version 

4.0.3). The statistical significance level was set at <0.05. 

In order to study the hypothesis that the relationship between FTO genotypes and 

continuous responses varies in average daily protein, fat, and carbohydrate intake groups, 

multivariate linear regression models were performed. These models were adjusted for age, sex, 

BMI (when applicable), and physical activity. The Huber-White robust standard errors (HC1) 

were calculated. Model fit was estimated using R-squared values plus adjusted R-squared 
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values. Some of the models were optimized by a stepwise backward elimination based on the 

Akaike information criterion (AIC). 
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V. Results 

 

 The collected data were evaluated, based on diet-gene associations and interaction,  

in the group comprised of 819 participants, who met the inclusion criteria. The general clinical 

characteristics of the studied population and individual characteristics stratified by investigated 

genotypes were performed and presented in the articles included in the dissertation. Among the 

investigated FTO polymorphisms, some of the loci were in very strong linkage disequilibrium 

(D’ = 1.0 for rs8050136 and rs9939609) (30), therefore only results for rs8050136 were 

presented. 

 In general, the population consisted of 52.5% females and 47.5% males. The mean age 

of the individuals was 42.1 (±14.5) years, and the mean BMI was 28.5 (±6.6) kg/m2. Based on 

the clinical and anthropometric data, food intake and physical activity, we observed 

significantly lower hip circumference among studied FTO polymorphisms: CC vs AC and AA 

genotype carriers of rs8050136 (101.2 vs 104.1 and 103.8, respectively, p=0.008), and GG vs 

GT and TT genotype carriers of  rs3751812 (101.3 vs 104.2 and 103.8, respectively p=0.008). 

Furthermore, TT vs CC and CT genotype carriers of rs8044769 showed the highest total 

cholesterol concentration (206.7 vs 193.8 and 191.7, respectively, p=0.029). Additionally,  

CT vs TT and CC genotype carriers of rs8044769 presented the lowest percentage of daily 

energy intake provided from fat (30.1 vs 31.9 and 32.5, respectively, p=0.005). 

 Based on the analysis of the interactions between dietary macronutrient intake, 

genotypes and their effect on investigated parameters, the multivariable linear regression 

models (dietary macronutrient quantile) × (genotype) with the interaction term were performed. 

As a result of model implementation, and observation of the association between selected 

genotypes, patient’s glycemic status and variables describing body composition, the hypothesis 

of the diet and genotypes interaction was confirmed, as presented in the result section of the 

articles included in the dissertation. With the use of the boxplots in the figures, the differences 

in median values of the selected responses and the interquartile ranges (IQRs) in different 

genotypic and dietary strata were shown in the articles included in the dissertation.  

The study concerned on macronutrients intake showed that GG genotype carriers  

of rs3751812 presented lower BMI, hip and waist circumference, and total body fat content 

(data presented in detail in the article number 1 of this dissertation). Additionally, when energy 

intake derived from dietary fat did not exceed 30%, the subcutaneous and visceral fat content 

were the lowest in these participants. Further, if more than 48% of daily energy intake was 

derived from carbohydrates, the GG genotype carriers of rs3751812 presented significantly 
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lower obesity-related markers, such as body weight, BMI, fat-free mass levels subcutaneous fat 

content, and waist and hip circumference, as well as lower fasting blood glucose and higher 

HDL-cholesterol levels. The CC genotype carriers of rs8050136 presented similar results.  

Also, a significant impact of diet-gene associations with genotypes of rs8044769 were noted.  

The TT and CT genotype carriers presented higher body weight and BMI if daily energy intake 

derived from carbohydrates was equal or less than 48%. In homozygous TT genotype carriers 

were noted higher blood glucose concentration during the OGTT test, if more than 18% of total 

energy intake was derived from proteins.  

 The analysis of fiber intake showed that dietary fiber intake may modify the effect  

of FTO polymorphisms on body composition and lipid profile (data presented in detail in the 

article number 2 of this dissertation). The results of this analysis showed that, if daily fiber 

intake was above 18 g per day, the carriers of the CC genotype of rs8050136, GG genotype 

carriers of rs3751812, and GG genotype carriers of rs6499640, presented lower hip 

circumference. Surprisingly, higher total cholesterol concentrations were presented in  

CC genotype carriers of rs8050136 and GG genotype carriers of rs3751812, when subjects were 

stratified to the group with higher than median fiber intake. Similarly, higher LDL-cholesterol 

levels were presented in the above genotype variants, particular among CC genotype carriers  

of rs8050136 and GG genotype carriers of rs3751812, when subjects were stratified to the group 

with higher than median fiber intake. 
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VI. Conclusions  

 

The present study findings provide new insights into the role of the associations between 

diet and FTO polymorphisms in the risk of obesity and its metabolic consequences. To the best 

of our knowledge, this is one of the first studies that present associations between FTO SNPs 

rs3751812, rs8050136, rs9939609, rs6499640, rs7190492 and rs8044769, daily protein, 

carbohydrate, fat, and fiber intake, and the effect of these relationships on obesity, glucose 

homeostasis and lipid profile. 

Study observations suggest that carriers of the CC genotype of rs8050136 and GG 

genotype of rs3751812 should follow diets in which not less than 48% of daily energy intake  

is derived from carbohydrates and not more than 30% from dietary fat. Additionally, study 

results suggest that carriers of CT and TT genotypes of rs8044769 may benefit from avoiding 

diets in which carbohydrates provide less than 48% of total energy. Although, carriers of TT 

genotype of rs8044769 may benefit from avoiding diets in which proteins provide more than 

18% of total daily energy. The genome-customized diet recommendations may be important, 

since we observed that if the mean amounts of macronutrients in the diets are more than  

30% for dietary fat, and more than 18% for proteins, and less than 48% of total energy intake 

for carbohydrates, may have an impact for subjects of the above-mentioned genotypes. 

Additionally, another research conclusion of the study is that dietary fiber intake may 

modify the effect of FTO polymorphisms on body composition and lipid profile. Generally  

it is recommended that the daily fiber intake should be above 18 g per day, to provide health 

benefits. What was surprising, this analysis suggest that, carriers of CC genotype (rs8050136) 

and GG genotype (rs3751812) should follow diets in which no more than 18 g of daily energy 

intake is derived from fiber, to optimize the lipid profile. However, considering all limitations 

of this study described in the articles, this observation needs further analysis and investigations. 

This study may have practical clinical implications in the field of genome-customized 

diet recommendations in the future, to prevent obesity and its metabolic complications. 

Nevertheless, further studies are needed to verify these findings, in larger populations  

and different ethnic groups. 
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 Summary 

Summary in English 

 

 The objective of doctoral dissertation in the form of a publication cycle was to 

investigate the associations between carbohydrate, protein, fat and fiber intake, common 

genetic variants of the FTO gene, obesity, glucose homeostasis and lipid profile. The following 

two hypotheses were stated and explored: the effect of FTO gene polymorphisms on the 

obesity-related parameters, as well as dietary factors could modify the association between 

common genetic variants of the FTO gene and obesity and obesity-related parameters. 

 To achieve the aims of the scientific work and to verify the hypotheses,  

the research was carried out among Caucasian volunteers, selected for gene–diet association 

and interaction analysis, and genotyped for the FTO SNPs (rs3751812, rs8050136, rs9939609, 

rs6499640, rs8044769, and rs7190492). Measurements of anthropometric parameters, total 

body fat content and distribution, blood glucose, insulin concentration at fasting and during oral 

glucose tolerance test (OGTT), and lipid profile were performed. Food intake was analysed 

based on the three-day food records, and daily physical activity levels were evaluated using the 

International Physical Activity Questionnaire Long Form (IPAQ-LF). Numerical data were 

summarized with the number of observations, standard deviation and arithmetic mean. 

Differences between parameters and dietary groups were compared using the Kruskal-Wallis 

test for numerical variables, with Dunn’s post-hoc test and Holm p-value adjustment,  

and the chi-squared test for categorical variables. In order to study the hypothesis multivariate 

linear regression models were used. 

 Based on the conducted analyses, it was found that associations between FTO 

polymorphisms, daily protein, carbohydrate, fat, and fiber intake, and the effect of these 

relationships on obesity, glucose homeostasis and lipid profile occur among the study cohort.  

It was observed that daily macronutrient intake may modulate the impact of FTO genetic 

polymorphisms on investigated parameters. Furthermore, diets based on high-fiber intake, 

positively influence on the anthropometric parameters, but might be associated with worse lipid 

profile dependent on the FTO genotype. The study findings may have a practical clinical 

implication in nutritional area, which combine personalized genome-customized diet 

recommendations.  

 

Keywords: FTO gene; obesity; dietary protein intake; dietary carbohydrates intake;  

dietary fat intake; dietary fiber intake; macronutrients; gene-diet interaction  
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Summary in Polish 

 

Celem rozprawy doktorskiej w formie cyklu spójnie tematycznie prac było zbadanie 

zależności między spożyciem węglowodanów, białek, tłuszczów i błonnika oraz 

polimorfizmów genu FTO, a także otyłością, homeostazą glukozy i profilem lipidowym. 

Postawiono dwie hipotezy: efekt nosicielstwa polimorfizmów genu FTO na parametry 

związane z otyłością oraz ocena, czy czynniki dietetyczne mogą modyfikować te powiązania. 

W celu osiągnięcia założeń pracy naukowej i zweryfikowania postawionych hipotez 

badawczych, przeprowadzono badania naukowe wśród ochotników rasy kaukaskiej, 

genotypowanych pod kątem wybranych polimorfizmów genu FTO (rs3751812, rs8050136, 

rs9939609, rs6499640, rs8044769 i rs7190492). U uczestników badania wykonano pomiary 

antropometryczne, pomiary całkowitej zawartości i dystrybucji tkanki tłuszczowej, stężenia 

glukozy oraz insuliny na czczo i podczas doustnego testu tolerancji glukozy (OGTT),  

jak również wykonano badania profilu lipidowego. Spożycie pokarmu analizowano na 

podstawie trzydniowych dzienniczków żywieniowych, natomiast aktywność fizyczną oceniono  

za pomocą Międzynarodowego Kwestionariusza Aktywności Fizycznej (IPAQ-LF).  

Dane liczbowe zestawiono z liczbą obserwacji, odchyleniem standardowym i średnią 

arytmetyczną. Różnice między parametrami i grupami żywieniowymi porównywano za 

pomocą testu Kruskala-Wallisa dla zmiennych liczbowych z testem post-hoc Dunna i korektą  

wartości p Holma oraz testem chi-kwadrat dla zmiennych kategorycznych. W celu zbadania 

hipotez zastosowano wielowymiarowe modele regresji liniowej. 

Na podstawie przeprowadzonych analiz stwierdzono, że w badanej populacji 

występował związek między nosicielstwem polimorfizmów genu FTO, dobowym spożyciem 

białka, węglowodanów, tłuszczów i błonnika oraz analizowanymi parametrami 

metabolicznymi. Zaobserwowano, że zależności między polimorfizmami genetycznymi genu 

FTO i badanymi parametrami mogą być zależne również od spożycia badanych 

makroskładników diety. Ponadto, potwierdzono, że wysoka zawartość błonnika w diecie 

pozytywnie wpływa na parametry antropometryczne, natomiast może również wiązać się  

z niekorzystnym profilem lipidowym w przypadku nosicieli wybranych genotypów FTO. 

Wyniki otrzymanych badań mogą mieć praktyczne znaczenie kliniczne w dziedzinie żywienia 

i w przyszłości będą mogły być podstawą do opracowania spersonalizowanych zaleceń 

dietetycznych. 
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