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Preface

Over the past 15 years, the field of nutrigenomics has significantly advanced our understanding
of the intricate relationship between genes, nutrition, and disease. This burgeoning area of research
has demonstrated that nutrition is not merely about preventing deficiencies, it also holds immense
potential for preventing and treating chronic illnesses such as diabetes, cancer, and neurodegenerative
disorders. By elucidating how nutrients modulate cellular signaling pathways, diet can be harnessed
as a first line of defense against these chronic conditions.

The importance of characterizing genes and analyzing their expression under various nutritional
conditions cannot be overstated. This research not only informs dietary recommendations at the
individual level but also guides the development of public dietary guidelines aimed at reducing the
prevalence of chronic illnesses in the population.

This Special Issue compiles recent research on the impact of nutrients on genetic expression,
employing methods such as transcriptomics, proteomics, and metabolomics. It presents nine studies
that explore gene—diet interactions across a range of health outcomes, highlighting both the promise
and complexity of nutrigenomics. The key findings presented in this Special Issue include the role of
fermented foods in reducing the risk of non-alcoholic fatty liver disease, the influence of genetics on
dietary needs and bone health, and the impact of early-life nutrition on long-term gene expression.
The Special Issue also addresses the genetic regulation of liver, cardiovascular, and thyroid diseases,
and the potential for personalized nutrition interventions to mitigate disease risk.

Overall, this reprint advocates for precision nutrition, leveraging genetic and epigenetic insights
to create personalized dietary strategies for better health outcomes. As nutrigenomics continues to
evolve, future research must validate these findings through clinical trials and explore how best to

integrate personalized nutrition into public health strategies.

Marica Bakovic
Guest Editor
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Advancing Personalized Nutrition Through Genetic
Nutritional Insights

Michaela Marie St Germain, Amirreza Mortazavi and Marica Bakovic *

Marica Bakovic’s Laboratory, Human Health and Nutritional Sciences Department, University of Guelph,
50 Stone Rd. E, Guelph, ON N1G 2W1, Canada; mstg0001@student.monash.edu (M.M.S.G.);
amortaza@uoguelph.ca (A.M.)

* Correspondence: mbakovic@uoguelph.ca

Metabolic health is shaped by the dynamic interplay between genetic predispositions
and dietary habits. As our understanding of this relationship deepens, we move closer
to a nutritional framework that is not only evidence-based, but also personalized to each
individual’s genetic profile. This Special Issue of Nutrients presents nine studies that explore
gene—diet interactions across a range of health outcomes, highlighting both the promise
and the complexity of nutrigenomics.

Given its strong links to both diet and genetic susceptibility, metabolic disease is a
particularly relevant focus within nutrigenomics. This was addressed in the work of Oh
et al. (2023) [contribution 1], which found that variations in the PNPLA3 gene significantly
modulate non-alcoholic fatty liver disease (NAFLD) susceptibility, and that this risk was
reduced in individuals with increased kimchi intake. This points to a potential role for
fermented foods in the prevention of NAFLD in individuals with genetic predispositions.
Such findings exemplify how personalized dietary guidance, shaped by genetic screen-
ing, could offer substantial health benefits by mitigating genetic risks through specific
nutritional strategies.

Expanding beyond NAFLD, Park (2023) [contribution 2] examined height-related
polygenic variants, linking them to metabolic syndrome risk. Interestingly, taller individ-
uals with specific genetic profiles had a reduced risk of metabolic syndrome, especially
when consuming diets lower in rice and higher in energy. This underscores the influence
of genetics on dietary needs and raises important considerations for culturally appropriate
dietary recommendations. The study also investigated functional gene—diet interactions,
showing that the GDF5_rs224331 variant alters how its protein product binds hydrolysable
tannins—compounds known to support bone health. These findings illustrate how genetic
variation shapes nutrient responses and can inform personalized strategies for managing
chronic conditions like osteoporosis.

In addition to osteoporosis, this Special Issue includes novel insights into the genetic
regulation of liver, cardiovascular, and thyroid disease. Ghare et al. (2023) [contribution
3] demonstrated that tributyrin, a butyrate precursor found in dairy and legumes, re-
duced alcohol-induced liver inflammation by reversing harmful epigenetic changes. This
work not only highlights a therapeutic avenue for alcohol-associated liver disease, but
also exemplifies how nutrient-derived compounds can directly modulate gene expression.
Additionally, the study by Garrido-Sanchez et al. (2024) [contribution 4] sheds light on
the connection between single nucleotide variants in the ABCG8 gene and phytosterol
metabolism, which has associations with parenteral nutrition-associated liver disease and
cardiovascular disease risk. Furthermore, Kim and Park (2023) [contribution 5] revealed
significant interactions between polygenic variants related to hypothyroidism and lifestyle
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factors, including dietary habits and smoking. Such genetic-diet interactions offer promis-
ing pathways for personalized nutrition interventions aimed at reducing the incidence and
severity of hypothyroidism, further demonstrating the vast potential for diet to modulate
genetic risk.

Beyond disease risk, genetics can also influence dietary behaviors. Franzago et al.
[contribution 6] (2023) found that variants in the CD36 gene—implicated in fat taste
perception—were associated with differences in anthropometric and metabolic outcomes
among individuals with diabetes or dysglycemia. These findings raise the possibility that
sensory genetics could help tailor dietary counseling to improve adherence and outcomes.

Early-life nutrition and epigenetic mechanisms add another critical dimension to
gene—diet interactions, as nutritional exposures during sensitive developmental periods
can influence long-term gene expression through processes like DNA methylation. Patel
et al. (2023) [contribution 7] highlighted the significance of dietary methyl donors such as
folate, demonstrating their impact on methylation patterns of obesity-related genes like
NRF1, FTO, and LEPR in children. This study illustrates the promise of early nutritional
intervention but also the need for future research that accounts for intersecting biological
and social determinants of health.

The study by Buchanan et al. (2024) [contribution 8] also investigated how nutrition
during developmental periods can impact future disease using a mouse model of lifelong
dietary exposure to n-3 polyunsaturated fatty acids (PUFAs). Their findings suggest that
early n-3 PUFA intake, particularly during puberty, promotes mammary gland differenti-
ation and reduces pro-carcinogenic gene expression patterns, pointing to the preventive
potential of diet during sensitive developmental windows.

While many of the studies in this Special Issue report promising associations between
genetics and dietary responses, it is equally important to acknowledge null findings that
refine our understanding of where gene-diet interactions may or may not be significant. For
instance, Gorczyriska-Kosiorz et al. (2024) [contribution 9] finds no significant relationship
between the obesity-related FTO gene, dietary patterns, and metabolic syndrome in a
subset of young, healthy Polish men. However, the absence of significant findings itself
reinforces a key point that genetic risk does not guarantee disease. Factors such as culture,
environment, and protective behaviors can buffer genetic predisposition.

Overall, this Special Issue of Nutrients covers a wide range of topics in nutrigenetics
and nutrigenomics; however, the overall message is clear. Diet and genetics are interde-
pendent, and their impacts on chronic disease cannot be considered separately. These
integrated findings from recent studies strongly advocate a shift towards precision nutri-
tion, which leverages comprehensive genetic and epigenetic insights. In order to facilitate
this transition, it is crucial to take the findings from observational and animal-based studies
and transitions to clinical research. For example, based on the success of tributyrin supple-
mentation in mouse models of alcohol-related liver disease, it could be reasonable to move
toward a randomized controlled trial in humans. Furthermore, it would be interesting to
explore the mechanisms behind gene and diet associations to gain a deeper understanding
of the physiological impacts of nutrients. Namely, it would be interesting to explore poten-
tial causation and correlation between kimchi consumption and reduced risk of NAFLD
in people with genetic predispositions, as this might be extrapolated to other fermented
foods, as well as other chronic disease.

Finally, with all of this in mind, the feasibility of personalized, gene-based dietary
counseling must be considered. This will require further research into the ethical, economic,
and logistical challenges of implementation, including patient privacy, socioeconomic
disparities, healthcare infrastructure, and the translation of genetic data into clinical practice.
As nutrigenomics continues to evolve, future research must not only validate gene-diet
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interactions through clinical trials, but also investigate how best to integrate these insights
into equitable, accessible, and effective public health strategies. The question now is not
whether personalized nutrition is possible, but how we can responsibly and rigorously
build the evidence to support its widespread, real-world application.
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Changes in the fat-1 Mouse Model
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Abstract: Background: The early exposure of nutrients during pubertal mammary gland development
may reduce the risk of developing breast cancer later in life. Anticancer 1n-3 polyunsaturated fatty
acids (n-3 PUFA) are shown to modulate pubertal mammary gland development; however, the
mechanisms of action remain unclear. Prior work focused on effects at the whole tissue level,
and little is known at the cellular level, such as at the level of mammary epithelial cells (MECs),
which are implicated in cancer development. Methods: This pilot study examined the effects
of lifelong n-3 PUFA exposure on the transcriptome by RNA-Seq in the isolated MECs of pubertal
(6-8-week-old) female fat-1 transgenic mice capable of de novo n-3 PUFA synthesis. edgeR and DESeq2
were used separately for the differential expression analysis of RNA sequencing data followed by
the Benjamani-Hochberg procedure for multiple testing correction. Results: Nine genes were found
concordant and significantly different (p < 0.05) by both the DESeq2 and edgeR methods. These
genes were associated with multiple pathways, suggesting that n-3 PUFA stimulates estrogen-related
signaling (MIIt10, Galr3, and Nrip1) and a glycolytic profile (Sogal, Pdpr, and Usol) while offering
protective effects for immune and DNA damage responses (Glpd1, Garrel, and Rpal) in MECs during
puberty. Conclusions: This pilot study highlights the utility of RNA-Seq to better understanding the
mechanistic effects of specific nutrients such as n-3 PUFA in a cell-specific manner. Thus, further
studies are warranted to investigate the cell-specific mechanisms by which 7n-3 PUFA influences
pubertal mammary gland development and breast cancer risk later in life.

Keywords: 1-3 polyunsaturated fatty acids; eicosapentaenoic acid; docosahexaenoic acid; alpha-
linolenic acid; mammary epithelial cells; RNA-Seq

1. Introduction

Breast cancer (BC) is a leading cancer diagnosed worldwide, with 2.3 million cases
reported in 2022 [1] and is associated with modifiable risk factors [2]. At least 30% of
cancer cases have been associated with lifestyle and dietary habits, including the intake of
different types of dietary fats [2]. A number of studies have demonstrated that increasing
intakes of n-3 polyunsaturated fatty acids (1-3 PUFA), which are found in fish and marine
oils, may have protective effects against BC [3-5]. In rodent models of BC, lifelong intake
of n-3 PUFA has been shown to reduce tumor numbers, which may be attributed to its
effects on mammary gland development [4,5]. During puberty, female rodents experience
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extensive growth of the mammary gland driven by rapidly proliferating epithelial cells
which form club-like structures known as terminal end buds (TEBs) that contain tumor
initiation sites [6,7]. These highly proliferating cells are also responsible for the maturation
of the ductal network and are susceptible to cancer initiation [7,8]. The intake of n-3 PUFA
has been reported to affect pubertal mammary gland development by delaying puberty
onset and reducing the number of TEBs, as well as by affecting mammary epithelial cell
fate [9,10]. These findings highlight a number of effects of n-3 PUFA, but the precise
mechanisms of action remain elusive.

To date, most studies have taken a whole-mammary-gland approach. Thus, there re-
mains much to learn at the cellular level concerning specific cell types within the mammary
gland. Recent work using cutting-edge bulk RNA sequencing (RNA-Seq) in the analysis
of thousands of transcripts in tandem on isolated mammary epithelial cells has revealed
cell-specific changes during the course of mammary gland development in goats [11] and
in experimental mouse studies [12]. The effects of diet and n-3 PUFA at the cellular level
have provided powerful insights into isolated mouse colonocytes [13]. However, potential
novel insights into the effects of n-3 PUFA at the cellular level by RNA-Seq have yet to
be investigated.

The fat-1 mouse model has previously been used to study the effects of lifelong n-3
PUFA exposure and its mechanisms of action in many diseases, including BC [5,6], and in
mammary gland development [9,10]. The fat-1 transgene from the roundworm Caenorhab-
ditis elegans encodes for n-3 desaturase, enabling endogenous whole-body production of
n-3 PUFA from n-6 PUFA, including in the mammary gland [9,10]. This genetic approach
makes the study of #-3 PUFA and its causal effects possible using the transgenic fat-1 mouse
model while reducing confounding effects from dietary feeding [14], thereby allowing for
a precise understanding of the mechanisms of action of lifelong n-3 PUFA intake. Thus,
this pilot study investigates the transcriptomic effects of lifelong 1n-3 PUFA exposure in
mammary epithelial cells isolated from female transgenic fat-1 mice during puberty using
bulk RNA-Seq.

2. Materials and Methods
2.1. Animals, Diets, and Phenotyping

Transgenic fat-1 mice acquired from Dr. Kang (Harvard Medical School) were used to
develop an in-house breeding colony on an FVB background at the University of Guelph, as
previously described [5,9,10]. The mice were fed a modified AIN93G diet (Research Diets
Inc., New Brunswick, NJ, USA) containing 10% fat (w/w) from safflower oil, rich in n-6
PUFA, providing 22% of the mouse’s total daily energy intake requirements, as previously
described [10]. In brief, safflower oil contains 70% of the essential -6 PUFA linoleic acid,
which transgenic fat-1 mice will endogenously utilize to synthesize individual #-3 PUFA
in tissues, including in the mammary gland [9,10]. Female offspring were weaned and
phenotyped at three weeks of age and maintained on their parental diets until termination
at 6 to 8 weeks. In rodents, puberty mammary gland development has typically been
described as occurring from the age of 4 weeks up to 10 weeks [6]. To minimize the number
of animals, mice mammary glands were pooled to obtain a sufficient quantity of RNA for
bulk RNA Seq from epithelial cells (n = 3). Each sample (1 = 1) represents the pooling of
inguinal mammary glands from 2 to 3 mice. Overall, there were n = 3 pooled samples each
for wild-type (WT) and fat-1 mice.

2.2. Euthanization, Tissue Collection, Epithelial Cell Isolation, and RNA Extraction

The mice were terminated and the right and left 4th and 5th mammary glands (MGs)
were excised for epithelial cell isolation, as previously described [10]. A total of 6 to
8 mice were pooled for each analysis of epithelial cells (1 = 3); lymph nodes were removed,
and mammary epithelial cells were isolated using the Prater method, as previously de-
scribed [10,15]. In brief, finely minced MGs were digested in collagenase/hyaluronidase
(StemCell, cat # 07912) for 18 h at 37 °C to allow for tissue dissociation. The cells were
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washed in Hank’s balanced salt solution (Sigma, cat # H6648) and treated with ammonium
chloride (Sigma, cat # A9434), Trypsin/EDTA (Sigma, cat # T4049), dispase (StemCell, cat #
07913), and DNAase 1 (Sigma, cat # D5025) to release the epithelial cells. Five million cells
were used for total RNA extraction. RNA was extracted using the Purelink RNA Mini Kit
(Thermo Fisher Scientific, cat # 12183018A) following the kit instructions. The purity of
the RNA was assessed using the Agilent bioanalyzer 2100 where all samples had an RNA
integrity number (RIN) greater than 9 (out of a 10-point scale). RNA samples were stored
at —80 °C for later analysis.

2.3. RNA Sequencing and RNA Sequencing Analysis

The samples were sent to the Centre for Applied Genomics in the Hospital for Sick
Children (Toronto, ON, Canada) for RNA sequencing. RNA sequencing was performed
using the [llumina platform (paired-end reads of a 100 bp sequence), and mapped to the
reference genome GRCM38 using HISAT2, as previously described [16]. The results were
sent to Carleton University (Subedi) for further analysis. The pilot dataset was analyzed fol-
lowing the protocol from Pertea et al. [17] (the “new Tuxedo” package). The reads from the
samples were mapped to the reference genome GRCM38 using HISAT?2 [18]. All six samples
had an overall alignment rate greater than 97%. The alignments were then passed to String
Tie [17] for transcript assembly and quantification. The transcript abundance matrix from
String Tie was then used for differential expression analysis using two different approaches:
edgeR [19] and DESeq2 [20]. The number of genes that had a p-value less than or equal to 0.05
were 606 and 1154 for edgeR and DESeq2, respectively (Supplementary Tables S1 and S2).
Furthermore, the Benjamani-Hochberg procedure was used to adjust for multiple hypothe-
sis testing [21] separately in the edgeR and DESeq2 analyses. Using a threshold of 0.05 for
the false discovery rate (FDR), 31 and 101 genes were identified as differentially expressed
using edgeR and DESeq?2, respectively (Supplementary Tables S3 and S4). Only genes with
a known nomenclature are reported in this paper.

3. Results

Significant differences in the total RNA expression of 11 genes using edgeR (Table 1)
and 45 genes using DESeq?2 (Table 2) were identified from the isolated mammary epithelial
cells of fat-1 mice compared to WT mice (adjusted p < 0.05). Analysis using edgeR showed
that there were five downregulated and six upregulated genes compared to WT mice
(Table 1). For DESeq2 analysis, there were 18 downregulated and 27 upregulated genes
in the fat-1 mice compared to WT mice (Table 2). Of these genes, nine were found to be
significant across both the edgeR and DESeq2 methods (adjusted p < 0.05), where five genes
were downregulated, and four genes were upregulated (Figure 1). The log?2 fold changes
for nine overlapping genes ranged from 1.14 to 7 (Figure 1).

A comparison of key pathways revealed distinct gene expression patterns between
fat-1 and WT mice. This study found that genes associated with estrogen-related signaling
were stimulated with the downregulation of mixed-lineage leukemia (MIIt10/AF10) and a gene
of galanin receptor 3 (Galr3) and the upregulation of an essential marker of mammary gland
development nuclear receptor interacting protein 1 (Nrip1/RIP140) in fat-1 mice compared to
WT mice (Figure 1). The study also found that the changes in gene expression involved in
glycolysis were upregulated, as indicated by the upregulation of suppressor of glucose (Sogal),
which is a negative regulator of gluconeogenesis, and usol vesicle docking factor (Usol),
which is a regulator of insulin stimulus and the downregulation of pyruvate dehydrogenase
phosphatase requlatory subunit (Pdpr) in fat-1 mice compared with WT mice. On the other
hand, there were effects in genes regulating immune and DNA damage responses with
an upregulation in granule associated rac and rhog effector 1 (Garrel) and replication protein al
(Rpal) along with a downregulation in glycosylphosphatidylinositol specific phospholipase d1
(Glpd1) in fat-1 mice compared to WT mice.
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Figure 1. Comparison of concordant and differentially expressed genes (p < 0.05) across both edgeR
and DESeq? in isolated mammary epithelial cells of 6- to 8-week-old female transgenic fat-1 mice
(n = 3) relative to WT mice (n = 3). Data are DESeq2. See methods and details in Table 1.

4. Discussion

This study has identified, in pubertal mammary epithelial cells, using RNA-Seq,
differential expression of genes attributable to the presence or absence of #-3 PUFA in the
transgenic fat-1 mouse model. Using the transgenic fat-1 mouse model [9,10], which is
capable of de novo n-3 PUFA synthesis, this genetic approach provides evidence of within-
cell gene expression changes attributable to n-3 PUFA. Thus, providing novel insight into
how n-3 PUFA affects mammary gland development, a key lifecycle stage that potentially
can reduce the development of mammary tumors.

At the onset of puberty, estrogen activity largely promotes the rapid growth and expan-
sion of the ducts as TEBs invade to the edge of the fat pad to mature the ductal network [7].
Estrogen binds to its receptor ERx acting on the epithelium to sustain proliferation during
ductal elongation [7]. Elevated prepubertal estrogen levels cause earlier puberty onset and
increase the risk of BC potentially due to an increased number of proliferative TEBs [8].
Previous studies have demonstrated that prepubertal exposure to 1n-3 PUFA delays puberty
onset, lowers estradiol and proliferation and reduces TEBs [9,10]. Consistent with these
findings, this study found that n-3 PUFA decreases expression of the estrogen-responsive
Galr3, which has been shown to increase five-fold with estradiol treatment in the female rat
anterior pituitary gland [22]. While complete understanding of Galr3 remains elusive, stud-
ies suggest Galr3 exerts its function through Gi/Go to G proteins, leading to the inhibition
of adenyl cyclase that perturbs the phosphorylation of CREB and is more expressed during
proliferation of the mammary gland [29,30]. Thus, these changes in Galr3 could suggest that
n-3 PUFA contributes to reducing estrogen and proliferation. However, our lab more re-
cently reported that lifelong n-3 PUFA exposure also increases ERo protein expression and
the relative number of luminal mammary epithelial cells, suggesting additional effects on
mammary epithelial cell differentiation [10]. Consistent with this finding, this study found
that lifelong n-3 PUFA exposure decreases MIIt10/AF10, a cofactor of the disruptor silencing
1 like (DOT1L) responsible for di- and tri-histone H3-lysine 79 (H3K79) methylation [24,31].
One study found that H3K79 methylation depletes as mammary epithelial cells lose lineage
commitment and become dedifferentiated [32]. While further investigation is required, this
effect was hypothesized to occur through a hormonal and/or paracrine mechanism [32],
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which may be possible as a more recent study has shown that estrogen treatment enhances
DOTIL and ER« interaction [33]. Consistent with this hypothesis, this study revealed a
significant upregulation of Nrip1/RIP140, a critical estrogen-signaling mediator of ductal
morphogenesis during pubertal mammary gland development [25]. A previous study
reported that RIP140 functions as a cofactor that is recruited with ERx to promote ERo-
targeted gene expression [25]. The loss of RIP140, as seen in RIP140 knockout mice, reduced
luminal epithelial cells and impaired TEB formation during puberty [25]. While RIP140
knockout mice were found to have lower numbers of TEBs than RIP140 transgenic mice,
due to impaired TEB formation, it was shown that overexpression of RIP140 increases the
number of alveolar buds that differentiate from TEBs [25]. Thus, these findings suggest that
lifelong 1n-3 PUFA exposure increases estrogen-related signaling pathways under lower
estrogen as a potential mechanism during pubertal mammary gland development.

While increasing estrogen-related signaling has also been shown to promote aerobic
glycolysis in purified primary mammary mouse epithelial cells [34], limited evidence
supports the hypothesis that -3 PUFA increases the estrogen-related signaling that results
in the promotion of glycolytic activity. Notably, a study in the triple-negative BC cell line
MDA-MB-231 demonstrated that the n-3 PUFA, docosahexaenoic acid (DHA), decreased
glycolytic activity and mitochondrial respiration [35]. In contrast, the authors also found
that applying low concentrations of DHA (15 uM and 25 uM) to the human epithelial cell
line of MCF-10A resulted in increased glycolytic utilization [35]. Consistent with these
findings, this study shows that n-3 PUFA induces a glycolytic profile in healthy mammary
epithelial cells during puberty. In mammary epithelial cells, lifelong n-3 PUFA exposure
upregulated Sogal, which promotes glycolysis and reduces gluconeogenesis [27], and Uso1,
which is highly expressed in glucose response [28], along with the downregulation of Pdpr,
a gene involved in progressing acetyl-CoA into the citric acid cycle [36]. This glycolytic-like
profile may align with evidence suggesting that n-3 PUFA can prolong the G1 phase of
the cell cycle in embryonic stem cells, as glycolysis can occur during the G1 phase [37].
This halt in cell cycle progression in G1 has been reported to occur despite the presence of
oxygen and functional mitochondria via aerobic glycolysis, also known as the Warburg
effect [38,39]. More recently, the Warburg effect was found to occur not only in cancer cells
but also uniquely in normal proliferating cells, maintaining intracellular pH during cell
division [38]. Thus, these findings collectively suggest that n-3 PUFA could adaptively
modulate metabolic activity in mammary epithelial cells differently in healthy and disease
conditions, thus warranting further investigation.

The effects of n-3 PUFA mediating the immune and DNA damage response have
been widely reported. Previous studies have suggested that #-3 PUFA have anticancer
effects through the immune system, such as by suppressing CD4+ T-cell activation and
reorganizing cell signaling [40]. Consistent with this, we found that lifelong n-3 PUFA
exposure downregulates Glpd1, a phospholipase D1 glycosylphosphatidylinositol anchor,
in which splenic CD4+ T cells were found to be downregulated in phospholipase D1 (PLD1)
knockout mice [23]. Furthermore, phospholipase D inhibition was shown to reduce BC
invasion by lowering PLD1 [23], which is consistent with a study that shows that treatment
with essential n-6 PUFA increases PLD1 and BC invasion in vitro [41]. However, we also
observed an upregulation in Garrel, a master regulator of the CCR4-Not complex binding
activity with critical roles in the immune system [42—44]. The diverse functions of the
CCR4-Not complex, such as cell cycle control, chromatin modification, and transcription
activity, allow for the rapid adaption of gene expression in response to environmental
changes [42]. A previous study showed that the CCR4-Not complex regulates genomic
stability [43], making it a target of interest for cancer therapies [44]. In tandem, we also
found that n-3 PUFA Rpal, which supports genomic integrity with essential roles in DNA
replication, recombination, and repair [26], is decreased in HER2-positive BC [45]. Rpal
is also highly expressed in the immune system of mice, particularly in the lymph nodes
and spleen, where it plays a crucial role in maintaining T-cell homeostasis [46]. Thus, these
findings suggest that n-3 PUFA could have critical effects on mammary epithelial cells
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that are important for maintaining immune function during development, warranting
further investigation.

This pilot study has strengths and limitations that should be considered. These results
are exclusive to total mammary epithelial cells in 6- to 8-week-old female fat-1 mice, which
consist of both luminal and myoepithelial cells. This study also had a relatively small
sample size of three per group. Nevertheless, we used two robust bioinformatic techniques
appropriate for small sample sizes [47]. Additionally, the oestrous stage of each mouse
was not determined, which could add variability to the results due to higher progesterone
and cell proliferation levels during diestrus [48]. Lastly, this study utilized total RNA,
including both mRNA and non-coding RNA; however, total RNA has the largest gene
library available for clinical use [49,50]. Despite these limitations, this study demonstrated
the utility of determining cell-specific changes in gene expression by RNA-Seq. Further,
the use of the fat-1 model made it possible to study the effects of n-3 PUFA on mammary
gland development without the potential confounding effects of dietary intake [9,10].

5. Conclusions

In conclusion, this study advances our fundamental knowledge of the role of n-3
PUFA in pubertal mammary gland development in female fat-1 mice utilizing cutting edge
RNA-Seq technology and bioinformatics approaches. These findings suggest that lifelong
n-3 PUFA exposure may have long-term protective effects for BC prevention mediated at
the level of mammary epithelial cells. Therefore, future studies are warranted to investigate
the effects of n-3 PUFA on mammary gland development within specific cell types, leading
to a better understanding of how diet contributes to reduced BC risk later in life.
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Abstract: Background: Variants in fat mass and the obesity-associated protein (FTO) gene have long
been recognized as the most significant genetic predictors of body fat mass and obesity. Nevertheless,
despite the overall evidence, there are conflicting reports regarding the correlation between different
polymorphisms of the FTO gene and body mass index (BMI). Additionally, it is unclear whether FTO
influences metabolic syndrome (MetS) through mechanisms other than BMI’s impact. In this work,
we aimed to analyze the impact of the following FTO polymorphisms on the BMI as well as MetS
components in a population of young adult men. Methods: The patient group consisted of 279 Polish
young adult men aged 28.92 (4.28) recruited for the MAGNETIC trial. The single-nucleotide poly-
morphisms (SNPs), located in the first intron of the FTO gene, were genotyped, and the results were
used to identify “protective” and “risk” haplotypes and diplotypes based on the literature data. Lab-
oratory, as well as anthropometric measurements regarding MetS, were performed. Measured MetS
components included those used in the definition in accordance with the current guidelines. Data
regarding dietary patterns were also collected, and principal components of the dietary patterns were
identified. Results: No statistically significant correlations were identified between the analyzed FTO
diplotypes and BMI (p = 0.53) or other MetS components (waist circumference p = 0.55; triglycerides
p = 0.72; HDL cholesterol p = 0.33; blood glucose p = 0.20; systolic blood pressure p = 0.06; diastolic
blood pressure p = 0.21). Stratification by the level of physical activity or adherence to the dietary
patterns also did not result in any statistically significant result. Conclusions: Some studies have
shown that FTO SNPs such as rs1421085, rs1121980, rs8050136, r$9939609, and rs9930506 have an
impact on the BMI or other MetS components; nevertheless, this was not replicated in this study of
Polish young adult males.

Keywords: FTO; haplotypes; gene polymorphism; genetic factors; BMI; metabolic syndrome; diet
quality; lifestyle

1. Introduction

Obesity is defined as an excess adipose tissue accumulation. This is often defined as a
body mass index (BMI) greater or equal to 30 for adults. In 2016, over 650 million people
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were obese, and the prevalence of obesity has tripled since 1975. Obesity increases the risk of
cardiovascular diseases such as coronary artery disease and stroke, diabetes mellitus (DM),
musculoskeletal disorders such as osteoarthritis, and some cancers, including endometrial,
breast, ovarian, and prostate cancer [1,2].

Obesity is a component of metabolic syndrome (MetS), an interconnected group of risk
factors influencing the development of atherosclerotic cardiovascular disease. Numerous
definitions exist [3,4], but one of them was formulated in the Joint Interim Statement of
the International Diabetes Federation Task Force on Epidemiology and Prevention; the
National Heart, Lung, and Blood Institute; the American Heart Association; the World
Heart Federation; the International Atherosclerosis Society; and the International Associ-
ation for the Study of Obesity. For an adult to be diagnosed with MetS according to this
definition, they have to fulfill at least three of the five criteria of abdominal obesity, hyper-
triglyceridemia, low HDL cholesterol, hypertension, and impaired glucose metabolism [5].
Although closely connected with obesity, MetS was associated with an increased mortality,
even in normal-weight individuals [6].

The etiology of obesity is complex and combines genetic, behavioral, environmental,
psychological, social, and even cultural influences [7]. Twin, family, and adoption studies
suggest that as much as 40% to 70% of the body weight index variation is explained by ge-
netic factors [8,9]. Genetic influences on obesity may be divided into two distinct categories.
The first one is monogenic obesity, which is typically early-onset and severe. It is caused by
a mutation in a single gene, such as one encoding leptin, leptin receptor, or melanocortin
receptor 4 [10,11]. The second, more frequent type is polygenic obesity, caused by multiple
mutations or common population variants in several genes. It increases individual suscep-
tibility to environmental factors that cause obesity and is also characterized by later onset
and reduced severity [10].

Although many genes are known to influence polygenic obesity, polymorphisms of
fat mass and the obesity-associated protein (FTO) gene were quickly recognized as highly
influential regarding BMI and body adiposity [12,13]. FTO is a Fe (II)- and 2-oxoglutarate-
dependent N6-methyladenosine demethylase, which removes methyl groups from N6-
methyladenosine in mRNA and thusly reverses a common eukaryotic post-translational
modification motif [14]. Single-nucleotide polymorphisms (SNPs) in FTO gene intron 1 have
been shown to affect FTO expression [15,16], while FTO protein itself appears to influence
adipogenesis by increasing the abundance of a short splice variant of RUNX1 translocation
partner 1 (RUNX1T1) [17-20]. FTO controls the splicing of the adipogenic regulatory
factor RUNX1T1 by regulating méa. M6a affects several cellular processes, such as gene
regulation and degradation, translation, or transport, and modulates alternative splicing
and mRNA stability. An inverse correlation has been demonstrated between FTO and
mé6a, which is implicated in adipogenesis and demonstrates how FTO directly modulates
obesity at the level of m6A [21]. Interestingly, SNPs of intron 1 of FTO have also been
suggested to affect the expression of adjacent genes such as Iroquois homeobox 3 (IRX3),
Iroquois homeobox 5 (IRX5), and RPGR-Interacting Protein 1-Like (RPGRIP1L) [22-24].
Another possible FTO role in obesity is the regulation of macronutrient intake due to the
involvement of FTO expressed in the hypothalamus [25-27]. Although the overall impact
of FTO gene polymorphisms on BMI and body composition was established, the impact
and role of specific SNPs are less clear [12,28]. The occurrence of different polymorphic
variants (SNPs) in the FTO gene may explain why unbalanced results in obesity have been
obtained to date. Some reports suggest that specific haplotypes of the FTO gene influence
rather than just particular SNPs complicating the issue further [21,29].

Thus, in this study, we aimed to determine the influence of polymorphisms in the FTO
gene on the BMI and MetS components and assess the impact of genetic variants on the
type of diet and lifestyles in a homogenous population of young Polish males [30].
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2. Materials and Methods
2.1. Study Group

This study is an extension of the MAGNETIC (“Metabolic and Genetic Profiling of
Young Adults with and without a Family History of Premature Coronary Heart Disease”)
project. The study group consisted of randomly selected male participants recruited within
the framework of the MAGNETIC project [31]. Briefly, the MAGNETIC project was a
case-control study involving young (18-35 years) adults with (cases) and without (controls)
a history of premature coronary artery disease (myocardial infarction, coronary artery
bypass grafting, or percutaneous coronary intervention before the age of 55 in men and 65
in women) in first-degree relatives (Figure 1).

Offspring of P-CAD patients, who Subjects, who were asked to
attended a pre-recruitment participate in screening
appointment (N=397) appointment. (N=526)
Excluded:

Age<18 and >35 years (15)

« Associated conditions requiring pharmacological treatment: thyroid
problems (24), asthma (14), hypertension (12), PCOS (4), depression
(4), eczema (3), medically treated hypercholesterolemia (2), acute
infection (2), gastroesophageal reflux (2), viral hepatitis (2), other (57)

Subjects, who confirmed family history of P-CAD during routine
screening (n=37)

Excluded:
+ Abnormal TSH (44), CRP> 10 mg/dl (20);
Recruited sample » Very high concentration of testosterone and estradiol (1); Recruited sample
(n=400) « Very high AST, ALT and LDH — (2); (n=382)
» Possible, probable or certain familial hypercholesterolemia (23);

» Missing data in FFQ (3).

Cases FTO genotyped and analyzed (n=279) Controls

(n=351) Males only (n=338)

Figure 1. A flowchart of MAGNETIC study.

For the purposes of this study, only men were chosen because there was a higher
percentage of obese people with MetS among men than women. None of the study
participants was taking lipid-lowering, hypotensive, or anti-diabetic drugs.

The criteria for a MetS diagnosis were based on the Joint Interim Statement Criteria
and were [5]:

Waist circumference >80 c¢m in women and >94 ¢m in men;
Fasting blood triglycerides > 1.7 mmol/L or treatment of hypertriglyceridemia;
HDL-C < 1.3 mmol/L in women and <1.0 mmol/L in men or treatment of low HDL-
c levels;

e  Systolic blood pressure > 130 mmHg or diastolic blood pressure > 85 mm Hg or
treatment for hypertension;

e  Fasting blood glucose levels > 5.6 mmol/L or treatment of DM.

At least three criteria had to be met for a MetS diagnosis. These criteria were chosen
due to being widely used for MetS diagnostics.

2.2. Measurements of Anthropometric Parameters

During an initial visit at the Silesian Center for Heart Disease, trained examiners took
measurements of the participants” height, weight, waist, and hip circumference, as well as
their systolic and diastolic blood pressure.
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2.3. Laboratory Tests

Whole blood samples were collected from each participant 8-10 h after the last meal.
Biochemical and immunoenzymatic tests were carried out in a hospital medical diagnostic
laboratory. Patient serum measures were performed using a Cobas 6000 analyzer (Roche,
Basel, Switzerland). Fibrinogen concentrations were determined using a BCS XP analyzer
(Siemens Healthcare, Erlangen, Germany).

2.4. Diet Quality and Lifestyle

To collect an interview on eating habits and nutrition knowledge, the study partici-
pants completed two validated questionnaires: the FFQ-6 and KomPAN. The FFQ-6 covers
a wide range of products (62 foodstuffs) that are usually consumed in Poland and was
previously validated [32]. The KomPAN questionnaire is based on the frequency of con-
sumption of 24 food items in the last year. The KomPAN questionnaire also includes
questions about physical activity, smoking, and smoking status. Physical activity was
categorized as low (sitting, screen time, reading, light housework, or walking 1-2 h a week),
moderate (walking, cycling, moderate exercise, working at home or other light physical
activity performed 2-3 h/week), or high (cycling, running, working at home or other sports
activities requiring physical effort over 3 h/week) [33].

2.5. Genetic Analysis

DNA was isolated from the study participant’s whole blood samples, which were stored
below —80 °C. Isolation procedures were performed according to the manufacturer’s instruc-
tions, using the automated extraction system MagCore®HF 16 and MagCore®GenomicDNA
Whole Blood Kit (RBC Bioscience, New Taipei City, Taiwan). The purity and concentra-
tion of DNA were determined using a NanoDrop spectrophotometer (Thermo Scientific,
Waltham, MA, USA). DNA samples were diluted to a 15 ng/pL concentration in molecular
biology-grade water and stored below —30 °C until analysis.

The study sample was genotyped for five variants of the FTO gene: rs1421085,
rs1121980, rs8050136, rs9939609, and rs9930506 (Table S1). This was achieved using com-
mercially available pre-designed TagMan SNP genotyping assays (ThermoFisher, Waltham,
MA, USA). Each genotyping reaction was conducted in a volume of 20 puL using FastStart
Essential DNA Probes Master (Roche, Basel, Switzerland) on the real-time PCR device
LifeCycler 96 (Roche, Basel, Switzerland). To ensure the credibility of the results, the
genotyping of 10% of the samples was reattempted, achieving 100% repeatability.

2.6. Statistical Analysis

Analysis was performed using R language in the Rstudio environment [34]. In all
calculations, results with a p < 0.05 were considered statistically significant.

Data were presented as mean and standard deviation (SD) or as absolute (1) and
relative (%) frequencies in the tables. The Kruskal-Wallis rank sum or Chi-squared test was
used to evaluate group differences.

All norms for the anthropometric and biochemical parameters were based on the Joint
Interim Statement criteria [5].

The fast, exact test proposed by Wigginton, Cutler, and Abecasis [35], implemented in
the SNPassoc package (version 2.1-0) [36], was used to determine the genotype’s consistency
with the Hardy-Weinberg equilibrium.

Dietary patterns (DPs) were obtained by principal component analysis (PCA) with
normalized varimax rotation based on the FFQ-6 questionnaire. To create these DPs, the
frequency of consuming 26 food groups per day was standardized to have a mean of 0 and
a standard deviation of 1. We utilized PCA, selecting components to keep, which were
based on their interpretability and eigenvalues (>1), along with identifying a breakpoint
through the Scree test. The significance of each questionnaire item’s contribution to the
identified DPs was assessed through factor loadings exceeding > 10.301. The dietary
patterns were named according to the variables with the highest loadings for each pattern.
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For each individual, a DP score reflecting their adherence to the DP was computed as the
sum of the product of food frequency consumption and the factor loading for the 26 food
groups. The subjects were categorized into three groups (bottom, middle, and upper tertile)
based on the tertile distribution, representing the lowest, moderate, and highest adherence
to the DP, respectively [37].

Furthermore, two diet quality scores, the pro-Healthy-Diet-Index (pHDI) and non-
Healthy-Diet-Index (nHDI), were calculated based on the KomPAN questionnaires and
previously published methodology [38].

3. Results
3.1. Study Group Characteristics

The studied group consisted of 279 young adult males aged 18-36 (Table 1). The
MetS criteria were fulfilled for 21.5% of the patients. The average BMI was above the
overweight threshold (>25 kg/m?); 18.28% of the study participants were obese, and
32.98% were overweight. Excessive waist circumference was noted in 31.54% of the patients.
Hypertriglyceridemia was noted in 19.71% of the patients, while low blood HDL-C levels
were found in 47.67% of the studied population. High blood pressure was found in 57.71%
of the studied group. Elevated fasting glucose was present in 17.92% of the studied persons,
but none of the participants was diagnosed with DM. All patients were of Caucasian
descent and were residents of Upper Silesia.

Table 1. Characteristics of included patients.

Number of Patients (%) or

Variable N * Value (SD) *
Age 279 28.92 (4.28)
Family History of P-CAD (%) 279 178/279 (64%)
Family History of T2DM (%) 99/279 (35%)
Current smoking
(vs. past smoker or 279 72/279 (26%)
non-smoker)
Physical activity level 279
Low 73/279 (26%)
Moderate 108/279 (39%)
High 98/279 (35%)
SBP [mmHg] 270 132 (15)
DBP [mmHg] 270 81 (11)
BMI [kg/m?] 279 26.14 (4.38)
VAI 279 1.58 (2.65)
WC [m] 279 0.89 (0.08)
WHTR 279 0.50 (0.06)
TC [mmol /L] 279 5.12 (1.11)
HDL-C [mmol/L] 279 1.42 (0.37)
LDL-C [mmol/L] 279 3.26 (0.96)
TG [mmol/L] 279 1.42 (1.51)
Lp(a) [nmol/L] 279 42.49 (65.64)
apoAl [g/L] 276 1.56 (0.25)
apoB [g/L] 277 1.02 (0.60)
Glucose [mmol/L] 279 5.15 (0.45)
HbA1lc [%] 278 5.06 (0.25)
hsCRP [mg/dL] 279 1.33 (1.37)
Uric Acid [umol/L] 279 349.24 (63.96)
Fibrinogen [mg/dL] 278 264.96 (56.89)

P-CAD—premature coronary artery disease; T2DM—diabetes mellitus type 2; SBP—systolic blood pressure;
DBP—djiastolic blood pressure; BMI—body mass index; VAI—visceral adiposity index; WC—waist circumference;
WHTR—waist/hip ratio; TC—total cholesterol; HDL-C—high-density lipoprotein cholesterol; LDL-C—low-
density lipoprotein cholesterol; TG—triglycerides; Lp(a)—lipoprotein(a); apoAl—apolipoprotein Al; apoB—
apolipoprotein B; HbAlc—glycated hemoglobin; hsCRP—high-sensitivity C-reactive protein. * Full sample size is
279. Smaller N numbers indicate missing data. * Values are presented as mean (SD) or 1/ N (%).
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3.2. FTO SNP

All SNPs were located in the first intron of the FTO gene in a region spanning 29,511 bp.
They were located between 4252 bp and 9938 bp distance from each other (Table S1). All
genotypes of the five analyzed SNPs (rs1421085, rs1121980, rs8050136, rs9939609, and
rs9930506) were in Hardy—-Weinberg equilibrium. The allele frequencies did not differ
significantly based on the BMI category, waist/hip ratio (WHR), HbAlc presence of MetS
components, or a family history of T1D or T2D. The genotype frequencies of all tested
polymorphisms are presented in Table S2.

During further analysis, seven haplotypes of the analyzed SNPs were identified. The
respective alleles in each haplotype are arranged in the following order of SNPs: rs1421085,
rs1121980, rs8050136, 1$9939609, and rs9930506. The two most common alleles that were
found in 95% of the participants were TGCTA (all protective alleles) and CAAAG (all risk
alleles) (Table S3). Next, 12 diplotypes were identified (Table S4). In 89% of the partici-
pants, the diplotypes consisted of just the two most common haplotypes. According to the
nomenclature proposed by Kolackov et al., a diplotype consisting of a pair of TGCTA hap-
lotypes was termed a protective diplotype. The Diplotype consisting of a pair of CAAAG
haplotypes was named risk diplotype 2, while the diplotype consisting of one TGCTA and
one CAAAG haplotype was named risk diplotype 1 [29]. The protective diplotype was
identified in 65 participants, risk diplotype 1 was found in 128 participants, while risk
diplotype 2 was identified in 55 participants. Next, the levels of each MetS component
in the participants of every identified diplotype were compared (Tables 2 and S6). No
significant differences were detected (p > 0.05).

Table 2. Analysis of components of metabolic syndrome in relation to FTO diplotype (three most
common haplotype pairs).

Protective “Risk” “Risk”
Variable Diplotype Diplotype 1 Diplotype 2 p-Value 2
N=651 N=1291 N=551
BMI [kg/ m?] 25.86 (4.59) 26.46 (4.43) 26.07 (4.39) 0.53
WC [m] 0.89 (0.12) 0.90 (0.11) 0.90 (0.12) 0.55
TG [mmol/L] 1.26 (0.79) 1.39 (1.42) 1.45 (1.16) 0.72
HDL-C
[mmol/L] 1.49 (0.40) 1.37 (0.33) 1.43 (0.39) 0.33
Glucose
[mmol /L] 5.08 (0.34) 5.16 (0.47) 5.21 (0.50) 0.20
SBP [mmHg] 131.25 (12.41) 130.81 (14.86) 136.15 (15.33) 0.060
DBP [mmHg] 81.19 (9.25) 80.22 (11.33) 82.56 (12.89) 0.21

BMI—body mass index; SBP—systolic blood pressure; DBP—diastolic blood pressure; HDL-C—high-density
lipoprotein cholesterol; TG—triglycerides; WC—waist circumference; 1 Mean (SD); % Kruskal-Wallis rank sum test;
protective diplotype—TGCTA /TGCTA (rs1421085/rs1121980/rs8050136 /rs9939609 /1s9930506); risk diplotype 1—
TGCTA/CAAAG (rs1421085/rs1121980/rs8050136 /159939609 /1s9930506); risk diplotype 2—CAAAG/CAAAG
(rs1421085/1s1121980/1rs8050136/1rs9939609 /1s9930506).

3.3. Dietary Patterns, Dietary Quality, and Physical Activity

PCA was used to identify two dietary patterns (DPs), explaining a cumulative 24% of
the variation in the analyzed variables (Table S5). The first “Prudent DP” was characterized
by a frequent intake of milk, fermented milk drinks, and curd cheese (0.61), whole grain
products (0.67), vegetables (0.67), fish (0.60), fruits (0.54), nuts and seeds (0.53), eggs and
egg dishes (0.42), white meat (0.45), and legumes (0.45). The second, “Western DP” was
characterized by more frequent consumption of sugar (0.51), refined grain products (0.51),
processed meats (0.67), potatoes (0.61), sweets and snacks (0.49), animal fats (0.49), other
edible fats (0.46), and sweetened beverages and energy drinks (0.45). When the three most
common FTO diplotypes were compared regarding the DPs, knowledge of nutrition, or
physical activity, no significant differences were found (Table 3); only “Risk diplotype 2”
was characterized by a lower pHDI but this was not statistically significant (p > 0.05).
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Table 3. Analysis of dietary patterns and physical activity in relation to FTO diplotypes (three most

common haplotype pairs).

Protective

Variable N Diplotype, Risk D1plot};pe 1, Risk Dlplot%fpe 2, p-Value 2
b N =128 N =55
N =65
“Prudent” dietary pattern 248 0.61
Lowest adherence to DP 23/65 (35%) 44/128 (34%) 19/55 (35%)
Moderate adherence to DP 20/65 (31%) 41/128 (32%) 23/55 (42%)
Highest adherence to DP 22/65 (34%) 43/128 (34%) 13/55 (24%)
“Western” dietary pattern 248 0.30
Lowest adherence to DP 21/65 (32%) 48/128 (38%) 14/55 (25%)
Moderate adherence to DP 21/65 (32%) 46/128 (36%) 18/55 (33%)
Highest adherence to DP 23/65 (35%) 34/128 (27%) 23/55 (42%)
Physical activity 248 0.68
gentle 17/65 (26%) 33/128 (26%) 14/55 (25%)
moderate 25/65 (38%) 55/128 (43%) 18/55 (33%)
vigorous 23/65 (35%) 40/128 (31%) 23/55 (42%)
nHDI (% points) 246 5.57 (2.42) 5.63 (2.18) 5.53 (2.74) 0.72
pHDI (% points) 247 6.87 (2.55) 6.26 (2.08) 7.18 (2.62) 0.087

DP—dietary patterns; pHDI—pro-Healthy-Diet-Index; nHDI—non-Healthy-Diet-Index; 1 Number
of patients (%); 2 Kruskal-Wallis rank sum test or Chi-squared test; protective diplotype—
TGCTA/TGCTA (rs1421085/rs1121980/rs8050136/1s9939609 /1s9930506); risk diplotype 1 —TGCTA/CAAAG
(rs1421085/1s1121980/rs8050136 /rs9939609 /rs9930506; risk diplotype 2—CAAAG/CAAAG (rs1421085/
rs1121980/rs8050136 /159939609 /rs9930506).

4. Discussion

In the age of the obesity epidemic, it is important to determine the causes of this phe-
nomenon to enable the development of better ways of preventing and treating this disease.

Previously published analyses based on much larger studies and meta-analyses con-
ducted on a broader population indicate that FTO genetic variants correlate with obesity.
Some previously published analyses of the Polish population show that the influence of
SNPs in the first intron of the FTO gene on obesity is modulated by age and gender. In
our study, we investigated young adult men, while Sobalska-Kwapis et al. showed an
association between obesity risk and SNPs in the FTO intron 1 in a group of 2747 men
aged 45-50 years. Perhaps the lack of significance in our study was influenced by the
properly functioning hormonal system in young men, which could compensate for the
genetic predisposition to obesity [39,40]. Other studies concerning the Polish population
have also assessed the impact of polymorphisms in the FTO gene on BMI and body mass.
The study conducted by Piwonska et al. included a group of 3369 patients aged 20-74. In
this study, the AA genotype of the rs9939609 variant was significantly correlated with body
mass, BMI, waist circumference, and hip circumference [41]. Other analyses conducted
by Luczynski et al. in a group of 968 Polish children aged 4-18 years indicated that AA
homozygotes of the 159939609 variant were characterized by increased body mass, BMI,
waist circumference, arm circumference, and height [42]. A correlation between obesity
and the rs9930506 variant was also demonstrated by Wrzosek et al. in a study of 442 Polish
males [40]. Another study, which utilized sequencing of the chromosome 16 fragment
encoding the FTO gene, has shown a strong correlation between rs9930506 polymorphism
and obesity and being overweight in males and the rs1421085 variant and obesity in fe-
males. In the same study, a regression model, stratified by age and sex, has shown that
allele A of rs9939609 was significantly more frequent in obese persons [43].

Many published analyses confirm the association of intronic polymorphisms of the
FTO gene with obesity and BMI, but it is important to emphasize that there are also
studies similar to those presented here that do not confirm the influence of FTO variants
on the occurrence of obesity in the Polish population. In one such study, the rs9939609
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polymorphism was analyzed in 1097 persons aged 30-80, but a correlation with BMI was
found only among males [44]. During the 6-year follow—up, there was no significant
impact of rs9939609 polymorphisms on body mass increase [45]. In another study, which
was conducted by Kolackov et al., there was no significant correlation between the FTO
polymorphisms (rs1421085, rs1121980, rs9939609, and rs9930506) and BMI among persons
with a BMI < 25, although there was a tendency for an increased hip circumference among
women with haplotype TCGA [29]. This suggests that the influence of FTO polymorphisms
on BMI in the Polish population may not be universal. We can, therefore, conclude that
the relationship between FTO and obesity may be more complex than we thought. There
may be several reasons why the population studied by our team did not show a clear
relationship between the genetic variants in the FTO gene and BML It is possible that
in the case of young Polish men, the genetic variants in the FTO gene examined by our
team do not significantly affect the body weight of the subjects. Additionally, it should be
emphasized that the observations from our study may result from a relatively small study
group. To confirm this observation, analyses should be carried out on a much larger group
of respondents.

The impact of genetic variants located within the first intron of the FTO gene on
the occurrence and development of MetS, BMI, and obesity was also analyzed in other
populations. In a study conducted by Guclu-Geyik et al., two FTO gene polymorphisms,
rs9939609 and rs1421085, were evaluated in a population of adult Turks consisting of 1967
adult men and women. The mean age of women was 49.2 & 11.8 years, and the mean age
of men in this study was 50.1 + 12.0 years. It was shown that both SNPs were strongly
associated with MetS in men and with obesity in the studied group of women. Additionally,
men carrying the rs1421085 C allele showed an increased risk of insulin resistance and a
higher BMI, while this association was not as evident in women [46]. At the same time,
it was observed that in some native populations, such as the indigenous population of
Samoa and American Samoa, FTO variants, e.g., 151421085, rs1121980, rs8050136, rs9939609,
rs9939973, rs17817449, rs3751812, and rs7190492 do not have a statistically significant
effect on the BMI [47]. In turn, analyses based on the indigenous Xavante population in
Brazil showed a significant correlation between the rs9939609 polymorphism and the body
obesity index and being overweight, and at the same time, showed no relationship with
obesity, BMI, and waist circumference [48]. These observations indicate that it may be
unlikely that the studied population and Polish population, in general, have a genetic
make-up that completely negates the influence of FTO intron 1 polymorphisms on the BMI,
but population-dependent genetic factors that modulate the impact of particular SNPs
remain possible.

It should also be noted that physical activity is a factor that may modulate the impact
of FTO polymorphisms on obesity. In a study involving 420 Brazilians aged 7-17, genotype
AA of 159939609 influenced the BMI and waist circumference only in physically inactive
adolescents [49]. On the other hand, in a study of 1152 male Swedes, the same polymor-
phism showed no statistically significant correlation between the A alleles and BMI. It was
observed that increased physical activity reduced the impact of allele A of rs9939609 on the
BMI [50]. In our study, the population could be considered quite physically active since
35% of the studied patients reported vigorous physical activity, and a further 39% reported
moderate physical activity; it is possible that this partially masks the influence of FTO
variants on the BML

Additionally, in some populations, the impact of FTO polymorphisms on the BMI
could be masked by dietary habits. In a study conducted by Harbron et al., a relationship
of FTO polymorphisms (rs1421085 and rs17817449) with physical activity, dietary habits,
and BMI was studied in Caucasian patients aged 25-40 with overweight or obesity. There
was no direct correlation between the FTO polymorphisms and BMI, but two C alleles in
rs1421085 increased the feelings of hunger and reduced dietary restraint and control [51].
A study enrolling over 6000 Koreans has shown that rs1121980 A allele carriers with a BMI
> 25 consumed more blue fish, organ meat, coffee, and coffee creamer. No such correlation

23



Nutrients 2024, 16, 1615

was found in normal-weight males, although overweight and obese female rs1121980 A
allele carriers consumed more sweets [52]. Although in our study FTO polymorphisms
did not appear to affect dietary habits, it is nevertheless possible that the influence of FTO
polymorphisms would be significant under a different diet than the one our patients had.

Another factor influencing the relationship between FTO gene polymorphisms and
body mass is age. No correlation between the rs9939609 polymorphisms and BMI was
seen in a study of 70-year-old individuals [53]. In another study, there was no impact
of several FTO polymorphisms (rs9939609, rs8050136, rs1558902, and rs3751812) on the
BMI in a group of 401 Han Chinese aged 14-18 [54]. In our study, the population was
relatively young, with a mean age of 28.92. This may have affected the findings, although
the patients were not elderly or underage, like in some studies. Moreover, some studies
that included adolescents showed a correlation between FTO polymorphisms and BMI. For
example, Kalantari et al. have reported that the GGC haplotype in 19930506, rs9930501, and
rs9932754 is associated with the BMI and related obesity rates in a group of 237 adolescent
males aged 12-16 years [55].

In this study, there was also no significant correlation between the FTO polymorphisms
and components of MetS other than obesity. This is consistent with the hypothesis proposed
by other researchers that FTO influences lipid, glucose, and blood pressure levels indirectly,
chiefly through its influence on body adiposity, body mass, and BMI. This is supported by
a study conducted by Freathy et al., who analyzed data from 17,037 Caucasian patients.
Upon adjusting for the BMI, there was no correlation between the rs9939609 alleles and
metabolic syndrome components [56]. In turn, Doney et al., in a study of 4897 Scottish
patients, found that the rs9939609 variants correlated with triglyceride and HDL-C levels,
even after adjusting for obesity-related phenotypes [57].

The results presented by our research team in this publication have several strengths
and weaknesses. The primary strengths of this work include the enrollment of patients
from an understudied Polish population of young adult males and the availability of
anthropometric parameters and laboratory test results, as well as physical activity and
food intake data. The population was uniform regarding its ethnicity, and it must also be
stated that the Polish population is uniform regarding its genetics [30]. Additionally, the
study group was homogeneous in terms of age, with a mean age of 28.92 £ 4.28 of the
examined males. Nevertheless, this work has some limitations. The analyzed population
was rather small, so weak genetic influences could have been statistically insignificant, even
if present. Moreover, the food intake and physical activity levels were self-reported, which
may introduce some errors, even for validated questionnaires, although there is no ultimate
gold standard for food questionnaires tailored to the Polish population. Additionally, the
population likely had a genetically increased risk of premature coronary artery disease
compared to the general population, and it makes it possible that some alleles of the SNPs
of interest were enriched compared to the general population.

5. Conclusions

In this work, there is no statistically significant correlation between the BMI, MetS
components, dietary habits, FTO polymorphisms, and diplotypes in a population of Polish
young adult males.
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Abstract: The main objective of this study was to determine plasma levels of PS and to study
SNVs rs41360247, rs4245791, rs4148217, and rs11887534 of ABCGS8 and the r657152 SNV at the ABO
blood group locus in a sample of a population treated at our hospital, and to determine whether
these SNVs are related to plasma PS concentrations. The secondary objective was to establish the
variables associated with plasma PS concentrations in adults. Participants completed a dietary habit
questionnaire and a blood sample was collected to obtain the following variables: campesterol,
sitosterol, sitostanol, lanosterol, stigmasterol, biochemical parameters, and the SNVs. In addition,
biometric and demographic variables were also recorded. In the generalized linear model, cholesterol
and age were positively associated with total PS levels, while BMI was negatively related. For
rs4245791, homozygous T allele individuals showed a significantly lower campesterol concentration
compared with C homozygotes, and the GG alleles of rs657152 had the lowest levels of campesterol
compared with the other alleles of the SNV. Conclusions: The screening of certain SNVs could help
prevent the increase in plasma PS and maybe PNALD in some patients. However, further studies on
the determinants of plasma phytosterol concentrations are needed.

Keywords: phytosterols; SNVs; campesterol; sitosterol; ABCG5/8

1. Introduction

Sitosterolaemia or phytosterolaemia is an autosomal recessive disorder of lipid
metabolism characterized by phytosterol (PS) accumulation that can lead to atherogenic
and cardiovascular disease. Since the first time that phytosterolaemia was described [1],
many studies have identified its origin in a mutation in the genes encoding a sterol efflux
transporter, ABCG5/S; its function is the hepatic secretion and intestinal absorption of
cholesterol and plant sterols. Mutations in the genes located on chromosome 2p21 and their
genetic variation alter the function of the transporter and, therefore, dietary sterol blood
concentrations, mainly vegetal sterols [2-5]. These two proteins, ABCG5 and ABCGS, form
a heterodimer of the ATP-binding cassette (ABC) family and are in the canalicular mem-
brane of hepatocytes and the apical membrane of enterocytes. ABCG5/8 is also responsible
for the classic reverse cholesterol transport and transintestinal cholesterol excretion [6].
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In 2010, a genome-wide association study [7] identified significant associations of
plasma plant sterol concentrations with three single nucleotide variants (SNVs): rs4245791,
rs41360247, and rs657152. rs4245791 and rs41360247 are genetic variants of the ABCG8
hemitransporter gene. rs657152, at the blood group ABO locus, was linked to the group O
allele and was associated with decreased plasma PS levels. In addition, alleles associated
with increased PS levels displayed a significant association with an increased probability
of coronary artery disease (CAD), and alleles associated with reduced PS levels were
associated with reduced CAD risk [7].

Two other genetic variants, rs4148217 and rs11887534 were associated with blood PS
concentrations in previous studies [8-10] (Table 1).

Table 1. Genetic control: variants, alleles, and effects.

Variants (Gene) Ref Allele > Alt allele Effect of Alt Allele on Plasma PS References
(Allele Frequency) [11] * Levels

1541360247 (ABCGS) T > C (C=0.0604) Lower levels [7]

rs4245791 (ABCGS) C>T(C=0.3195) Higher levels [7]

rs4148217 (ABCGS) C>A,T(A=0.1901) Lower levels [8,9,12]

1511887534 (ABCGS) G>C(C=0.0651) Lower levels [8,10,12]

rs657152 (ABO) A>C, T(A=0.3915) Higher levels [7]

* Population: European (non-Finnish); Ref: reference; Alt: alternative; PS: phytosterols.

Phytosterolaemia is considered an extremely rare disorder; nevertheless, high PS
levels may occur with the use of intravenous vegetable-based lipid emulsions (LEs) in
patients on parenteral nutrition (PN). Several studies have shown, especially in newborns,
that patients treated with PN have higher PS levels than healthy controls [13-16].

Parenteral nutrition-associated liver disease (PNALD), manifesting as liver function
test (LFT) alterations, is a relevant complication associated with elevated plasma PS. Our
group carried out a randomized double-blind clinical study with 19 patients on PN with
vegetable-based LEs. We observed that plasma accumulation of PS and altered LFTs
could be prevented with the exclusive administration of plant sterol-free LEs, such as Fish
Oil-based LEs [17].

A substudy of the previous clinical trial (EudraCT Number: 2014-003597-17) showed
that, depending on the allele pairing of both rs41360247 and rs4245791 SNVs, the LFT
alteration in adult patients on short-term PN is conditional. We also concluded that further
studies in larger series are necessary to determine the conditions under which the variants
act and how they do so [18].

Therefore, genotyping the variants associated with plasma PS levels may allow us
to personalize therapeutic strategies for patients treated with PN. In this context, we per-
formed an observational study of a sample population attending our hospital to determine
the prevalence of these SNVs and their relationship with plasma PS concentrations.

The main objective of this study was to measure plasma PS concentrations and to
study SNVs rs41360247, rs4245791, rs4148217, and rs11887534 of ABCGS8 and the 1657152
SNV at the ABO blood group locus in a sample population to determine whether these
SNVs are related to plasma PS concentrations. The secondary objective was to establish the
variables associated with plasma PS concentrations in adults.

2. Materials and Methods
2.1. The Study Population

The present work is an observational study conducted in an adult population recruited
from the Departments of Ophthalmology and Preventive Medicine of Bellvitge University
Hospital (L "Hospitalet de Llobregat, Barcelona, Spain). A total of 185 participants [18-81
years old; 94% Caucasian, 6% Latin] completed a dietary habit questionnaire, and blood
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samples were collected. Patients classified as chronic complex or those with advanced
chronic disease were excluded. All volunteers provided written informed consent. The
investigation project (PR 144/17) was approved by the Clinical Research Ethics Committee
of the hospital on 25 May 2017.

2.2. Data Collection

The collected dependent variables were total PS, campesterol, sitosterol, sitostanol,
lanosterol, and stigmasterol. Independent variables were the non-coding variants
rs41360247 and rs4245791 of ABCGS8, the missense variants rs11887534 and rs4148217
of ABCGS, and lastly the non-coding variant rs657152 of ABO, as well as the biochemical
parameters: total cholesterol, triglycerides, x-tocopherol, gamma-glutamyl transferase
(GGT), alkaline phosphatase (AP), alanine transferase (ALT), total bilirubin, creatinine, and
urea. In addition, the following biometric and demographic variables were also recorded:
sex, age, height (m), weight (Kg), and calculated body mass index (BMI) (kg/m?).

Dietary habits were collected with a questionnaire (Table A1) that included type of diet
and eating habits (type of oil consumed, vegetarian/vegan, and the number of nuts, pastries,
sausages, and butter/margarine consumed during the week) and intake of vitamins and
PS-enriched supplements [19]. From the data obtained through the dietary questionnaire,
the variable fat intake index (FI) was calculated, which included the frequency of saturated
fats ingested (butter/margarine, sausages, and pastries) during the week, and scored from
0 (no saturated fats ingested) to 6, the maximum saturated fat intake (>3 times per week of
three foods). The vegetal intake index (VII) was also a calculated variable following the
same criteria, which included the vegetal ingested (nuts, PS-enriched supplements, and
vegetarian diet). Finally, cholesterol-lowering treatments were also registered.

Blood samples were taken after an overnight fast, obtaining plasma values of the
following data: total PS and their fractions (campesterol, beta-sitosterol, stigmasterol,
sitostanol, and lanosterol); biochemical parameters (total cholesterol, triglycerides, o-
tocopherol, LFT (GGT, AP, ALT, and total bilirubin)); renal function parameters (cre-
atinine and urea); and genetic variants (rs11887534, rs4245791, rs41360247, rs4148217,
and rs657152).

2.3. Analytical Determinations

- Phytosterol analysis

To determine plasma PS, blood samples were collected in 4 mL tubes of lithium
heparin, kept cold at 2-8 °C for up to one hour, and then centrifuged at 2000 x g for 10 min
at 4 °C. Plasma was aliquoted into 5 mL plastic tubes and stored at —80 °C until processing.
Measurements of different PS concentrations in the plasma were carried out using the
UPLC-ACQUITY TQD measurement system, which uses liquid chromatography of high
and rapid resolution (UPLC) coupled to tandem mass spectrometry as a measurement
principle (MS/MS). We worked in the reverse-phase modality using a C18 UPLC column
that allowed a faster and higher resolution of the chromatographic peaks. The mobile
phase was composed of two solutions of ammonium acetate and 0.1% (v/v) formic acid,
one in acetonitrile and the other in methanol, using a gradient elution. As a quality control,
all the samples were two-fold analyzed [17].

- o-tocopherol analysis

To determine plasma o-tocopherol, blood samples were collected in 4 mL tubes of
lithium heparin and kept cold at 2-8 °C for up to one hour. They were centrifuged at
2000x g for 10 min at 4 °C. Measurements of o-tocopherol concentrations in the plasma
were carried out using the UPLC-ACQUITY TQD. The analytical variation (CVs) was
between 6.1% (for a mean of 26.2 mmol/L) and 3.7% (for a mean of 63.7 mmol/L).

- DNA isolation and genotyping

Blood samples from all individuals were collected in tubes containing ethylenedi-
aminetetraacetic acid, and genomic DNA was isolated from peripheral blood leukocytes
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by using the automated format Maxwell 16 (Promega, Madison, WI, USA) Blood DNA
Purification Kit. All DNA samples were stored at 4 °C until polymerase chain reaction
(PCR) applications were performed.

TagMan assays (ThermoFisher) were used according to the manufacturer’s instructions
to determine genotypes for variants rs11887534 (C__26135643_10), rs4148217
(C__375061_10), and rs41360247 (C__86448255_10). To determine genotypes for variants
rs4245791 and rs657152, PCR-restriction fragment length polymorphism (RFLP) analyses
were performed. Briefly, in the case of rs4245791, DNA was PCR amplified using primers:
forward 5-CGTCTGGTAGATAAGTTCTGGT-3, in which the last G substitutes a T to
create a restriction site for BstEIl; and reverse: 5-CTGGCCGGGATCTACTTTT-3'. For
variant rs657152, primers were forward 5'-GCAGAATGGCTGAGAACACA-3' and reverse
5-TACATGCTGGAGCTGTTTGC-3/, and the amplified 195-fragment was cut with Msel
(both restriction enzymes were purchased from New England Biolabs, Ipswich, MA, USA).
DNA integrity is controlled by agarose gel electrophoresis; DNA concentration mean range:
40-100 ng/mL.

2.4. Statistical Analysis

We calculated that a random sample of 203 subjects could be enough to estimate, with
a confidence of 95% and a precision of £5%, considering the frequency of the minor allele
of rs4245791 (this variant was the main objective in our initial study) [7]. The percentage of
necessary replacements was expected to be 20%.

A descriptive statistical analysis was performed using frequency tables for all variables.
For continuous variables, descriptive parameters such as n, mean, and standard deviation
(SD) were used. For categorical variables, grouped percentages were given and a chi-
square analysis was carried out. The sample was stratified based on the percentile 50 and
a comparison was made between the two groups above and below the percentile 50. To
evaluate the presence of an association between the categorical variables (nuts, pastries,
and sausages) and PS, we incorporated the linear-by-linear association (LLA) test in the
Crosstab. Simple linear regression tests were performed for continuous variables. To study
the relationship between plasma concentrations of PS and fractions and variants, a one-way
ANOVA analysis was performed.

Finally, three generalized linear models were run, one for each of the following depen-
dent variables: total PS, sitosterol, and campesterol, including the independent variables
and using a linear equation minimizing residual deviance. In the case of heteroscedasticity
in the residual of the model, the robust estimator was used. The overall significance of
the model was established with the Omnibus test x2. Models without statistical signif-
icance were refused. As complementary information, in all three models, a Bonferroni
simultaneous multiple comparison test was performed.

Data were analyzed using IBM SPSS 28.0; statistical significance was reported with a
95% confidence interval (CI) at the conventional p < 0.05 (two-tailed).

3. Results

A group of 185 volunteers were recruited for the study. Plasma levels of PS were
(mean =+ SD): total phytosterols 1.94 &+ 1.48 pcg/mL, campesterol 0.85 £ 0.91 pucg/mL, sitos-
terol 0.85 & 0.73 pcg/mL, stigmasterol 0.10 £ 0.13 pcg/mL, lanosterol 0.09 £ 0.09 pcg/mL,
and sitostanol 0.02 £ 0.02 ucg/mL.

Table 2 shows the demographic, biometric, dietary, and analytical data of the study
individuals separated into two groups: one with PS levels above and the other below the
median (P50).

The variant frequency of the population studied is shown in Table 3. All genotype
frequency distributions were in Hardy—Weinberg equilibrium.

Of the five SNVs studied, only rs4245791, rs4148217, and rs657152 had data for the
minor homozygous alleles. Total cholesterol, total PS, and campesterol plasma concentra-
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tions are shown in Figure 1. Differences between PS and fractions and SNVs rs41360247
and rs11887543 were not statistically significant (Table S1 Supplementary Materials).

Table 2. Demographic, biometric, dietary, and analytical data of the studied subjects separated by
median PS.

Total (n = 185) PS < P50 (n = 93) PS > P50 (n = 92)

1 *
Variable Mean + SD/N (%) Mean + SD/N (%) Mean + SD/N (%) P
Demographic and anthropometric data
Age (years) 41.49 + 18,57 42.82 +19.07 40.14 + 18.07 0.164
BMI (kg/m?) 2447 +4.28 25.23 +4.83 23.71 £ 3.51 0.008
Sex (women) 115 (62.20%) 56 (60.20%) 59 (64.10%) 0.583
Dietary habits
Vegetarian-vegan (yes) 9 (4.90%) 4 (4.30%) 5 (5.40%) 0.720
Nuts 0.125 **
No consumption 58 (31.40%) 32 (34.4%) 26 (28.30%)

1-3 times a week 99 (53.50%) 51 (54.80%) 48 (52.20%)

>3 times a week 28 (15.10%) 10 (10.80%) 18 (19.60%)

Pastries 0.069 **
No consumption 94 (50.80%) 43 (46.20%) 51 (55.40%)

1-3 times a week 78 (42.20%) 40 (43.00%) 38 (41.30%)

>3 times a week 13 (7.00%) 10 (10.80%) 3 (3.30%)

Sausages 0.632 **
No consumption 24 (13.00%) 13 (14.00%) 11 (12.00%)

1-3 times a week 103 (55.70%) 52 (55.90%) 51 (55.40%)

>3 times a week 58 (31.40%) 28 (30.10%) 30 (32.60%)

FI (0-6) 2.05+1.16 2.06 £ 1.24 2.04 +1.07 0.451
VII (0-6) 122 +1.33 098 £ 1.11 1.34 + 1.46 0.031
Cholesterol treatment and dietary supplementation

Cholesterol-lowering treatment (Yes) 16 (8.6%) 9 (9.7%) 7 (7.6%) 0.617
PS-enriched supplements (Yes) 8 (4.30%) 2 (2.2%) 6 (6.5%) 0.144
Vitamins (Yes) 12 (6.50%) 6 (6.50%) 6 (6.50%) 0.985
Plasma values

Total cholesterol (mg/dL) 101.92 + 57.65 88.18 + 54.63 115.81 + 57.57 <0.001
Alanine aminotransferase (uKat/L) 0.29 + 0.13 0.29 +0.14 0.28 + 0.12 0.323
Alkaline phosphatase (uKat/L) 0.98 +0.28 1.00 £+ 0.30 0.96 + 0.25 0.184
a-Tocopherol (umol/L) 30.25 £ 6.20 30.12 £5.99 30.39 £+ 6.42 0.380
Creatinine (pmol/L) 76.82 + 16.83 78.24 +£17.67 75.38 £+ 15.89 0.125
Albumin (g/L) 47.74 + 3.29 47.82 + 3.34 47.66 + 3.26 0.375

FI: fat intake index; VII: vegetal intake index; PS > PS50: phytosterol concentrations above the median; PS < P50:
phytosterol concentrations less than or equal to the median; * differences between PS < P50 and PS > P50;
** statistical significance for the linear trend measure in the PS > P50 group vs. PS < P50 group.

The relation between PS, categorical, and continuous variables is depicted in Table
S2a,b (Supplementary Materials).

In the generalized linear model, cholesterol and age were positively associated with
total PS, while BMI was negatively associated. Also, a-Tocopherol tended towards a
negative association with campesterol (Table 4).

There were no homozygous minor allele carriers for rs41360247 and rs11887534, so
these variants were excluded from the multivariant analysis. For rs4245791, T homozygotes
had significantly lower campesterol concentrations compared with C homozygotes. For

32



Nutrients 2024, 16, 1067

rs4148217, CA heterozygotes presented lower sitosterol and total PS levels versus major
allele homozygotes (CC), as a trend. Finally, GG homozygotes of rs657152 had the lowest
levels of campesterol compared with the other alleles of the SNV.

Table 3. Single nucleotide variant frequency of the ABCGS8 gene and the blood group ABO locus in

the study population.
Polymorphism Genotypes (N/%)
CC TC T
rs41360247 o o o
0 (0%) 26 (14.1%) 159 (85.9%)
CC TC T
rs4245791 o o 0
19 (10.3%) 79 (42.7%) 87 (47.0%)
AA CA CC
rs4148217 o o o
5 (2.7%) 58 (31.4%) 122 (65.9%)
CC GC GG
rs11887534 o o o
0 (0%) 27 (14.6%) 158 (85.4%)
T GT GG
rs657152 o o o,
29 (15.7%) 90 (48.6%) 66 (35.7%)
Rs4245791 rs4148217 rs657152
25 108 25 120 25 106
, o | 108 ’ 3
T2 02 4 215 [~ 80; 15 102 2
? 1 220 ? % 3 w0 ? 1. 100 ?
o 96 40 05 o8
94 0.5 20
0 = 0 9%
TT (n=87) TC(n=79) CC(n=19) 0 o GG (n=66) GT (n=90) TT (n=29)
CC(n=122) CA (n=58) AA (n=5)
= Total PS {ig/ml);p=0.26 Campesterol (ug/ml) p=012 —Total PS (ug/ml) p=0.19 Campesterol (ug/mL) p=0.51 ' Total PS (ug/mL) p=0.26 Campesterol (ug/ml) p=0.11
Cholesterol (mg/dL) p=0.64 L —— mem= Cholesterol (mg/dL) p=0.84
Figure 1. Total cholesterol, total phytosterols, and campesterol plasma concentrations for rs4245791,
rs4148217, and rs657152.
Table 4. General linear model: PS and variables.
Variable Total PS Sitosterol Campesterol
B [95% CI] P B [95% CI] P B [95% CI] P
Cholesterol (mg/dL) (x10%) 10.00 [0.00-10.00] <0.001 0.00 [0.00-10.00] <0.001 0.00 [—0.18-10] 0.065
rs4245791_TT vs. rs4245791_CC —0.57 [-1.28 -0.15] 0.119 —0.16 [-0.47-0.15] 0.311 —0.48 [—-0.93—(—0.03)] 0.037
1s4245791_TC vs. rs4245791_CC —0.41 [-1.10-0.28] 0.244 —0.23 [—0.52-0.07] 0.137 —0.20 [—0.63-0.22] 0.344
rs4148217_AA vs. rs4148217_CC 0.10 [—1.16-1.36] 0.880 —0.16 [-0.70-0.39] 0.577 0.40 [—0.33-1.13] 0.282
rs4148217_AC vs. rs4148217_CC —0.38 [—0.83-0.06] 0.093 —0.19 [-0.38-0.01] 0.059 —0.12 [-0.42-0.18] 0.443
rs6577152_TT vs. rs6577152_GG 0.29 [-0.34-0.92] 0.366 0.08 [—0.20-0.35] 0.584 0.26 [0.02-0.51] 0.035
rs6577152_GT vs. rs6577152_GG 0.52 [0.07-0.96] 0.022 0.17 [-0.02-0.36] 0.074 0.36 [0.07-0.65] 0.016
Sex (women) 0.20 [—0.34-0.74] 0.477 0.19 [—0.04-0.42] 0.109 —0.02 [—0.43-0.38] 0.907
Age (years) (x10) 0.23 [0.09-0.37] 0.002 0.02 [—0.04-0.08] 0.491 0.17 [0.09-0.25] <0.001
BMI (kg /m2) (x 10) —0.57 [~1.10~(—0.04)] 0.034 —0.25 [—0.47~(—0.02)] 0.033 —0.37 [-0.69~(—0.04)] 0.029
Cholesterol-lowering treatment (Yes) —0.10 [-0.94-0.74] 0.813 0.05[—0.31-0.41] 0.791 0.04 [-0.43-0.51] 0.870
Vitamins (Yes) ~0.17 [~1.00-0.65] 0.685 0.04 [—0.32-0.40] 0.827 ~0.19 [-0.58-0.20] 0.349
Alanine aminotransferase (uKat/L) 0.22 [—1.45-1.90] 0.794 0.27 [—0.46-1.00] 0.468 —0.20 [—0.89-0.49] 0.566
Alkaline phosphatase (uKat/L) 0.58 [—0.22-1.38] 0.152 0.12 [—0.23-0.46] 0.512 0.50 [—0.34-1.33] 0.247
Creatinine (pumol/L) (x10%) —80.00 [—220.00-70.00] 0.303 0.01 [—60.00-60.00] 1.000 —80.00 [—180.00-20.00] 0.127
FI —0.06 [-0.24-0.12] 0.494 —0.04 [-0.12-0.04] 0.300 —0.04 [-0.16-0.09] 0.551
viI 0.03 [—0.13-0.18] 0.755 0.03 [—0.03-0.10] 0.334 —0.02 [-0.10-0.07] 0.723
«-Tocopherol (umol /L) (x10) ~0.21[-0.55-0.13] 0.222 ~0.02 [-0.17-0.12] 0.757 ~0.19 [-0.39-0.01] 0.057
Omnibus x? 41.38 <0.001 54.50 <0.001 43.95 <0.001
R? 0.20 0.21 0.25

FI: fat intake index; VII: vegetal intake index.
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In the Bonferroni simultaneous multiple test, the comparison of blood PS concentra-
tions and genetic variants displays a similar trend toward statistical significance (Table S3
Supplementary Materials).

4. Discussion

Genetic approach: SNVs and PS: Our study evidences a relationship between some
variants in the genes encoding ABCGS8 and the blood group ABO locus and PS plasma
levels. This supports the hypothesis that PS levels are under tight genetic control. In
previous studies from other authors, a genome-wide association showed that campesterol
and sitosterol were higher in rs41360247 major allele homozygote and rs4245791 [20]
and rs657152 [7] minor allele homozygotes. Silbernagel [21] described similar data, and
three more SNVs (rs4299376, rs6576629, and rs4953023), not included in our study, were
also studied.

In other studies, the minor allele carriers for rs11887534 showed lower plasma campes-
terol, sitosterol [22], LDL, and total cholesterol levels than wild-type subjects [10]. The
sitosterol to cholesterol ratio for rs4148217 (T400K) minor allele carriers was lower than
wild type [8]. Plat et al. found that the association between variants and PS levels was
allele-dependent. Moreover, subjects with higher PS concentrations presented the homozy-
gous wild-type rs4148217 genotype and had the greatest reductions in sitosterol levels after
four weeks of plant stanol ester consumption [9] compared with carriers of minor alleles.
Helgadottir ‘s study found an association between rs4148217, rs11887534, PS levels, and
the risk of CAD. Nine variants of ABCG5/8 were associated with PS levels [12].

In our series, as in the studies described, homozygous T carriers of rs4245791 had lower
levels of PS, reaching significant differences for campesterol; for rs657152, campesterol
levels in GG individuals were significantly lower than those in subjects with mutant alleles.

The SNV rs4148217 only showed a tendency toward a lower plasma sitosterol concen-
tration in heterozygous individuals. Homozygous minor allele carriers had higher levels of
campesterol than the others, the reverse of previous reports. This effect could be explained
by the limited number of subjects and the presence of outlier data in the AA group.

Hepatic function and PS: Case-control, randomized cross-over intervention, or cross-
sectional studies were performed to study the relation between PS and coronary heart
disease (CHD) risk. Different results were reported: a significant association in some
cases, no relation in others, and a protective effect of PS on CHD development was also
described [23-28].

While initial studies tried to demonstrate the association between PS and CHD, an
association between PS and liver function alterations has also been reported under certain
conditions. In fact, high PS levels have been reported in patients receiving PN due to the
administration of vegetable oil-based LEs. Ellegard et al. quantified the plasma PS levels
of 21 healthy adult controls and 24 adult patients with short bowel syndrome receiving
PN or not. Mean plasma PS levels were 23 pmol/L in controls, 11 umol/L in short-bowel
patients not receiving PN, and 63 pmol/L in short-bowel patients receiving PN [29]. Our
group published a study of twenty-seven adult intestinal failure patients on home PN
vs. seven adult controls and found PS levels of 55.4 & 6.2 pg/mL vs. 14.8 £+ 2.3 ug/mL,
respectively; all LFT variables studied showed a statistical association with plasma PS in
patients on PN [30]. GGT and ALT increase the association with PS in adults on PN and
hepatic alterations were also seen [17]. In our data, ALT and AP did not show significant
differences in the multivariate model.

Concerning SNVs, data obtained from a substudy in PN patients found that increases
in AP were associated with the T allele of rs41360247 [18]. We must consider that subjects
in our sample population were not on PN and had LFTs within the normal reference range.

It is also relevant to highlight that plasma «-tocopherol tends towards an inverse
association with campesterol levels; however, Gylling found a positive association between
plant sterols and «-tocopherol, suggesting that higher cholesterol absorption efficiency can
also raise plasmatic a-tocopherol levels [31]. On the other hand, the antioxidant effect of
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a-tocopherol can be useful in treating non-alcoholic steatohepatitis [32], and the addition
of o-tocopherol to LEs has been applied to avoid peroxidation due to polyunsaturated fats.
We included a-tocopherol in the analysis for its hepatic protection; however, subjects did
not present hepatic disease, thus no conclusions can be drawn [33,34].

Demographic and nutritional factors: We found a positive association between age and
total PS and campesterol, as shown in some articles. Other factors related to plasma plant
sterol levels could be diet, availability of transport vehicles, and hepatic uptake [24,35].

The principal dietary sources of PS are vegetable-based oils, containing higher con-
centrations by weight than other oils, fruit, vegetables, nuts, and cereals. Many factors
affect its bioavailability and bioactivity: sterol type (saturated or glycosylated), source,
chemical structure, cooking, and other food ingredients [36]. Related to dietary habits,
sitosterol adjusted by cholesterol has shown gradual increases with PS intake [37]. We
conducted a dietary questionnaire of the volunteers to include the contribution of diet to PS
levels. The ability of PS to reduce LDL levels [38—40] leads to functional foods with plant
sterols/stanols and it could be useful in some situations [41]; therefore, for this reason, we
have also included stanol-enriched food intake in the dietary questionnaire.

In patients with phytosterolaemia, sitosterol concentrations can reach >80
ng/mL [42,43]. None of the volunteers presented phytosterolaemia, the maximum sitos-
terol concentrations were 5.73 pg/mL in women and 2.63 pg/mL in men. A higher PS-level
association with women had been previously demonstrated [43,44].

With a view to evaluate the effect of PS on the lipid profile, cardiovascular risk, and
metabolic syndrome, many studies have determined that plasma campesterol and sitosterol
were associated with PS intake, high absorption efficiency of cholesterol, and were inversely
correlated with BMI, plasma glucose, and triglycerides [10,37]. In our study, BMI presents
a negative association with PS, in addition, the group of volunteers with PS levels below
the median had 1.52 kg/m? higher BMI with respect PS < P50 group.

Cholesterol: The low intestinal absorption rate of PS (<5%), in contrast with cholesterol
absorption (50%) [45], also depends on the PS fraction. Campesterol and campestanol have
a higher absorption rate than sitosterol (9.6% and 12.5%, respectively) [42]. In fact, we found
that plasma total cholesterol was 500 times the value of total PS (2.01 vs. 103.1 mg/dL).
Campesterol and sitosterol were the main PS fractions, while sitostanol was the minor
fraction and its concentration was stable among variants.

Plasma campesterol and sitosterol levels had a positive correlation with cholesterol
absorption, dietary plant sterols, and biliary cholesterol secretion, and are inversely related
to cholesterol synthesis [46]. In our study, a positive association between total PS and
cholesterol plasma levels, which can be explained through the absorption mechanism
shared by both compounds, was found. In addition, the difference between the mean
cholesterol in the groups with PS levels above and below the median (P50) was 27.6 mg/dL.

Limitations: This work is our first approach towards a target of adult patients to
determine risk factors that can be considered in the clinical field, so the study has some
limitations that should be considered for future studies. The limited number of subjects
did not allow us to obtain data from homozygous minor allele individuals in two of the
five SNVs studied (rs41360247 and rs11887534), and for the other variants, the number of
minor allele homozygotes was insufficient to obtain strong associations.

The analytical methods and biological variation are essential, and become important
for comparing studies [44].

We collected race as a variable, but 94% of the subjects were Caucasian and the rest
Latin; for this reason, we decided to exclude race in the statistical analysis.

With the aim of determining dietary habits, volunteers filled out a survey with no
follow-up, thus without intervention on the diet we cannot conclude that the statistically
significant difference may be due to the consumption of a food or its absence. It is also
relevant to highlight that we did not register the amounts of plant sterols, fat intake, and
cholesterol-lowering therapy doses. For this reason, the results obtained can only be
considered as trends.
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5. Conclusions

Cholesterol, age, and BMI were associated with blood levels of PS. TT individuals for
rs4245791 in ABCGS8 and GG individuals for rs657152 in ABO genes display lower blood
campesterol levels. For rs4148217 in the ABCG8 gene, AC individuals tended towards
lower sitosterol and total PS levels. The screening of certain SNVs could help prevent
the increase in plasma PS and maybe PNALD in candidates for long-term PN programs
without gastrointestinal stimuli. Further studies on the determinants of plasma phytosterol
concentrations are needed.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/nu16071067/s1. (S1. Plasma Sterol levels and variants, S2a.
Association between plasma phytosterols and categorical variables (univariant analysis), S2b. Associ-
ation between plasma phytosterols and continuous variables (univariant analysis), S3. Bonferroni
simultaneous multiple comparison test: Total phystosterol, campesterol and sitosterol for each variant
(rs424579, rs4148217PS and rs6577152)).
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Appendix A

Table A1. Annex I. Dietary habits questionnaire.

1. Are you vegetarian/vegan? Yes [No
[J None [ Sesame
. [ Olive [ Rice
?
2. What types of oil do you usually consume? O Sunflower O Peanut

[J Others. Which?

3. How many days a week do you eat nuts? [J None J1-3 [0 More than 3
4. How many days a week do you consume butter or margarine? O None 00 1-3 [0 More than 3
5. How many days a week do you consume pastries? 0 None 0 1-3 [0 More than 3
6. How many days a week do you consume sausages? [J None J1-3 [0 More than 3
7. Do you take supplements rich in vitamin E, a-tocopherol (Auxina®), or a

multivitamin complex (Supradyn®, Pharmaton®, Multicentrum®. . .)? H Yes HNo

8. Do you take Danacol® or some product to lower cholesterol? U Yes JNo

9. Do you take a cholesterol-lowering drug? O Yes 0 No

36



Nutrients 2024, 16, 1067

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Bhattacharyya, A.K.; Connor, W. Beta-Sitosterolemia and xanthomatosis. J. Clin. Investig. 1974, 53, 1033-1043. [CrossRef]
[PubMed]

Lu, K; Lee, M.-H.; Hazard, S.; Brooks-Wilson, A.; Hidaka, H.; Kojima, H.; Ose, L.; Stalenhoef, A.E.; Mietinnen, T.; Bjorkhem, I.;
et al. Two Genes That Map to the STSL Locus Cause Sitosterolemia: Genomic Structure and Spectrum of Mutations Involving
Sterolin-1 and Sterolin-2, Encoded by ABCG5 and ABCGS, Respectively. Am. |. Hum. Genet. 2001, 69, 278-290. [CrossRef]
[PubMed]

Lee, M.-H.; Lu, K.; Hazard, S.; Yu, H.; Shulenin, S.; Hidaka, H.; Kojima, H.; Allikmets, R.; Sakuma, N.; Pegoraro, R.; et al.
Identification of a gene, ABCG5, important in the regulation of dietary cholesterol absorption. Nat. Genet. 2001, 27, 79-83.
[CrossRef] [PubMed]

Patel, S.B.; Salen, G.; Hidaka, H.; Kwiterovich, P.O.; Stalenhoef, A.F,; Miettinen, T.A.; Grundy, S.M.; Lee, M.H.; Rubenstein, J.S.;
Polymeropoulos, M.H.; et al. Mapping a gene involved in regulating dietary cholesterol absorption. The sitosterolemia locus is
found at chromosome 2p21. J. Clin. Investig. 1998, 102, 1041-1044. [CrossRef] [PubMed]

Berge, K.E,; Tian, H.; Graf, G.A.; Yu, L.; Grishin, N.V.; Schultz, J.; Kwiterovich, P; Shan, B.; Barnes, R.; Hobbs, H.H. Accumulation
of dietary cholesterol in sitosterolemia caused by mutations in adjacent ABC transporters. Science 2000, 290, 1771-1775. [CrossRef]
[PubMed]

Wang, H.H.; Liu, M.; Portincasa, P.; Wang, D.Q.H. Recent advances in the critical role of the sterol efflux transporters ABCG5/G8
in health and disease. Adv. Exp. Med. Biol. 2020, 1276, 105-136. [PubMed]

Teupser, D.; Baber, R.; Ceglarek, U.; Scholz, M.; Illig, T.; Gieger, C.; Holdt, L.M.; Leichtle, A.; Greiser, K.H.; Huster, D.; et al.
Genetic Regulation of Serum Phytosterol Levels and Risk of Coronary Artery Disease. Circ. Cardiovasc. Genet. 2010, 3, 331-339.
[CrossRef] [PubMed]

Berge, K.E.; von Bergmann, K.; Lutjohann, D.; Guerra, R.; Grundy, S.M.; Hobbs, H.H.; Cohen, ].C. Heritability of plasma
noncholesterol sterols and relationship to DNA sequence polymorphism in ABCG5 and ABCGS. J. Lipid Res. 2002, 43, 486—494.
[CrossRef] [PubMed]

Plat, J.; Bragt, M.C.; Mensink, R.P. Common sequence variations in ABCGS8 are related to plant sterol metabolism in healthy
volunteers. J. Lipid Res. 2005, 46, 68-75. [CrossRef]

Gylling, H.; Hallikainen, M.; Pihlajamaki, J.; Agren, J.; Laakso, M.; Rajaratnam, R.A.; Rauramaa, R.; Miettinen, T.A. Polymorphisms
in the ABCG5 and ABCGS8 genes associate with cholesterol absorption and insulin sensitivity. J. Lipid Res. 2004, 45, 1660—-1665.
[CrossRef]

gNomad. Available online: https:/ /ldlink.nih.gov/%E2%80%A6ldpair (accessed on 12 June 2023).

Helgadottir, A.; Thorleifsson, G.; Alexandersson, K.E; Tragante, V.; Thorsteinsdottir, M.; Eiriksson, F.F.; Gretarsdottir, S.; Bjornsson,
E.; Magnusson, O.; Sveinbjornsson, G.; et al. Genetic variability in the absorption of dietary sterols affects the risk of coronary
artery disease. Eur. Heart |. 2020, 41, 2618-2628. [CrossRef] [PubMed]

Kurvinen, A ; Nissinen, M.J.; Gylling, H.; Miettinen, T.A.; Lampela, H.; Koivusalo, A.L; Rintala, R.J.; Pakarinen, M.P. Effects of
long-term parenteral nutrition on serum lipids, plant sterols, cholesterol metabolism, and liver histology in pediatric intestinal
failure. |. Pediatr. Gastroenterol. Nutr. 2011, 53, 440-446. [CrossRef] [PubMed]

Pianese, P; Salvia, G.; Campanozzi, A.; D’Apolito, O.; Russo, A.D.; Pettoello-Mantovani, M.; Corso, G. Sterol profiling in red
blood cell membranes and plasma of newborns receiving total parenteral nutrition. |. Pediatr. Gastroenterol. Nutr. 2008, 47,
645-651. [CrossRef] [PubMed]

Clayton, P.T.; Bowron, A.; Mills, K.A.; Massoud, A.; Casteels, M.; Milla, P.J. Phytosterolemia in children with parenteral
nutrition—Associated cholestatic liver disease. Gastroenterology 1993, 105, 1806-1813. [CrossRef] [PubMed]

Kurvinen, A.; Nissinen, M.].; Andersson, S.; Korhonen, P; Ruuska, T.; Taimisto, M.; Kallioméki, M.; Lehtonen, L.; Sankilampi, U.;
Arikoski, P; et al. Parenteral plant sterols and intestinal failure—associated liver disease in neonates. J. Pediatr. Gastroenterol. Nutr.
2012, 54, 803-811. [CrossRef] [PubMed]

Llop-Talaveron, J.; Badia-Tahull, M.; Lozano-Andreu, T.; Rigo-Bonnin, R.; Virgili-Casas, N.; Farran-Teixido, L.; Mir6-Martin, M.;
Suadrez-Lledo, A.; Leiva-Badosa, E. Phytosterolemia and y-glutamyl transferase in adults with parenteral nutrition: Fish versus
vegetal lipids: A randomized clinical trial. Nutrition 2019, 70, 110587. [CrossRef] [PubMed]

Llop-Talaveron, J.; Leiva-Badosa, E.; Alia-Ramos, P.; Rigo-Bonnin, R.; Virgili-Casas, N.; Farran-Teixidor, L.; Mir6-Martin, M.;
Garrido-Sanchez, L.; Suarez-Lledo, A.; Badia-Tahull, M.B. Genetic factors associated with alterations in liver function test results
in adult hospitalized patients treated with parenteral nutrition: A substudy of a clinical trial. Nutrition 2022, 93, 111507. [CrossRef]
[PubMed]

Merino, J.; Masana, L.; Guijarro, C.; Ascaso, J.; Lagares, M.; Civeira, F. Recomendaciones para la utilizacién clinica de los alimentos
enriquecidos con fitosteroles/fitostanoles en el manejo de la hipercolesterolemia. Clin. Investig. Arterioscler. 2014, 26, 147-158.
[PubMed]

Schroor, M.M.; Mokhtar, F.B.A.; Plat, J.; Mensink, R.P. Associations between SNPs in intestinal cholesterol absorption and
endogenous cholesterol synthesis genes with cholesterol metabolism. Biomedicines 2021, 9, 1475. [CrossRef]

Silbernagel, G.; Chapman, M.].; Genser, B.; Kleber, M.E.; Fauler, G.; Scharnagl, H.; Grammer, T.B.; Boehm, B.O.; Mikeld, K.-M.;
Kéhonen, M.; et al. High intestinal cholesterol absorption is associated with cardiovascular disease and risk alleles in ABCG8 and
ABO: Evidence from the LURIC and YFS cohorts and from a meta-analysis. J. Am. Coll. Cardiol. 2013, 62, 291-299. [CrossRef]

37



Nutrients 2024, 16, 1067

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Jakulj, L.; Vissers, M.N.; Tanck, M.W.; Hutten, B.A.; Stellaard, E; Kastelein, ].J.; Dallinga-Thie, G.M. ABCG5/G8 polymorphisms
and markers of cholesterol metabolism: Systematic review and meta-analysis. J. Lipid Res. 2010, 51, 3016-3023. [CrossRef]
[PubMed]

Assmann, G.; Cullen, P; Erbey, J.; Ramey, D.R.; Kannenberg, E; Schulte, H. Plasma sitosterol elevations are associated with
an increased incidence of coronary events in men: Results of a nested case-control analysis of the Prospective Cardiovascular
Miinster (PROCAM) study. Nutr. Metab. Cardiovasc. Dis. 2006, 16, 13-21. [CrossRef] [PubMed]

Windler, E.; Zyriax, B.-C.; Kuipers, F.; Linseisen, ].; Boeing, H. Association of plasma phytosterol concentrations with incident
coronary heart disease. Data from the CORA study, a case-control study of coronary artery disease in women. Atherosclerosis
2009, 203, 284-290. [CrossRef]

Pinedo, S.; Vissers, M.N.; von Bergmann, K.; Elharchaoui, K.; Liitjohann, D.; Luben, R.; Wareham, N.J.; Kastelein, ].J.P.; Khaw,
K.-T.; Boekholdt, S.M. Plasma levels of plant sterols and the risk of coronary artery disease: The prospective EPIC-Norfolk
Population Study. J. Lipid Res. 2007, 48, 139-144. [CrossRef] [PubMed]

Weingértner, O.; Bogeski, I.; Kummerow, C.; Schirmer, S.H.; Husche, C.; Vanmierlo, T.; Wagenpfeil, G.; Hoth, M.; Bohm, M.;
Litjohann, D.; et al. Plant sterol ester diet supplementation increases serum plant sterols and markers of cholesterol synthesis,
but has no effect on total cholesterol levels. J. Steroid Biochem. Mol. Biol. 2017, 169, 219-225. [CrossRef]

Fassbender, K,; Liitjohann, D.; Dik, M.G.; Bremmer, M.; Konig, J.; Walter, S.; Liu, Y.; Letiembre, M.; von Bergmann, K.; Jonker, C.
Moderately elevated plant sterol levels are associated with reduced cardiovascular risk—The LASA study. Atherosclerosis 2008,
196, 283-288. [CrossRef]

Silbernagel, G.; Fauler, G.; Renner, W.; Landl, E.M.; Hoffmann, M.M.; Winkelmann, B.R.; Boehm, B.O.; Mirz, W. The relationships
of cholesterol metabolism and plasma plant sterols with the severity of coronary artery disease. J. Lipid Res. 2009, 50, 334-341.
[CrossRef] [PubMed]

Ellegard, L.; Sunesson, A.; Bosaeus, I. High serum phytosterol levels in short bowel patients on parenteral nutrition support. Clin.
Nutr. 2005, 24, 415-420. [CrossRef] [PubMed]

Llop, ].M.; Virgili, N.; Moreno-Villares, ] M.; Garcia-Peris, P; Serrano, T.; Forga, M.; Solanich, J.; Pita, A.M. Phytosterolemia in
parenteral nutrition patients: Implications for liver disease development. Nutrition 2008, 24, 1145-1152. [CrossRef]

Gylling, H.; Puska, P,; Vartiainen, E.; Miettinen, T. Retinol, vitamin D, carotenes and x-tocopherol in serum of a moderately
hypercholesterolemic population consuming sitostanol ester margarine. Atherosclerosis 1999, 145, 279-285. [CrossRef]
Chalasani, N.; Younossi, Z.; LaVine, J.E.; Diehl, A.M.; Brunt, EM.; Cusi, K.; Charlton, M.; Sanyal, A.J]. The diagnosis and
management of non-alcoholic fatty liver disease: Practice Guideline by the American Association for the Study of Liver Diseases,
American College of Gastroenterology, and the American Gastroenterological Association. Hepatology 2012, 55, 2005-2023.
[CrossRef]

Wanten, G.; Beunk, J.; Naber, A.; Swinkels, D. Tocopherol isoforms in parenteral lipid emulsions and neutrophil activation. Clin.
Nutr. 2002, 21, 417-422. [CrossRef]

Pironi, L.; Guidetti, M.; Zolezzi, C.; Fasano, M.C.; Paganelli, E.; Merli, C.; Bersani, G.; Pizzoferrato, A.; Miglioli, M. Peroxidation
potential of lipid emulsions after compounding in all-in-one solutions. Nutrition 2003, 19, 784-788. [CrossRef]

Miettinen, T.; Hallikainen, M.; Raitakari, O.; Viikari, J.; Gylling, H. Twenty-one year tracking of serum non-cholesterol sterols.
The Cardiovascular Risk in Young Finns study. Nutr. Metab. Cardiovasc. Dis. 2009, 19, 525-531. [CrossRef]

Racette, S.B.; Lin, X; Ma, L.; Ostlund, J].R.E. Natural Dietary Phytosterols. |. AOAC Int. 2015, 98, 679-684. [CrossRef] [PubMed]
Escurriol, V.; Cofan, M.; Moreno-Iribas, C.; Larrafiaga, N.; Martinez, C.; Navarro, C.; Rodriguez, L.; Gonzalez, C.A.; Corella, D.;
Ros, E. Phytosterol plasma concentrations and coronary heart disease in the prospective Spanish EPIC cohort. J. Lipid Res. 2010,
51, 618-624. [CrossRef] [PubMed]

Ras, R.T.; Geleijnse, ].M.; Trautwein, E.A. LDL-cholesterol-lowering effect of plant sterols and stanols across different dose ranges:
A meta-analysis of randomised controlled studies. Br. J. Nutr. 2014, 112, 214-219. [CrossRef]

Andersson, S.W,; Skinner, J.; Ellegérd, L.; Welch, A.A.; Bingham, S.; Mulligan, A.; Andersson, H.; Shaw, K.-T. Intake of dietary
plant sterols is inversely related to serum cholesterol concentration in men and women in the EPIC Norfolk population: A
cross-sectional study. Eur. J. Clin. Nutr. 2004, 58, 1378-1385. [CrossRef] [PubMed]

Klingberg, S.; Ellegard, L.; Johansson, I.; Hallmans, G.; Weinehall, L.; Andersson, H.; Winkvist, A. Inverse relation between
dietary intake of naturally occurring plant sterols and serum cholesterol in northern Sweden. Am. J. Clin. Nutr. 2008, 87, 993-1001.
[CrossRef]

Gylling, H.; Plat, J.; Turley, S.; Ginsberg, H.N.; Ellegérd, L.; Jessup, W.; Jones, PJ.H.; Liitjohann, D.; Maerz, W.; Masana, L.; et al.
Plant sterols and plant stanols in the management of dyslipidaemia and prevention of cardiovascular disease. Atherosclerosis 2014,
232, 346-360. [CrossRef]

Heinemann, T.; Axtmann, G.; Von Bergmann, K. Comparison of intestinal absorption of cholesterol with different plant sterols in
man. Eur. J. Clin. Investig. 1993, 23, 827-831. [CrossRef] [PubMed]

Yoshida, H.; Tada, H.; Ito, K.; Kishimoto, Y.; Yanai, H.; Okamura, T.; Ikewaki, K.; Inagaki, K.; Shoji, T.; Bujo, H.; et al. Reference
intervals of serum non-cholesterol sterols by gender in healthy Japanese individuals. J. Atheroscler. Thromb. 2020, 27, 409-417.
[CrossRef] [PubMed]

Wu, A.H.; Ruan, W.; Todd, ].; Lynch, K.L. Biological variation of 3-sitosterol, campesterol, and lathosterol as cholesterol absorption
and synthesis biomarkers. Clin. Chim. Acta 2014, 430, 43-47. [CrossRef] [PubMed]

38



Nutrients 2024, 16, 1067

45. Salen, G.; Ahrens, E.H.; Grundy, S.M. Metabolism of beta-sitosterol in man. . Clin. Investig. 1970, 49, 952-967. [CrossRef]
46. Miettinen, T.A; Tilvis, R.S.; Kesdniemi, Y.A. Serum plant sterols and cholesterol precursors reflect cholesterol absorption and
synthesis in volunteers of a randomly selected male population. Am. J. Epidemiol. 1990, 131, 20-31. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

39



Sd 1utrients ﬁvﬁ@

Article

Genetic Variants in CD36 Involved in Fat Taste Perception:
Association with Anthropometric and Clinical Parameters in
Overweight and Obese Subjects Affected by Type 2 Diabetes or
Dysglycemia—A Pilot Study

Marica Franzago "2, Paola Borrelli 3, Marta Di Nicola 3, Liborio Stuppia 2# and Ester Vitacolonna 1-2*

Department of Medicine and Aging, School of Medicine and Health Sciences, “G. D’Annunzio” University,
Via dei Vestini, Chieti-Pescara, 66100 Chieti, Italy; marica.franzago@unich.it

2 Center for Advanced Studies and Technology (CAST), “G. D’ Annunzio” University, Chieti-Pescara,

66100 Chieti, Italy; stuppia@unich.it

Laboratory of Biostatistics, Department of Medical, Oral and Biotechnological Sciences, “G. D’ Annunzio”
University, Chieti-Pescara, 66100 Chieti, Italy; paola.borrelli@unich.it (P.B.); marta.dinicola@unich.it (M.D.N.)
Department of Psychological, Health and Territorial Sciences, School of Medicine and Health Sciences,

“G. D’Annunzio” University, Chieti-Pescara, 66100 Chieti, Italy

*  Correspondence: e.vitacolonna@unich.it

Abstract: Obesity and overweight represent a growing health problem worldwide. Genes regulating
the intake and metabolism of different nutrients can positively or negatively influence the efficacy
of nutritional interventions against obesity and its complications. The aim of this study was to
assess changes in anthropometric and clinical parameters and the adherence to a Mediterranean
diet (MedDiet) over time in relation to nutrigenetic variants in overweight or obese subjects affected
by Type 2 Diabetes (T2D) or dysglycemia, who were included in a nutritional program. A total
of 23 subjects were included in this study. Clinical parameters, physical activity levels, and the
adherence to a MedDiet were evaluated at baseline, at 6 (T6), and at 12 months (T12) during and
after a diet/lifestyle intervention. In a single blood sample from each subject, 151984112 (A>G)
and rs1761667 (G>A) in CD36; rs7950226 (G>A) in BMALI; and rs1801260 (A>G), rs4864548 (A>G),
and rs3736544 (G>A) in CLOCK were genotyped with Real-Time PCR. Significant associations were
observed between CD36 rs1761667 and weight (p = 0.025), hip circumference (p = 0.042), triglycerides
(p = 0.047), and HbAlc (p = 0.012) at baseline. Moreover, the genotype AA in CD36 rs1761667
was significantly associated with a lower BMI when compared to G carriers at baseline, at T6, and
also at T12. In addition, subjects with the AA genotype at CD36 rs1984112 had significantly lower
levels of HbAlc (p = 0.027) than the GG and AG genotypes at baseline. These results show that
variants in CD36 can have an impact on anthropometric and clinical parameters in overweight
or obese subjects affected by T2D or dysglycemia, and that it might influence the success of the
diet/lifestyle intervention.

Keywords: CD36; CLOCK; BMALI; rs1761667; rs1984112; gene—diet interaction; nutrition; type 2
diabetes; obesity; nutrigenetics

1. Introduction

Overweight and obesity, which are chronic, progressive, and relapsing conditions
associated with an elevated risk of non-communicable diseases (NCDs, such as cardiovas-
cular disease, type 2 diabetes (T2D), hypertension, and metabolic syndrome), have become
a major global public health challenge [1,2]. Environmental and social factors, as well
as the genetic susceptibility represented by the individual’s genotype, can influence an
individual’s predisposition to the development and maintenance of obesity [1].
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The increased global burden of obesity requires specific strategies to prevent weight
gain, to induce weight loss, and to improve obesity comorbidities. Unfortunately, suc-
cessful weight loss with behavioral and nutritional interventions, as well as long-term
weight maintenance, are difficult to achieve. In this context, the effects of several single
nucleotide polymorphisms (SNPs) located near or within genes regulating food intake,
lipid metabolism, glucose homeostasis, and insulin signaling on metabolic improvement,
weight gain/loss, and insulin resistance have been demonstrated [3,4]. Interestingly, dis-
turbances in the circadian gene network can lead to the onset and development of obesity
and some accompanying comorbidities [5]. In fact, SNPs located in circadian-related genes
such as Circadian Locomotor Output Cycles Kaput (CLOCK) and Brain and Muscle Aryl
Hydrocarbon Receptor Nuclear Translocator-Like Protein-1 (BMALI), which interacts with
both dietary intake and obesogenic behavior, can affect metabolic health [6-8], modifying
body weight regulation [9,10]. In this regard, from a nutrigenetics point of view, minor
allele C carriers of rs1801260 in the CLOCK gene have lower body weight loss than TT
carriers [11].

In addition, it is known that obese individuals can display fat chemosensory dys-
function, and that the SNPs correlated with fat chemosensation are located in the CD36
gene [12].

The CD36 gene, which codes for an integral membrane glycoprotein identified as a
taste receptor for fat [13], is intimately involved in several processes related to fatty acid and
lipid metabolism-sensing in the organism. Genetic variants of this gene can contribute to an
increased risk of obesity by modifying an individual’s food preference and intake [14-17].
Among these, rs1761667, which is characterized by a substitution of allele G for A, has
been associated with a decrease in sensitivity to fatty acids [15,18-20], a decrease in the
expression of CD36 protein, and a decrease in metabolism [21-23]. A recent study showed
that adherence to a healthy dietary pattern (a diet with high fiber, fish, and dairy products)
can affect cardiometabolic risk factors and MetS risk in the A-allele carrier in rs1761667 [24].

Thus, gene—diet interactions seem to play an important role in the treatment of obesity,
but are typically only partially assessed nowadays. Thus, the aim of this study is to
evaluate the effects of a nutritional and lifestyle intervention based on nutrigenetic variants
in candidate genes (namely, CD36 rs1984112 A>G, CD36 rs1761667 G>A, BMALI rs7950226
G>A, CLOCK rs1801260 A>G, CLOCK rs4864548 A>G, and CLOCK rs3736544 G>A) on the
anthropometric and clinical parameters of 23 overweight or obese subjects affected by T2D
or impaired glucose regulation (IGR) over a one-year period. Variants located in the genes
involved in clock systems (CLOCK and BMALT) were selected, considering that circadian
disruptions may contribute to different metabolic-related traits and that polymorphisms in
the CD36 gene that are related to lipid detection may be associated with interindividual
variability in body weight regulation. To the best of our knowledge, this is the first study
on overweight or obese subjects affected by T2D or IGR that is based on this nutrigenetic
panel, evaluating not only the success of body weight loss but also the feasibility of a
personalized nutritional approach.

2. Materials and Methods
2.1. Study Design and Participants

A total of 23 overweight or obese individuals affected by T2D or IGR were recruited
at the Diabetes, Nutrition, and Metabolism Unit at the “Gabriele d’Annunzio” University
Hospital in Chieti, Italy. This study received the approval of the Ethics Committee of
the Province di Chieti and Pescara, in accordance with the Helsinki Declaration. Before
undertaking the protocol, all objectives and modalities were clarified to the participants,
and written informed consent was therefore obtained.

The inclusion criteria were overweight or obese (BMI > 25 and > 30 kg/m?, respec-
tively) subjects (male and female, adults: age > 18) affected by T2D or Impaired Glucose
Regulation (IGR; Impaired Fasting Glucose or Impaired Glucose Tolerance).

41



Nutrients 2023, 15, 4656

The exclusion criteria were as follows: subjects suffering from Type 1 Diabetes, Eating
Behavior Disorders, impaired renal and hepatic function, or other conditions that might
have interfered with the development and completion of the protocol.

2.2. Educational and Nutritional Intervention

At baseline (T0), all subjects participated in an educational and nutritional program,
in which each individual was actively involved in face-to-face individual and group-based
interventions to promote a healthy diet and lifestyle.

In detail, the first visit consisted of a clinical check-up and the collection of the indi-
vidual’s medical history, which included data on demographic characteristics. In addition,
each participant was instructed to complete a self-monitoring diary [25-28]. The diaries
were reviewed by a physician during the next meeting. In addition to the face-to-face
individual intervention, educational group sessions with small groups of up to 10 people
were conducted in the presence of the physician. The group-based intervention was crucial
to involve the participants in improving their lifestyle. This educational and nutritional
program included three main goals to achieve, as previously described [29]: (i) improve the
composition of meals, prioritising vegetables as well as whole foods and limiting highly
processed foods; (ii) weight loss of at least 7-10%; (iii) plan at least 150 minutes a week of
moderate intensity physical activity [25-28,30].

2.3. Anthropometric and Clinical Measurements

Data on anthropometric (body weight and height, BMI, waist and hip circumferences)
and clinical parameters (including fasting glucose, HbAlc (glycated hemoglobin Alc),
lipid profile, and blood pressure) were collected at baseline (T0), at 6 months (T6) and at
12 months (T12) after the nutritional education program.

2.4. Questionnaires

Atbaseline, circadian typology (Chronotype)—defined as the interindividual circadian
attitude—was assessed using a 5-item version of the Morningness—-Eveningness Question-
naire (MEQr). According to Italian cut-off criteria, the MEQr generates three categories
of chronotypes, usually divided by the terms: (i) “morning” (19-25 score), (ii) “evening”
(4-10 score), and (iii) “intermediate” types (11-18 score) [31]. The MEQr characterizes
subjects based on individual differences in wake/sleep cycle patterns and the time of the
day that people feel or perform best.

Adherence to the Mediterranean diet (MedDiet) was assessed using a validated
14-item questionnaire (PREDIMED) that provides a range of possible scores, specifically:
no adherence (score < 5), medium adherence (6 < score < 9), and maximum adherence
(score > 10) [32]. Moreover, levels of physical activity were evaluated using a short version
of the International Physical Activity Questionnaire (IPAQ), which showed three different
intensity levels, namely: low, moderate, and high PA [33]. Physical activity and MedDiet
adherence were evaluated at baseline, T6, and T12.

2.5. Gene and SNP Selection

Nutrigenetic variants from three genes, identified in previous studies as associated
with T2D, obesity, lipid metabolism, and dietary intake were selected. Specifically, two of
these variants in the CD36 gene, namely rs1984112 (A>G) and rs1761667 (G>A), were
involved in fat intake regulation [34,35]. Moreover, rs7950226 (G>A) in BMALI, rs1801260
(A>G), rs4864548 (A>G), and rs3736544 (G>A) in CLOCK were involved in obesity, CVD,
MetS, sleep reduction, alterations in eating behaviors, and evening preference [9,36—43].

Genetic Analysis

Blood from each participant was collected for genotype analyses in a tube containing
EDTA and was stored at +4 °C before analysis.
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The genetic analysis was conducted at the Laboratory of Molecular Genetics, School
of Medicine and Health Sciences, “G. d’Annunzio” University of Chieti-Pescara. Genomic
DNA was extracted from peripheral blood lymphocytes using a MagPurix 12sAutomat-
edNucleicAcid Purification System (Zinexts Life Science Corp., New Taipei City, Taiwan).
Nucleic acids were quantified using the Qubit assay kit on a Qubit 4 Fluorometer (Invitro-
gen, Thermo Fisher, Waltham, MA, USA).

To genotype the polymorphisms, molecular analyses were performed using a TagMan
SNP Genotyping Assay according to the manufacturer’s instructions (ThermoFisher Scien-
tific, Foster City, CA, USA). The details of TagMan SNP Genotyping assays are available in
Table 1.

Table 1. The TagMan SNP Genotyping Assays.

Genetic Variants Location Assay
CD36 11984112 (A>G) Chr.7: 80613604 on GRCh38 C__12093946_10
CD36 rs1761667 (G>A) Chr.7: 80615623 on GRCh38 C___8314999_10

CLOCK rs1801260 (A>G) Chr.4: 55435202 on GRCh38 C___8746719_20
CLOCK rs4864548 (A>G) Chr.4: 55547636 on GRCh38 C__11821276_10
BMALIT rs7950226 (G>A) Chr.11: 13296592 on GRCh38 C__11578388_10
CLOCK rs3736544 (G>A) Chr.4: 55443825 on GRCh38 C__22273263_10

In detail, approximately 20 ng of DNA, 0.125 uL of TagMan 40x concentration assay,
and 2.5 uL of TagMan Mastermix were used to amplify DNA sequences of interest on the
QuantStudio 5 Real-Time PCR System (Applied Biosystem, Foster City, CA, USA). PCR
conditions were 95 °C for 10 min, 40 cycles of 95 °C for 15 s, and 60 °C for 1 min.

2.6. Statistical Analysis

Descriptive analysis was carried out using the median and interquartile range (IQR)
for quantitative variables, while frequencies and percentages were used to describe the
qualitative variables. Normality distribution was tested using the Shapiro-Wilk test. To
evaluate the relationships between qualitative variables, a Pearson chi square test and/or
Fisher’s test was assessed. However, for quantitative variables, the Friedman test was
used to determine the differences between the medians of the three time periods (Baseline,
T6, and T12) and the Wilcoxon rank-sum (Mann-Whitney) test or Kruskal-Wallis test
was performed to assess the differences between nutritional parameters at baseline and
in genotypes (for additive, dominant, and recessive models). For significant trends, this
analysis was followed by the Sign test or Dunn’s test for comparisons between median pairs
for the identification of significant differences. The Bonferroni’s correction for multiple
comparisons tests was applied. Several linear mixed models were used to determine the
differences between male and female patients, between time periods (baseline, T6, and
T12), and their interactions with the anthropometric and clinical data. Several linear mixed
models were also used to determine the differences between different genotypes, between
different time periods (Baseline, T6, and T12), and their interaction with the following
variables: weight, BMI, and PREDIMED.

A statistical significance was set at the level of <0.05, unless adjustment for multiple
comparisons was needed. All analyses were performed using Stata software v17 (StataCorp,
College Station, TX, USA).

3. Results

The Demographic and clinical characteristics of the cohort of participants at baseline,
at T6, and at T12 of the nutritional intervention are reported in Tables 2 and 3, respectively.
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Table 2. Sociodemographic characteristics of participants.

Variable Baseline
Age (yr) 65.0 (57.0-66.0)
Gender
- Female 12 (52.2%)
- Male 11 (47.8%)
Employment
- Employed 22 (95.7%)
- Unemployed 1 (4.3%)

n (%) or median and interquartile range (IQR) are shown when appropriate.

Table 3. Anthropometric and clinical data of participants at baseline, T6, and T12.

Variable Baseline T6 T12 p-Value ?
Weight (Kg) 93.0 (78.0-103.0) 92.0 (79.0-101.0) * 91.5 (79.5-104.0) * 0.002
BMI (kg/m2) 31.8 (28.1-37.8) 33.7 (27.9-37.2) * 30.4 (26.1-36.1) * 0.002
Waist circumference (cm) 108.5 (100.0-118.0) 107.0 (97.0-113.0) 109.0 (93.0-116.0) 0.152
Hip circumference (cm) 113.0 (104.0-126.0) 114.5 (101.5-123.0) 112.0 (99.0-120.0) 0.452
WHR 1.0 (0.9-1.0) 1.1 (1.0-1.1) 0.9 (0.9-1.0) 0.178
Systolic blood pressure 130.0 (110.0-150.0) 130.0 (120.0-140.0) 125.0 (120.0-137.5) 0.717
(mmHg)
Diastolic blood pressure 80.0 (70.0-90.0) 80.0 (75.0-85.0) 80.0 (70.0-80.0) 0.494
(mmHg)
PREDIMED 7.0 (7.0-8.0) 9.0 (9.0-10.0) * 8.5 (8.0-10.0) * 0.002
PREDIMED CLASS 0.301
- No adherence 5.3% 0.0% 0.0%
- Adherence 78.9% 58.8% 72.2%
- Max adherence 15.8% 41.2% 27.8%
IPAQ 0.318
- Low 52.6% 29.4% 22.2%
- Moderate 31.6% 47 1% 38.9%
- High 15.8% 23.5% 38.9%
Fasting blood glucose (mg/dL) 115.0 (105.0-140.0) 107.0 (102.0-108.0) 110.0 (102.0-125.0) 0.223
Hbalc 6.5 (5.9-7.5) 6.1 (6.0-6.3) 6.3 (5.5-6.7) 0.350
Total cholesterol (mg/dL) 199.0 (183.0-217.5) 208.5 (197.0-238.5) 193.0 (160.0-223.0) 0.751
HDL (mg/dL) 41.0 (37.0-55.0) 48.5 (41.0-55.0) 46.0 (41.0-51.0) 0.135
TG (mg/dL) 139.5 (93.5-214.5) 118.5 (94.5-187.5) 120.4 (96.0-160.7) 0.900
LDL (mg/dL) 120.4 (101.2-138.0) 132.7 (121.6-160.7) 123.8 (90.8-137.0) 0.913

n (%) or median and interquartile range (IQR) are shown when appropriate. BMI, body mass index; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides. ? p-values
are for Pearson’s chi-square test or Friedman test; * p-value < «/3 for Bonferroni multiple testing correction vs.
Baseline. Statistically significant values are given in bold.

A total of 23 subjects (n = 23, 11 males and 12 females) were included in the study. The
median age of the participants was 65.0 (IQR 57.0-66.0) years. Regarding the distribution
of chronotypes, 21.7% were a “morning-type” and 78.3% were an “intermediate-type”.

Our results showed significant variations over time for weight (p = 0.002) and BMI
(p = 0.002; Table 3). In addition, the median PREDIMED score was 7.0 and 8.5 at baseline
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and at the end of the study, respectively (p = 0.002). Supplementary Table S1 shows the
anthropometric and clinical data for females and males, separately, at baseline, T6, and T12.

Females had a significantly lower hip circumference (p = 0.034) and higher PREDIMED
scores (p = 0.041) over time when compared to males (Supplementary Table S1).

Supplementary Figures S1-S3 summarize the distribution of genotypes based on
additive, dominant, and recessive inheritance genetic models. The distribution of the tested
SNP allele frequencies in the participant cohort compared to that in the European and
general population reported to 1000 Genomes (dbSNP Short Genetic Variations) are shown
in Supplementary Table S2.

Regarding CD36 rs1761667 (G>A), the additive genetic model (AA vs. AG vs. GG)
showed that subjects carrying the AA genotype had a significantly lower hip circumference
(AA 102.5 (IQR 101.0-104.0) vs. AG 123.0 (IQR 112.5-128.0) vs. GG 109.0 (IQR 104.0-114.0),
p = 0.042; in particular, AA vs. AG, p = 0.028), weight (AA 82.8 (IQR 78.0-83.0) vs. AG 102.0
(IQR 92.8-114.3) vs. GG 89.5 (IQR 66.0-92.5), p = 0.025; in particular, AA vs. AG, p = 0.027),
BMI (AA 28.1 (IQR 27.3-28.7) vs. AG 37.2 (IQR 32.4-39.9) vs. GG 31.3 (IQR 28.2-35.9),
p = 0.012; in particular, AA vs. AG p = 0.006), and HbAlc (AA 5.8 (IQR 5.6-6.3) vs. AG 6.5
(IQR 5.9-7.4) vs. GG 7.6 (IQR 7.5-8.4), p = 0.012; in particular, AA vs. GG, p = 0.004) when
compared to the GG and AG carriers at baseline.

Furthermore, using a recessive inheritance model ((GA+GG) vs. (AA)), the subjects
carrying the G allele in CD36 rs1761667 had a higher BMI (35.9 (IQR 31.3-38.0) vs. 28.1 (IQR
27.3-28.7), p = 0.009, respectively), HbAlc (7.2 (IQR 6.3-7.7) vs. 5.8 (IQR 5.6-6.3), p = 0.013,
respectively) and hip circumference (114.0 (IQR 110.0-126.0) vs. 102.5 (IQR 101.0-104.0),
p = 0.045, respectively) than AA carriers at baseline.

In addition, the dominant inheritance model ((GA+AA) vs. (GG)) of CD36 rs1761667
demonstrated that carriers of the A-allele reported significantly lower levels of triglycerides
(119.5 (IQR 90.0-189.5) vs. 253.5 (IQR 174.0-380.5), p = 0.047), HbAlc (6.3 (IQR 5.9-6.6) vs.
7.6 (IQR 7.5-8.4), p = 0.013) when compared to GG carriers at baseline.

However, regarding CD36 rs1984112 (A>G), subjects with the AA genotype had sig-
nificantly lower levels of HbAlc (AA 5.8 (IQR 5.6-6.3) vs. AG 6.6 (IQR 6.3-7.5) vs. GG 8.3
(IQR 7.4-9.2), p= 0.028; in particular, AA vs. GG, p = 0.027) than GG and AG genotypes
at baseline.

Moreover, mixed linear models for additive and recessive inheritance models of CD36
rs1761667 showed a significant relationship between genotype and BMI, as well as between
the latter and the time trend (Tables 4 and 5). In particular, homozygous subjects for the
A allele had a lower BMI compared to G carriers at baseline, at T6, and at T12 (Tables 4
and 5). We also analyzed participants’ dietary habits through four items of the PREDIMED
related to fat intake (use of olive oil, sofrito, consumption of red/processed meats and
butter/cream/margarine). A significant fat consumption reduction after the nutritional
intervention adjusted for CD36 rs1761667 genotypes (p = 0.007) was found.

For the other genetic variants, a statistically significant difference was found only
in the temporal trend, excluding CLOCK rs3736544 in the recessive inheritance model
(Tables 4 and 5).

No significant differences were detected related to SNPs in the CLOCK and BMALI
genes. Regarding questionnaires relating all the tested genetic variants, no differences were
detected between PREDIMED, MEQY, or IPAQ scores assuming dominant, recessive, or
additive genetic inheritance models. In addition, the interaction terms between genetic
variants and time were also not significant.
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Table 4. Mixed linear model for additive genetic model. Relationship between the subjects” BMI at

baseline with those at T6 and T12 and its association with SNPs.

p-Value
CD36 rs1984112 A>G AA AG GG Genotype ? Time ? Interaction ¢
BMI
Baseline 28.6 (27.6-29.4)  36.2 (31.9-38.0)  29.7 (28.2-31.3) 0.124 0.019 0.964
T6 27.8(27.3-29.1)  36.0 (31.6-38.0)  29.3 (28.0-30.6)
T12 27.9 (26.1-28.2)  35.1(30.0-36.9)  29.1 (27.8-30.4)
CD36 rs1761667 G>A AA AG GG
BMI
Baseline 28.0(27.3-28.7)  37.2(32.4-39.9)  31.3(28.2-35.9) 0.011 0.001 0.968
T6 27.6 (26.5-28.4)  36.2(32.7-39.3)  30.6 (28.0-36.0)
T12 26.1(25.4-279) 35.5(31.9-38.3)  29.1 (25.5-32.3)
BMALI rs7950226 G>A AA AG GG
BMI
Baseline 34.7 (26.9-44.2)  36.5(28.5-37.9)  30.5(28.0-35.7) 0.567 <0.001 0.167
T6 40.3 (28.045.9) 359 (27.3-37.2)  30.6 (27.8-36.0)
T12 32.3(26.7-41.6)  35.5(29.8-36.1)  30.0 (26.1-34.6)
CLOCK rs1801260 A>G AA AG GG
BMI
Baseline 35.9(29.4-379) 29.1(26.7-32.4)  41.1(27.6-41.3) 0.081 <0.001 0.214
T6 36.0 (30.6-37.2) 289 (25.0-32.7)  40.3 (27.3-40.8)
T12 34.6 (28.2-36.0)  26.7 (24.7-30.9)  38.6 (36.9-40.4)
CLOCK rs4864548 G>A AA AG GG
BMI
Baseline 379(37.9-379)  32.1(28.7-35.9)  30.7 (26.4-38.8) 0.753 0.008 0.593
T6 36.5(36.5-36.5)  33.8(29.1-36.0)  31.6 (27.3-40.3)
T12 36.0 (36.0-36.0)  29.3 (27.0-34.9)  30.9 (25.6-36.9)
CLOCK rs3736544 G>A AA AG GG
BMI
Baseline 36.6 (31.9-42.0) 29.7 (28.7-35.6)  35.4(28.4-39.9) 0.132 0.003 0.387
T6 37.0(31.9-42.0) 30.6(29.1-35.1)  35.1(27.7-39.3)
T12 36.1(27.9-46.5)  29.1 (26.1-31.9)  36.4 (27.8-38.3)

Data are expressed as median and interquartile range (IQR). Statistically significant values are given in bold.
2 Groups, for each variable, the differences have been tested between Genotypes over time. ® Time, for each
variable, the differences have been tested between baseline, T6, and T12 of the three Genotypes. ¢ Probability that
the effects of nutritional intervention are greater in one distinct group (interaction Time x Genotype).
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Table 5. Mixed linear model for recessive inheritance model. Relationship between the subjects” BMI

at baseline with those at T6 and T12 and its association with SNPs.

p-Value
CD36 rs1984112 A>G GG AA+AG Genotype ? Time ? Interaction ¢
BMI
Baseline 29.7 (28.2-31.3) 33.0 (28.6-37.9) 0.438 0.119 0.781
T6 29.3 (28.0-30.6) 35.1 (27.8-38.0)
T12 29.1 (27.8-30.4) 31.8 (26.1-36.1)
CD36 rs1761667 G>A AA GG+GA
BMI
Baseline 28.0 (27.3-28.7) 35.9 (31.2-38.0) 0.014 0.001 0.831
T6 27.6 (26.4-28.4) 35.9 (30.6-38.0)
T12 26.1 (25.6-27.9) 34.9 (30.0-36.9)
BMALIT rs7950226 G>A AA GG+GA
BMI
Baseline 34.8 (26.9-44.2) 31.9 (28.5-36.7) 0.400 <0.001 0.877
Té6 40.3 (28.0-45.9) 32.7 (27.8-36.5)
T12 32.3 (26.7-41.6) 30.4 (26.1-36.0)
CLOCK rs1801260 A>G GG AA+AG
BMI
Baseline 41.1 (27.641.3) 31.9 (28.5-36.7) 0.362 <0.001 0.123
T6 40.3 (27.3-40.8) 32.7 (28.0-36.5)
T12 38.6 (36.9-40.4) 30.2 (27.0-35.5)
CLOCK rs4864548 G>A AA GG+GA
BMI
Baseline 37.9 (37.9-37.9) 31.6 (28.2-36.7) 0.462 0.049 0.699
T6 36.5 (36.5-36.5) 32.7 (27.9-37.6)
T12 36.0 (36.0-36.0) 30.2 (26.1-36.1)
CLOCK rs3736544 G>A AA GG+GA
BMI
Baseline 36.6 (31.9-42.0) 31.2 (28.2-37.9) 0.129 0.078 0.363
T6 37.0 (31.9-42.0) 31.6 (28.0-36.5)
T12 36.1 (27.9-46.5) 30.2 (26.0-35.6)

Data are expressed as median and interquartile range (IQR). Statistically significant values are given in bold.

2 Groups, for each variable, the differences have been tested between Genotypes over time. ® Time, for each
variable, the differences have been tested between baseline, T6, and T12 of the two Genotypes. ¢ Probability that
the effects of nutritional intervention are greater in one distinct group (interaction Time x Genotype).

4. Discussion

The main aim of this pilot study was to evaluate the effects of the interactions between
some genetic variants and nutritional intervention on mid-term changes in anthropometric
and clinical parameters in overweight or obese subjects affected by T2D or IGR over a
one-year period.

The additive genetic model showed that GG and AG carriers at CD36 rs1761667
presented with higher significant parameters such as BMI, hip circumference, and weight
compared to subjects for homozygous the A allele at baseline.
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CD36 is involved in several processes including oro-sensory perception of dietary
lipids, inflammatory responses, angiogenesis, metabolism, and regulation of the metabolic
pathways of insulin-resistance [44]. CD36 is a widely expressed glycoprotein that acts
as a receptor for a several ligands, including saturated, mono-unsaturated, and poly-
unsaturated fatty acids in taste bud cells, as well as being a transporter of long-chain fatty
acids into adipose and muscle tissues [14,45]. In the past, the decreased expression of
CD36 in the circumvallate taste buds of high-fat diet-induced obese rats has been related
to diminished fatty taste sensitivity; consequently, the intake of dietary fat increases as a
compensatory response [46]. Lower CD36 expression, induced by a currently unknown
mechanism in the AA and AG genotypes at 151761667, has been associated with food choices,
lipid profiles, and adiposity parameters, as well as in reducing the release of peptide YY
from taste bud cells [46]. These relationships may play a key role in the preference for
energy-rich diets, obesity risk, and associated complications. The genotypic variation at
rs1761667 has been emphasized as a reason for the disparity in fat perception between
individuals [47]. On the other hand, several studies in different ethnic populations have
shown ambivalent results regarding the association between rs1761667 and T2D, total fat
consumption and fat taste perception, obesity, and metabolic syndrome [35,48-51].

It should be noted that there are differences in the frequency of minor alleles in
different ethnic groups; in fact, A is the minor allele in Africans and Asians, while G is
the minor allele in Caucasians and Americans. This may in part explain the differences
in the genotype—phenotype relationship reported across studies, as rs1761667 may have
ethnic-specific effects on the perception of fat-containing foods [20].

Interestingly, Pioltine et al. [52] reported that the rs1761667 in CD36 is not related to
obesity, although the A allele is associated with decreased fat and carbohydrate (CHO)
intake in obese children and adolescents. The association of CD36 rs1761667 with BMI and
hypertension has also been studied in a cohort of adults, showing a correlation between
the AA genotype and lower BMI as compared to AG and GG [53]. In addition, it has been
shown that the AA genotype has a significantly lower degree of dyslipidemia, systolic blood
pressure, and WC compared to G carriers [51]. Boghdady et al. [49] also demonstrated
that the AG genotype is associated with coronary artery disease, raised BMI, metabolic
syndrome, and T2D.

Furthermore, it has been shown that the CD36 SNP is linked to cardiovascular risk
factors, suggesting an important role in LDL-C and HDL-C metabolism [20,54-56].

In our study, CD36 with the AA genotype at rs1761667 showed lower levels of TG
when compared to GG and AG. This finding conflicts with the study of Karthi et al. [47],
but it is consistent with a recent systematic review and meta-analysis [57]. Therefore, it
is necessary to clarify the effects of taste perception and lipid transport on TG levels in
subjects with CD36 rs1761667. Nevertheless, further studies are required to understand
if the modulation in TG levels observed in the CD36 variant occurs at the level of taste
perception or metabolism.

The present study demonstrated that homozygous subjects with the A allele at both
CD36 rs1761667 and rs1984112 had significantly lower HbAlc concentrations than those
with the GG or AG genotypes at baseline. This observation corroborates the findings of
previous studies [19,58], in which it has been shown that the GG genotype is significantly
associated with higher plasma HbA1c as compared to the AA genotype of CD36 rs1761667.
Considering the role of CD36 in some aspects of fatty acid and lipid metabolism, it has
been suggested that variants in this gene can influence energy homeostasis [53].

Considering the significant role of CD36 as a receptor defining the preference for fat,
taste dysfunction may be responsible for abnormalities in food intake (leading to obesity)
and may not be reversed by weight loss (predisposing to a relapse) [13].

In this view, this pilot study provides valuable insight into the role of CD36, showing
that the AA genotype at rs1761667 has lower adiposity parameters such as BMI, hip cir-
cumference, and weight. Our results suggest that CD36 variants may promote a protective
metabolic profile, probably reducing protein expression.
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This field of taste research provides a promising path to understand how genetic
variants in fat taste preference contribute to eating habits as well as to health and disease.
Although the specificity and mechanism of this receptor’s function must still be better clari-
tied, it is plausible to suggest that knowledge of the CD36 variants of an individual—which
preferentially favor the intake of some nutrients and adversely affect the consumption of
others—may help to prevent chronic diseases and also improve the personalization of inter-
ventions against obesity and obesity-related complications. This study has limitations—in
particular, the sample size. The evidence of interactions between genetic variants and the
nutritional intervention estimated may be unduly small (i.e., a false negative result), and
may preclude the opportunity to further examine its latent efficacy.

However, this is a pilot study, which is a small-scale version of a subsequent investiga-
tion designed to test various parameters, including the feasibility of the study protocol, as
well as measures and procedures [59,60]. In this view, the capabilities of the study design,
the procedures, and strategies could be taken into consideration in a larger study.

Finally, future investigations with a large population (including obese subjects without
T2D as a control group) and in different ethnic groups must be conducted to confirm these
findings, and to shed light on the functional role of CD36 in obesity and on the success of
diet/lifestyle interventions.
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Abstract: Purpose: Chemokine-driven leukocyte infiltration and sustained inflammation contribute
to alcohol-associated liver disease (ALD). Elevated hepatic CCL2 expression, seen in ALD, is associ-
ated with disease severity. However, mechanisms of CCL2 regulation are not completely elucidated.
Post-translational modifications (PTMs) of proteins, particularly acetylation, modulate gene expres-
sion. This study examined the acetylation changes of promoter-associated histone-H3 and key
transcription factor-NFkB in regulating hepatic CCL2 expression and subsequent inflammation and
injury. Further, the effect of therapeutic modulation of the acetylation state by tributyrin (TB), a
butyrate prodrug, was assessed. Methods: Hepatic CCL2 expression was assessed in mice fed control
(PF) or an ethanol-containing Lieber-DeCarli (5% v/v, EF) diet for 7 weeks with or without oral
administration of tributyrin (TB, 2 g/kg, 5 days/week). A chromatin immunoprecipitation (ChIP)
assay evaluated promoter-associated modifications. Nuclear association between SIRT1, p300, and
NF«B-p65 and acetylation changes of p65 were determined using immunoprecipitation and Western
blot analyses. A Student’s t-test and one-way ANOVA determined the significance. Results: Ethanol
significantly increased promoter-associated histone-H3-lysine-9 acetylation (H3K9Ac), reflecting
a transcriptionally permissive state with a resultant increase in hepatic CCL2 mRNA and protein
expression. Moreover, increased lysine-310-acetylation of nuclear RelA /p65 decreased its association
with SIRT1, a class Il HDAC, but concomitantly increased with p300, a histone acetyltransferase. This
further led to enhanced recruitment of NF-kB/p65 and RNA polymerase-II to the CCL2 promoter.
Oral TB administration prevented ethanol-associated acetylation changes, thus downregulating CCL2
expression, hepatic neutrophil infiltration, and inflammation/ injury. Conclusion: The modulation of
a protein acetylation state via ethanol or TB mechanistically regulates hepatic CCL2 upregulation
in ALD.

Keywords: alcohol; histone H3 acetylation; p300; SIRT1; CCL2 promoter; tributyrin

1. Introduction

Sustained hepatic inflammation is an important factor in alcohol-associated liver
disease (ALD) development and progression. Neutrophil infiltration and monocyte re-
cruitment in the liver are associated with chronic alcohol-induced liver inflammation and
injury [1,2]. Chemokines act as chemo-attractants and activators, allowing the recruitment
of these neutrophils and monocytes to the liver and inducing an innate and adaptive
immune response [3,4]. Among four different chemokine families, the C-C subfamily is
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the largest, and chemokines such as C-C motif chemokine ligand 2 (CCL2), also referred to
as monocyte chemotactic peptide-1 (MCP-1), are reported to be present in high levels in
patients with alcohol-associated hepatitis [5,6]. Both plasma levels and hepatic expression
of CCL2 have been reported to correlate with disease severity [5]. Importantly, CCL2 knock-
out mice were protected against alcoholic liver injury by the induction of genes responsible
for fatty acid oxidation and inhibition of pro-inflammatory cytokines [7]. Although these
studies emphasize the key role of CCL2 in inducing liver pathologies, including hepatic in-
flammation, the molecular mechanisms that regulate their expression in ALD, particularly
in response to alcohol, are yet to be completely elucidated.

Emerging studies have documented the role of the gut-liver axis in ALD in the context
of alcohol-induced alterations in gut microbiota, barrier dysfunction, and endotoxemia
leading to sustained hepatic inflammation. Alcohol consumption is known to affect short-
chain fatty acids (SCFAs) levels, particularly butyrate [8]. Butyrate has been demonstrated
to have an epigenetic regulatory role by acting as an HDAC inhibitor [9-11]. Additionally,
butyrate has been shown to inhibit inflammatory responses [12-14]. Tributyrin is a butyrate
prodrug consisting of three butyrate molecules that can be released in the circulation
upon digestion by gastric and pancreatic amylases and lipases. Experimental studies
have shown that tributyrin supplementation exhibits beneficial effects via maintaining gut
bacterial diversity and barrier integrity in ethanol-fed animals [15]. Moreover, our previous
work showed that oral administration of tributyrin can protect against ethanol-induced
alterations in hepatic HDACs expression/activity and promoter histone modifications and
can regulate the expression of genes involved in lipid metabolism [16]. Since there is no
specific FDA-approved treatment for ALD and novel therapies are urgently needed, the
potential role of tributyrin administration as a dietary therapeutic option against sustained
hepatic inflammation needs to be investigated.

Epigenetic regulation is critical for gene expression. In particular, a post-translational
acetylation modification is known to dictate the transcriptional activation of a given gene,
as this modification regulates functions of both histones and non-histone proteins, like
transcription factors [17]. Histone deacetylases (HDACs) and histone acetyltransferases
(HATSs) maintain the acetylation states of these proteins and play a key role in gene tran-
scription [18,19]. We have shown that alcohol alters hepatic HDAC expression in a binge
alcohol model [20]. Alcohol is also known to increase the global histone acetylation levels
in the liver [21-24]; however, limited information is available for gene-specific effects.

In the present study, we demonstrated that ethanol-induced pathogenic alterations
in acetylation states of promoter-associated histone H3 and essential transcription factor
NFkB contribute to the upregulation of hepatic CCL2 expression. Further, tributyrin, a
dietary butyrate prodrug, prevents ethanol-mediated modulation of SIRT-1-NF«B-p300
interactions and resultant acetylation changes.

2. Materials and Methods

Animal Model: Eight-week-old male C57BL/6N mice were obtained from Harlan
(Indianapolis, IN, USA). All mice were housed in a pathogen-free, temperature-controlled
animal facility accredited by the Association for Assessment and Accreditation of Labo-
ratory Animal Care with 12 h light/12 h dark cycles. All experiments were carried out
according to the criteria outlined in the Guide for Care and Use of Laboratory Animals
and with the approval from the University of Louisville Animal Care and Use Commit-
tee (IACUCH# 20754). Mice were fed a modified Lieber-DeCarli liquid diet enriched in
unsaturated fat (corn oil), which provided 40% of energy from fat, 43% from carbohy-
drate, and 17% from protein (Bio-Serv Inc., Frenchtown, NJ, USA). Mice were pair-fed a
Lieber-DeCarli liquid diet containing either ethanol (EF) or isocaloric maltose dextrin (PF)
for 7 weeks. Ethanol was gradually increased for one week, and then, mice were fed the
ethanol diet (5% (v/v)) ad libitum for 7 weeks (EF). The control-pair-fed (PF) mice were
given the isocaloric maltose-dextrin-containing liquid diet. For tributyrin treatment groups,
both pair-fed (TB) and ethanol-fed (EF + TB) mice received tributyrin (Sigma Aldrich, St.
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Louis, MO, USA) by oral gavage (2 g/kg, 5 days per week) for 7 weeks as a preventive
strategy (EF + TB (7 + 7)) or for the last 3 weeks as an interventional strategy (EF + TB
(7 + 3)). The tributyrin-alone group (TB) received oral TB administration (2 g/kg, 5 days
per week) for 7 weeks.

Liver Histopathological Examination: For histological analysis, liver sections were
fixed in 10% buffered formalin for 24 h and embedded in paraffin. Tissue sections were
stained with hematoxylin-eosin (H&E), F4/80+, and CAE staining and examined under
light microscopy with 20 x magnification. Assays were performed according to the manu-
facturer’s protocols.

Assessment of Liver Injury: The liver injury was assessed by measuring alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) using commercially available
kits and manufacturer’s instructions (Thermo Electron, Melbourne, Australia).

Blood Endotoxin Assay: Serum endotoxin levels were measured using a Limulus Amebo-
cyte Lysate kit (Lonza, Walkerville, MD, USA) according to the manufacturer’s instructions.

MPO Assay: For hepatic myeloperoxidase activity (MPO), liver samples were ho-
mogenized (10 pug/200 pL) in 200 mM NaCl, 5 mM EDTA, 10 mM tris, and 10% glycerin
and centrifuged at 1500x g for 15 min. The MPO levels were measured according to the
manufacturer’s instructions (Hycult Biotech, Plymouth Meeting, PA, USA) at 450 nm using
a plate reader. Results are expressed as mg of MPO levels/gram of protein, as determined
via a Lowry protein assay (Bio-Rad, Hercules, CA, USA)

Hepatic CCL2 Protein Measurements: Liver lysates were homogenized in a lysis buffer
(20 mM Tris, 0.25 M sucrose, 2 mM EDTA, 10 mM EGTA, and 1% Triton X-100), and analysis
was performed using a U-Plex kit from Mesoscale Discovery (MSD) (Rockville, ML, USA).
Over 200 ng of protein was loaded into each well. The plate was read using a MESO
QuickPlex SQ 120 imager and analyzed using Discovery Workbench v4.0 software. The
assay was performed according to the manufacturer’s instructions.

RNA Isolation and Real-Time PCR Analysis: Total RNA was isolated using TRIzol
(Invitrogen, Carlsbad, CA, USA), and cDNA was made using Quanta qScript (Quanta
BioSciences, Gaithersburg, MD, USA). The real-time PCR was performed with Quanta
Perfecta SYBR green fast mix and an ABI Prism 7500 sequence detection system (Applied
Biosystems, Foster City, CA, USA). The relative gene expression was analyzed using the
2~84C method by normalizing with TBP (TATA-binding protein) gene expression in all the
experiments and is presented as a fold change over untreated/pair-fed, which was set at 1.

Mouse CCL2 mRNA primers

Forward: GGCTCAGCCAGATGCAGT

Reverse: TGAGCTTGGTGACAAAAACTACAG

Mouse TBP mRNA primers

Forward: CCTAAAGACCATTGCACTTCGT

Reverse: GCTCCTGTGCACACCATTTT

Chromatin Immunoprecipitation (ChIP) and qChIP PCR Analysis: The ChIP assay
was conducted using the ChIP assay protocol established in the lab [25]. ChIP antibodies
directed against anti-acetyl H3K9 (17-615), anti-phospho H3510 (17-685), anti-p300 (05-257),
anti-p65 (17-10060), and anti-RNA polymerase II (17-672) were purchased from EMD
Millipore (Burlington, MA, USA). ChIP-PCR primers designed for the regions of the CCL2
were used, and their sequences are detailed below. Data were analyzed as a differential
occupancy fold change. ChIP-qPCR results were calculated using the AACt method, where
each ChIP DNA fraction’s Ct value was normalized to the input DNA fraction. The
specificity of each ChIP was established using the corresponding isotype-specific control
antibodies (IgG).

Three ChIP-PCR primers were designed for each region of the mouse-CCL2 promoter.
The primer sequences are as follows:
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(Region I) mmCcl2_F1 CAAGCACCCTGCCTGACT
(Region I) mmCcl2_R1 CTCCCGTCTGGCTCTCTG
(Region IT) mmCcl2_F2 TCCCAGGAGTGGCTAGAAAA
(Region IT) mmCcl2_R2 TCCGCTGAGTAAGTGCAGAG
(Region IIT) mmCcl2_F3 CATCTGGAGCTCACATTCCA
(Region IIT) mmCcl2_R3 GGCAGGTCAGAGGCAGAGTA

Immunoprecipitation (IP) and Western Blot (WB) Analysis: Total nuclear extracts were
prepared by lysing liver tissue in a RIPA lysis buffer (25 mM Tris/HCI pH 7.5150 mM
NaCl, 1% NP-40, 0.1% SDS, 1 mM DTT, 10% glycerol, 1x protease inhibitor cocktail, 0.5%
sodium deoxycholate, 1 mM NayVOs3, and 10 mM NaF). All IP and WB analyses were
performed as described earlier [26]. Detection of Lamine-B1 served as a loading control.
Quantification was performed with ImageLab analysis software v6.0.1 (Bio-Rad). The data
shown are representative of three separate experiments showing similar results. Primary
antibodies for Acetyl-NF-«B p65 (Lys310) (#3045), SIRT1 (#2310), p300 (#86377), NF-xB
P65 (L8F6, mouse mAb #6956), NF-«B p65 (D14E12, rabbit mAb #8242), GAPDH (D16H11,
#5174), Lamin B1 (D9V6H, #13435), and secondary antibodies anti-rabbit IgG, HRP-linked
antibody (#7074), and anti-mouse IgG, HRP-linked antibody (#7076) were purchased from
Cell Signaling Technology, Inc. (Danvers, MA, USA).

Statistical Analysis: Data are presented as mean + SEM for the indicated number
of independently performed experiments or 4-6 mice per group. A Student’s ¢-test and
a one-way ANOVA with Bonferroni multiple comparison tests were used to determine
statistical significance. A p < 0.05 was considered statistically significant.

All authors had access to all data and reviewed and approved the final manuscript.

3. Results
3.1. Oral Administration of Tributyrin Attenuates Alcohol-Induced, Neutrophil Infiltration,
Kupffer Cell Activation, Systemic Endotoxemia, and Hepatic Injury

Both preventive and interventional treatment strategies were employed to test the
effect of oral administration of tributyrin on alcohol-induced hepatic neutrophil infiltra-
tion and Kupffer cell activation in experimental ALD. Initially, a histological assessment
was performed to examine the effect of tributyrin administration on markers of hepatic
inflammation and injury. In accordance with earlier reports, livers from mice fed ethanol
for 7 weeks (EF) had significantly higher hepatic steatosis, as shown by H&E staining
(Figure 1A) and neutrophil infiltration, as indicated by CAE staining (Figure 1B). Impor-
tantly, tributyrin administration, by both preventive and interventional strategies, inhibited
ethanol-induced hepatic steatosis (Figure 1A) and neutrophil infiltration of liver tissue
(Figure 1B). Moreover, there was a significant decrease in the hepatic levels of myeloperoxi-
dase (MPO), an enzyme expressed predominantly in neutrophils (Figure 1C). Additionally,
as compared to livers from ethanol-fed mice, there was a significant reduction in the number
of activated macrophages as seen by markedly fewer F4 /80 positive (brown color-stained
cells) Kupffer cells in mice administered TB (Figure 1D) with the concomitant decrease
in systemic endotoxin levels (Figure 1E) and markers of liver injury (AST/ALT ratio)
(Figure 1F).

3.2. Tributyrin Mitigates Ethanol-Inducible Increase in Hepatic CCL2 Chemokine Expression

Chemokines act as a critical mediator for the recruitment of neutrophils and macrophages,
and elevated expression of hepatic CCL2 has been well documented to correlate with PMN
infiltration and disease severity in ALD [5]. Hence, we next examined the effect of ethanol
feeding and tributyrin administration on hepatic CCL2 expression. Our data showed that
chronic ethanol feeding caused an increase in hepatic expression of CCL2 at both mRNA
(Figure 2A) and protein levels (Figure 2B). Importantly, the increase in the hepatic CCL2
expression in response to ethanol was significantly prevented by tributyrin administration
under both preventive and interventional strategies (Figure 2).
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Figure 1. Effect of tributyrin administration on hepatic steatosis, inflammation, and injury in chronic
ethanol-fed mice: Mice were fed either a control diet (Pair-fed, PF) or ethanol (ethanol-fed; EF) (5%
v/v)-containing diet. Tributyrin (TB; 2 g/kg) was orally administered to ethanol-fed mice as a pre-
ventive (EF + TB (7 + 7)) or interventional (EF + TB (7 + 3)) treatment strategy. Immunohistochemical
analysis was performed as (A) H&E for steatosis, (B) CAE staining for neutrophil infiltration and
is indicated by black arrows, and (C) F4/80 staining for Kupffer cell activation in mice liver tissue
sections frozen in OCT. All images were acquired using a 20X objective and scale bar showing 100 um.
(D) Hepatic MPO levels, (E) serum endotoxin levels, and the (F) AST to ALT ratio were biochemically
assessed. Statistical analysis: mean & SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with PF
or EF using ANOVA with Bonferroni’s test (n = 8-10).
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Figure 2. Effect of tributyrin administration on hepatic CCL2 chemokine gene expression in chronic
ethanol-fed mice: Mice were fed either a control diet (pair-fed, PF) or ethanol (ethanol-fed; EF)
(5% v/v)-containing diet. Tributyrin (TB; 2 g/kg) was orally administered to ethanol-fed mice as
a preventive (EF + TB (7 + 7)) or interventional (EF + TB (7 + 3)) treatment strategy. (A) Hepatic
mRNA analysis for CCL2 and TBP (TATA-binding protein) genes was performed using real-time
PCR. CCL2 mRNA expression was normalized with TBP and presented as a fold change over PF.
(B) Liver chemokine CCL2 (MCP-1) protein levels were analyzed using an MSD U-plex assay. The
data are presented as a bar graph after normalizing CCL2 levels with total protein concentration.
Statistical analysis: mean + SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with PF or EF
using ANOVA with Bonferroni’s test (n = 8-10).

3.3. Tributyrin Prevents Ethanol-Induced Transcriptionally Permissive CCL2 Promoter-Associated
Histone Modifications in the Liver

Epigenetic modifications are known to orchestrate the interplay between the chro-
matin state and gene expression. To understand whether the post-translational histone
modifications occurring at the CCL2 promoter contribute to its gene expression in response
to alcohol and tributyrin, a Chromatin immunoprecipitation (ChIP) assay was performed.
Promoter-associated histone modifications were investigated via ChIP qPCR at three tran-
scriptionally relevant sites known for NF«B occupancy on the CCL2 promoter [27-29].
Region-I interrogated the TSS site (—66 to +19), and Region-II (—118 to —212) and Region-
III (—2319 to —2431) investigated proximal and distal enhancer regions known for their
NFkB binding on the CCL2 gene promoter (Figure 3A). The specificity of each ChIP was
established using corresponding isotype-specific control antibodies (IgG)

The status of histone H3 lysine 9 acetylation (H3K9Ac), which plays a key role in the
transcriptional activation of gene expression, was examined. ChIP analysis demonstrated
that correspondent to CCL2 gene expression, ethanol feeding significantly increased tran-
scriptionally permissive histone H3 lysine 9 acetylation (H3K9Ac) at all three regions of
the CCL2 promoter in murine livers (Figure 3B). Additionally, the effect of ethanol was
also examined on another transcriptionally permissive modification. Histone H3 serine
10 phosphorylation (H35S10P), which is also known to be linked with histone H3K9 acety-
lation was also examined (Figure 3C). The data showed that similar to H3K9 acetylation,
ethanol feeding also increased H3510 phosphorylation at all regions of the CCL2 promoter.
In contrast, both preventive and interventional treatment strategies of tributyrin administra-
tion significantly inhibited ethanol-induced H3K9 acetylation and H3510 phosphorylation
at all regions of the CCL2 promoter (Figure 3B,C).
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Figure 3. Effect of tributyrin administration on chronic ethanol-induced promoter-associated histone
H3 modifications at CCL2 promoter in the liver: Mice were fed either a control diet (pair-fed, PF) or
ethanol (ethanol-fed; EF) (5% v/v)-containing diet. Tributyrin (TB; 2 g/kg) was orally administered
to ethanol-fed mice as a preventive (EF + TB (7 + 7)) or interventional (EF + TB (7 + 3)) treatment
strategy. (A) Schematic of CCL2 promoter: Locations of transcription factor NF«B binding sites and
ChIP-PCR primer pairs for analysis of epigenetic modifications are denoted as regions I-III. The
coordinate locations shown are with respect to the transcription start site in REFSEQ NM_011333.
Hepatic CCL2 promoter-associated histone modifications were assessed by analyzing chromatin that
was immunoprecipitated with (B) acetylated anti-histone H3 lysine9 (H3K9) and (C) phosphorylated
anti-histone H3 serine 10 (H3510) antibodies. Levels of histone modifications were measured using
primers specific for regions I, II, and III, as shown in the schematic. Differences are expressed as
fold-over PF after normalizing for input DNA. Statistical analysis: mean 4+ SEM. * p < 0.05, ** p < 0.01,
***p <0.001, and *** p < 0.0001 compared with PF or EF via ANOVA with Bonferroni’s test (n = 5-8).
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3.4. Tributyrin Impedes Ethanol-Responsive p300 Recruitment to the CCL2 Gene Promoter

Histone acetylation is regulated by histone acetyltransferases (HATs), and p300 is
a known HAT that has been previously reported to increase histone acetylation at the
CCL2 promoter [30,31]. Hence, we examined the changes in the p300 binding in response
to ethanol and TB treatment. Similar to changes in histone H3K9 acetylation changes,
ethanol feeding increased the p300 binding by ~7-fold at Region I, ~5-fold at Region
II, and ~2.7-fold at Region III (Figure 4A) over PF. Interestingly, although being known
as an HDAC activity inhibitor, tributyrin administration reduced p300 binding under
both treatment strategies; however, the effect was more significant for interventional TB
treatment (Figure 4A). There was no change in hepatic mRNA expression of p300 for any
experimental groups. (Figure 4B).
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Figure 4. Effect of tributyrin administration on chronic ethanol-induced recruitment of p300-HAT at
the CCL2 promoter in the liver: Mice were fed either a control diet (pair-fed, PF) or ethanol (ethanol-
fed; EF) (5% v/v)-containing diet. Tributyrin (TB; 2 g/kg) was orally administered to ethanol-fed mice
as a preventive (EF + TB (7 + 7)) or interventional (EF + TB (7 + 3)) treatment strategies. ChIP-qPCR
quantification from (A) anti-p300 immunoprecipitated chromatin was performed. Differences are
expressed as fold-over PF after normalizing for input DNA. (B) Hepatic mRNA analysis for p300 gene
expression was performed using real-time PCR after normalizing with the TBP gene and expressed
as a fold change over PF. Statistical analysis: mean + SEM. * p < 0.05, ** p < 0.01, ** p < 0.001, and
*##% p < 0.0001 compared with PF or EF via ANOVA with Bonferroni’s test (n = 5-8).

3.5. Tributyrin Attenuates Ethanol-Induced Enhanced Binding of Transcription Factor NFxB at the
CCL2 Promoter

NF«B is one of the major transcription factors for CCL2 expression. Additionally, it is
known that NFkB interacts with the co-activator protein p300 as part of the transcription ini-
tiation complex and recruits the complex to the target gene promoters [32]. Hence, we next
examined the recruitment of NFkB to the CCL2 promoter via ChIP assay. Commensurate
with increased p300 binding and upregulation of CCL2 mRNA expression, ethanol-exposed
livers showed enhanced recruitment of NF«B at both proximal and distal enhancer regions
of the CCL2 promoter. Moreover, TB treatment prevented NF«B binding to both proximal
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and distal enhancer regions of the CCL2 promoter (Figure 5A). There was no change in the
mRNA expression of NFkB under these experimental conditions (Figure 5B).

Figure 5. Effect of tributyrin administration on chronic ethanol-induced recruitment of the tran-
scription factor NFkB at CCL2 promoter in the liver: Mice were fed either a control diet (pair-fed,
PF) or ethanol (ethanol-fed; EF) (5% v/v)-containing diet. Tributyrin (TB; 2 g/kg) was orally ad-
ministered to ethanol-fed mice as a preventive (EF + TB (7 + 7)) or interventional (EF + TB (7 + 3))
treatment strategy. (A) ChIP-qPCR quantification from immunoprecipitated chromatin using anti-
NF-kB subunit RelA /p65 antibody was performed. Differences are expressed as a fold-over PF after
normalizing for input DNA. (B) Hepatic mRNA analysis for NFkB was performed using real-time
PCR after normalizing with the TBP gene and expressed as a fold change over PF. Statistical analysis:
mean + SEM. * p < 0.05, and ** p < 0.01 compared with PF or EF via ANOVA with Bonferroni’s test
(n =5-8).

3.6. Tributyrin Modulates the SIRT1-NFxB-p300 Interaction and Transcriptional Activation of
NF«B via Decreasing K310-Acetylation of the Nuclear RelA/p65 Subunit of NF«B in
Ethanol-Fed Livers

Acetylation of lysine 310 (K310) of the p65 subunit of NF«B is required for its transcrip-
tional activation and DNA-binding affinity [33,34]. Since increased NF«B occupancy was
observed upon ethanol feeding, the acetylation status of lysine 310 of the nuclear p65 sub-
unit was examined. Hepatic nuclear lysates were prepared, and Western blot analysis was
performed to determine the levels of both total p65-NFkB and acetyl-K310-p65 (Figure 6A).
There was a significant increase in the nuclear levels of p65 along with acetylation at K310
in the livers of mice fed ethanol. In contrast, the TB-administered groups showed a decrease
in nuclear levels of p65 with a significant reduction in K310 acetylation of p65. These data
suggest that TB suppressed the nuclear translocation and transcriptional activation of NFkB
that occurred in response to ethanol feeding (Figure 6A).

Importantly, it has been reported that the nuclear acetylation status of K310 is main-
tained by the interaction of NFkB with a class III histone deacetylase—SIRT1—and histone
acetyltransferase p300 [35-37]. Hence, the association of NFkB with SIRT1 and p300 was
evaluated in ethanol-fed and tributyrin-administered mice. The p65 protein of NF«xB
was immunoprecipitated from hepatic nuclear lysates, and Western blot analysis was per-
formed to determine the nuclear levels of Sirtl and p300 associated with p65 (Figure 6B).
We observed that chronic ethanol feeding modulated the SIRT1-NFkB-p300 axis in the
liver. Specifically, the association of the nuclear RelA /p65 subunit of NF«kB with a class
III histone deacetylase, SIRT1, was decreased with a concomitant increase in a histone
acetyltransferase, p300, interaction in livers of mice chronically fed ethanol compared to
controls. On the other hand, TB treatment maintained the SIRT-1 association and reduced
the p300 association with NF«B (Figure 6B). We also observed that, as previously shown,
ethanol exposure decreased SIRT1 mRNA expression compared to the control. Interestingly,
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tributyrin, which is known as an HDAC inhibitor, increased hepatic mRINA expression of
atypical HDAC-SIRT1 in ethanol-fed mice (Figure 6C).

3.7. TB Decreases the Binding of RNA Pol 11 in Ethanol-Fed Livers

In correlation with promoter histone hyper-acetylation and increased NF«B binding,
ethanol enhanced the transcription initiation process by recruiting RNA Pol II at the TSS
region I of the CCL2 promoter (Figure 7). Importantly, TB prevented these ethanol-induced
permissive epigenetic effects and led to a decrease in RNA Pol II recruitment and CCL2
gene transcription (Figure 7).
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Figure 6. Effect of tributyrin administration on transcriptional activation of NF«B in chronic ethanol-
fed mice livers: Mice were fed either a control diet (pair-fed, PF) or ethanol (ethanol-fed; EF) (5%
v/v)-containing diet. Tributyrin (TB; 2 g/kg) was orally administered to ethanol-fed mice as a
preventive (EF + TB (7 + 7)) or interventional (EF + TB (7 + 3)) treatment strategy. (A) Representative
immunoblots for nuclear levels of lysine 310 acetylation (Acetyl-p65-K310) and total p65 subunit
of NFkB were shown. The densitometric quantification for Acetyl-p65-K310 after normalizing
to total p65 and levels of total p65 after normalizing to Lamine B are shown in the bar graphs.
(B) Nuclear lysates from mice livers were immunoprecipitated with anti-NF«kB-p65 antibodies and
immunoblotted with anti-p300, SIRT-1, or NFkB-p65 antibodies. Representative immunoblots are
shown. The densitometric quantification was performed, and p300 and SIRT-1 data normalized to
NFkB-p65 are shown. (C) Hepatic mRNA analysis for SIRT1 was performed via real-time PCR and
shown as fold change over PF. Data are presented as mean + SEM, and a one-way-ANOVA analysis
was used; significance is shown as * p < 0.05, ** p < 0.01, ** p < 0.001 and **** p < 0.0001. Analysis via
Student’s t-test is shown as # p < 0.01.
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Figure 7. Effect of tributyrin administration on chronic ethanol-induced recruitment of RNA POL
II at the CCL2 promoter in the liver: Mice were fed either a control diet (pair-fed, PF) or ethanol
(ethanol-fed; EF) (5% v/v)-containing diet. Tributyrin (TB; 2 g/kg) was orally administered to
ethanol-fed mice as a preventive (EF + TB (7 + 7)) or interventional (EF + TB (7 + 3)) treatment
strategy. ChIP-qPCR quantification from immunoprecipitated chromatin using an anti-RNA POL II
antibody was performed. Differences are expressed as fold-over PF after normalizing for input DNA.
Statistical analysis: mean £ SEM. * p < 0.05, and ** p < 0.01 compared with PF or EF via ANOVA with
Bonferroni’s test (n = 5-8).

Taken together, our study indicates that chronic ethanol-induced hyperacetylation of
histone H3(K9) and the transcription factor NF«kB (K310) drive hepatic CCL2 expression
and, in turn, contribute to liver inflammation. Importantly, transcriptional repression of
CCL2 via tributyrin administration, under both preventive and interventional treatment
strategies, was associated with hypoacetylation and diminished binding of chromatin-
associated proteins, including p300, NF«B, and RNA polymerase IL.

4. Discussion

Alcohol-associated liver disease (ALD) is a major cause of liver-related morbidity
and mortality [1,38,39]. Despite being actively investigated, there is no FDA-approved
therapy for any stage of ALD. The development of ALD is a complex process that is
influenced by a variety of genetic and environmental factors. Research over the past
decade has determined that combined effects of alcohol metabolism and compromised
nutritional status are associated with disease pathogenesis involving alterations in gut
microbiota, key metabolites such as SCFAs, barrier dysfunction, and liver inflammation
and injury [18]. In the context of liver inflammation, both clinical and animal studies of
ALD have provided evidence that hepatic expression of CCL2 was correlated with the
recruitment of macrophages and neutrophils and the severity of liver inflammation and
injury [5,7]; however, the mechanisms underlying their upregulation are not completely
elucidated. The Ccl2 gene is transcribed at low levels under noninflammatory conditions,
and exposure to various pro-inflammatory stimuli/conditions leads to the rapid induction
of Ccl2 gene expression [28]. Since the differential Ccl2 gene expression is controlled via an
epigenetic mechanism, the present study examined the key aspects of epigenetic regulation
of ethanol-inducible CCL2 expression employing the chronic ethanol-feeding mouse model
of ALD. The major finding of the present study demonstrated that alterations in the post-
translational acetylation modification of both histone H3 and transcription factor NFkB by
p300 and SIRT1 play an important role in regulating hepatic CCL2 expression in response
to both ethanol and oral administration of tributyrin.

Under both normal and disease states, the epigenetic machinery is important for
regulating gene expression. Post-translational modifications (PTMs) of proteins are con-
sidered the main components of epigenetic regulatory machinery for gene expression and
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are also broadly accepted as a therapeutic target [40]. Various post-translational modifi-
cations of histone H3 can occur, and depending on the type of modification, it creates a
euchromatic or heterochromatic chromatin structure at the promoter, thereby affecting
gene expression [41]. Histone H3 acetylation always leads to an open chromatin structure
supporting transcription factor binding and enhanced gene transcription. In our study, we
observed that ethanol feeding increased H3K9Ac levels at the CCL2 promoter, leading to
transcriptional activation and CCL2 gene upregulation. This result was in line with previ-
ously published studies where an increase in histone H3K9 acetylation at CCL2 has been
reported in obesity and fatty liver [42]. Moreover, ethanol exposure is known to increase
global H3K9 acetylation levels in rat hepatocytes [43]. Another documented permissive
modification of histone H3 is phosphorylation at serine 10. It is known that H3S10ph not
only affects H3K9 acetylation but also acts in synergy with it and increases the efficiency
of acetylation reactions [44,45]. Studies by Park et al. have shown a reduction in ethanol-
induced acetylation after inhibiting the kinases that are known to phosphorylate Histone
H3 at serine 10, suggesting a crosstalk between these two adjacent modifications [43]. We
also observed a concomitant change in H3K9 acetylation and H3510 phosphorylation at the
CCL2 promoter under ethanol and tributyrin feeding conditions, further supporting their
interactive role in regulating gene transcription. Additionally, ethanol-mediated increases
in H3K9 acetylation and H3510 phosphorylation also enhanced the DNA accessibility for
transcriptional machinery, as seen by more binding of NFkB and RNA PoL II upregulating
CCL2 transcription.

In addition to histones, acetylation of several non-histone proteins, including tran-
scription factors, also plays an important role in regulating their function and, in turn,
target gene transcription [46,47]. NFkB is one such transcription factor whose function is
affected by the acetylation of lysine residues [33,48]. Importantly, NF«kB is a predominant
transcription factor regulating CCL2 gene expression [28,29,49]. Among the seven lysine
residues (lysine 122, 123, 218, 221, 310, 314, and 315) of NFkB that are known to become
acetylated, acetylation of lysine 310 is important because it is required for full activation of
NF-kB [34]. Moreover, it has been reported that lysine 310 is acetylated by HAT-p300 [35],
and mutation of this lysine residue does not allow functional cooperation of p65 with
p300/CBP and thus impairs the transactivation of p65 [34]. In this context, we observed
that livers from ethanol-fed mice showed greater interaction between the p300 and p65
subunit of NF«B and an increase in K310 acetylation of p65.

Thus, these data suggest that ethanol exposure enhanced the transcription potential of
NFkB, increasing its binding to the CCL2 promoter and consequent CCL2 upregulation.
Additionally, it is known that the interaction of NF«kB with co-activator proteins, such as
p300, allows their recruitment to target gene promoters [50,51]. The p300, being a histone
acetyltransferase (HAT), also acetylates the target gene promoters, creating an open chro-
matin structure that is permissive for gene transcription. Our data also showed a significant
increase in p300 binding to the CCL2 promoter, which then caused the hyperacetylation
of histone H3K9 in response to ethanol. These observations suggest that under ethanol
conditions, p300 mediates both acetylating histone H3 at lysine 9 and NF«B at lysine 310,
thus enhancing the transcription of hepatic CCL2 expression. It is known that alcohol
metabolism leads to an increase in acetate levels and acetyl COA levels, which is the main
substrate for the p300 acetylation function. Although we have not evaluated the levels of
acetyl CoA in our study, based on our results, it can be postulated that ethanol metabolism
increases the substrate availability of p300 to acetylate both histone H3 and transcription
factor NFkB-p65.

In contrast to ethanol, both preventive and interventional treatment strategies of trib-
utyrin administration showed that TB treatment inhibited the ethanol-inducible CCL2
expression. Tributyrin is a triglyceride containing three butyrate moieties that gets rapidly
absorbed and hydrolyzed to butyrate [15,52]. We have previously shown that oral ad-
ministrations of tributyrin prevent alcohol-induced microbial dysbiosis, mainly loss of
butyrate-producing bacteria, and can increase hepato-portal circulation of the butyrate,
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leading to a direct effect on the liver and protect against steatohepatitis in mice [16]. In the
context of inflammation, TB has been shown to reduce the expression of pro-inflammatory
cytokines, including MCP-1/CCL2, in adipose tissue in high-fat-fed mice [53]. In the
present study, we showed that the protective effects of TB are through decreasing ethanol-
mediated permissive acetylation modifications of promoter-associated histones and the
p65 subunit of NF«B. Although TB is a dietary butyrate prodrug and has been documented
to have HDAC inhibitory function, our study demonstrated that TB increases the hepatic
expression and functional capacity of atypical HDAC-SIRT1. Sirtuin 1(SIRT1) is a nicoti-
namide adenine dinucleotide (NAD+, NADH)-dependent class III histone deacetylase, and
its role in alcohol-associated fatty liver disease has been well documented [54]. It has been
reported that ethanol downregulates SIRT1 expression in the liver, and ethanol-mediated
disruption of SIRT1 signaling leads to fat accumulation and inflammatory responses in the
liver [55]. In agreement with the earlier studies, our data also demonstrated a significant de-
crease in SIRT1 expression in ethanol-fed animals; however, TB treatment not only restored
the ethanol-induced downregulation of SIRT1 mRNA expression but further increased its
expression. Consistent with the documented results, butyrate has been shown to increase
SIRT1 expression in the colon and alleviate DSS-induced inflammation in mice [56]. More-
over, relevant to the present work, it has been reported that changes in p65 acetylation
status are regulated by the interaction between p65 and SIRT1 and deacetylation by SIRT1
occurs at lysine 310 [37]. Indeed, our data showed that commensurate with its expression,
TB also increases the functional capacity of SIRT1 to interact with and deacetylate the p65
subunit of NF«B. Our data showed that the SIRT1 acts as a negative regulator of NF«xB
function in TB-treated livers as seen by an increased nuclear association between SIRT-1 and
p65 with a significant decrease in acetylation at K310 and subsequent decreased recruitment
to CCL2 promoter. The present data are consistent with the previous studies documenting
that the use of pharmacological agents modulating SIRT1 activity affects the acetylation
status of RelA protein at Lys310 and its inflammatory transactivation potential [35]. It was
shown in a SIRT1 knockout mouse model that the deletion of SIRT1, hyperacetylated NFxB
and increases its activity, thus resulting in the upregulation of pro-inflammatory genes [57].

TB treatment also interferes with p65 binding to p300, which occurs in response
to ethanol exposure. This resultant decrease in p300-p65 association likely contributed
to further deacetylation of NF«kB and reduced recruitment of p300 to CCL2 promoter,
decreasing the H3K9 acetylation levels. Thus, oral administration of tributyrin can induce
close chromatin structure and transcriptional suppression of CCL2 expression. It has been
reported that SIRT1 can physically interact with p300, inactivating its acetyltransferase
capacity [58,59]. Hence, it can be easily postulated that TB exerts its protective effect mainly
via modulating HAT-p300 and typical HDAC-SIRT-1 interaction with the p65 subunit of
NF«B and deacetylating p65 and impairing its recruitment to CCL2 promoter. Since NFkB is
a key regulator of several inflammatory processes, downregulation of NF«B transcriptional
activation via tributyrin implies that targeting the SIRT1-NFkB-p300 association may
provide new therapeutic opportunities not only for the treatment of ALD but also for other
inflammatory conditions. However, more research is needed to fully understand the role of
these interactions in ALD and determine if targeting them may be an effective strategy for
preventing the development and progression of ALD.

5. Conclusions

Overall, our data support the idea that not only acetylation of histone H3 at the CCL2
promoter but also acetylation and transactivation of the non-histone protein, NFkB-p65,
contribute to alcohol-induced upregulation of CCL2 in the liver.
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Abstract: Hypothyroidism is a prevalent endocrine disorder and is associated with a variety of
metabolic disturbances. This study aimed to investigate the polygenic variants associated with
hypothyroidism risk and the interaction of polygenic risk scores (PRS) with dietary patterns in
influencing disease risk in 56,664 participants aged >40 in a hospital-based cohort. The participants
were classified as having hypothyroidism (n = 870) diagnosed by a physician and no hypothyroidism
(n = 55,794). Genetic variants associated with hypothyroidism were identified using a genome-wide
association study (GWAS). Genetic variants interacting with each other were selected using a gen-
eralized multifactor dimensionality reduction analysis, and the PRS generated was evaluated for
interaction with lifestyle parameters. Coffee, alcohol, meat intake, and a Korean balanced diet were
inversely associated with hypothyroidism risk, as were selenium, copper, and manganese intakes.
White blood cell (WBC) counts and serum alkaline phosphatase and triglyceride concentrations
were positively associated with hypothyroidism risk, as were osteoporosis and thyroid cancer. The
GMDR analysis generated a three-single nucleotide polymorphism (SNP) model comprising dual
oxidase-1 (DUOX1)_rs1648314; thyroid-stimulating hormone receptor (TSHR)_rs75664963; and major
histocompatibility complex, class-1I, DQ Alpha-1 (HLA-DQA1)_rs17426593. The PRS derived from
the three- and seven-SNP models were associated with a 2.11- and 2.32-fold increase in hypothy-
roidism risk, respectively. Furthermore, the PRS from the three-SNP model showed interactions with
WBC counts, wherein the positive association with hypothyroidism risk was more pronounced in
participants with low WBC counts than those with high WBC counts (>4 x 10° /L). Dietary patterns,
such as the plant-based diet (PBD) and the Western-style diet (WSD), along with smoking status,
exhibited interactions with the PRS, influencing hypothyroidism risk. In participants with a high PRS,
those in the high-PBD, low-WSD, and smoker groups had a higher proportion of hypothyroidism
than those in the low-PBD, high-WSD, and non-smoker groups. In conclusion, genetic variants
related to immunity and thyroid hormone secretion were linked to hypothyroidism risk, and their
PRS interacted with PBD and WSD intake and smoking status. These results contribute to a better
understanding of hypothyroidism and its prevention strategies for precision medicine intervention.

Keywords: hypothyroidism; white blood cell counts; immunity; inflammation; diet pattern

1. Introduction

Thyroid hormone production is tightly controlled by the hypothalamus—pituitary—
thyroid (HPT) axis. When triiodothyronine (T3) and thyroxine (T4) levels are sufficient,
they exert negative feedback on the hypothalamus and pituitary, reducing the release of
thyrotropin-releasing hormone (TRH) and thyroid-stimulating hormone (TSH), respec-
tively, to normalize T3 and T4 levels [1]. The disruption of the HPT axis elevates the
TSH concentrations above the reference level and free thyroxine concentration below the
reference range, leading to hypothyroidism. With a prevalence of approximately 5% in
the general population, primary hypothyroidism accounts for over 99% of hypothyroid
cases [1]. Hypothyroidism is more common in women and tends to increase with age [2].
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Primary hypothyroidism typically results from damage to the thyroid gland itself, often
due to autoimmune conditions such as Hashimoto’s thyroiditis, iodine deficiency, certain
medications, and prior thyroid surgery or radiation in persons having sufficient iodine
intake [3]. The thyroid hormone regulates energy metabolism, body temperature, heart
rate, and overall metabolism. Inadequate thyroid hormone levels lead to fatigue, weight
gain, sensitivity to cold, dry skin, and cognitive impairment [4,5].

While the etiology of hypothyroidism is multifaceted and often complex, genetic
factors have emerged as significant contributors to disease susceptibility. Recent genetic
studies have shed light on the role of polygenic variants, which result from multiple genetic
alterations across various loci, in influencing an individual’s risk of developing hypothy-
roidism, particularly congenital hypothyroidism [6]. Genetic mutations associated with
hypothyroidism are related to thyroid dysgenesis-related genes, such as thyroid-stimulating
hormone receptor (TSHR), Forkhead Box E1 (FOXE1), NK2 Homeobox 1 (NKX2-1), Paired Box 8
(PAX8), and NK2 Homeobox 5 (NKX2-5), as well as thyroid dyshormonogenesis linked genes,
such as Solute Carrier Family 5 Member 5 (SLC5A5), Thyroid Peroxidase (TPO), Dual oxidase
2 (DUOX2), Dual oxidase maturation factor 2 (DUOXA2), Solute Carrier Family 6 Member 4
(SLC6A4), and iodothyronine dehalogenase (DEHAL1) [6,7]. These genes are linked to essential
thyroid functions, including thyroid differentiation, iodide organification, thyroglobulin
synthesis, iodide transport, and iodotyrosine deiodination [6,8]. Understanding these
genetic predispositions can offer valuable insights into disease pathogenesis, enabling early
detection and personalized treatment approaches.

In addition to genetics, environmental factors have a crucial impact on thyroid hor-
mone production, secretion, and function, contributing to the development of hypothy-
roidism [9]. These environmental influences can directly affect the thyroid gland or interfere
with the production and regulation of TSH and thyroxin [9]. The factors include iodine defi-
ciency, exposure to toxins, radiation, chronic stress, psychological factors affecting the HPT
axis, consumption of certain goitrogenic foods (e.g., cabbage, broccoli, and cauliflower),
exposure to endocrine-disrupting chemicals found in plastics and pesticides, and triggers
related to autoimmune conditions such as viral infections and specific pollutants [10].
Despite the significance of these environmental factors, few studies have explored the
relationship between hypothyroidism and dietary patterns. A review paper suggested
that the Mediterranean diet may improve thyroid function [11]. However, the interaction
between genetic variants and dietary intake in hypothyroidism remains largely unexplored.

Understanding the complex interplay between genetic susceptibility to hypothy-
roidism and the influence of dietary choices is vital for advancing our knowledge of disease
pathogenesis. This study aimed to investigate the association of polygenic variants with
hypothyroidism risk and the interaction of polygenic risk scores (PRS) with dietary patterns
and lifestyle factors influencing disease risk. The findings of this research could potentially
lead to the development of targeted and individualized approaches to managing and
mitigating the risk of hypothyroidism.

2. Methods
2.1. Participants

This present study recruited 58,701 volunteers aged between 40 and 79 years for a
cohort that included multiple hospitals as part of the Korean Genome and Epidemiology
Study (KoGES) during 2010-2014 [8]. The institutional review boards (IRB) of the Korea
National Institute of Health and Hoseo University approved the KoGES (KBP-2015-055
and 1041231-150811-HR-034-01, respectively). All participants signed a written informed
consent form.

2.2. Baseline Characteristics, Anthropometric, and Biochemical Parameters of the Participants

General characteristics, including age, gender, education, income, smoking status,
alcohol consumption, and physical activity, were surveyed on the initial visit [12,13].
Smoking status was categorized into non-smokers, past smokers who had not smoked
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for the last six months, and current smokers who had smoked at least 20 cigarettes in
their lifetime [14]. The amount of alcohol intake was calculated by multiplying the alcohol
content consumed on each occasion by frequency. Coffee intake was also measured in
the same manner [14]. Regular physical activity was assessed by asking if the subjects
engaged in 150 min or more of physical activity per week, and the response was marked
“Yes” or “No”.

Height and weight were obtained at the initial interview as previously described, and
body mass index (BMI) was calculated by body weight (kg) divided by squares of height
(m?). Obesity was defined as BMI > 25 kg/m?. Blood pressure was determined by a physi-
cian using a sphygmomanometer in a sitting position under resting conditions three times,
and the average systolic blood pressure (SBP) and diastolic blood pressure (DBP) were
used. Blood was collected in a fasting state, and lipid profiles, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and creatinine in the
serum were measured using a Hitachi 7600 Automatic Analyzer (Hitachi, Tokyo, Japan).
Plasma glucose and blood glycosylated hemoglobin (HbA1c) levels and white blood cell
(WBC) count were measured using an automatic analyzer (ZEUS 9.9; Takeda, Tokyo, Japan).
Serum C-reactive protein (CRP) concentrations were measured using an enzyme-linked
immunosorbent assay (ELISA) kit.

2.3. Definition of Hypothyroidism and Metabolic Syndrome

Those participants diagnosed with hypothyroidism by a physician were considered to
have the disease. The subjects with the experience of hyperthyroidism, cancers, chronic kid-
ney disease, and brain-related diseases such as dementia and Parkinson’s disease (n = 2037)
were excluded from the study. The participants with and without hypothyroidism were
870 and 55,794, respectively. Metabolic syndrome (MetS) was defined as having three
or more of the following traits: abdominal obesity measured by waist circumference, hy-
perglycemia, hypertension, hypo-high density lipoprotein (HDL) cholesterolemia, and
hypertriglyceridemia, including conditions for which the individual may be taking medi-
cation. This definition was per the 2005 revised National Cholesterol Education Program
Adult Treatment Panel III (NCEP-ATP III) criteria for Asia [15,16].

2.4. Estimation of Usual Food Intake by a Semi-Quantitative Food Frequency Questionnaire
(SQFFQ)

An SQFFQ was designed to assess the usual food consumption of Koreans, and the
accuracy and reproducibility were validated [17]. The SQFFQ included 106 food items
Koreans consume as a typical diet. During the last year, the food intake was scored as
more than, equal to, or less than the standard portion size in grams that was visualized
using photographs of each food. Food frequencies were divided into the following nine
categories: never or seldom, once per month, two to three times monthly, once or twice
weekly, three or four times weekly, five or six times weekly, daily, twice daily, and >3 times
daily. The daily food intakes were estimated by multiplying the median of the daily
consumption frequencies by the portion size for each food category. The nutrients in the
food intake per the SQFFQ were calculated using the Can-Pro 2.0 nutrient intake assessment
software developed by the Korean Nutrition Society (Seoul, Republic of Korea). The dietary
inflammation index was calculated by multiplying the inflammatory scores of 38 food
components and nutrients reported in the previous study. However, garlic, ginger, saffron,
and turmeric were excluded from the dietary inflammation index formula since their intake
was not recorded in the KoGES study. The sums of the scores of 34 items were divided by
100, as described previously [18].

2.5. Dietary Patterns by Principal Component Analysis

Dietary pattern analysis was conducted based on the consumption of 30 predefined
food groups from 106 food items in the SQFFQ, as previously reported [19]. Dietary
patterns were generated using the pre-categorized food groups’ principal component
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analysis (PCA). The number of clusters was made based on eigenvalues > 1.5, and four
dietary patterns were generated [20]. The orthogonal rotation procedure (varimax) yielded
four uncorrelated dietary patterns. Foods with >0.40 factor-loading values were considered
to have a predominant contribution to the specific pattern [21]. The four dietary patterns
were the Korean balanced diet (KBD), plant-based diet (PBD), Western-style diet (WSD),
and rice-based diet (RBD) (Supplemental Table S1).

2.6. Quality Control of Genotyping and GWAS for Hypothyroidism Risk

The genotypes of the 58,701 participants were provided by the Center for Genome
Science, Korea National Institute of Health. The genotyping of genomic DNA extracted
from whole blood was performed using the Affymetrix Genome-Wide Human single nu-
cleotide polymorphism (SNP) Array 5.0 (Affymetrix, Santa Clara, CA, USA). Genotyping
quality and accuracy were determined using the Mahalanobis Distance genotyping algo-
rithm with Bayesian robust linear modeling (BRLM) [18]. The genotype inclusion criteria
were as follows: >98% genotyping accuracies, <4% rate of missing genotype calls, <30%
heterozygosity, no gender biases, and p > 0.05 Hardy—Weinberg equilibrium (HWE) [18].

The genetic variant selection for hypothyroidism is present in Figure 1. The genetic
association of hypothyroidism was investigated using genome-wide association studies
(GWAS) after adjusting for age, gender, residence area, income, BMI, energy and alcohol
intake, physical exercise, and smoking using PLINK (http://pngu.mgh.harvard.edu/
~purcell/plink accessed on 10 January 2023). The distribution and appropriateness of
genetic variants were checked using Manhattan and Quantile-Quantile (Q-Q) plots. The
lambda value of the Q-Q plot was close to 1, indicating the appropriateness of the GWAS
results. Among the genetic variants of the GWAS, those with high linkage disequilibrium
(LD) (D’ < 0.2, r* > 0.05) were excluded using Haploview 4.2 in PLINK since they provided
the same genetic information for hypothyroidism risk [22].

2.7. Genetic Variant—Genetic Variant Interaction by a Generalized Multifactor Dimensionality
Reduction (GMDR) Method

GMDR is a nonparametric and genetic model designed to detect and characterize
nonlinear interactions between discrete genetic attributes. We applied the GMDR method
to find the interacting genetic variants associated with hypothyroidism risk. The criteria for
selecting the optimal genetic model were a significant p-value (p < 0.05) for the sign test of
trained balance accuracy (TRBA) and test balance accuracy (TEBA) and a cross-validation
consistency (CVC) score of 9 or 10 out of 10 [22]. The PRS was calculated by summing the
number of the risk alleles in the genetic variants of the selected optimal model.

2.8. Statistical Analysis

Statistical analysis was performed using SAS (version 9.3; SAS Institute, Cary, NC,
USA). The PRS of the selected model were categorized into three groups (low, middle, and
high). The frequency distributions of the categorical variables were examined by applying
the Chi-square test. A one-way analysis of variance (ANOVA) was conducted for the
continuous variables among the PRS groups after adjusting for age, sex, BMI, education,
income, energy intake, alcohol intake, smoking, and physical activity.

The association of hypothyroidism risk with anthropometric, biochemical, and ge-
netic parameters was evaluated using adjusted logistic regression analysis. According to
covariates, the first model was analyzed with adjustments for the area of residence, gender,
age, and BMI, and the second model included the covariates in model 1 plus energy intake,
smoking and drinking status, total physical activity, medication for asthma, and energy
intake. The odds ratios (ORs) and 95% confidence intervals (Cls) were assessed using
adjusted logistic regression using the low-PRS as a reference.

The potential interaction between the PRS and lifestyle factors for hypothyroidism
risk was conducted with a multivariate general linear model (GLM) analysis with the main
effects of PRS and lifestyle, their interaction, and covariates. Lifestyles were categorized
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into two groups (low and high levels) with the proper cutoff. An adjusted logistic regression
analysis was performed in two groups based on the cutoff values assigned to each lifestyle
parameter. The proper cutoff values for the two groups were assigned for each variable.
This classification was based on the assumption that the low level of each parameter had a
higher likelihood of interacting with the PRS. The specific cutoff values for each parameter
were used with recommended intake for nutrients and 33rd percentiles of some parameters,
such as dietary inflammation index and dietary patterns, and the exact values were found
in the table legend. Based on the classification criteria, participants were then categorized
into the high and low groups of lifestyle parameters. A p-value of < 0.05 was considered
statistically significant.

To make genotyping of 58 701 participants aged 40-79 years with Korean Chip in Removed 2037

City cohorts of KoGES subjects who had
J, « no diagnosis
To select SNPs related to hypothyroidism by logistic regression in case expenence fpr
e ’ e - . hyperthyroidism
(hyperthyroidism diagnosis; n=870) and control (without experience of diagnosis

hyperthyroidism; n=55,794) groups

'

To select 1714 SNPs to be involved in hypothyroidism selected from the GWAS at p <
0.00001.

¢

To conduct linkage disequilibrium (LD} analyses with r*<0.4 in LD analysis

¢

To find the gene name of the selected 103 SNPs in scandb.org and select SNPs

'

To select 16 genetic variants related to genes in immunity that are potential
mechanisms to induce hypothyroidism by genemania.org

-

To select the best model for genetic variant-genetic variant interaction involved in
hypothyroidism by TRBA, TEBA, and CVC in the models from GMDR

}

To construct the polygenetic risk scores (PRS) from genetic variants of the best model

|

To categorized three groups by the tertiles of the PRS of the best model for genetic
variant—genetic variant interaction

I

To analyze the association of hypothyroidism and PRS of the best model and PRS-
lifestyle interaction (n=870; control: n=55,794; hyperthyroidism: n=5870)

Figure 1. Flow chart to generate the polygenic risk score system influencing hypothyroidism risk.

3. Results
3.1. Demographic Characteristics and Nutrient Intake of Participants

The incidence of hypothyroidism in the study population was 1.48% (n = 870) (Table 1).
Most participants with hypothyroidism were female; women had an 8.3-fold higher risk
of hypothyroidism. Smoking status was not associated with hypothyroidism risk, but
drinking was inversely associated with the risk of hypothyroidism (Table 1). The proportion
of participants with hypothyroidism was higher in the exercise group than in the non-
exercise group, but physical exercise was not significantly related to hypothyroidism risk.
Intake of alcohol and coffee was lower in the participants with hypothyroidism than
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in healthy participants but only in women, and these intakes were inversely associated
with hypothyroidism risk (Table 1). Energy intake did not differ between the healthy
and the hypothyroid groups. Intake of carbohydrates, fats, proteins, and fiber did not
differ in those with and without hypothyroidism. Iodine intake, one of the risk factors for
hypothyroidism, did not vary between the healthy and hypothyroidism groups. Intake
of antioxidant minerals, such as selenium, copper, and manganese, was much lower in
the hypothyroidism group than the healthy group and was inversely associated with
hypothyroidism (Table 1). However, the intake of antioxidant vitamin C did not differ
between the two groups. Vitamin D intake and the dietary inflammation index did not
differ between the two groups (Table 1).

Table 1. Demographic characteristics and nutrient intake of the participants according to

hyperthyroidism.
Men Women
N 1 o thvroidi o thvroidi Adjusted ORs and
orma ypothyroidism _ ypothyroidaism 95% CI
(n = 19,970) (n = 60) Normal (n = 35,824) (n = 810)
Age (years) 54.8 4+ 0.07 2 57.1+1.232 49.6 +0.24 51.6 4 1.71 @+ 1,444 (1.243-1.678)
Gender (%) 35.8 6.9 64.2 93,1 *** 8.276 (6.294-10.88)
Hypothyroidism treatment ) )
(N, % treatment) 49 (81.7) 609 (75.2)
F"rme&i‘gf;t os/Slomg 5604 (28.1) 14 (233) 702 (1.97) 13 (1.60) 0.859 (0.605-1.220)
Drinking (>20 g/day) 14,262 (71.6) 39 (65.0) 10,879 (30.5) 191 (23.6) *** 0.716 (0.603-0.851)
Coffee (>1 c/weeks) 13,510 (67.7) 41 (68.3) 21,292 (59.4) 444 (54.8) ** 0.859 (0.74-0.990)
Physical activity (N, Yes%) 8822 (45.5) 33 (55.0) 13,426 (38.5) 354 (43.8) ** 1.135 (0.986-1.306)
Energy (EER%) ! 84.6 4 0.05 ¢ 84.3 +0.69°¢ 102 £ 0.03 P 103 + 0.19 a*+++ 0.980 (0.853-1.127)
CHO (En%) 2 60.9 & 0.07 60.6 +1.09° 72.540.052 73.1 4 0.29 a+++ 1.152 (0.952-1.393)
Fat (En%) 3 11.6 £ 0.05P 11.4 £0.72° 15.0 + 0.03 2 15.0 4 0.19 a*** 0.516 (0.253-1.052)
Protein (En%) 4 11.1 +£0.02° 11.3 +£0.37°P 14.1 £0.022 14.1 £ 0.10 @+++ 0.952 (0.779-1.164)
Fiber (g/day)® 5.59 +0.02° 5.69 + 0.34 2 6.04 £0.072 6.08 + 0.47 20++ 0.851 (0.703-1.031)
Iodine (ug/day) ° 329 +£2.8° 317 £39.7° 442 £1.892 450 £ 10.6 *++* 0.943 (0.809-1.100)
Selenium 7 17.34£0.192 11.1 +2.71 2P 13.0 £0.13° 11.4 £ 0.72b* 0.737 (0.616-0.882)
Cu? 0.93 4 0.012 0.80 +0.102 0.87 4 0.01 0.79 4 0.03 b* 0.766 (0.642-0.914)
Mn? 227 +0.022 1.77 £ 0.21P 2.08 4+ 0.012 1.88 + 0.06 b** 0.743 (0.633-0.872)
Zn 10 4.74 +0.03 3.96 + 0.40 4.72 +0.02 438 +£0.11* 0.810 (0.688-0.954)
Vitamin C 1! 91.4 4+ 0.52° 94.0 4+ 7.45° 113 £0.35° 110 + 1.99 a+++ 1.053 (0.905-1.226)
Vitamin D 12 5214 0.05 5.07 + 0.66 ° 7.07 4+ 0.03 7.17 4+ 0.18 2+++ 1.050 (0.883-1.249)
Dietary inflammation index '3 —185+0.13P —19.1 +£1.85% —20.7 £0.09° —20.3+0.49 2 0.961 (0.812-1.137)
Sodium 4 241+ 0.01 2.3940.15 2.44 +0.01 2.35 & +0.04 1.011 (0.871-1.174)
Seaweeds (g/day) 1° 1.66 +0.01P 1.89 +0.27b 2454 0.052 2.39 + 0.37 ab++ 0.868 (0.739-1.020)
Vegetables (g/day) 1 89.14+0.81° 99.4 +11.52 114 +0.54 2 115 + 3.07 2+ 0.973 (0.834-1.135)
Fruits (g/day) 17 167 +1.9° 165 4 26.5P 243 +£ 132 240 4 7.1 2+ 1.080 (0.921-1.266)
Meats (g/day) 1® 86.7 + 0.88 2 795 +12.5% 83.1 + 0.60 75.0 + 3.35 b+ 0.803 (0.674-0.956)
Traditional balanced diet ¥ 14,661 (73.4) 47 (78.3) 22,151 (61.8) 458 (56.5) ** 0.848 (0.731-0.984)
Prudent diet 1 8943 (44.8) 28 (46.7) 26,455 (73.9) 636 (78.5) ** 1.242 (1.045-1.476)
Western-style diet !° 15,640 (78.3) 45 (75.0) 22,888 (63.9) 493 (60.9) 0.923 (0.794-1.073)
Rice-based diet 1 12,790 (64.1) 37 (61.7) 23,848 (66.6) 513 (63.3) 0.877 (0.756-1.018)

Values represent adjusted means, standard errors, adjusted odds ratio (ORs), and 95% confidence intervals (CI)
after adjusting for covariates of age, BMI, residence area, income, education, smoking and drinking status, and
physical activity. In analyzing adjusted ORs, each parameter was divided into two groups with the cutoff, which
was estimated energy requirement (EER) !, 70 energy percent (En%) 2, 14 En% 3, 15 en% %, 4 g/d °, 461 ug/d
615 ug/d 71 ug/d 821 ug/d 95 ug/d 10 100 mg/d 1110 ug/d 12. 66th percentile 1320 g/d 1406 ug/d
15, 1g/d,2¢g/d,295¢g/d 7,76 g/d '8; and 33th percentile 1°. Meats = meat + chicken + processed meat.
Participants were divided into four groups according to hypothyroidism and gender. *° Different superscript
letters indicated significantly different at p < 0.05. * Significantly different by hypothyroidism at p < 0.05, ** at
p <0.01, and *** at p < 0.001. * Significantly different by genders at p < 0.05, ** at p < 0.01, and *** at p < 0.001.

Seaweed, vegetable, and fruit intake did not differ between the healthy and hypothy-
roidism groups (Table 1). Meat intake was lower in the hypothyroidism group than in
the healthy group and was inversely linked to hypothyroidism risk. The proportion of
participants with hypothyroidism was much lower in the high-KBD than in the low-KBD
groups, and KBD was inversely associated with hypothyroidism risk (Table 1). However,
PBD, WSD, and RMD were not associated with hypothyroidism risk (Table 1).
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3.2. Anthropometric and Biochemical Measurements

BMI, waist and hip circumferences, plasma glucose, and blood HbAlc levels did
not differ between the healthy and hypothyroidism groups and were not associated with
its risk (Table 2). Serum total cholesterol and triglyceride concentrations were higher
in the hypothyroidism group. The serum triglyceride concentrations were positively
associated with hypothyroidism risk. The estimated glomerular filtration rate (eGFR, renal
function index) and serum ALT and AST concentrations (liver function index) did not differ
significantly between the two groups (Table 2). Interestingly, the serum ALP concentrations
were much higher in the hypothyroidism group than in the healthy group, but only in
women, and it was positively associated (2.11-fold) with hypothyroidism risk. There
was a 3.15-fold increase in the risk of hypothyroidism in participants with <4.0 x 10° /L
WBC count (Table 2). However, this association was not seen in those with serum CRP
concentrations. Cancer incidence was higher in the hypothyroidism group than in the
healthy group, and hypothyroidism risk was 1.93 times higher in those with cancer (Table 2).
The cancers, primarily thyroid cancer, raised the risk of hypothyroidism 3.16 times. The
incidence of osteoporosis and arthritis was higher in the hypothyroidism group than in the
healthy group and was positively associated with hypothyroidism risk (Table 2).

Table 2. Adjusted means of the metabolic parameters according to gender and hypothyroidism.

Men Women
— — Adjusted ORs
Normal Hypothyroidism Normal Hypothyroidism (95% CI)
(n =19,970) (n = 60) (n = 35,824) (n = 810)

BMI (kg/m?) ! 245 +0.022 243 + 0452 23.7 £0.09° 23.5 + 0.62 a*# 0.896 (0.765-1.048)
Waist circumference (cm) 2 85.7 £0.042 86.2 £0.742 80.5 +0.15P 79.8 + 1.04 b+++ 0.850 (0.680-1.063)
Hip circumference (cm) 3 98 95.7 +0.042 97.0 +0.67 2 94.4 +0.13P 93.6 =+ (.93 ab+++# 1.007 (0.818-1.238)

Fas“?ig}i?;}flgzlgcose 100 + 0.2 99.0 + 3.8 % 97.1+0.78"° 93.7 + 533 0.981 (0.740-1.300)

HbAlc (%) 5 6.5 5.81 4 0.01 5.75 4+ 0.16 5.80 4 0.04 5.61 +0.21 0.949 (0.667-1.348)

Total-C (mg/dl) © 230 193 £0.3P 195 £ 5.8 201 +1.22 213 + 8.1 ab+ 1.102 (0.939-1.292)

LDL-C (mg/dl) 7 160 113 +0.3P 112+ 45P° 122 +£0.22 118 4 1.2 ab++ 1.142 (0.956-1.365)

HDL-C (mg/dl) 8 49140.1° 509 +1.9b 56.9 +£0.4°2 57.8 4 0.5 ab+++ 0.967 (0.831-1.126)
TG (mg/dl)°® 1554092 159 + 16.9 2 125 +£3.4°P 112 + 23.6 b++ 1.274 (1.089-1.490) **

SBP (mmHg) 1° 1254 0.12 123 4222 120 + 0.4 P 120 + 3.1 2+ 0.878 (0.748-1.030)

DBP (mmHg) 1! 783 +0.12 770+ 15P 741+03° 71.9 + 2.1 b+ 0.751 (0.530-1.002)

MetS (N, Yes%) 16,430 (82.3) 47 (78.3) 31,433 (87.7) 713 (88.0) 1.078 (0.861-1.350)
eGFR 2 (mL/min/1.73m?) 83.9 4+ 0.14° 86.6 + 2.05 ab 87.34+0.10 2 87.9 4 0.55 * 0.862 0.693 1.074)

Serum ALT (U/L) 12 26.7 £0.16 2 244 +30%% 21.8+0.61° 22444162 0.856 (0.651-1.127)
Serum AST (U/L) 13 25.7 £0.122 23.9 + 2233 23.6 + 046" 252 + 31223 1.090 (0.761-1.562)
Serum ALP (U/L) # 186 +1.22 172 4 18.3 2P 167 4+ 4.2° 189 + 25.3 abxxx 2.110 (1.820-2.445)
WBC (x10° /L) 15 4.0 5.80 4 0.02 2 5.60 +0.202 5.65 4 0.01 5.55 + 0.05 b+ 3.151 (2.601-3.817) ***
Serum CRP (mg/dL) ¢ 0.5 0.17 4 0.005 0.08 +0.10 0.13 + 0.02 0.16 £0.15 1.355 0.959 1.914
Thyroid cancer (N, %) 35 (0.18) 0 (0) 336 (0.94) 24 (2.96) *** 3.160 2.074 4.816
Cancer incidence (N, Yes%) 536 (2.68) 1(1.67) 1461 (4.08) 64 (7.90) *** 1.922 (1.480-2.495)
Asthma (N, Yes%) 279 (1.40) 0(0) 643 (1.80) 20 (2.47) 1.346 (0.857-2.112)
Osteoporosis (N, Yes%) 131 (0.66) 0(0) 2661 (7.43) 92 (11.4) *** 1.381 (1.089-1.752)
Arthritis (N, %) 787 (3.94) 3 (5.00) 3922 (11.0) 109 (13.5) * 1.241 (1.005-1.534)

Values represented adjusted means, standard error-adjusted odds ratios (ORs), and 95% confidence intervals
(CI) after adjusting for covariates of age, BMI, residence area, income, education, smoking and drinking status,
and physical activity. In analyzing adjusted ORs, each parameter was divided into two groups with the cutoff,
which was 25 kg/m2 1,90 cm for men and 85 cm for women 2; 100 cm 3, 126 mg/dL 4,230 mg/dL 5,160 mg/dL 6,
45 for men and 50 mg/dL for women 8:150 mg/dL 9130 mmHg 10 90 mmHg 11 70 mL/min/1.73m?12, 41
for men and 33 U/L for women 2; 40 for men and 32 U/L for women 13; and 129 for men and 104 U/L for
women ™, 4.0 x 10° /L 15, 0.5 mg/dL 16 a,b Different superscript letters indicated significantly different at
p < 0.05. * Significantly different by hyperthyroidism at p < 0.05. ** at p < 0.01, and *** at p < 0.001. * Significantly
different by gender at p < 0.05, ** at p < 0.01, and *** at p < 0.001. * Significant interaction between sex and
hypothyroidism.

3.3. Genetic Variants Associated with Hypothyroidism Risk by GWAS and SNP-SNP Interactions
by GMDR

The statistical significance of the genetic variants associated with hypothyroidism
is shown in a Manhattan plot (Supplementary Figure S1A). Since the number of genetic
variants with p <5 x 108 was not sufficient to find proper genetic variants for hypothyroid

76



Nutrients 2023, 15, 3850

risk, a liberal significance level (p <5 x 107°) was applied. Lambda, a genome inflation
factor of genetic variants for hypothyroidism risk, was at 1.064, indicating no inflation of
the genetic variants (Supplementary Figure S1B).

Among the genetic variants associated with hypothyroidism risk, ten genetic vari-
ants were selected with GMDR. The genetic characteristics of selected genetic variants
(p <5 x 107°) are presented in Table 3. Three SNPs were positively associated (OR > 1), and
seven SNPs were inversely associated with hyperthyroidism risk (0 < OR < 1). Two SNPs
located in chromosome 6, including Major Histocompatibility Complex, Class 11, DQ Alpha 1
(HLA-DQA1), and Chromosome 6 Open Reading Frame 15 (Céorf15) and one SNP, HORMA
Domain Containing 2 (HORMAD?), in chromosome 22 were associated with immunity. One
SNP in chromosome 8, tumor necrosis factor receptor superfamily, member 11b (TNFRSF11B),
was linked to inflammation (Table 3). Two SNPs, Dual oxidase-1 (DUOX1) and Dual oxidase-2
(DUOX2), were associated with modulating oxidative stress in the thyroid, and TSHR was
related to thyroid secretion. The minor allele frequency (MAF) of the ten SNPs was between
0.026 and 0.326. The p-value of the HWE was >0.05.

Table 3. The characteristics of the ten genetic variants related to an inflammation index used for the
generalized multifactor dimensionality reduction analysis.

1 2 - .3 4 5 p Value 7 8 Functional
Chr SNP Position Mi Ma OR Adjusted © MAF HWE Gene Consequence

1 rs144611984 108270345 A C 1.91(1.48-2.46) 5.05 x 1077 0.0211  0.4238 VAV3 Intron

6 1rs7990 32608077 A C 1.37(1.23-1.54) 6.04 x 10°8 0.19 0.0552  HLA-DQA1 Missense

6 rs28746784 32635140 T C 1.48(1.28-1.71) 1.22 x 1077 0.0937  0.6098  HLA-DQBI1 traﬁggfipt
6 rs1800610 31543827 A G 1.35(1.21-1.52) 2.13 x 1077 0.1921  0.6802 TNF Intron
8 rs11573856 119954995 T C 0.78(0.68-0.9) 4.74 x 107 0.1826  0.1248  TNFRSF11B Intron
11 rs11246015 224585 T C 0.73(0.63-0.85) 552 x 1076 0.1482  0.2201 SIRT3 intron

12 157977554 112882859 A G 1.55(1.31-1.83) 312 x 1077 0.0647  0.0878 PTPN11 traﬁggfipt
14 rs75664963 81492195 T A 0.77(0.68-0.86) 7.46 x 107° 0.2704  0.4389 TSHR Intron
15 157171366 45386656 G T 1.45(1.21-1.74) 4.83 x 107 0.0567  0.1427 DUOX2 Intron
_ -7 Nmd

15 rs117742123 45429332 T G 1.49(1.27-1.74) 5.82 x 10 0.0786 1 DUOX1 transcript

! Chromosome; ? Single nucleotide polymorphism; 3 Minor allele; * Major allele; > Odds ratio and lower and upper
ends of 95% confidence interval; ¢ p-value for OR after adjusting for age, gender, residence area, survey year, body
mass index, daily energy intake, education, and income; 7 Minor allele frequency; & p value for Hardy-Weinberg
equilibrium.

After conducting the GMDR, the optimal SNP-SNP interaction models contained
three and seven genetic variants. The three-SNP model included DUOX1_rs1648314,
TSHR_rs75664963, and HLA-DQA1_rs17426593. The seven-SNP model contained the SNPs
in the three-SNP model plus Sirtuin 3(SIRT3) rs11246015, Vav Guanine Nucleotide Exchange
Factor 3 (VAV3)_rs4915077, TNFRSF11B_rs1157, and Cé6orf15_rs2233955 (Supplementary
Table S1). These three- and seven-SNP models had a p-value < 0.05 of the sign test of trained
balanced accuracy (TRBA) and test balance accuracy (TEBA) after adjusting for age, gender,
seaweed intake, and BMI for covariate set 1 and energy intake, physical activity, alcohol
intake, and smoking status plus covariate set 1 for covariate set 2. The cross-validation
consistency (CVC) of both models was 10/10 (Supplementary Table S1). These results
indicated that the three- and seven-SNP models with SNP-SNP interactions contribute to
the risk of hyperthyroidism.

3.4. Association between Polygenic Risk Scores (PRS) and Hypothyroidism Risk

The PRS was calculated from the three- or seven-SNP models by the GMDR models,
and it was categorized into three groups: low-, medium-, and high-PRS. A high-PRS exhib-
ited a 2.11 (1.63-2.74)- and 2.32 (1.48-3.33)-times higher hypothyroidism risk, respectively,
compared with a low-PRS in the three-SNP and seven-SNP models after adjusting for the
covariate set 2 (Figure 2). The adjusted ORs and 95% CI in the three-SNP and seven-SNP
models were similar after adjustment of covariate sets 1 and 2. The PRS of the three-SNP
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model was associated with WBC counts and asthma but not serum CRP concentration and
MetS-related biochemical parameters (Supplementary Table S2).
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Figure 2. Adjusted odds ratio (ORs) and 95% confidence intervals (Cls) of the polygenic risk scores
(PRS) of three- and seven-single nucleotide polymorphism (SNP) models generated for assessing
SNP-SNP interactions associated with hypothyroidism risk. The best generalized multifactor di-
mensionality reduction analysis (GMDR) models with three-SNPs and seven-SNPs were calculated
by summing the number of risk alleles of six and seven SNPs. The calculated PRS were divided
into three categories (0-3, 4-5, and >6; 0-5, 6-8, and >9), the low-PRS, medium-PRS, and high-PRS
groups, for the three-SNP and seven-SNP models, respectively. The adjusted OR was analyzed by
logistic regression with covariates, including age, gender, residence areas, income, education, energy
intake, smoking status, physical activity, alcohol intake, and the survey year. The reference group
was the low-PRS in logistic regression. Red and blue boxes indicate the adjusted ORs for the three
and seven SNPs, respectively, and the lines through red and blue boxes indicate 95% CIs.

3.5. Genetic Interactions of Lifestyle Factors with Hypothyroidism Risk

There was an interaction between the WBC count and the PRS from the three-SNP
model to influence hypothyroidism risk. A high PRS increased the risk of hypothy-
roidism 4.89-fold in the low WBC count group and 1.71-fold in the high WBC count
group (Figure 3A). The proportion of participants with hypothyroidism was much higher
in the low WBC count than in the high WBC count group. The high-PRS group included
more participants with hypothyroidism than the low-PRS group, regardless of WBC count.
However, the serum CRP concentration did not influence hypothyroidism risk. The pro-
portion of participants with hypothyroidism was much higher in the high CRP group than
in the low CRP group (Figure 3B). The proportion of participants with hypothyroidism was
higher in the high-PRS than the low-PRS group within the low CRP group. However, there
was no significant difference among the PRS groups within the high CRP group (Table 4).
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Figure 3. The proportion of individuals with hypothyroidism with the polygenic risk scores (PRS)
of the three-single nucleotide polymorphism (SNP) model according to white blood cell (WBC)
counts, diets, and smoking status. (A). WBC (cutoff: 4.0 x 10° /L); (B). Serum C-reactive protein
(CRP) concentration (Cutoff: 0.5 mg/dL); (C). Carbohydrate intake (Cutoff: 70th energy percentile);
(D). Korean balanced diet (KBD, Cutoff: 33rd percentile); (E). Plant-based diet (PBD, Cutoff: 33rd
percentile); (F). Western-style diet (WSD, Cutoff: 33rd percentile); (G). Smoking status; Low-PRS
(0-3), Medium-PRS (4-5), and High-PRS (>6) in the six-SNP model.
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Table 4. Adjusted odds ratios for the risk of serum CRP concentrations by the PRS with three SNPs!
after covariate adjustments according to age, gender, metabolic syndrome, and nutrient intake.

Low-PRS

Medium-PRS

High-PRS

Gene-Nutrient

(N =13,856) (N = 25,608) (N =17,200) Interaction
p Value
Low WBC ! . 2.299 (1.050-5.033) 4.887 (2.186-10.93) ~0.0001
High WBC 1.249 (0.942-1.655) 1.706 (1.257-2.315) :
Low CRP 2 1 1.515 (1.174-1.954) 2.221 (1.693-2.915) 03053
High CRP 1 0.885 (0.306-2.560) 0.562 (0.209-1.510) :
Low EER 3 1 1.248 (0.881-1.768) 1.893 (1.304-2.748) 02139
High EER 1 1.434 (0.945-2.178) 2.009 (1.281-3.149) :
Low CHO * 1 1.554 (1.088-2.220) 2.049 (1.396-3.009) 0.0563
High CHO 1 1.238 (0.860-1.782) 1.917 (1.297-2.834) :
Low protein 5 1 1.315 (0.963-1.795) 1.852 (1.324-2.590) 02505
High protein 1 1.449 (0.938-2.237) 2.280 (1.438-3.614) :
Low fat © 1 1.285 (0.934-1.770) 1.762 (1.246-2.492) 01768
High fat 1 1 1.410 (0.865-2.297) 2.367 (1.415-3.958) :
Low KBD? 1 1.554 (1.034-2.335) 2.654 (1.731-4.067) 0.0608
High KBD 1 1.286 (0.912-1.812) 1.696 (1.167-2.464) :
Low PBD” 1 2.104 (1.184-3.739) 2.297 (1.235-4.274) 0.0140
High PBD 1 1.161 (0.865-1.558) 1.859 (1.357-2.547) :
Low WSD 7 1 1.168 (0.797-1.712) 2.042 (1.360-3.065) 0.0295
High WSD 1 1.336 (0.957-1.865) 1.797 (1.254-2.577) :
Low RMD 7 1 1.471 (0.969-2.234) 2.271 (1.461-3.531) 05219
High RMD 1 1.312 (0.944-1.824) 1.855 (1.299-2.648) :
Low PA 8 1 1.285 (0.934-1.770) 1.762 (1.246-2.492) 07276
High PA 1 1.484 (1.020-2.159) 2.227 (1.495-3.319) :
Low coffee 1 1.705 (1.088-2.671) 2.415 (1.498-3.894) 01439
High coffee 1 1.104 (0.790-1.541) 1.671 (1.165-2.397) :
Low alcohol 10 1 1.419 (1.043-1.931) 1.962 (1.407-2.737) 02330
High alcohol 1 1.025 (0.597-1.760) 1.836 (1.041-3.237) :
Non-smokers 1 1.400 (1.089-1.800) 2.073 (1.584-2.711) 0.0379

Former and current Smokers

—

1.687 (0.504-5.645)

3.296 (0.952-11.41)

Values represent odds ratios and 95% confidence intervals. Gene-gene interaction model with six SNPs included
CRP_rs386636005, GUSBP2_rs1250561232, OASL_rs201853167, APOC1_rs56131196, TLDC2_rs59310406, and
HNF1A_rs1169286. Low-GRS, medium-GRS, and high-GRS were divided into 0—4, 5-6, and >6 risk alleles for six
SNP GMDR models, respectively. The cutoff points of dividing the values of each parameter into two groups
were as follows: 4.0 x 10° /L 1, 0.5 mg/dL 2, estimated energy requirement (EER) 3; 70 energy percent (En%)
4 13 En% >, 15 En% ©; 66th percentile 7, 150 min/week of moderate-intensity physical activity ®, 3 cup/week ?,
and 20 g/day !°. Multivariate regression models include the corresponding main effects, interaction terms of
gene and main effects (energy and nutrient intake), and potential confounders, such as age, gender, energy intake,
residence area, metabolic syndrome, job, education, income, BMI, WBC, smoking, coffee, alcohol, and physical
activity. The reference was the Low-PRS. KBD, Korean balanced diet; PBD, Plant-based diet; WSD, Western-style
diet; RMD, rice-main diet; PA, physical activity.

Energy and macronutrient intakes did not interact with the PRS and did not contribute
to hypothyroidism risk. However, carbohydrate intake was close to significant in the
interaction with PRS (p = 0.056). The proportion of participants with hypothyroidism was
much higher in those with a high carbohydrate intake than in those with a low intake
(Figure 3C). The proportion of participants with hypothyroidism increased with the PRS,
which was much higher in the low-KBD than in the high-KBD groups (Figure 3D). The
PBD and WSD interacted with PRS to influence hypothyroidism risk among the different
dietary patterns. The proportion of participants with hypothyroidism increased with the
PRS, which was much higher in the high-PBD than in the low-PBD group (Figure 3E).
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KBD showed a trend similar to that of the WSD but WSD showed a pattern opposite to
that of PBD. The proportion was higher in those with a low WSD intake than those with
a high WSD intake (Figure 3F). Among the lifestyle factors, physical activity, coffee, and
alcohol intake did not interact with the PRS to contribute to hypothyroidism risk. However,
smoking interacted with PRS to influence hypothyroidism risk (Figure 3G). The proportion
of participants with hypothyroidism increased with PRS in both smokers and non-smokers
but was much higher in smokers than in non-smokers in each PRS group.

4. Discussion

This present study highlights the association between genetic variants and hypothy-
roidism risk in a hospital-based cohort of participants aged over 40 years. Among the
56,664 participants, 870 were diagnosed with hypothyroidism, while 55,794 did not have
hypothyroidism. This study identified several genetic variants related to immunity and the
thyroid hormone secretion associated with hypothyroidism. The PRS derived from these
genetic variants were positively correlated with hypothyroidism risk. Furthermore, the
PRS showed interactions with lifestyle factors, such as dietary patterns (PBD and WSD)
and smoking status, influencing hypothyroidism risk. These findings provide valuable
insight into the genetic basis and potential preventive strategies for hypothyroidism.

Hypothyroidism exhibits distinct gender-related patterns in its prevalence. It is gener-
ally more common in females than males [23], consistent with the findings of the present
study. Estrogen is a significant factor influencing thyroid function, and its interaction with
various factors makes the relationship complex. However, the exact mechanisms through
which estrogen affects the thyroid are still under investigation. Estrogen has been linked to
the production, release, and metabolism of thyroid hormones from the thyroid gland. It
modulates the synthesis of TSH in the pituitary gland [24,25]. Estrogen can also impact the
levels of thyroid-binding proteins in the bloodstream, which, in turn, affects the transport
and availability of thyroid hormones for cellular uptake and metabolism [26]. Moreover,
elevated estrogen levels have been positively associated with developing autoimmune thy-
roid disorders, such as Hashimoto’s thyroiditis [25]. Hormonal fluctuations at different life
stages, such as puberty, pregnancy, and menopause, can impact thyroid function differently
among individuals, potentially contributing to an increased risk of thyroid disorders in
females [24,27].

Hypothyroidism is primarily a condition of severe dietary iodine deficiency called
goiter. In case there is a sufficient intake of seaweed and iodine-fortified salt, the primary
cause of hypothyroidism is thyroiditis due to an autoimmune disorder (Hashimoto’s
thyroiditis) and thyroidectomy or radioactive iodine therapy [1]. In different studies, the
mean iodine intake of Koreans varies between 200 and 550 ug/day, mainly from seaweed
intake (66%), milk and dairy products (11%), and fish (9%) [28,29]. This present study
showed an intake of about 325 ug/day for men and 445 ug/day for women, which was
higher than the recommended intake (150 ug/day) but lower than 2400 ug/day, the upper
limit of iodine in Korea DRI. Previous studies have reported that excess iodine intake
is associated with hyperthyroidism or hypothyroidism [30,31]. In Koreans, the risk of
non-immune-related hypothyroidism is significantly elevated with excess iodine intake
(>750 ug/day) with a hazard ratio (HR) of 2.81 times (1.64—4.80) [32]. Individuals with
predisposing thyroid diseases, such as autoimmune thyroiditis or thyroidectomy, are
susceptible to iodine-induced hypothyroidism when they consume iodine-fortified salt and
drinking water [30]. However, this present study did not show a significant difference in
iodine intake between the hypothyroidism and healthy groups. Therefore, hypothyroidism
is not related to iodine intake in Koreans whose intake is adequate.

Moderate alcohol consumption serves as a protective factor against various autoim-
mune diseases, including overt autoimmune hypothyroidism [33,34]. Aligning with prior
research, this current study establishes an inverse connection between alcohol consumption
and hypothyroidism. However, the precise mechanism behind this effect remains undis-
closed. The impact of coffee consumption on hypothyroidism remains uncertain. Analysis
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of NHANES data from 2007 to 2012 reveals that the incidence of subclinical hypothyroidism
is lower when coffee intake is <2 cups per day compared to >2 cups per day, and it tends
to be lower in the <2 cups per day group than in those who abstain from coffee [35]. In
contrast, the participants in our study exhibited significantly lower coffee intake compared
to NHANES participants, and this diminished coffee consumption showed an inverse cor-
relation with hypothyroidism. The relationship between coffee intake and hypothyroidism
necessitates further investigation.

Thyroid hormones cause the breakdown of carbohydrates and lipids for energy pro-
duction and regulate the synthesis and breakdown of glucose, cholesterol, and triglycerides.
It is suggested that thyroid hormones have multiple effects on glucose and lipid metabolism
and energy consumption and play an essential role in MetS development. These hormones
are also involved in heart function, the central nervous system, bone growth and turnover,
and menstrual cycle and fertility in women. It has been observed in earlier studies that
due to decreased thermogenesis and metabolic rates, individuals with hypothyroidism
were more obese than healthy adults [36,37]. However, this present study showed that the
BMI and waist circumferences were not significantly different between individuals with
and without hypothyroidism. Furthermore, type 2 diabetes mellitus reduces TSH levels,
impairs the conversion of T4 to T3 in the peripheral tissues, and is positively associated with
hypothyroidism [38]. However, no association was observed between serum glucose con-
centration and hypothyroidism in this present study. Hypothyroidism has been reported
to be linked to lipid profiles, but this remains controversial [39,40]. This present study
showed that serum total cholesterol, HDL, and LDL concentrations were not associated
with hypothyroidism, but serum triglyceride concentration was positively associated with
hypothyroidism. Therefore, the MetS status was not linked to hypothyroidism risk in this
present study.

Thyroid hormones have multiple effects on glucose and lipid metabolism and energy
consumption and play an essential role in the development of MetS. Diseases such as
thyroid cancer, osteoporosis, and arthritis are positively associated with hypothyroidism
risk. WBC count indicates the immune status, and a low WBC count raises the risk of
hypothyroidism 3.15-fold, indicating that hypothyroidism might be linked to autoimmune
diseases. This might account for the higher incidence of most cancers, particularly thy-
roid cancer, in individuals with hypothyroidism. Previous studies have supported the
association of cancer incidence with hypothyroidism risk. However, these results are
inconsistent [41]: Breast cancer and radiation therapy to the supraclavicular lymph nodes
are linked to hypothyroidism risk [42]. Elevated TSH, increased reactive oxygen species
production, and mutation/polymorphisms of genes have been involved in increased cancer
risk or pro-tumoral cell behavior [43]. Therefore, there is a need for more clinical stud-
ies in subclinical or clinical hypothyroidism to explore the relationship between lifestyle
modification and hypothyroidism prevention.

The relationship between nutrient and diet intake and hypothyroidism remains un-
clear. Selenium and iodine are essential for thyroid hormone production and function,
as their intake protects the thyroid gland from free radicals during thyroid hormone syn-
thesis [44]. An increase in oxidative stress results in an oxidant/antioxidant imbalance in
individuals with hypothyroidism [45,46]. A deficiency in selenium, zinc, and magnesium
intake can significantly impact hypothyroidism risk. In a meta-analysis of 32 observational
studies, individuals with hypothyroidism were observed to have lower serum selenium
and zinc levels than healthy adults. [47]. A 10-week zinc, vitamin A, and magnesium
supplementation intervention increases serum-free T4 concentration and prevents the
increase of serum CRP and malondialdehyde levels and body weight in adults with hy-
pothyroidism [48]. Selenium and zinc supplementation has been found to be beneficial in
specific populations with otherwise limited generalizability [49]. This present study found
that the intakes of selenium, copper, manganese, and zinc, which function as cofactors of
antioxidant enzymes, were inversely associated with hypothyroidism risk, suggesting that
hypothyroidism is linked to oxidative stress. However, the DII, vitamin C, vitamin D, and
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fiber intakes were not linked to hypothyroidism risk. Meat intake was inversely associated
with hypothyroidism risk, but seaweed, vegetable, and fruit intakes were not associated
with hypothyroidism. Furthermore, KBD was inversely associated, and PBD was positively
associated with hypothyroidism risk. Therefore, maintaining a well-balanced diet that
includes a variety of nutrient-rich foods is essential for supporting overall health and
thyroid function in individuals with hypothyroidism.

Autoimmune activation can induce both hypothyroidism and hyperthyroidism, which
result from different mechanisms within the autoimmune process [50]. Over time, the au-
toimmune attack leads to destroying thyroid tissue, reducing the gland’s ability to produce
thyroid hormones (T3 and T4) and inducing hypothyroidism [51]. However, in Graves’
disease, a common autoimmune cause of hyperthyroidism, the immune system produces
thyroid-stimulating immunoglobulins (TSI) that mimic the action of the TSH [51,52]. TSI
binds to the TSH receptors on thyroid cells, stimulating the thyroid gland to overpro-
duce thyroid hormones [52]. Therefore, both hypothyroidism and hyperthyroidism are
associated with autoimmune disorders, and they are linked to immune and inflammation-
related genetic variants. This present study showed that HLA-DQA1_rs17426593 and
TNFRSF11B_rs11573856 were associated with hypothyroidism, suggesting a link between
hypothyroidism, autoimmune disorders, and inflammation.

Thyroid hormone secretion is regulated by TSH acting via the TSH receptor (TSHR), a
G protein-coupled transmembrane receptor. TSHR mediates thyroid hormone synthesis in
the thyroid gland and height growth [53]. The TSHR loss-of-function mutation contributes
to blocking TSH action to increase TSH levels to induce hypothyroidism with thyroid
hypoplasia [53]. However, Graves’ disease stimulates the production of TSHR antibodies,
leading to the development of hyperthyroidism [52]. TSHR mutations are also reported
to be associated with Graves’ disease [51]. According to the location of mutation sites
on the TSHR gene, hypothyroidism or hyperthyroidism may be induced. However, no
TSHR mutation has been found for hyperthyroidism in the city hospital-based cohort of
KoGES [50]. In Chinese patients with congenital hypothyroidism, seven genetic variants of
TSHR, such as mutations in Ile216, Ala275, Asn372, and Ser567 with loss-of-function, and
genetic variants of DUOX2 are also found [54,55]. Therefore, the TSHR mutation may be
mainly linked to hypothyroidism risk in Asians.

Notably, no previous studies have reported interactions between genetic variants and
lifestyle factors and the association with hypothyroidism, making this present study unique
and groundbreaking in its approach. This present study showed the interaction of genetic
impact by PRS with PBD and WSD, contributing to hypothyroidism risk. Interestingly, the
proportion of individuals with hypothyroidism increased with PRS and was much higher
in the high PBD than in the low PBD groups. The trend of hypothyroidism with PRS in
the PBD group was opposite to those in the WSD and KBD groups. The proportion of
individuals with hypothyroidism was much higher in the low KBD and low WSD groups
than in the high KBD and high WSD groups, regardless of the PRS. Smoking status had an
interaction with the PRS to influence hypothyroidism risk. Overall, this study’s findings
demonstrated the intricate relationship between genetic factors, dietary patterns, and
smoking status in the context of hypothyroidism risk. Identifying these interactions adds
significant value to our existing knowledge and highlights the importance of considering
genetic and lifestyle factors in understanding and managing hypothyroidism. Further
research is needed to explore the underlying mechanisms and clinical implications of these
interactions for developing personalized preventive strategies and targeted interventions
for individuals at risk of hypothyroidism.

In this present study, a novel finding was the relationship of the PRS for hypothy-
roidism with immunity and thyroid function and its interaction with dietary patterns.
However, the limitations of this study may be summarized as follows: (1) The data were
derived from a cross-sectional study. Therefore, causal relationships could not be estab-
lished. (2) Serum TSH, T3, and T4 concentrations were not measured, and the participants
were classified as having hypothyroidism based on a question regarding any previous diag-
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nosis of hypothyroidism. Misclassification or measurement errors in these variables could
introduce bias into the observed associations. (3) The usual food intake was calculated
from the SQFFQ containing 106 foods designed for Korean meals, which was validated
with 3-day food records for four seasons. However, the SQFFQ has some measurement bias
in measuring food intake. 4) The genetic variants were not validated in an independent
cohort since other cohorts available in Korea did not include hypothyroidism-related data.
However, the number of participants was large enough to enhance the statistical power for
conducting robust analyses and increasing the generalizability of the results.

In conclusion, this hospital-based cohort study provides valuable insights into the
genetic basis and potential preventive strategies for hypothyroidism. This study identified
genetic variants related to immunity and thyroid hormone secretion that are associated
with hypothyroidism risk. The PRS derived from these genetic variants was positively
correlated with hypothyroidism risk, highlighting the importance of genetic factors in
disease susceptibility. Moreover, this study demonstrated that the PRS interacts with
certain lifestyle factors, specifically PBD and WSD, as well as smoking status, influencing
hypothyroidism risk. Notably, the interaction of PRS with the PBD and WSD leads to
contrasting trends in hypothyroidism risk, depending on the dietary patterns followed
by individuals. These findings emphasize the intricate interplay between genetic and
lifestyle factors in determining hypothyroidism risk, thus adding novel insights to our
understanding of the condition.
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Abstract: The occurrence of obesity stems from both genetic and external influences. Despite
thorough research and attempts to address it through various means such as dietary changes,
physical activity, education, and medications, a lasting solution to this widespread problem remains
elusive. Nutrients play a crucial role in various cellular processes, including the regulation of gene
expression. One of the mechanisms by which nutrients can affect gene expression is through DNA
methylation. This modification can alter the accessibility of DNA to transcription factors and other
regulatory proteins, thereby influencing gene expression. Nutrients such as folate and vitamin B12
are involved in the one-carbon metabolism pathway, which provides the methyl groups necessary
for DNA methylation. Studies have shown that the inadequate intake of these nutrients can lead to
alterations in DNA methylation patterns. For this study, we aim to understand the differences in
the association of the dietary intake between normal weight and overweight/obese children and
between European American and African American children with the DNA methylation of the
three genes NRF1, FTO, and LEPR. The research discovered a significant association between the
nutritional intake of 6-10-years-old children, particularly the methyl donors present in their diet,
and the methylation of the NRF1, FTO, and LEPR genes. Additionally, the study emphasizes the
significance of considering health inequalities, particularly family income and maternal education,
when investigating the epigenetic impact of methyl donors in diet and gene methylation.

Keywords: childhood obesity; DNA methylation; epigenetics; health disparities; folate intake; methyl
donors; dietary intake

1. Introduction

Childhood overweight and obesity results from consistently consuming more energy
than needed and is influenced by a combination of genetics, lifestyle choices, the obesogenic
environment, and social factors [1]. While there is evidence of a genetic component involved
in childhood obesity, the significant rise in obesity rates among children cannot be solely
attributed to genetic changes [2,3]. This suggests that interactions between genes and the
environment are likely driving the epidemic of childhood obesity. Obesity, which is defined
as the abnormal accumulation of excess body fat, can lead to various health issues such as
blood lipid disorders, high blood pressure, insulin resistance, type 2 diabetes, metabolic
syndrome, cardiovascular disease, and liver fat accumulation [4]. The prevalence of
obesity is rapidly increasing in modern society, with an estimated 58% of adults worldwide
expected to meet the criteria for obesity by 2030 [5]. The literature shows that approximately
55% of children who are obese will continue to be obese during their teenage years [6].
Roughly 80% of obese teenagers remain obese in adulthood, and approximately 70% stay
obese beyond the age of 30 years [6]. When we look closer, obesity disproportionately affects
racial minority groups, especially Hispanic and Black groups; therefore, it is important to
understand the causes and reduce the prevalence of childhood obesity [7].
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As the rise in childhood obesity rates in recent decades cannot be fully attributed
to genetics alone, factors such as nutrition and lifestyle in our surroundings may also
play a role in this trend. These factors can influence gene expression without altering
the DNA sequence, a phenomenon known as epigenetics [8]. Epigenetics explores how
external influences, such as lifestyle choices, exercise, toxin exposure, and diet, can impact
gene expression [9-11]. These modifications play a role in various conditions, including
obesity [12-14], type 2 diabetes [15], metabolic syndrome [16], insulin resistance [17], and
cancer [18]. Conrad Waddington introduced the concept of epigenetics in 1942, which
involves chemical modifications that affect how the body interprets DNA [19]. The most
extensively researched epigenetic changes include DNA methylation, histone modifica-
tions, and non-coding RNAs [8]. Importantly, various therapeutic approaches, such as
a low-calorie diet [20,21], bariatric surgery [22,23], and physical activity [24,25], can re-
verse these epigenetic markers that occur during obesity management. Nutrients can
also serve as a source of epigenetic modifications and reverse specific disease-associated
epigenetic markers [26,27]. As a result, nutritional epigenetics has emerged as a novel
mechanism that explains how nutrition interacts with genes, providing evidence of its role
in metabolic diseases.

Early-life nutrition causes long-term alterations in DNA methylation, which have
adverse effects on individual health. Nutrients can exert their influence by directly inhibit-
ing epigenetic enzymes such as DNA methyl transferase (DNMT), Histone deacetylase
(HDAC), or Histone acetyltransferases (HAT) or by changing the availability of the sub-
stances required for those enzymatic reactions. As a result, the expression of vital genes is
modified, ultimately affecting overall well-being [28-30]. Studies have shown that nutrients
have an epigenetic impact on phenotypic and disease susceptibility throughout life. Folate,
a water-soluble B vitamin, is a source of one carbon to produce S-Adenosyl methionine
(AdoMet), which is required for DNA methylation; folate metabolism is connected to
phenotypic alterations through DNA methylation [29-31]. Other methyl donor substances,
including choline, can likewise change the DNA’s methylation status, which will then
affect how genes are expressed [29]. A diet rich in methyl-donating nutrients can quickly
affect gene expression, particularly in early development, when the epigenome is being
established, and can have long term consequences in adulthood [32]. Animal studies
have shown that an insufficient intake of folate or choline, which are methyl-donating
compounds, before or after birth leads to lasting hypomethylation of certain genomic
regions [33]. In adults, a diet lacking in a methyl group leads to reduced DNA methylation,
but these changes can be reversed when methyl is reintroduced into the diet [32]. However,
there is a gap in the literature in understanding the relationship between dietary intake
of children and obesity-related gene methylation considering the racial disparities. In
our previous study [34], we found that children who were overweight/obese (OW/OB)
had increased methylation of the NRF1 and FTO genes and decreased methylation of the
LEPR gene when compared to normal weight (NW). Specifically, African American (AA)
children had significantly higher methylation of LEPR compared to European American
(EA) children. Along the line, this research aims to identify the dietary nutrients that are
associated with the methylation of the obesity-related genes NRF1, FTO, and LEPR in racial
disparities in childhood obesity.

2. Materials and Methods
2.1. Study Participants and Sample Analysis

Detailed information of the study participants has been previously given in Patel
et al. [34]. Briefly, children aged 6 to 10 years were recruited from Lee and Macon counties,
AL. A total of 113 children participated in this study. A phone survey was conducted with
the parents to identify the children’s history of diabetes or cardiovascular disease to exclude
them from the study. Children who self-identify as EA or AA ethnicity were included.
Children were brought by their parents to Auburn University, and their anthropometric
data and saliva samples were collected. The body weights and heights of the participants
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were measured based on the World Health Organization (WHO)’s guidelines. The children
were classified as normal weight, overweight, or obese, based on the Centers for Disease
Control and Prevention (CDC)’s standards [35]. Furthermore, saliva was used to isolate
the DNA, which was then bisulfite converted for the MethyLight RT-PCR reaction. The
multiplex PCR was carried out for the three genes NRF1, FTO, and LEPR, for which two
primers and one probe for each gene were designed. Detailed protocols for each step have
been mentioned in previous published article [34].

2.2. Dietary Nutrient Analysis

Parents were asked to complete a detailed 24 h dietary recall of the child, which
consisted of two parts. First, they were asked to write down what the child consumed for
breakfast, lunch, and dinner, as well as desserts, snacks, and drinks. The second part con-
sisted of the consumption of major food groups including vegetables, fruits, bread /grains,
oily fish, high-fat meat, lean meat, non-meat protein, eggs, milk and milk products, cheese,
sugared beverages, sweets, potato or corn snacks, and caffeinated beverages, along with
their serving sizes. Additionally, each group had sub-categories of specific food items. For
instance, the vegetable group had two sub-categories, uncooked and cooked vegetables,
which had serving sizes of 1 tennis ball and } a tennis ball, respectively. Similarly, for other
groups, references were given for portion sizes such as 1 deck of cards, 1 golf ball, ounces,
size of index finger, cubes, etc.

Using ESHA’s Food Processor Diet Analysis Software Version 11.11 (Salem, OR, USA),
energy and nutrient intake were calculated. The Food Processor Diet Analysis program
from the ESHA offered thorough reports on nutritional consumption, both macro and
micronutrients. Over 1900 food sources, including the USDA Standard Reference database,
USDA Food Data Central Brands, and manufacturer’s data, were included in the software
database. Additionally, there were over 146,000 ingredients, recipes, and restaurant food
brands in the software database.

2.3. Statistical Analysis

IBM SPSS Statistics 25.0 was used for all the statistical calculations. Based on the body
weight, height, date of birth, and gender, the participants were divided into two groups:
normal weight (NW) and overweight/obese (OW /OB). Similarly, participants were divided
based on their racial groups: European American (EA) and African American (AA). To
determine the differences in all the macro and micronutrient intake, an independent sample
t-test was carried out between NW and OW /OB children as well as between EA and AA
children. Pearson correlation coefficients were calculated to demonstrate the correlation
between the DNA methylation of genes (NRF1, FTO, and LEPR) and each nutrient for the
following categories: NW, OW /OB, EA, and AA. Additionally, the correlation was adjusted
for variables, including maternal education, family income, gender, and age.

3. Results

The demographic details about the study population were given in the previous paper
(1). Table 1 shows the PMRs of the NRF1, FTO, and LEPR genes and the nutrient intake by
the children. In overweight/obese EA children, there was a notable rise in PMR (Percentage
of Methylation Reference) for the NRF1 and FTO genes, whereas no such increase was
observed in the AA children. Conversely, the AA children had higher methylation levels
of the LEPR gene among normal weight participants, but there were no differences in
methylation between overweight/obese and normal weight EA children.
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Table 1. General nutrient intake of children categorized by BMI and Race.

Nutrients Normal Weight Oveorlv;\:;ieght/ Value Ellllll‘glf')igﬁ Alrxnfzirciac‘:n Varl,ue
PMR of NRFT (%) 68.925 + 6.45 102.716 + 13.031 0.018 75.692 + 8.857 96.217 + 11.592 0.155
PMR of FTO (%) 83.982 + 17.499 168.24 + 28.114 0.010 104.365 + 19.412 147.612 + 28.126 0.195
PMR of LEPR (%) 121.406 + 13.544 85.078 + 7.319 0.025 62.543 + 2.307 157.065 + 15.176 0.000
Calories (kcal) 2055.839 + 110.41 2312.628 + 118573 0.116  2203.052 + 113.764 2142547 + 116239 0714
Proteins (g) 75.416 + 3.906 88.849 + 6.974 0.086 83.291 + 5.881 79.733 + 4.852 0.653
Carbohydrates (g) 271.176 + 16.539 303.724 + 17.732 0.182 297.056 + 17.906 273.068 + 15.601 0.329
PUFA Fat (g) 9.187 + 0.953 10472 + 1356 0.432 8.861 + 1.096 10.96 + 1.198 0.200
Trans Fat (g) 0.214 + 0.042 0.246 + 0.056 0.647 0.216 + 0.048 0.246 + 0.049 0.657
Sugar (g) 109.305 + 9.27 137.352 + 12.289 0.067 130.186 + 11.862 112.724 + 8.678 0.259
Added Sugar (g) 38.791 + 5.557 37.946 + 7.282 0.926 34.928 + 6.265 42763 + 6.403 0.389
Monosaccharide (g) 312+ 063 3122 + 0.822 0.999 4511 + 0.812 1.37 + 0.415 0.002
Disaccharide (g) 2.657 + 0.558 2.867 + 0.814 0.829 2963 + 0.513 2493 + 0.88 0.630
Oligosaccharides (g) 119.66 + 6.833 158.091 + 21.668 0.078 143.503 + 18.634 130.355 + 7.553 0.551
Vitamin A-TU (IU) 2723.929 + 639.128 3116007 + 832119 0706 4133752 + 856.042 1363.155 + 339.475  0.007
Vitamin A-RAE (mg) 424.487 + 33.793 543.855 + 39.448 0.023 479.89 + 37.172 481.208 + 36.895 0.980
Retinol (mcg) 334.447 + 29.774 438.131 + 33.648 0.022 350.436 + 31.51 424206 + 32.143 0.108
Beta Carotene (mcg) 696.732 + 130.705 830.128 + 198.743 0.568 921.153 + 178.052 555361 + 131.361 0.117
Vitamin Bl (mg) 1.095 + 0.078 1.175 £ 0.101 0.527 1.043 £ 0.091 1.246 + 0.082 0.108
Vitamin B2 (mg) 1.453 £ 0.105 1634 + 0.1 0.218 1.422 £ 0.092 1.685 + 0.116 0.073
Vitamin B3 (mg) 15.682 + 1.205 16.146 + 1.437 0.804 13.595 + 1.065 18.804 + 1518 0.005
Vitamin B3-NE (mg) 17.943 + 1.267 17.947 + 1.625 0.998 15.463 + 1.075 21.07 + 1.758 0.005
Vitamin B6 (mg) 1.315 + 0.129 1411 £ 0.141 0.613 1.147 £ 0.096 1.628 + 0.17 0.011
Vitamin B12 (mcg) 3.336 + 0.396 4144 + 0424 0.166 3.088 + 0.33 4504 + 0.49 0.015
Vitamin C (mg) 132,061 + 32.341 151.565 + 38.133 0.695 185.838 + 43.068 84.976 + 8.858 0.042
Vitamin D-IU (IU) 165.923 + 17.027 216319 + 19.893 0.056 17531 + 17.498 207.703 + 19.862 0.223
Folate (mcg) 267.393 + 22.024 29133 + 30.814 0522 263.297 + 23218 297.928 + 30.041 0.356
Folate_DFE (mcg) 317.276 + 35.577 373.59 + 47.336 0.337 310.995 + 35.098 384.883 + 48.577 0.209
Pa“tOt&ﬁg;C Acid 0.746 + 0.092 0.691 + 0.09 0.674 0.708 + 0.091 0.736 + 0.092 0.826
Fluoride (mg) 0.051 + 0.034 0.012 + 0.005 0.286 0.044 + 0.033 0.019 + 0.007 0516
Iron (mg) 12.475 + 0.739 14.885 + 1.045 0.058 12.936 + 0.861 14.449 = 0.935 0.238
Manganese (mg) 0.566 + 0.074 0.988 + 0.485 0.364 0.867 = 0.409 0.633 £ 0.087 0.615
Selenium (mcg) 45.071 + 3.483 48888 + 5.108 0.530 44.638 + 4.204 49.662 + 4311 0411
Sodium (mg) 2799.205 + 154.008 3618.817 + 365.68 0.033  3291.305 + 327.413 3047.947 + 144326 0534
Omega 3 (g) 0.723 £ 0.078 0.745 + 0.08 0.848 0.652 = 0.066 0.835 + 0.093 0.101
Omega 6 (g) 7.723 + 0.815 7214 + 0.755 0.651 6.255 + 0.609 9.07 + 0.968 0.012

Data are expressed as mean £ SEM. p values are calculated with the t-test, which represents the statistical
significance between NW and OW /OB participants and between EA and AA. Values in bold are statistically

significant. p value was considered significant at 0.05 level.

OW/OB children had a significantly higher intake of vitamin A-RAE (mg) (543.855 +

39.448, p = 0.023) and retinol (mcg) (438.131 £ 33.648, p = 0.022) compared to NW children.
There was also a significantly higher consumption of sodium (mg) (3618.817 + 365.68,
p = 0.03) amongst the OW /OB children compared to the NW, whereas the EA children had
higher monosaccharide intake (4.511 & 0.812, p = 0.002), vitamin A (IU) intake (4133.752
£ 856.042, p = 0.007), and vitamin C (mg) intake (185.838 + 43.068, p = 0.04) compared
to the AA children. On the other hand, the AA children had a significantly higher intake
of vitamin B3 (mg) (18.804 + 1.518, p = 0.005), vitamin B6 (mg) (1.628 &+ 0.17, p = 0.011),
vitamin B12 (mcg) (4.504 £ 0.49, p = 0.015), and Omega 6 (g) (9.07 £ 0.968, p = 0.012) than
the EA children.
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Furthermore, the differences between the dietary intake of normal weight EA and
AA, and overweight/obese EA and AA children were identified using an independent
sample t-test, shown in Table 2. AA normal weight children had significantly higher intake
of PUFA (g) (11.337 £ 1.71, p = 0.028), added sugars (g) (50.736 £ 9.33, p = 0.036), vitamin
Bl (mg) (1.29 £ 0.117, p = 0.014), vitamin B2 (mg) (1.709 £ 0.161, p = 0.017), vitamin
B3 (mg) (19.549 £ 2.008, p = 0.001), iron (mg) (13.996 + 1.148, p = 0.045), manganese
(mg) (0.729 £ 0.115, p = 0.033), omega 3 (g) (0.886 &= 0.135, p = 0.042), and omega 6 (g)
(9.652 +1.402, p = 0.021) compared to EA normal weight. But, the EA normal weight
children had a higher monosaccharide (g) intake (4.625 £ 1.019, p = 0.012) than the AA
normal weight children. Conversely, among the overweight/obese EA and AA children,
the EA children had a significantly higher sugar intake (160.285 + 18.053, p = 0.02) and
vitamin A intake (4442.696 £ 1329.737, p = 0.048), whereas the AA children had a higher
intake of vitamin B12 (mcg) (5.278 £ 0.852, p = 0.029).

Table 2. Differences between the dietary intake of normal weight and overweight/obese EA and AA
children.

Normal Weight Overweight/Obese

Nutrients Ametican Amerscan p Value Ametican American p Value
PMR of NRF1 (%) 48.869 + 4.254 90.364 + 11.351 0.001 101.676 + 15.738 104.3 + 23.001 0.923
PMR of FTO (%) 28.955 + 1.965 142.805 + 33.036 0.001 177.419 + 33.618 154.252 + 50.007 0.691
PMR of LEPR (%) 64.074 + 3.23 182.692 + 22.981 0.000 61.061 + 3.322 121.675 + 14.647 0.000
PUFA Fat (g) 7.176 £ 0.793 11.337 £1.71 0.028 10.493 £+ 1.991 10.44 +£1.643 0.985
Sugar (g) 99.117 + 13.414 120.197 £+ 12.663 0.259 160.285 + 18.053 102.406 £ 10.96 0.020
Added Sugar (g) 27.617 £ 5.74 50.736 +9.33 0.036 42.01 +10.972 31.752 +7.773 0.496
Monosaccharide (g) 4.625 + 1.019 1.511 £ 0.604 0.012 4.399 + 1.273 1.175 £ 0.542 0.054
Vitamin A-IU (IU) 3814.841 4+ 1088.595  1557.781 + 574.091 0.077 4442 696 + 1329.737  1094.385 + 169.807 0.048
Vitamin B1 (mg) 0.913 £ 0.094 1.29 +0.117 0.014 1.169 + 0.152 1.186 £ 0.112 0.936
Vitamin B2 (mg) 1.215+£0.124 1.709 £ 0.161 0.017 1.623 £+ 0.126 1.652 +0.168 0.886
Vitamin B3 (mg) 12.065 £ 1.051 19.549 + 2.008 0.001 15.077 + 1.814 17.775 £ 2.358 0.363
Vitamin B3-NE (mg) 1442 +1.017 21.708 4+ 2.199 0.003 16.474 + 1.875 20.19 £ 2.935 0.268
Vitamin B12 (mcg) 2.766 + 0.544 3.944 £ 0.566 0.139 3.4 40382 5.278 + 0.852 0.029
Iron (mg) 11.052 £ 0.887 13.996 + 1.148 0.045 14.76 + 1.401 15.076 £ 1.589 0.884
Manganese (mg) 0.414 £+ 0.089 0.729 £ 0.115 0.033 1.307 £ 0.799 0.5+ 0.13 0.421
Omega 3 (g) 0.571 £ 0.074 0.886 £+ 0.135 0.042 0.731 £ 0.107 0.765 £+ 0.121 0.839
Omega 6 (g) 5.919 £+ 0.769 9.652 £+ 1.402 0.021 6.58 + 0.949 8.227 +1.241 0.293

Data are expressed as mean £ SEM. p values are calculated with the t-test, which represents the statistical
significance between NW and OW /OB participants and between EA and AA. Values in bold are statistically
significant. p value was considered significant at 0.05 level.

Additionally, it was important to understand the correlation of the methylation of the
NRF1, FTO, and LEPR genes with individual nutrients for all the four groups: NW, OW /OB,
EA, and AA. Table 3 shows the Pearson correlation between the NRF1 methylation and
the nutrient intake. The correlation between the NRF1 methylation and the NW children
nutrient intake demonstrated a significantly positive moderate correlation with added
sugar (r2 = 0.296, p = 0.022), oligosaccharides (> = 0.273, p = 0.035), vitamin B2 (r> = 0.360,
p = 0.005), vitamin B12 (r> = 0.306, p = 0.017), folate (r* = 0.363, p = 0.004), vitamin B6
(r? = 0.385, p =0.002), and iron (r? =0.352, p = 0.006). A stronger correlation was observed
with Vitamin B1 (r2 = 0.455, p = 0.000) and vitamin B3 (r? = 0.431, p = 0.001). On the other
hand, a significant moderate correlation was observed between NRF1 methylation and
the OW /OB children’s trans-fat (r> = 0.339, p = 0.013) intake and a stronger correlation
with fluoride (r? = 0.450, p = 0.001). In all EA children, a positively moderate correlation
was observed with iron intake (r? = 0.264, p = 0.037) and manganese (1> = 0.358, p = 0.004),
whereas it was soluble fiber (r? = 0.288, p = 0.043) and pantothenic acid (12 =0.324, p =0.022)
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for the AA children. A stronger correlation was seen with fluoride (r2 =0.457, p = 0.001)
in the AA children. Furthermore, to understand the role of family income, maternal
education, race, and gender, the adjusted person correlation was calculated for the NRF1
methylation (Table 4). The results showed a positive correlation with total fiber (r? =0.267,
p = 0.046) intake in NW children after the adjusting, but the significance was lost for sugar,
oligosaccharides, retinol, vitamin B2, vitamin B6, vitamin B12, folate, and manganese. If
we look at the adjusted correlation in the OW /OB children, the significant correlation was
lost for trans-fat. Among the races, the correlation was lost for iron in EA children.

Table 3. Pearson correlation coefficients (r2) for the relation between DNA methylation of NRFI gene
and nutrients.

Normal Weight Overweight/Obese European American African American

Nutrients 2 p Value r? p Value 2 p Value r p Value
Trans Fat (g) —0.080 0.543 0.339 0.013 0.221 0.082 0.178 0.216
Fiber Soluble (g) —0.090 0.496 0.155 0.268 0.156 0.222 0.288 0.043
Added Sugar (g) 0.296 0.022 —0.252 0.069 —0.102 0.426 —0.063 0.665
Oligosaccharide (g) 0.273 0.035 0.050 0.723 0.197 0.122 —0.007 0.963
Retinol (mcg) 0.301 0.020 —0.083 0.554 0.113 0.379 0.041 0.777
Vitamin B1 (mg) 0.455 0.000 —0.067 0.636 0.032 0.802 0.183 0.204
Vitamin B2 (mg) 0.360 0.005 —0.045 0.749 0.079 0.537 0.143 0.321
Vitamin B3 (mg) 0.431 0.001 —0.120 0.393 0.094 0.464 —0.008 0.958
Vitamin B3-NE (mg) 0.421 0.001 —0.136 0.333 0.024 0.850 0.003 0.982
Vitamin B6 (mg) 0.385 0.002 —0.127 0.367 0.011 0.932 0.056 0.700
Vitamin B12 (mcg) 0.306 0.017 —0.150 0.283 0.020 0.877 0.016 0.915
Folate (mcg) 0.363 0.004 —0.069 0.622 0.048 0.710 0.083 0.569
Folate_DFE (mcg) 0.283 0.029 —0.011 0.935 0.125 0.329 0.051 0.727
Pantothenic Acid (mg) 0.188 0.150 0.231 0.096 0.074 0.563 0.324 0.022
Fluoride (mg) 0.015 0.907 0.450 0.001 —0.015 0.908 0.457 0.001
Iron (mg) 0.352 0.006 0.037 0.791 0.264 0.037 0.034 0.814
Manganese (mg) 0.261 0.044 0.240 0.084 0.358 0.004 0.039 0.787

Values in bold are statistically significant. p value was considered significant at 0.05 level.

Table 5 shows the Pearson correlation between FTO methylation and the nutrient
intake. The correlation between FTO methylation and NW children nutrient intake demon-
strated a moderate positive correlation with calorie intake (r* = 0.258, p = 0.046), protein
(r2 = 0.296, p = 0.022), carbohydrate (r> = 0.286, p = 0.026), sugar (r*> = 0.264, 0.042), PUFA
(r* = 0.276, p = 0.032), vitamin B2 (r? = 0.309, p = 0.016), iron (r> = 0.303, p = 0.019), selenium
(r? = 0.298, p = 0.021), omega 3 (r> = 0.279, p = 0.031), and omega 6 (> = 0.295, p = 0.022).
While nutrients such as vitamin B1 (r? = 0.492, p =0.00) and vitamin B3 (r2 =0.424, p =0.001)
demonstrated a stronger correlation. Similar to NRFI, the FTO methylation in OW /OB
children for trans-fat (r* = 0.316, p = 0.021) had a positive correlation. Along with that, dis-
accharide (r? = 0.291, p = 0.035), fluoride (r> = 0.295, p = 0.034), and manganese (r> = 0.351,
p = 0.010) were significantly correlated. In children who were EA, nutrients such as vitamin
D (r? = 0.277, p = 0.029), iron (r*> = 0.301, p = 0.017), and manganese (1> = 0.482, p = 0.00)
were positively associated. The intake of pantothenic acid (r* = 0.332, p = 0.018) was the
only nutrient that demonstrated a moderate positive correlation with FTO methylation in
the AA children. When adjusted for family income, maternal education, gender, and age
(Table 6), the significant correlations for calories, sugar, PUFA, vitamin B2, and omega 3
intake were lost. For OW /OB children, the significance was not seen in the trans-fat and
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disaccharide intake. After adjusting the variables, vitamin D intake in EA and pantothenic
acid intake in AA children were not correlated with FTO methylation.

Table 4. Adjusted Pearson correlation coefficients (r2) for the relation between DNA methylation of
NRF1 gene and nutrients.

Normal Weight Overweight/Obese European American African American
Nutrients Py 2

r p Value r? p Value r p Value r? p Value
Fiber Total (g) 0.267 0.046 —0.010 0.948 0.092 0.487 0.067 0.656
Fiber Soluble Total (g) 0.099 0.470 0.185 0.204 0.253 0.053 0.343 0.020
Fiber Soluble (g) 0.052 0.705 0.169 0.245 0.242 0.065 0.363 0.013
Vitamin B1 (mg) 0.347 0.009 —0.011 0.942 0.004 0.974 0.194 0.195
Vitamin B3 (mg) 0.305 0.022 —0.070 0.632 0.094 0.477 0.000 0.999
Vitamin B3-NE (mg) 0.306 0.022 —0.085 0.562 0.030 0.819 0.009 0.955
Folate (mcg) 0.295 0.027 0.026 0.860 0.042 0.751 0.098 0.516
Pantothenic Acid (mg) 0.189 0.163 0.233 0.107 0.127 0.338 0.321 0.030
Fluoride (mg) 0.064 0.638 0.439 0.002 —0.055 0.683 0.392 0.007
Iron (mg) 0.281 0.036 0.089 0.543 0.244 0.063 0.060 0.692
Manganese (mg) 0.234 0.082 0.237 0.102 0.359 0.005 0.043 0.775

p values are adjusted for maternal education, family income, gender, and age. Values in bold are statistically
significant. p value was considered significant at 0.05 level.

Table 5. Pearson correlation coefficients (12) for the relation between DNA methylation of FTO gene
and nutrients.

Normal Weight Overweight/Obese European American African American

Nutrients > 2 2

r p Value r p Value r p Value r p Value

Calories (kcal) 0.258 0.046 —0.189 0.175 0.057 0.658 0.027 0.851
Proteins (g) 0.296 0.022 —0.126 0.370 0.093 0.469 —0.005 0.974
Carbohydrates (g) 0.286 0.026 —0.232 0.094 —0.018 0.889 0.097 0.501
PUFA Fat (g) 0.276 0.032 —0.124 0.376 0.047 0.712 —0.001 0.993
Trans Fat (g) —0.227 0.081 0.316 0.021 0.185 0.146 0.042 0.773
Sugar (g) 0.264 0.042 —0.170 0.222 0.052 0.685 0.050 0.730
Added Sugar (g) 0.323 0.012 —0.252 0.069 —0.095 0.461 0.006 0.969
Disaccharide (g) —0.142 0.280 0.291 0.035 0.106 0.409 0.171 0.234
Vitamin B1 (mg) 0.492 0.000 —0.095 0.499 0.069 0.592 0.195 0.174
Vitamin B2 (mg) 0.309 0.016 —0.009 0.948 0.196 0.124 0.087 0.550
Vitamin B3 (mg) 0.424 0.001 —0.139 0.320 0.146 0.252 —0.008 0.954
Vitamin B3-NE (mg) 0.437 0.000 —0.181 0.195 0.064 0.618 —0.004 0.980
Vitamin D-IU (IU) —0.015 0.911 0.035 0.801 0.277 0.029 —0.177 0.219
Pantothenic Acid (mg) 0.242 0.063 0.252 0.069 0.129 0.314 0.332 0.018
Fluoride (mg) —0.043 0.742 0.295 0.034 —0.061 0.636 0.249 0.081
Iron (mg) 0.303 0.019 0.070 0.616 0.301 0.017 0.060 0.681
Manganese (mg) —0.104 0.430 0.351 0.010 0.482 0.000 —0.156 0.278
Selenium (mcg) 0.298 0.021 —0.162 0.247 —0.002 0.988 0.013 0.928
Omega 3 (g) 0.279 0.031 —0.134 0.340 0.017 0.898 0.042 0.772
Omega 6 (g) 0.295 0.022 —0.063 0.659 0.084 0.511 0.040 0.782

Values in bold are statistically significant. p value was considered significant at 0.05 level.
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Table 6. Adjusted Pearson correlation coefficients (r?) for the relation between DNA methylation of
FTO gene and nutrients.

Normal Weight Overweight/Obese European American African American

Nutrients 2 p Value 2 p Value 2 p Value r? p Value
Proteins (g) 0.286 0.033 —0.112 0.443 0.064 0.629 0.013 0.933
Carbohydrates (g) 0.302 0.024 —0.108 0.461 0.041 0.756 0.093 0.539
Vitamin B1 (mg) 0.456 0.000 —0.053 0.718 0.041 0.755 0.233 0.120
Vitamin B3 (mg) 0.364 0.006 —0.098 0.504 0.141 0.286 0.006 0.971
Vitamin B3-NE (mg) 0.387 0.003 —0.137 0.349 0.066 0.621 0.002 0.991
Fluoride (mg) —0.012 0.931 0.295 0.042 —0.116 0.387 0.211 0.159
Iron (mg) 0.248 0.066 0.170 0.244 0.284 0.029 0.128 0.395
Manganese (mg) —0.155 0.255 0.336 0.018 0.495 0.000 —0.156 0.300
Selenium (mcg) 0.303 0.023 —0.193 0.183 —0.052 0.696 0.019 0.903
Omega 6 (g) 0.267 0.046 —0.118 0.425 0.036 0.787 0.018 0.908

p values are adjusted for maternal education, family income, gender, and age. Values in bold are statistically
significant. p value was considered significant at 0.05 level.

Table 7 shows the Pearson correlation between LEPR methylation and the nutrient
intake. DNA methylation of the gene LEPR was moderately correlated with only one
nutrient: manganese intake in NW children (r2 = 0.336, p = 0.009). OW/OB children’s
intake of trans-fat (r? = 0.361, p = 0.008) and fluoride (r> = 0.477, p = 0.000) were strongly
correlated. While, for EA children, added sugar (r> = —0.253, p = 0.045), monosaccharide
(r2 = —0.287, p = 0.023), and beta carotene (r> = —0.312, p = 0.013) had moderate negative
correlations. Similar to the OW /OB children, AA children’s intake of trans-fat intake
(12 =0.294, p = 0.038) was correlated with LEPR methylation. After Pearson correlation,
adjusting for family income, maternal education, race, and gender (Table 8), significance
was lost for monosaccharide and added sugar among EA children and for trans-fat and
pantothenic acid among AA children. This suggested that the relationship between methy-
lation and the dietary nutrient intake may have been dependent upon the races, genders,
family incomes, and maternal educations of the individuals.

Table 7. Pearson correlation coefficients (r2) for the relation between DNA methylation of LEPR gene
and nutrients.

Normal Weight Overweight/Obese European American African American

Nutrients 2 p Value r? p Value 2 p Value r p Value
Trans Fat (g) 0.141 0.282 0.361 0.008 0.089 0.487 0.294 0.038
Added Sugar (g) 0.102 0.437 —0.229 0.099 —0.253 0.045 —0.050 0.732
Monosaccharide (g) —0.121 0.357 —0.264 0.056 —0.287 0.023 0.151 0.295
Beta Carotene (mcg) —0.173 0.186 —-0.270 0.051 —0.312 0.013 —0.172 0.233
Pantothenic Acid (mg) 0.156 0.232 0.252 0.068 0.202 0.112 0.284 0.046
Fluoride (mg) —0.047 0.723 0.477 0.000 0.241 0.059 0.017 0.908
Manganese (mg) 0.336 0.009 0.078 0.577 0.376 0.002 0.238 0.096

Values in bold are statistically significant. p value was considered significant at 0.05 level.
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Table 8. Adjusted Pearson correlation coefficients (r?) for the relation between DNA methylation of
LEPR gene and nutrients.

Normal Weight Overweight/Obese European American African American
Nutrients > >
r p Value 2 p Value r p Value r? p Value
Trans Fat (g) 0.151 0.266 0.326 0.022 0.075 0.572 0.195 0.194
Beta Carotene (mcg) —0.212 0.117 —0.247 0.088 —0.359 0.005 —0.173 0.250
Fluoride (mg) —0.017 0.899 0.468 0.001 0.218 0.100 0.022 0.884
Manganese (mg) 0.296 0.027 0.082 0.575 0.371 0.004 0.206 0.170

p values are adjusted for maternal education, family income, gender, and age. Values in bold are statistically
significant. p value was considered significant at 0.05 level.

Lastly, Figure 1 shows the biochemical pathways involving various nutrients in the
one carbon metabolism and the link towards the methylation of the NRF1, FTO, and
LEPR genes.
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Figure 1. Summary of nutrients involved in one-carbon metabolism and the effects on the methylation
of NRF1, FTO, and LEPR genes. B2, riboflavin; B3, niacin; B6, pyridoxine; B12, vitamin B12; B1,
thiamine; NRF1, Nuclear Respiratory Factor 1; FTO, Fat mass and obesity associated; LEPR, Leptin
Receptor; DHF, Dihydrofolic acid; THF, Tetrahydrofolate; SAM, S-adenosylmethionine; SAH, S-
adenosylhomocysteine.

4. Discussion

The study explored the association between the DNA methylation of the three genes
NRF1, FTO, and LEPR with the nutrient intake of children. DNA methylation is a well-
studied epigenetic modification that takes place in the one-carbon metabolism pathway:.
This process relies on specific enzymes and dietary micronutrients such as folate, choline,
and betaine [36]. In this pathway, methionine is converted to S-adenosylmethionine (SAM),
which serves as a methyl donor in cells. DNA methyltransferases (DNMTs) use SAM to
attach methyl groups to the carbon-5 position of cytosine bases in DNA, resulting in the
methylation of DNA [37].
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Under normal conditions, folate that is consumed through a diet undergoes a process
of metabolism in the intestine and / or liver, resulting in the formation of 5-methyltetrahydro
folate (5-methylTHF) in its monoglutamyl form, which further needs to be converted to
tetrahydrofolate (THF) [38]. Polyglutamate synthetase is most effective when using THF
as a substrate; thus, 5-methylTHF must be converted to THF through the methionine
synthase reaction. Once THF is formed, either from folic acid or dietary folate, it is initially
transformed into 5,10-methyleneTHF by the vitamin B6-dependent enzyme serine hydroxy
methyltransferase. It is then irreversibly reduced to 5-methylTHF by methylenetetrahy-
drofolate reductase (MTHFR) [38]. This conversion is crucial for maintaining a steady
supply of methyl groups used in the remethylation of homocysteine to methionine, which
is facilitated by the vitamin B12-dependent enzyme methionine synthase [38]. Methionine
serves as a substrate for SAM, a cofactor and methyl group donor involved in various
methylation reactions, including the methylation of DNA, RNA, neurotransmitters, and
other small molecules [39,40]. In this study, the dietary folate intake of NW children was
associated with the DNA methylation of the NRF1 gene. We have previously mentioned
that the methylation level of NRFI in NW children was significantly lower than in OW /OB
children [34]: the dietary intake of folate is lower in NW but not significantly different com-
pared to OW /OB children. Ramos-Lopez and colleagues [41] conducted a cross-sectional
study to examine how folate intake is related to the genomic methylation profile in a group
of 47 obese participants from the Metabolic Syndrome Reduction in Navarra-Spain trial.
They discovered that there were 51 CpGs (regions of DNA) that showed an association with
folate intake. One of our genes of interest, NRF1, was associated with the innate immune
response and plays a role in regulating various aspects of brown adipose tissue, including
thermogenic adaptation, adipocyte inflammation, and cytokine production [42,43]. On the
other hand, the gene FTO is responsible for controlling energy balance and eating behavior
in specific regions of the hypothalamus, such as the arcuate, paraventricular, dorsomedial,
and ventromedial nuclei [44]. Studies conducted in both living organisms and laboratory
settings have shown that FTO can detect the nutritional status of the body and respond to
appetite and food intake [45].

Several previous studies have examined the relationships between BMI, fat mass, and
folate concentration in various age groups and populations [46—49]. One study found two
possible explanations for the associations observed: firstly, obesity may lead to low serum
folate levels, potentially affecting how the body processes folate and increasing the need for
dietary folate. Secondly, low serum folate levels could be a contributing factor to obesity
by affecting epigenetic modifications involved in lipid metabolism [50]. Another study
supported these findings by showing that individuals with a BMI greater than 25 kg/m?
had lower serum folate levels, regardless of their folate intake [51]. This supported the
hypothesis proposed by da Silva et al. that said that obesity may independently impact
folate distribution by increasing the cellular uptake of dietary folate [52]. The findings of the
above-mentioned studies could support our results of the OW /OB children having a higher
methylation level for the NRF1 gene, irrespective of their folate intake. It is interesting to
note that the association was observed to be weaker after adjusting for the covariates of
the study. Additionally, if we look at the methylation difference for NRFI in EA and AA
normal weight children, there was a significant increase in the methylation of AA normal
weight children, which could explain the positive association between NRF1 methylation
and folate intake. Furthermore, it would be interesting to see if the reduction in folate
intake for OW /OB children could reduce the methylation of the genes.

Other methyl donors from the diet are vitamins B2 and B6. The riboflavin intake in
the NW children of this study had a positive association with the methylation of the NRF1
and FTO genes. In addition, the intake of riboflavin and the DNA methylation of the NRF1
and FTO were significantly higher in OW /OB children. Similarly, significantly higher
vitamin B6 intake and NRF1 methylation were observed in AA children. Even though not
significant, OW /OB children had a higher intake than the NW children. Previous research
has shown that a higher intake of methyl donors could increase the methylation levels of
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the gene [53,54]. Even though not significantly associated with OW /OB children, normal-
weight AA children had significantly higher vitamin B2 intake. Additionally, after adjusting
for the covariates, the significant association was lost, indicating the impact of socio-
economic status (maternal education, family income) gender, and age in the association.

The negative impacts of trans fatty acids in our diet and their effects on human health
have been extensively studied and proven. Despite being restricted or prohibited in many
countries, trans fatty acids might still lead to prolonged reactions that could raise valid
concerns about human health, especially if they modify the epigenome [55]. Our study
showed a positive correlation between NRF1, FTO, and LEPR methylation and OW /OB
children’s trans-fat intake. Studies have been carried out to understand the role of fat intake
on the epigenome [55-58], one of which suggested that the 54 genes associated exclusively
with SFA CpGs have a significant impact on the liver’s metabolic functions, particularly in
the regulation of glucose and insulin metabolism in obese adults [59]. Additionally, the
study observed a higher correlation between DNA methylation of the CpGs associated
with SFA and the presence of palmitic and stearic acid [59]. Unfortunately, we do not have
human studies to support the association between trans-fat and DNA methylation.

Sufficient intake of micronutrients, including manganese (Mn), is crucial for proper
fetal development. Imbalances in Mn levels, both deficiencies and excessive exposure,
have been linked to the development of diseases later in life [60]. Bozack et al. examined
the relationship between Mn levels in maternal erythrocytes during the first trimester
and the presence of differentially methylated positions and regions in cord blood [60].
They also investigated whether these associations persisted in blood samples collected
from children at mid-childhood (610 years old) in a cohort of 361 individuals. The study
revealed that Mn levels were associated with increased methylation of a specific DNA site,
cg02042823, located in the gene RNA binding fox-1 homolog 1 (RBFOX1 or A2BP1), in
cord blood. This association remained significant but was weakened in blood samples
collected during mid-childhood. The findings suggested a connection between prenatal
levels of micronutrients, epigenetic modifications in the placenta, and birth weight [61].
The influence of Mn on epigenetic processes is an emerging field of research, and, thus
far, only one human study has reported Mn-related changes in DNA methylation from
birth to childhood. Our results showed increased methylations for all the three genes along
with a significant correlation with the EA children manganese intake, suggesting to further
conduct more race-specific human research for manganese and DNA methylation.

To our knowledge, this is the first study that demonstrated the association of the
dietary intake of children with the methylation of obesity-related genes, considering the
racial and health disparity effects. The prevalence rates of obesity varied significantly
based on race and ethnicity. African Americans had a 50% higher likelihood of being obese
compared to non-Hispanic whites [62]. These findings were consistent with another study
that confirmed the higher risk of obesity among African Americans [63].

It has been observed that race, along with BMI status, is associated with the DNA
methylation of genes, suggesting that epigenetic regulation may contribute to health
disparities among different racial and ethnic groups [64]. Some significant changes were
seen after adjusting the correlation in this study, implying the role of socioeconomic status
in food availability, food security, and even the perception of healthy food. There is a
growing body of evidence [65-69] supporting the connection between obesity and food
insecurity, particularly for women, although the findings for children are still mixed. A
study [70] revealed that both adults and children had high rates of overweight and obesity,
and there was a significant prevalence of families that had recently experienced food
insecurity. Living in a household that is food secure was linked to the perception that
healthy food options are both affordable and convenient. Caregivers from food-insecure
households experiencing hunger were found to have higher rates of unemployment and
lower incomes compared to those from food-secure households [70]. Even though there
were not many significant differences in the nutrient intake of OW /OB children, the lack of
a significant correlation between nutrient intake and methylation of genes suggested the
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importance of environmental factors. The results also demonstrated the possible increased
risk of normal-weight AA children becoming obese in the future. Along with this, it also
opens the window to reevaluate the dietary needs for each nutrient based on their racial
and socioeconomic status.

While our research established a connection between dietary nutrients and DNA
methylation, as well as a potential association with health disparities, the limited size of
our study sample might have hindered the identification of significant correlations with
obesity indicators. To enhance the reliability and validity of the findings, it would be
beneficial to broaden the scope of the current investigation and include larger sample sizes.
Additionally, the diet intake of children was self-reported by the mothers, who could have
under or overestimated certain portion sizes, affecting the overall dietary assessment.

5. Conclusions

To conclude, we found a significant association between the nutrient intake of children
and the methylation of the NRF1, FTO, and LEPR genes. The study also highlighted the
importance of health disparities in understanding the epigenetic effects of methyl donors in
the diet and the methylation of genes. Furthermore, intervention studies can help observe
the role of nutrient intake, specifically methyl donors in the diet in assessing the risk factors
for childhood obesity.
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Abstract: Adult height is inversely related to metabolic syndrome (MetS) risk, but its genetic impacts
have not been revealed. The present study aimed to examine the hypothesis that adult height-related
genetic variants interact with lifestyle to influence adult height and are associated with MetS risk
in adults aged >40 in Korea during 2010-2014. Participants were divided into short stature (SS;
control) and tall stature (TS; case) by the 85th percentile of adult height. The genetic variants linked
to adult height were screened from a genome-wide association study in a city hospital-based cohort
(n = 58,701) and confirmed in Ansan/Ansung plus rural cohorts (n = 13,783) among the Korean
Genome and Epidemiology Study. Genetic variants that interacted with each other were identi-
fied using the generalized multifactor dimensionality reduction (GMDR) analysis. The interaction
between the polygenic risk score (PRS) of the selected genetic variants and lifestyles was exam-
ined. Adult height was inversely associated with MetS, cardiovascular diseases, and liver function.
The PRS, including zinc finger and BTB domain containing 38 (ZBTB38)_rs6762722, polyadenylate-
binding protein-interacting protein-2B (PAIP2B)_rs13034890, carboxypeptidase Z (CPZ)_rs3756173,
and latent-transforming growth factor beta-binding protein-1 (LTBP1)_rs4630744, was positively
associated with height by 1.29 times and inversely with MetS by 0.894 times after adjusting for
covariates. In expression quantitative trait loci, the gene expression of growth/differentiation factor-5
(GDFb5)_rs224331, non-SMC condensin I complex subunit G (NCAPG)_rs2074974, ligand-dependent
nuclear receptor corepressor like (LCORL)_rs7700107, and insulin-like growth factor-1 receptor
(IGF1R)_rs2871865 was inversely linked to their risk allele in the tibial nerve and brain. The gene
expression of PAIP2B_rs13034890 and a disintegrin and metalloproteinase with thrombospondin
motifs-like-3 (ADAMTSL3)_rs13034890 was positively related to it. The PRS was inversely associated
with MetS, hyperglycemia, HbAlc, and white blood cell counts. The wild type of GDF5_rs224331
(Ala276) lowered binding energy with rugosin A, D, and E (one of the hydrolyzable tannins) but not
the mutated one (276Ser) in the in-silico analysis. The PRS interacted with energy intake and rice-
main diet; PRS impact was higher in the high energy intake and the low rice-main diet. In conclusion,
the PRS for adult height interacted with energy intake and diet patterns to modulate height and was
linked to height and MetS by modulating their expression in the tibial nerve and brain.

Keywords: stature; GDF5; IGF-1R; polygenic risk score; in silico analysis; energy intake

1. Introduction

Adult height is achieved by growth during childhood and adolescence, with full
height attained at age 18-20. The adult height of a child or adolescent between the age of 4
to 17.5 years can be predicted based on the current height, body mass, chronological age,
and parents’ height. The genetic impact on height increases can be estimated from adult
height. However, after 30 years of age, people, especially women, gradually lose height. A
loss of height of about 2.54 cm for men and 5.08 cm for women occurs between ages 30 to
70 years. However, a remarkable decline in height indicates certain health problems. Loss
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of height with age may occur due to poor nutrition, compression, and dehydration of the
discs between the vertebrae, curvature of the spine, low bone mineral density, diabetes,
and low muscle mass in the torso [1]. Therefore, when adjusted for osteoporosis, skeletal
muscle mass, nutritional status, and age, the current adult height would reflect height in
the 20s [2]. The genetic variants associated with adult height can be analyzed through
genome-wide association studies (GWAS) after adjusting for age, gender, osteoporosis,
income, body mass index (BMI), education, and energy intake. The interaction between
genetics and lifestyle factors can be evaluated.

Human height is modulated by genetic factors that determine about 80 percent of an in-
dividual’s height, and it is a polygenic trait. The GWAS of adult height has shown that com-
mon variants account for 50% of height variations [3,4]. However, the influencing genetic
variants are only partially understood. Studies determining genetic variants associated with
height have been conducted in not only children but also adults. The genetic variants related
to adult height were identified as solute carrier family-27 (SLC27A3) and cytochrome P450,
family 26, subfamily B (CYP26B1) in Japan [5], and insulin-like growth factor (IGF)-2/H19
and Tet methylcytosine dioxygenase-1 (TET1) in Icelanders [6]. In a study on 8842 Koreans,
several adult height-related loci were identified, such as exostosin glycosyltransferase-1
(EXT1), FRASI1-related extracellular matrix-1 (FREM1), paralemmin-2 (PALM?2), A-kinase
anchor protein-2 (AKAP2), nucleoporin-37 (NUP37), pro-melanin concentrating hormone
(PMCH), IGF1, keratin-20 (KRT20), and ankyrin repeat domain-60 (ANKRD60). Their risk
alleles explain about 1.0% of the height variations among Koreans [7]. In a pediatric cohort
with European ancestry, 16 genetic variants in epidermal growth factor containing fibu-
lin extracellular matrix protein-1 (EFEMP1)-polyribonucleotide nucleotidyltransferase-1
(PNPT1), G protein-coupled receptor-126 (GPR126), C6orf173, sperm associated antigen-17
(SPAG17), histone class-1, human leukocyte antigen (HLA) class III, and growth differ-
entiation factor-5 (GDF5)-ubiquinol-cytochrome ¢ reductase complex chaperone CBP3
homolog (UQCC) were associated with height, which explains 1.64% of the variations in
height [8]. In Chinese children, zinc finger and BTB domain containing 38 (ZBTB38), zinc
finger protein 638 (ZNF638), ligand-dependent nuclear receptor corepressor like (LCORL),
cyclin-dependent kinasel0 (CDK10), Cdk5 and Abl enzyme substrate 1 (CABLEST), and tRNA-
splicing endonuclease subunit-15 (TSEN15) related genetic variants were revealed to be
linked to height [9].

Adult height is demonstrated to be associated with several metabolic and other
diseases. In one study, adult height is found to have an inverse relationship with 2-h serum
glucose concentrations only in adults with <35 kg/m? BMI during oral glucose tolerance
tests [10], suggesting the height effects can be offset with adiposity to influence blood
glucose levels. Furthermore, the genetic variants related to height have shown positive and
inverse associations with various metabolic diseases, such as atrial fibrillation (OR = 1.33,
95% CI = 1.26-1.40) [11], venous thromboembolism (OR = 1.15, 95% CI = 1.11-1.19), hip
fracture (OR = 1.27, 95% CI = 1.17-1.39), hypertension (OR = 0.88, 95% CI = 0.85-0.91), and
coronary artery disease (OR = 0.86, 95% CI = 0.82-0.90) [12]. Multiple height-associated
pathways link height with various diseases indicating that multiple biological mechanisms
affecting height raise the risk of these diseases [12]. Therefore, height and metabolism may
be linked to height-related genetic variants.

Few studies have examined the association between height-related genetic variants
and metabolic syndrome (MetS). It was hypothesized that the genetic variants related to
adult height were associated with MetS risk and that they interacted with lifestyle factors.
The purpose of the current study was to examine the hypothesis by (1) exploring the genetic
variants linked to tall stature after adjusting for the factors associated with a reduction in
height among adults, (2) generating the optimal genetic model for tall stature, (3) analyzing
the association of polygenic risk scores (PRS) with the risk of MetS and its components,
and (4) examining the interaction of PRS with lifestyle factors to affect adult height in the
city hospital-based cohort.
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2. Methods and Materials
2.1. Participants

Adult volunteers aged over 40 years were recruited in a city-hospital cohort (n = 58,701),
the Ansan/Ansung cohort (n = 5493), and a rural cohort (n = 8105) in the Korean Genome
and Epidemiology Study (KoGES) during the period 2010-2014 [13]. The objectives were
primarily evaluated in the city-hospital cohort in the present study, and the Ansan/Ansung
plus rural cohorts were applied as replicate studies for GWAS results for height. The
institutional review board (IRB) of the Korea National Institute of Health approved the
KoGES (KBP-2015-055), and the IRB of Hoseo University approved the present study
(HR-034-01). All participants signed a written informed consent form.

2.2. Adult Height Criteria

The short stature (SS; n = 51,165; control) and tall stature (TS; n = 7536; case) groups of
the participants were divided by the cutoff of >175 cm for men and >163 cm for women
as tall stature, and below that for short stature. These heights were the 85th percentiles of
adult height for people aged >40 between 2010-2014 in Korea.

2.3. Survey Questionnaires and Anthropometric and Biochemical Measurements

On their first visit, the participants completed the demographic questionnaires. Height
and weight were measured with an automatic digital machine wearing light gowns and
bare feet. The appendicular skeletal muscle mass in the city hospital cohort was predicted
using a prediction model generated by the XGBoost algorithm in the Ansan/Ansung co-
hort [14]. Blood pressure was determined with a sphygmomanometer in a sitting position
three times, and average systolic (SBP) and diastolic blood pressure (DBP) were recorded.
The participants fasted for over 12 h. The serum and plasma were collected from the blood
drawn without and with ethylenediaminetetraacetic acid (EDTA) and heparin, respectively.
Biochemical parameters in the serum were measured with previously described standard
methods [15]. They included glucose, triglyceride, total cholesterol, HDL, alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and creatinine concentrations in the
serum, and blood hemoglobin Alc (HbAlc) and white blood cell (WBC) contents. The
estimated glomerular filtration rate (eGFR) was calculated using the equation generated by
the Modification of Diet in Renal Disease study [16]. The insulin resistance was calculated
using the prediction model generated by the homeostatic model assessment of insulin
resistance (HOMA-IR) in the Ansan/Ansung cohort from a previous study [17].

Details of lifestyle factors, including food intake, were collected using questionnaires
during a health interview by a trained technician. Daily alcohol and coffee intakes were
calculated by multiplying their intake amounts with frequencies. Smoking status was
classified into non-, past, and current smokers. Smokers were specified as smoking
>100 cigarettes in their lifetime, and current smokers who had not smoked for 6 months
were considered past smokers. Exercise status was classified into regular exercise and no
exercise based on the cutoff of 30 min of moderate-intensity activity such as water pushing
a lawn mower, brisk walking, hiking, aerobics, riding a bike, dancing, doubles tennis, or
rollerblading for >3 days per week.

2.4. Usual Food Intake Measurement

The usual food and nutrient consumption during the last 12 months was determined
based on the response to a semi-quantitative food frequency questionnaire (SQFFQ) gener-
ated for Koreans. It included 106 foods Koreans commonly consumed. The SQFFQ was
confirmed with three-day food records for the four seasons in a previous study [17]. The
food frequencies were divided into 8 categories, such as seldom, once per month, two to
three times per month, once or twice per week, three or four times per week, five or six
times per week, daily, twice a day, and >3 times a day. One portion size of each food was
classified into either more than, equal to, or half of the portion size shown in a photograph.
Participants selected the frequencies and one portion size of each food item. Their intake
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was calculated by multiplying the median of the frequencies by one portion size of each
food. Daily nutrient intake was estimated from the calculated daily food amount using
the computer-aided nutritional analysis program CAN-Pro 2.0 (Korean Nutrition Society,
Seoul, Republic of Korea). Daily nutrient intake was calculated by summing the individual
nutrient of each food.

2.5. Dietary Patterns and Dietary Inflammatory Index (DII)

The dietary patterns were clustered with principal component analysis (PCA) of
30 predefined groups categorized from the 106 food items. Four dietary patterns were
designated based on eigenvalues >1.5, orthogonal rotation procedure (varimax), and
>0.40 factor-loading values. The four dietary patterns were named as Korean-balanced
diet (KBD), Western-style diet (WSD), plant-based diet (PBD), and rice-main diet (RMD),
according to foods. The dietary inflammation index (DII) was calculated with a prediction
equation generated with the food and nutrient intake and divided by 100 [18].

2.6. Genotyping, Its Quality Control, and Genotype-Tissue Expression (GTEx)

Genomic DNA was isolated from the volunteers’ blood and genotyping was performed
using a Korean Chip (Affymetrix, Santa Clara, CA, USA). It was made to evaluate the
genetic impact of single nucleotide polymorphisms (SNPs) on metabolic diseases in Koreans
at the Center for Genome Science at the Korea National Institute of Health [19]. The
genotypes were imputed based on the Korean Haplotype Map (HapMap) data [20]. The
genotyping accuracy was assessed with a Bayesian learning algorithm for Robust General
Linear Models (RGLMSs) [21]. Genotyping accuracy was checked with the exclusion criteria
as follows: <98% genotyping accuracy, >30% heterozygosity, >4% missing genotype
call rate, <1% minor allele frequency (MAF), and p < 0.05 Hardy—-Weinberg equilibrium
(HWE) [21]. The significance distribution of the genetic variants was visualized with a
Manhattan plot by the R program. A Q-Q probability plot indicates the goodness of
fit of the actual data distribution to the theoretical data distribution. When the lambda
value in the Q-Q plot was close to 1, the genotypes were ideal. Among the selected
genotypes, the pathway associated with height was selected with satisfying the P value for
Bonferroni correction using the multi-marker analysis of genomic annotation (MAGMA)
gene-set analysis in the SNP2GENE function of the functional mapping and annotation
(FUMA) web application (https://github.com/Kyoko-wtnb/FUMA-webapp/, accessed
on 20 April 2022).

Genotype-Tissue Expression (GTEx) was used to show the gene expression with differ-
ent genetic variant alleles in various tissues using the GTEx expression quantitative trait loci
(eQTL) calculator (https://gtexportal.org/home/testyourown, accessed on 3 May 2022).

2.7. Selection of Genetic Variants to Influence Adult Height and Their Optimal Model with the
SNP-SNP Interaction

Figure 1 provides the optimal genetic model selection process. First, genetic vari-
ants (n = 1299) influencing height were selected using the SS and TS groups in the city
hospital-based cohort at a significance level of p <5 x 10~7, as defined above. Of these,
956 genetic variants satisfied MAF (>1%) and HWE (p > 0.05), and the 79 unduplicated gene
names were identified using g:Profiler (https:/ /biit.cs.ut.ee/gprofiler/snpense, accessed
on 7 March 2022). The genetic variants with high linkage disequilibrium (LD; D’ > 0.2)
were excluded due to giving the same genetic impact on the height. After exclusions,
37 genetic variants remained to meet the criteria (D’ < 0.2) using Haploview 4.2 in the
PLINK toolset, and 15 with the same or unidentified gene names were eliminated.
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To categorize the participants (n=58,701) having short-stature (53; n=51,165) and
tall-stature (TS; n=7536) with = 175 cm for men and = 163 cm for women

To conduct GWAS of height between 35 and TS groups after adjusting for covariates
age, gender, osteoporosis, education, income, exercise, smoking, and alcohol.

¥

To select 1299 SNPs linked to height from the GWAS at p < 5x 107

¥

To excluded p = 0.05 in HWE and =0.01 in MAF and include 956 SNP.

¥

To conduct linkage disequilibrium (LD) analyses with r# < 0.001 and to remain 37
SNP

To identify gene names of selected SNPs and find 22 unidentified and unduplicated
gene names of the 956 SMNPs in g:Profiler

¥

To select 10 SMP related to tall stature in HuGE Mavigator to explore the optimal model
for SNP-SNP interaction using GMDR with 10 CVC, and exhaustive search type

i

To construct the polygenic risk scores (PRS) from genetic variants of the optimal
model

L}

To categorize 3 groups by the tertiles of the PRS of the optimal model for SNP-SNP
interaction

L

To analyze the association of PRS of the optimal model and lifestyle interaction for tall
stature

Figure 1. Flow chart to generate polygenic risk score (PRS) associated with stature by SNP-SNP
interaction and its interaction with lifestyle factors. The short stature (SS; n = 51,165; control) and tall
stature (TS; n = 7536; case) groups of the participants were divided by the cutoff of >175 cm for men
and >163 cm for women, which were the 15th percentiles of adult height in people aged >40 years in
2010-2014 in Korea.

Ten SNPs were included in the optimal genetic model by selecting them based on
their interaction with each other from 22 genetic variants in the generalized multifactor
dimensionality reduction (GMDR) software version 2.0 using the exhaustive search type
after adjusting for covariates. Covariate set 1 contained age, gender, residence area, ed-
ucation, and income, and covariate set 2 included covariates in set 1 plus energy intake,
alcohol intake, regular exercise, and smoking status for model 2. The selection criteria were
ap < 0.001 for the sign test of the testing balanced accuracy (TEBA) and ten cross-validation
consistency (CVC) in the ten-fold cross-validation [22]. Among the optimal models to
satisfy the significance level of the sign test and CVC, the model with the lowest number of
genetic variants and highest odds ratios (ORs) was selected as the optimal model.

The PRS for the optimal genetic model was calculated as a sum of the number of the
risk alleles from each selected SNP in the optimal SNP-SNP interaction model [23-25]. As
the SNP risk allele was G, the genetic scores of “AA”, “AG”, and “GG” were 0, 1, and 2,
respectively. Each model was divided into Low-, Middle-, and High-PRS. The PRS in the
four-SNP model was classified into Low-, Middle-, and High-PRS based on scores of 0-3,
4-5, and >6, respectively; and that in the seven-SNP model was categorized into 2-7, 8-10,
and >11, respectively. The PRS of the model was further used for analyzing the interaction
with the lifestyle parameters.
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2.8. Molecular Docking of Wild and Mutated GDF5 with Food Compounds

The wild and mutated chemical structures of the proteins GDF5_rs224331 (Ala276Ser)
were made in the Protein Data Bank (PDB) format from the Iterative Threading Assem-
bly Refinement (I-TASSER) website (https://zhanggroup.org/I-TASSER/ (accessed on
20 June 2022). Food compounds (n = 20,000) were downloaded from the fooDB website
(https:/ /foodb.ca/, accessed on 9 June 2022). Water molecules attached to the ligands were
eliminated using the pleomorphic analysis methodology (PyMOL) software version 2.0
(DeLano Scientific LLC, South San Francisco, CA, USA) [26]. The PDB structure of the
protein and ligand was changed into a protein data bank, partial charge (Q), and atom type
(T) (PDBQT) files lattice format using AutoDock Tools 1.5.6 (Molecular Graphics Laboratory,
Scripps Research Institute, La Jolla, CA, USA) [26]. The active sites of the proteins GDF5
were identified using the ProteinsPlus website (https:/ /proteins.plus/, accessed on 8 July
2022), and they and the mutated sites (rs224331) were included for molecular docking.

Food components with a <—10 kcal/mol binding free energy were selected [27]. The
binding free energy at the active site indicated the binding affinity of GDF5 to the food
compound. The lower the binding free energy, the tighter the binding and affinity.

2.9. Molecular Dynamics Simulation (MDS)

The conformational changes in the GDF5 structures were examined using MDS to
detect the changes in their activity. After the top docking poses with the selected food com-
pounds were inserted, simulations were conducted on the GDF5 active site and docked com-
plexes. Additionally, the Chemistry at Harvard Macromolecular Mechanics (CHARMM)
force field was added to each molecular structure generated by “Simulation”, and the
protein was solvated by “Solvation”. The “Standard Dynamics Cascade” was used to set
the molecular dynamics simulation parameters for the protein added to the solvent system.
The ramp-up time, equilibration time, simulation sampling time, and simulation step size
were set to 40 ps, 400 ps, 10,000 ps, and 2 fs, respectively, and other parameters were set to
default values. The hydrogen bond values, root mean square deviation (RMSD), and root
mean square fluctuations (RMSF) were analyzed after the 10 ns simulation.

2.10. Statistical Analysis

The sample size (n = 58,701) was sufficient to show significance at « = 0.05 and 3 = 0.99
when assigned an odds ratio (OR) of 1.08 in the logistic regression analysis using a G-power
calculator. Descriptive statistical analysis was conducted using SAS (version 9.3; SAS
Institute, Cary, NC, USA). Frequency distributions were used for the categorical variables,
and their statistical differences between the SS and TS groups were calculated with the
Chi-square test. The adjusted means and standard deviations for the continuous variables
were assessed after adjusting the covariates, including age, gender, education, income,
survey year, BMI, osteoporosis, energy intake, exercise, alcohol intake, and smoking status.
The statistical differences between the genders and adult height groups were analyzed
using a two-way analysis of covariance (ANCOVA) with adjustment for the covariates [28].
When ANCOVA was significant, multiple comparisons according to the genders and height
groups were performed using Tukey’s test.

The association of height with anthropometric and biochemical parameters was an-
alyzed using logistic regression analysis after adjustment for covariates. The results are
provided with each metabolic parameter’s adjusted odds ratios (ORs) and 95% confidence
intervals (CI). Two different covariate sets were included according to the covariates. Co-
variate set 1 included age, place of residence, survey year, osteoporosis, BMI, education,
and income as covariates. Covariate set 2 was calculated with covariates of model 1 plus
energy intake, physical activity, smoking status, and alcohol intake.

The two-way ANCOVA was conducted with the main effect terms of PRS and lifestyles,
their interaction term, and covariates. If the interaction terms showed statistical signifi-
cance, each lifestyle parameter was categorized into high or low groups according to the
dietary reference intake [29] or their 30th percentile. The ORs and 95% CI of the height
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with PRS were also assessed with logistic regression analysis in each of the high or low
groups in the lifestyle-related parameters. Any significant difference in the height was de-
termined according to the PRS groups using the x? test or ANCOVA in the lifestyle-related

parameters’ low- or high-groups.

3. Results
3.1. Demographic Characteristics and Lifestyles According to Gender and Adult Height

The age was higher in the SS group than in the TS group in both genders (Table 1).
The proportion of tall persons was higher than that of short persons in men, and it was the
opposite in women. The proportion of both men and women in the TS who lacked higher
education (<middle school) was much lower than in the SS group (Table 1). However, the
proportion of men with a high income was lower in the TS than in the SS group, but it
was the reverse in women. Smoking status was not significantly different between the SS
and TS groups in both genders (Table 1). The proportion of the participants with regular
physical exercise was small but significantly higher in the TS group than in the SS group,
but only in women. Only in men, alcohol intake was higher in the TS group than in the SS
group (Table 1).

Table 1. Demographic characteristics of the participants according to gender and adult height.

Women
Short-Stature Tall-Stature Short-Stature Tall-Stature
(n =17,305) (n = 2988) (n = 33,860) (n = 4548)
Age (years) 56.4 + 0.06 P 53.2 +0.182 52.8 4+ 0.04 ¢ 50.2 & 0.11 Cxxst++
Gender (%) 33.82 39.65 1t 66.18 60.35 11
Education
<Middle school 1654 (15.1) 99 (6.52) 6409 (23.5) 329 (10.5) H#+
High school 8261 (75.4) 1173 (77.3) 19,373 (71.1) 2498 (80.0)
>College 1045 (9.53) 246 (16.2) 1486 (5.45) 296 (9.48)
Income
<$2000 1483 (9.03) 268 (10.7) H+ 3911 (12.3) 261 (6.02) H#
$2000—4000 7184 (43.7) 1125 (44.9) 14,278 (44.9) 1707 (39.3)
>$4000 7764 (47.3) 1111 (44.4) 13,599 (42.8) 2371(54.6)
Former smoking (%) 2237 (12.9) 349 (11.7) 100 (0.30) 17 (0.37)
Smoking (%) 1447 (8.36) 275 (9.21) 172 (0.51) 19 (0.42)
Physical exercise (%) 10,168 (59.0) 1784 (59.9) 17,579 (52.1) 2445 (53.8)
Alcohol (g) 352 +0.38P 39.8 4+ 0.88 2 5.24 +0.27b 5.89 = (.71 brext+##
Energy intake (EER %) 89.4 +0.26 ¢ 93.3 +0.58 ¢ 99.1 +£0.18b 101.6 + 0.47 axxxHit
Carbohydrates (En%) 71.3 +0.06 P 712 4 0.13P 72.0 £0.04 2 71.6 4 0.11 bess+
Fat (En%) 142 4+0.042 14.3 +0.102 13.7 +0.03P 14.1 + 0.08 ax*++#
Protein (En%) 13.3 +0.02P 13.3 4+ 0.05P 13.5 4 0.022 13.5 + 0.04 2#*+
Fiber (g) 152 4+ 0.08 P 15.8 +0.18 2 14.3 4 0.06 14.6 4 0.15 Crext++
Calcium (mg) 411 + 2154 427 +4.89°¢ 456 +1.50P 471 + 3.95 axesttt
Vitamin C (mg) 95.1 + 0.56 ¢ 989 +1.28¢ 110 £ 0.39 P 113 = 1.04 @+t
Vitamin D (ug) 5.59 + 0.05 ¢ 5.89 +0.11°¢ 6.81 +0.03b 7.09 4 0.09 awt++
DII (scores) —13.8 +0.39 —14.2 4+ 0.89 —13.4 4+ 0.27 —15.5 4+ 0.72
Flavonoids (mg) 32.1+027b 328+ 0.61P 415+ 0.192 42.6 4 0.49 a*++
KBD (%) 6832 (39.5) 1269 (42.5) # 10,059 (29.7) 1409 (31.0)
PBD (%) 3551 (20.5) 647 (21.7) 13,316 (39.3) 2062 (45.3)
WSD (%) 8619 (49.8) 1812 (60.6) 11,155 (32.9) 1966 (43.2) 1+
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Table 1. Cont.

Men Women
Short-Stature Tall-Stature Short-Stature Tall-Stature
(n =17,305) (n = 2988) (n = 33,860) (n = 4548)
RMD (%) 5482 (31.7) 983 (32.9) 11,480 (33.9) 1626 (35.8) ¥
Coffee intake (g/day) 4.234+0.032 4254+ 0.062 3.34 +0.02°¢ 3.48 + 0.05 et
Tea (g/day) 435+ 0.712b 477 +1.632 432 +050b 422 4 1.32bwex

Values represent adjusted means and standard errors for continuous variables and the number and percentage for
categorical variables. Values represent adjusted odd ratios and 95% confidence intervals. Covariates included
age, sex, weight at age 18, education, income, energy intake (percentage of estimated energy requirement),
residence areas, daily activity, alcohol intake, and smoking status. EER, estimated energy requirement; En%,
energy percentage; DII, dietary inflammation index; KBD, Korean-balanced diet; PBD, plant-based diet; WSD,
Western-style diet; RMD, rice-main diet. *** Significant differences by gender at p < 0.001. * Significant differences
by height at p < 0.05, ** at p < 0.01, *** p < 0.001. * Significant interaction between gender and height at p < 0.05,
# atp < 0.01, ¥ p < 0.001. * Significantly different from the control group in x? test in each gender at p < 0.05,
Hatp <0.01, # at p < 0.001. b <9 Different superscript letters indicated significant differences among the
groups in Tukey’s test at p < 0.05.

3.2. Nutrient Intake According to Gender and Adult Height

Energy intake was lower in the SS than in the TS group in both genders. Regarding
the intake of macronutrients, fat intake was lower in the SS group than in the TS group
only in women, and the trend of carbohydrate intake was the opposite of that of the fat
intake (Table 1). However, protein intake was not significantly different between the SS
and TS groups for both genders. Dietary fiber intake was lower in the SS group than in
the TS group only in men, and calcium and vitamin C and D intakes were lower in the SS
group than in the TS group for both genders (Table 1). Intakes of DII and flavonoids did
not differ between the TS and SS groups (Table 1). The proportion of KBD was lower in
the SS group than in the TS group only in men, but that of PBD and RMD was lower in
the SS group than in the TS group only in women (Table 1). The proportion of WSD was
much lower in the SS group than in the TS group in both genders. Coffee intake, but not
tea intake, was lower in the SS group than in the TS group in women (Table 1).

3.3. Prevalence of MetS and Its Related Parameters According to Gender and Adult Height

As expected, height was much greater in the TS group than in the SS group in both
genders. When the increase in height ceased at age 18, the weight was not significantly
different between the TS and SS groups (Table 2). In women, the BMI during the study
was higher in the SS group than the TS group and was inversely associated with height
(adjusted ORs = 0.908). Waist circumferences were lower in the TS group than in the SS
group for both genders. The inverse association of waist circumference with height was
much more significant than the association with BMI (adjusted ORs = 0.327) (Table 2). The
skeletal muscle index (SMI) and fat mass were significantly lower in the TS group than the
SS group in both genders and was inversely associated with height. White blood corpuscles
(WBC), which reflect the immune status, showed a trend similar to the SMI and fat mass
(Table 2). However, there was no significant difference in serum high-sensitive C-reactive
protein (hs-CRP) concentrations, an inflammatory marker, between the TS and SS groups
(Table 2).

MetS and cardiovascular disease (CVD) incidence was inversely associated with
height. Fasting serum glucose concentrations and blood HbAlc levels were higher in the SS
group than in the TS group for both genders, and they showed an inverse relationship with
height (Table 2). Insulin resistance also showed an inverse association with height (Table 2).
Dyslipidemia was also inversely related to height, showing that short persons had hyper-
total cholesterol, hypo-high-density lipoprotein (HDL), hyper-low-density lipoprotein
(LDL), and hyper-triglycerides in the blood, compared to tall persons (Table 2). SBP
and DBP were higher in the SS group than in the TS group and revealed an inverse
association with height (Table 2). Serum alanine aminotransferase (ALT) and aspartate
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aminotransferase (AST), the indexes of liver damage, had an inverse association with height.
However, the eGFR estimated with serum creatinine concentrations was not significantly
linked to height (Table 2). Furthermore, arthritis incidence, but not osteoporosis, was
inversely associated with height (Table 2).

Table 2. Adjusted means and odds ratio (ORs) of metabolic syndrome-related parameters according
to gender and adult height.

Men Women
Short- Tall- Short- Tall-Stature Adjusted OR and
Stature Stature Stature (0 = 4548) 95% CI
(n = 17,305) (n = 2988) (n = 33,860)

Height (cm) ! 167.3 £ 0.03 P 177.2 4+ 0.082 155.5 + 0.02 4 164.7 £ 0.06 Crex+++##E
BMI (kg/m?) 2 2454 0.042 24.6 +0.072 23.6 +0.03° 23.0 4 0.06 Crex+HH#if 0.908 (0.857-0.962)
Waist (cm) 3 80.1 £0.07 ¢ 769 £0.132 8154 0.05° 78.7 4 0.10 dwertrt# 0.327 (0.299-0.357)
Weight at age 18 (kg) * 55.4 + 0.14 56.1 + 0.31 55.0 4 0.11 55.1 4 0.20 *** 1.025 (0.956-1.099)
SMI (kg/m) ° 7.34 +0.004 2 7.04 +0.010° 6.90 + 0.003 © 6.46 & 0.006 dxext+++# 0.402 (0.376-0.430)
Fat mass (%) © 20.4 4+ 0.02°¢ 17.3 + 0.05 4 32.8 +£0.022 30.1 + 0.04 brertriit 0.479 (0.445-0.515)
WBC (10° /L) 7 5.79 £0.023 5.61 £ 0.04 5.67 4+ 0.01° 5.60 4 0.03 cx+++# 0.813 (0.767-0.861)
hs-CRP (mg/dL) ® 0.14 4 0.004 @ 0.16 4 0.009 @ 0.14 4 0.003 b 0.12 + 0.007 b+ 0.784 (0.612-1.005)
MetS ? 3005 (17.4) 593 (19.9) ¥ 4275 (12.6) 427 (9.39) 0.494 (0.452-0.540)
CVD? 1107 (6.41) 109 (3.65) 1030 (3.05) 68 (1.50) ¥t 0.669 (0.563-0.794)
Glucose (mg/dL) 1 96.38 +£0.272 93.4 +0.55P 95.440.192 93.4 4 (.42 b+++ 0.718 (0.657-0.785)
HbA1lc (%) 1! 563+ 0.01° 5.49 4+ 0.03 ¢ 5.79 4+ 0.012 5.68 4+ 0.02 brexttt 0.659 (0.569-0.763)
Insulin resistance (%) ° 1955 (11.3) 347 (12.0) 20,66 (6.1) 226 (4.97) # 0.542 (0.487-0.603)
Total cholesterol (mg/dL) 12 189 +£0.35°¢ 190 +0.71 ¢ 202 +£0.232 198 + 0.56 brertr+iift 0.707 (0.658-0.758)
HDL (mg/dL) 13 5224+ 0.18" 53.9 £0.36 ¢ 55.1 £0.132 57.3 4 (.24 awxs++i 1.330 (1.249-1.415)
LDL (mg/dL) 112 +£045¢ 112 £0.94 ¢ 122 +£0.332 117 4= 0.71 brex+++## 0.702 (0.646-0.763)
TG (mg/dL) ¥ 120 + 1.11° 105 +2.29 ¢ 127 +£0.81°2 109 + 1.74 Cxx+++ 0.633 (0.594-0.675)
SBP (mmHg) 1 12340202 120 4+ 0.40 P 1234+ 0.142 120 4 0.31 b+++ 0.749 (0.704-0.796)
DBP (mmHg) 17 76.9 +0.132 751 +0.27° 75.5 4 0.09 73.9 & 0.20 Cxxrt+# 0.698 (0.633-0.770)
AST (IU/L) 18 25140202 25.1 40452 231 +0.14° 225 4 0.36 P+ 0.633 (0.550-0.729)
ALT (IU/L) 1¢ 24540162 23.6 +0.34P 235+0.12° 22.4 + 0.25 O+ttt 0.531 (0.485-0.582)
Egfr 20 84.4+021b 84.1 +043° 86.6 +0.152 85.3 + 0.33 brrert 0.940 (0.867-1.020)
‘?‘I\rf}},/r:)tf 698 (4.04) 111 (3.72) 3995 (11.8) 326 (7.17) 0.868 (0.774-0.973)
Osteoporosis (N, Yes%) 117 (0.68) 16 (0.54) 2779 (8.22) 162(3.56) 0.882 (0.740-1.051)

CI, confidence interval; SBP, systolic blood pressure; DBP, diastolic blood pressure; AST, aspartate aminotrans-
ferase; ALT, alanine aminotransferase; TG, triglyceride. The high-height group was >175 for men and >163 for
women. Adjusting for covariates including weight, gender, age, weight at age 18, education, income, total activity,
energy intake, alcohol intake, residence area, and smoking status. The cutoff points of the reference for logistic
regression were as following: ! <172.5 cm for men and <160 cm for women; % <25 kg/m? for BMI; 3 <90 cm for
men and 85 cm for women waist circumferences; 4 <60 kg for men and <59 kg for women; 5476 kg/m in men and
5.4 kg/m in women for SMI in skeletal muscle index (SMI defined as appendicular skeletal muscle mass/height);
6 <25% for men and 30% for women for fat mass; 7 <4.0 x 10° counts/L WBC; & <0.5 mg/dL serum high-sensitive
C-reactive protein (hs-CRP) concentrations; ° disease incidence; 1© <126 mL/dL fasting serum glucose plus
diabetic drug intake; 1! <6.5% blood HbAlc plus diabetic drug intake; 12 <230 mg/dL serum total cholesterol con-
centrations; 13 >40 mg/dL for men and 50 mg/dL for women serum HDL cholesterol; 14 <160 mg/dL serum total
cholesterol concentrations; 1 <150 mg/dL serum triglyceride concentrations; 1® <140 mmHg SBP, 17 <90 mmHg
DBP plus hypertension medication; 18 <40 U/L aspartate aminotransferase; 19 <35 U/L alanine aminotransferase;
20 <70 mL/min/1.73 m? estimated glomerular filtration rate (eGFR). * Significant differences by gender at p < 0.05,
** at p <0.01, ** at p < 0.001. ** Significant differences by height at p < 0.01, *** p < 0.001. # Significant interaction
between gender and height at p < 0.05, ## at p < 0.001. # Significantly different from the control group in x? test
in each gender at p < 0.01, ¥ at p < 0.001. < 4 Different superscript letters indicated significant differences
among the groups in Tukey’s test at p < 0.05.

3.4. Genetic Variants Linked to Adult Height

The genetic variants affecting adult height are shown as a Manhattan plot in Supple-
mentary Figure S1A, and those satisfying the selection criteria were located in chromosomes
2,3,5,6,12,15, and 20. The Q-Q plot in Supplementary Figure S1B indicated that the
genetic variants did not deviate from the expected values (lambda = 1.032).

The genetic variants that interacted with each other to promote an increase in height are
presented in Table 3. Polyadenylate-binding protein-interacting protein 2B (PAIP2B)_rs13034
890, carboxypeptidase Z (CPZ)_rs3756173, non-SMC condensin I complex subunit G
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(NCAPG)_rs2074974, LCORL_rs7700107, a disintegrin and metalloproteinase with throm-
bospondin motifs-like-3 (ADAMTSL3)_rs1600640, and insulin-like growth factor-1 receptor
(IGFIR)_rs2871865 had an inverse association with height whereas latent-transforming
growth factor beta-binding protein-1 (LTBP1)_rs4630744, DIS3-like exonuclease 2 (DIS3L2)_
rs1249260, ZBTB38_rs6762722, and GDF5_rs224331 were positively associated with height
(Table 3). The adjusted ORs of the genetic variants were between 0.8078 and 1.191, indicat-
ing a small effect, although each showed a highly significant p-value (5 x 10~7) in the city
hospital-based cohort. However, their significance level in the Ansan/Ansung plus rural
cohorts was 0.02-6.8 x 107°. GDF5_rs224331 was located in the exon and was a missense
mutation. These results indicated that the selected genetic variants were weakly associated
with adult height (Table 3).

Table 3. Characteristics of genetic variants related to adult height from GMDR analysis.

CHR ! SNP 2 Base Pair A13  A2¢ OR® SE ¢ p for City 7 ’:_ f;ﬁ)ﬁ;@“ MAF° H’xgrl" Gene Names Location
2 s4630744 33461375 G A 1105 0.01906 1.53 x 10~7 0.02458 03792 0.4099 LTBP1 Intron
2 1s13034890 71430542 T C 0908  0.01886 3.72 x 1077 0.0014 04567  0.6295 PAIP2B Intron
2 1s1249260 233046182  C T 1172 001877 299 x 107V 0.00016 04515  0.7705 DIS3L2 Downstream
3 1s6762722 141145216 G A 1177 002095  6.65 x 101 0.000749 02546  0.5644 ZBTB38 Intron
4 1s3756173 8598698 T C 09058 001917 248 x 1077 0.000515 04135  0.5123 crz Intron
4 1s2074974 17812615 C A 08989  0.01884 157 x 10~ 0.00103 0.461 0.8746 NCAPG 5 UTR
4 1s7700107 17880416 C A 08112 002421  534x10°®  678x107° 02072  0.1078 LCORL Downstream
15 151600640 84603034 T G 08711  0.02363 518 x 1079 0000252 02115  0.5692 ADAMTSL3 Intron
15 rs2871865 99194896 G C 08078  0.03676 634 x 1079 0.00673 0.0800  0.0640 IGFIR Intron
20 rs224331 34022387 A c 1191 0.02073 313 x 10716 0.000956 0.2683 0.8747 GDF5 Missense
(Ala276Ser)

1 Chromosome; 2 Single nucleotide polymorphism; 3 Minor allele; * Major allele’ 5 Odds ratio (OR) for city cohort;
6 Standard error; 7 p-value for OR after adjusting for age, gender, residence area, survey year, body mass index,
daily energy intake, education and income in the hospital-based cohort (case: n = 17,545; control: n = 36,283);
8 p-value for OR after adjusting for covariates in the Ansan/Ansung cohort (case: n = 1657; control: n = 3245);
9 Minor allele frequency; 1° Hardy-Weinberg equilibrium. LTBP1, latent transforming growth factor beta binding
protein-1; PAIP2B, poly(A)-binding protein interacting protein-2B; DIS3L2, DIS3 like 3/-5" exoribonuclease-2;
ZBTB38, zinc finger and BTB domain containing 38; CPZ, carboxypeptidase Z; NCAPG, non-SMC condensin I
complex subunit G; LCORL, ligand-dependent nuclear receptor corepressor like; ADAMTSL3, a disintegrin and
metalloproteinase with thrombospondin motifs-3; IGF1R, insulin-like growth factor-1 receptor; GDF5, growth
differentiation factor-5.

3.5. SNP-SNP Interaction by GMDR

The genetic models, including 4, 7, 8, 9, and 10 genetic variants, met the selec-
tion criteria for the optimal model. The four-SNP model included ZBTB38_rs6762722,
PAIP2B_rs13034890, CPZ_rs3756173, and LTBP1_rs4630744 whereas the seven SNP model
contained ZBTB38_rs6762722, PAIP2B_rs13034890, GDF5_rs143384, LCORL_rs7700107,
DIS3L2_rs1249260, LTBP1_rs4630744, and NCAPG_rs2074974 (Supplementary Table S1).
Height was 1.29 times and 1.22 times positively associated with PRS for models 4 and
7, respectively, after adjusting for covariate groups (group 1 included age, sex, weight,
education, income, and place of residence; group 2 contained covariate group 1 plus energy
intake, alcohol intake, physical activity, and smoking, as shown in Figure 2). Therefore,
the adjusted OR of the PRS was higher than that of the single SNP model. However, the
ORs of the 4-SNP and 7-SNP models were similar, and the PRS of the 4-SNP model was
appropriate. The four-SNP model was, therefore, more appropriate to explain the genetic
impact on height.
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Figure 2. Adjusted odds ratio (ORs) and 95% confidence intervals (CI) of 4-SNP PRS and 7-SNP PRS
models for tall stature PRS was generated with the sum of the number of risk alleles in each SNP, and
it was classified as Low-PRS, Middle-PRS, and High-PRS according to the range 0-3, 4-5, and >6 in
the four-SNP model and 0-5, 6-7, and >8 in the six-SNP model, respectively. Covariates of group 1
included age, gender, weight, residence area, education, and income, and those of group 2 contained
those in group 1 plus energy intake, exercise, alcohol drinking, smoking, and osteoporosis incidence.

3.6. Expression of Quantitative Trait Loci (eQTL) of the Selected Genes According to the Alleles

The genetic expression of the variant alleles of GDF5, NCAPG, LCORL, PAIP2B,
ADAMTSL3, and IGF1R was different across different tissues. The tibial nerve showed
the maximum differences in the gene expression of the alleles. The gene expression of
NCAPG_rs2074974 decreased with the risk allele (A) compared to the non-risk allele in
the tibial nerve (slope = 0.14, p = 0.003), and IGFR1 also showed a similar trend in the
tibial nerve (slope = 0.11, p = 0.011) (Figure 3). However, ADAMTSL3_rs1600640 showed
an increased expression with the risk allele compared to the non-risk allele in the tibial
nerve (slope = 0.16, p = 0.0015) and the arterial appendage of the heart (slope = 0.16,
p=2.1x1077). The risk allele of PAIP2B_rs13034890 had a lower expression than the
non-risk allele in the pituitary (slope = —0.29, p = 0.000083). Interestingly, the expression of
GFDb5_rs224331 showed a significant decrement in the risk allele compared to the non-risk
allele in various tissues, especially the cortex, hippocampus, and amygdala of the brain,
tibial nerve, thyroid, and heart (slope = —0.12~—0.41, p = 0.0095-1.1 x 10~8) (Figure 3).
These results indicated that the gene expressions in the tibial nerve could act as central
modulators of height and that the selected genetic variants in the tibial nerve play a critical
role in height.
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Figure 3. Gene expression according to the alleles of the selected SNPs for high body fat risk in
different tissues. The black box indicated the box plot of norm expression of the gene accord-
ing to each allele. The middle line was the median of the norm expression of gene with each
allele. The green bell shape showed the distribution of norm gene expression with each allele.
(A) NCAPG_rs2074974 in the tibial nerve (3 = 0.14; p = 0.003). (B) LCORL_rs7700107 in the tibial
nerve (f =0.091; p = 0.0092). (C) ADAMTSL3_rs1600640 in the tibial tissue (§ = 0.12, p = 0.0015).
(D) ADAMTSL3_rs1600640 in the atrial appendage of the heart (3 = 0.16, p = 2.1 X 10~7). (E) IGF-
1R_rs2871865 in the tibial tissue (3 = 0.11, p = 0.011). (F) GDF5_rs224331 in the tibial tissue (3 = —0.13,
p = 0.0095). (G) GDF5_rs224331 in the pituitary (B = —0.42, p = 4.6 x 10712). (H) GDF5_rs224331
in the atrial appendage of the heart (3 = —0.14, p = 0.0071). (I) GDF5_rs224331 in the thyroid
(B=-0.25p=1.1 x 1078). (J) GDF5_rs224331 in the cortex of the brain (f = —0.41, p=82x 1079).
(K) GDF5_rs224331 in the hippocampus of the brain (f = —0.38, p = 0.000049). (L) GDF5_rs224331 in
the amygdala of the brain ( = —0.33, p = 0.003).

3.7. Binding Affinity of Hydrolyzable Tannins to GDF5_rs224331

The wild and mutated GDF5_rs224331 exhibited somewhat different binding free
energy to food agents (Table 4). Among them, rugosin A is shown in Figure 4 as an example.
The wild type of GDF5_rs224331 had a decreased binding free energy (<—10.7 kcal /mol)
to hydrolyzable tannins such as stachyurin, lambertianin B, sanguiin H6, lambertianin A,
mongolicain A, casuariin, punicacortein D, rugosin A, rugosin E, valolaginic acid, rugosin
D, cinnamtannin II, eugenigrandin A, rugosin A, Chinese tannin, and gemin D (Table 4).
However, some hydrolyzable tannins, including rugosin A, rugosin D, rugosin E, and
valolaginic acid, increased binding free energy to the mutated type, indicating that they
had a lower binding affinity to mutated GDF5. The binding energy between the wild-type
GDFS5 protein and rugosin A with hydrogen bond in Figure 4A and the pink and green
parts indicated hydrogen donor and acceptor, respectively. Their binding position and
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intermolecular force are shown in the two-dimensional picture in Figure 4B. The binding
and interactions of binding affinity between rugosin A and the mutated type of GDF5 are

also shown in Figure 4C,D.

Table 4. Biding energy of hydrolyzable tannins to GDF5 wild type and mutated one in rs224331 (unit:

kcal/mol).
Compounds Wide Type Mutated Type

Stachyurin —13.7 —13.8
Lambertianin B —13.3 —-13.3
Sanguiin H6 —13.2 —13.3
Lambertianin A —-13.2 -13.3
Mongolicain A —129 —12.3
Casuariin —12.7 —-12.7
Punicacortein D —12.5 —-11.9
Rugosin E —12.2 -5
Valolaginic acid —12.1 —9.7
Rugosin D —12 -5
Cinnamtannin II —11.8 —11.8
Eugenigrandin A —11.7 —11.8
Rugosin A —11 —5.1
Chinese tannin —10.9 —-11
Gemin D —10.7 —10.6

Figure 4E,F showed the root mean square deviation (RMSD) and root mean square

fluctuation (RMSF) for GDF5 wild and mutated types binding to rugosin A. RMSD for
GDF5 wild type binding with rugosin A was sustained close to 3 A during 100 nanoseconds.
RMSEF for GDF5 wild-type binding with rugosin A also did not exceed 3 nm, except at the
580 residue index in the RMSF graph. These results suggest that rugosin A stably bound to
the GDF5 wild type.

Figure 4. Cont.
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Figure 4. Molecular docking and molecular dynamic simulation (MDS) of rugosin A on growth
differentiation factor-5 (GDF-5) rs224331 (Ala276Ser) wild and mutated types. (A) Molecular docking
of rugosin A on GDF5 rs224331 wild type. (B) The interaction force between rugosin A on GDF5
rs224331 wild type. (C) Molecular docking of rugosin A on GDF5 rs224331 mutated type. (D) The
interaction force between rugosin A on GDF5 rs224331 mutated type. (E) RMSD of rugosin A on GDF5
1rs224331 wild and mutated types. (F) RMSF of rugosin A on GDF5 rs224331 wild and mutated types.

3.8. Association of PRS with the Risk of Metabolic Syndrome and Its Components

Height was greater with PRS in the ascending order. The PRS for the four-SNP model
was not related to body composition, including BMI, waist circumferences (Table 5), SMI,
and fat mass, except height. Osteoporosis and arthritis showed no significant change with
changes in PRS. However, PRS was inversely related to WBC, an immunity index (Table 5).
The PRS was inversely linked to MetS, blood HbAlc, and serum glucose concentrations,
but was not significantly associated with insulin resistance. However, lipid profiles, blood
pressure, and serum ALT and AST concentrations were not associated with PRS (Table 5).
Therefore, the association of height-related PRS with glucose metabolism is likely related to
insulin secretion. However, serum HDL, LDL, and triglyceride concentrations did not differ
among the PRS groups. SBP and DBP showed a similar trend (Table 5). However, serum
ALT concentrations but not AST were lower in the High-PRS compared to the Low-PRS
groups and were inversely associated with PRS (Table 5).

Table 5. Adjusted means and odds ratio (ORs) of metabolic syndrome (metS)-related parameters
according to polygenic risk score (PRS) of the four-SNP model generated from adult height.

Low-PRS Middle-PRS High-PRS .

(n = 6107) (n = 29,668) (n 522’926) Adjusted ORs and 95 CI
Height (cm) ! 160.4 & 0.07 160.7 4+ 0.03 P 160.9 4 0.04 2*++ 1.293 (1.127-1.381)
BMI (kg/m?) 2 23.8 4+ 0.04 23.8 + 0.02 23.9 + 0.02 1.054 (0.987-1.124)
Waist (cm) 3 80.6 & 0.10 80.7 4 0.05 80.7 4 0.05 0.975 (0.883-1.077)
Weight at 18 4 548+ 0.11° 55.2 4+ 0.052 55.1 4 0.06 2P 1.059 (0.994-1.129)
SMI° 7.05 4 0.008 2 7.01 £ 0.004 © 6.98 + 0.004 °*+* 0.960 (0.896-1.029)
Fat mass © 28.3 + 0.04 28.3 + 0.02 28.4 + 0.02 0.959 (0.896-1.027)
WBC (10° /L) 7 5.78 4+ 0.02 2 570+ 0.01° 5.68 + 0.01 b** 0.894 (0.837-0.954)
Serum hs-CRP (mg/dL) 8 0.152 + 0.006 @ 0.136 4 0.003 © 0.141 + 0.003 ab* 0.862 (0.675-1.100)
MetS ® 883 (14.5) 4162 (14.0) 3255 (14.2) 0.894 (0.815-0.982)
Serum glucose (mg/dL) 1° 95.5 4+ 0.26 95.1 +0.12 95.0 +0.14 0.905 (0.828-0.990)
Blood HbA1c (%) 1! 5.73 4 0.012 571 +0.01° 5.71 + 0.01 b* 0.851 (0.740-0.980)
Insulin resistance (%) 1955 (11.3) 347 (12.0) 2066 (6.1) 0.953 (0.854-1.064)
Serum total cholesterol (mg/dL) 12 197 +£0.48 197 £0.22 197 £ 0.25 0.940 (0.875-1.010)
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Table 5. Cont.

Low-PRS Middle-PRS High-PRS .

(n = 6107) (n = 29,668) (n = 22,926) Adjusted ORs and 95 CI
Serum HDL (mg/dL) 13 53.6 &+ 0.17 53.8 & 0.08 53.8 & 0.09 1.047 (0.978-1.120)
Serum LDL (mg/dL) 14 119 £ 0.44 119 £ 0.20 119 £ 0.23 0.960 (0.883-1.043)
Serum TG (mg/dL) 15 126 +1.11 125 + 0.50 124 £ 057 0.981 (0.917-1.048)
SBP (mmHg) 1 122 +0.19 122 +0.08 123 +0.10 1.050 (0.984-1.121)
DBP (mmHg) 7 75.6 4 0.12 75.6 4 0.06 75.8 4 0.06 1.020 (0.919-1.132)
SFI%“/“L;%T 247 40312 237 +0.14b 235+ 016" 0.875 (0.755-1.014)
Sg%*?}d;%T 23440302 224 +0.14 221 +0.16° 0.893 (0.812-0.981)
Egfr 20 86.5 4 0.20 86.0 4 0.09 86.1 4 0.11 1.059 (0.893-1.257)
Arthritis (N, %) 549 (9.0) 2619 (8.84) 1962 (8.57) 0.920 (0.825-1.026)
Osteoporosis (N, Yes%) 344 (5.64) 1568 (5.29) 1162 (5.08) 0.920 (0.800-1.057)

CI, confidence interval; SBP, systolic blood pressure; DBP, diastolic blood pressure; AST, aspartate aminotrans-
ferase; ALT, alanine aminotransferase; TG, triglyceride; N, the number of participants. The high-height group was
>175 for men and >163 for women. Adjusting for covariates including age, gender, weight, body weight at age
18, education, income, total activity, energy intake, alcohol intake, residence area, and smoking status. PRS with
four SNPs of the best GMDR model was divided into three categories according to the number of the risk alleles:
<3, 4-5, and >6 into Low-PRS, Middle-PRS, and High-PRS, respectively. The cutoff points of the reference for
logistic regression were as following: 1 <172.5 cm for men and <160 cm for women; 2 <25 kg/ m? for BML; 3 <90 cm
for men and 85 cm for women waist circumferences; * <60 kg for men and <59 kg for women; ® <7.6 kg/m in
men and 5.4 kg/m in women for SMI in skeletal muscle index (SMI defined as appendicular skeletal muscle
mass/height); 6 <25% for men and 30% for women for fat mass; 7 <4.0 x 10° counts/L WBC; & <0.5 mg/dL serum
high-sensitive C-reactive protein (hs-CRP) concentrations; ° metabolic syndrome; 1° <126 mL/dL fasting serum
glucose plus diabetic drug intake; ' <6.5% HbA1lc plus diabetic drug intake; 1> <230 mg/dL plasma total choles-
terol concentrations; !* >40 mg/dL for men and 50 mg/dL for women plasma HDL cholesterol; ' <160 mg/dL
plasma total cholesterol concentrations; 15 <150 mg/dL plasma triglyceride concentrations; 16 <140 mmHg SBP,
17 <90 mmHg DBP plus hypertension medication; 1® <40 U/L aspartate aminotransferase; '° <35 U/L alanine
aminotransferase; 20 <70 mL/min/1.73 m? estimated glomerular filtration rate (eGFR). * Significant differences
by PRS at p < 0.05, ** at p < 0.01, *** p < 0.001. ¢ Different superscript letters indicated significant differences
among the groups in Tukey’s test at p < 0.05.

3.9. Interaction between PRS and Lifestyle Factors for Adult Height

Among the lifestyle factors, energy intake and rice-main diet interacted with PRS to
influence height (p = 0.0078 and p = 0.0095) (Table 6). In people with high energy intake,
PRS was positively related to height by 1.414 times but not in those with low energy intake.
PRS interacted with the rice-main diet to affect height among the dietary patterns (Table 6).
In adults with a low rice-main diet, PRS was positively linked to height by 1.318 times but
not in those with a high rice-main diet. The results suggested that the genetic impact for
adult height was not shown to be related to low energy intake, mainly containing rice.

Table 6. Adjusted odds ratios for adult height risk by polygenetic risk scores (PRS) of the 4-SNP
model for SNP-SNP interaction after covariate adjustments according to the patterns of lifestyles.

Gene-Nutrient

Low-PRS Middle-PRS High-PRS T s
(n = 14,420) (n = 21,641) (n = 4201) peV:IZue
Low energy ! . 1.032 (0.914-1.165) 1.130 (0.999-1.278) 0.0078
High energy 1.253 (1.075-1.461) 1.414 (1.210-1.652) :
Low KBD 2 ) 1.092 (0.971-1.228) 1.183 (1.050-1.333) 0.0923
High KBD 1.158 (0.984-1.362) 1.334 (1.132-1.574) :
Low PBD 2 ) 1.056 (0.938-1.188) 1.157 (1.026-1.305) 0.0567
High PBD 1.220 (1.039-1.432) 1.377 (1.170-1.620) :
Low WSD 2 ) 1.070 (0.937-1.222) 1.188 (1.038-1.359) 01898
High WSD 1.163 (1.015-1.332) 1.282 (1.117-1.472) :
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Table 6. Cont.

Gene-Nutrient

Low-PRS Middle-PRS High-PRS Interaction
(n =14,420) (n = 21,641) (n =4201)

p Value
Low RMD 2 1 1.157 (1.027-1.303) 1.318 (1.168-1.486) 0.0095

High RMD 1.041 (0.888-1.220) 1.092 (0.929-1.284) ’
Low alcohol 1 1.143 (1.003-1.303) 1.286 (1.125-1.469) 0.6960

High alcohol 1.081 (0.941-1.241) 1.175 (1.021-1.353) ’
Low exercise * 1 1.037 (0.901-1.194) 1.202 (1.042-1.386) 02233

High exercise 1.173 (1.031-1.335) 1.253 (1.099-1.429) ’
Non-smoking Former smoking 1 1.124 (1.003-1.260) 1.225 (1.091-1.375) 0.0547

+smoking

1.095 (0.920-1.302)

1.260 (1.057-1.502)

Values represent adjusted odd ratios and 95% confidence intervals. Covariates included age, sex, education,
income, energy intake (percentage of estimated energy requirement), residence areas, daily activity, alcohol intake,
and smoking status. PRS with four SNPs of the best GMDR model was divided into three categories according
to the number of the risk alleles: <3, 4-5, and >6 into Low-PRS, Middle-PRS, and High-PRS, respectively.
1 <Estimated energy requirement defined in dietary reference index; 2 <75th percentiles; 3 <20g daily alcohol
intake; * <moderate exercise for 150 min/ day.

4. Discussion

The adult height peaked in the 20s and gradually reduced after 30 years of age. Al-
though the loss of height varies from individual to individual, various factors are involved
in the decrement. The impact of genetics explains about 10% of the height variation among
people of East Asian, Hispanic, African, and South Asian ancestry [30]. An average adult
loses about two centimeters in height every decade after age 30. Women tend to lose more
height than men due to an accelerated rate of bone loss during menopause [31]. The loss
of height can also be accelerated by certain health conditions such as osteoporosis, poor
nutrition, lack of exercise, and some medical therapies such as chemotherapy and radiation
therapy [32]. Therefore, the present study explored the genetic variants for tall stature
using adult height and adjusting for covariates related to metabolic syndrome. Our results
indicated that the selected genetic variants could explain the genetic impact on tall stature
in Asians.

Short height in adults is linked to an increased risk of MetS. Previous studies have
demonstrated that being short is associated with higher body fat, higher triglycerides,
lower serum HDL cholesterol concentrations, and an increased risk of hypertension and
type 2 diabetes, all of which are components of MetS [33,34]. However, tall stature is
associated with obesity during childhood [35]. The association between stature and MetS
and the impact of genetics remains unclear. The present study exhibited that tall stature was
inversely linked to MetS, its components, CVD, fat and skeletal muscle mass, serum ALT
and AST concentrations, and arthritis, but not osteoporosis, after adjusting height-related
parameters. It was related to increased insulin resistance, which might be a primary factor
for the inverse relationship between tall stature and the risk of MetS and CVD. An earlier
German study demonstrated that an additional height of 10 cm is associated with a 41%
and 33% lower risk of type 2 diabetes among men and women, respectively. Moreover, the
association of height with a lower risk of type 2 diabetes was also seen in overweight or
obese men and women (36% in men and 30% in women), although the decrease in risk was
lower than that seen in normal-weight adults [33]. Therefore, increased insulin resistance
in short stature elevated MetS risk, which was consistent with the results of the current
study.

Common genetic variants significantly influence height. Genetic variants affect the
trait by the cumulative effects of many alleles at multiple loci rather than a single genetic
variant. In European ancestries, one of the most commonly identified variants is the
rs1042725 variant in the HMGA2 gene, which is associated with a 0.4 cm increase in
height [36,37]. However, the present study did not include HMGA2_rs1042725 as a height-
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related genetic variant in Asians, indicating that Asians have different genetic variants for
height traits. In the genetic investigation of the anthropometric traits (GIANT) consortium,
12,111 common SNPs are associated with the height trait, accounting for 10-40% of all height
variations depending on the person’s ancestry [30]. Previous studies have shown that
genetic variants for the height trait are somewhat different between Asians and Caucasians.
The genetic variants in the loci of LCORL, CABLES1, CDK10, ZBTB38, ZNF638, and TSEN15
are linked to stature in Han Chinese from the Beijing study [9]. The polygenic loci of LCORL,
DIS3L2, EFEMP1, ZBTB38, high mobility group AT-hook 1 (HMGA1I), citrate synthase (CS),
and GDF5 are also shown to be linked to stature in Taiwanese [38] and Japanese [39]. Some
genetic variants related to height in Asians (ADAMTSL3, ZBTB38, LCORL, DIS3L2, and
GDFb5) overlapped with those in the present study. Therefore, polygenic variants linked to
height vary according to ethnicity.

Height is inversely associated with insulin resistance, and the waist-to-height ratio is
used to predict insulin resistance [40]. The present study also demonstrated that height
and waist-to-height ratio were inversely associated with insulin resistance. Some poly-
genic variants related to height, such as IGFIR, GDF5, DIS3L2, and ADAMTSL3, have
been reported to modulate serum glucose and insulin concentrations, potentially [41,42].
Interestingly, the PRS of the common polygenic variants related to height was associated
with MetS and its components, fasting serum glucose and blood HbA1lc concentrations,
but not insulin resistance in the present study. The PRS was also associated with MetS, a
consequence of insulin resistance. However, PRS was not associated with insulin resistance.
PRS could be associated with insufficient insulin secretion, commonly seen in Asians with
type 2 diabetes, and it suggests that height-related genetic variants could be associated
with insulin secretion.

Genetic variants affect gene function by modifying gene expression and/or resulting
in catalytic activity by altering protein conformation, especially in missense mutations.
Gene expression having risk alleles is different in different tissue types. In the present study,
the polygenic variants selected for stature were expressed mainly in the tibial nerves. In
the tibial nerve, the risk alleles of NCAPG, LCORL, IGF1, and GDF5 had a lower expression
than the non-risk allele, while the risk allele of ADAMTSL3 showed a higher expression
than the non-risk allele. NCAPG is responsible for condensing and stabilizing chromosomes
during mitosis and meiosis. It is also involved in the carcinogenesis and progression of
tumors [43]. LCORL is a transcription factor involved in spermatogenesis related to skeletal
frame size and adult height [44,45]. The NCAPG-LCORL locus is associated with body
growth and feed intake in cattle [46]. The IGFIR — insulin/phosphatidylinositol-3 kinase
(PI3K) — protein kinase B (Akt) signaling pathway is a critical pathway for the growth of
long bones [47]. The mutation in ¢.926C > T of IGFIR is involved in severe short stature
in Chinese [48]. However, it did not show a significant relationship to adult stature in the
present study. On the other hand, the rs2871865 variant in the intron of the IGFIR was
significantly associated with stature. Its expression of the risk allele was lower than that of
the non-risk allele in the tibial nerve. These results suggest that the genetic variations for
height were mainly expressed in the tibial nerve, which receives the message from the brain
for movement of the legs, feet, and toes. The tibial nerve conduction velocity is reported to
be inversely associated with height [49].

Among the selected genetic variants for height, the expression of GDF5 was the most
prominent and has been revealed to be involved in height and osteoarthritis. GDF5 variants
are expressed in tissues such as the tibial nerve, brain, pituitary, thyroid, and adipose tissue.
Its risk allele lowered the GDF5 protein expression more than the non-risk allele [50-52]. In
addition, GDF5_rs224331 could affect the catalytic activity since the SNP site is a missense
mutation. Hydrolyzable tannins are reported to increase the expression of collagen I,
a primary component of the extracellular matrix found in the bones, to improve bone
growth and ameliorate osteoarthritis [53]. They also stimulate osteoblast proliferation and
differentiation and suppress osteoclast activity [54,55]. Hydrolyzable tannins have been
demonstrated to have anti-inflammatory and antioxidant properties, which may help in
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bone growth [56]. It suggests hydrolyzable tannins may affect GDF5 to modulate bone
growth and osteoarthritis. The present study demonstrated that some bioactive compounds
had a decreased binding free energy with the GDF5_rs224331 wild type. Hydrolyzable
tannins such as stachyurin, lambertianin A and B, sanguiin H6, mongolicain A, casuariin,
punicacortein D, cinnamtannin II, eugenigrandin A, Chinese tannin, and gemin D had a
lower binding free energy. However, the mutated GDF5 had a decreased binding affinity
(increased binding free energy) with rugosin E, rugosin A, rugosin D, and valolaginic
acid. It indicated that GDF5_rs224331 might achieve its activity by modifying binding
free energy. Bioactive compound effects can be altered with the GDF5_rs224331 mutation.
Further experimental studies are needed to confirm this.

The study is novel in showing that polygenic variants are involved in height through
SNP-SNP interactions in Asians and were also associated with immunity and glucose
metabolism. Interestingly, their expressions were mainly linked to the tibial nerve. GDF5_
rs224331 is a missense mutation; its binding affinity to some hydrolyzable tannins, such as
rugosin E, rugosin A, rugosin D, and valolaginic acid, was lower in the wild type than the
mutated one. Although further studies are needed, it can be suggested that bone growth is
related to modulating the expression and binding affinity of GDF5_rs224331. However, the
limitations of the present study were as follows: First, adult height was used for estimating
genetic impact, which could provide good results since it was adjusted for the covariates
affecting reduction in height after age 30. Second, it was conducted as a cross-sectional
study; although the sample size was large (n = 58,701), the specialists gathered the samples
uniformly from the volunteers. Third, data on usual food intake were gathered using the
SQFFQ, in which usual food intake could be underestimated or overestimated, although it
was designed for Koreans and validated with 3-day food records for four seasons.

5. Conclusions

The genetic impact on tall stature was found to be 1.29 times with the four-SNP model,
including ZBTB38_rs6762722, PAIP2B_rs13034890, CPZ_rs3756173, and LTBP1_rs4630744.
Although the GDF_rs224331 and IGF-1R_rs2871865 were significantly associated with
tall stature, they did not interact with other SNPs to lower the adjusted OR in model 7.
Furthermore, the PRS was inversely associated with MetS, hyperglycemia, and WBC risk.
The SNPs in the model were explicitly expressed in the tibial nerve, which is associated with
increased height. Hydrolyzable tannins lowered the binding free energy with the wild type
of GDF5_rs143384. However, some hydrolyzable tannins (rugosin E, rugosin A, rugosin
D, and valolaginic acid) did not decrease binding free energy with the mutated gene.
Therefore, the genetic variants for tall stature may modulate not only height growth but
also MetS, glucose metabolism, and immunity by altering the gene expression and/or their
activity. Adults with PRS for short-stature need to be more cautious of the MetS risk. These
results can be used in precision nutrition after further clinical study has been conducted.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Distribution of genetic variants for tall stature by a genome-wide association study.
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Abstract: Genetic and nutritional factors contribute to the development of non-alcoholic fatty liver
disease (NAFLD); however, gene—diet interactions in NAFLD development are poorly understood.
In this case—control study, a large dataset from the Korean Genome and Epidemiology Study cohort
(n =72,299) comprising genomic data, medical records, social history, and dietary data was used. We
investigated the interactions between the PNPLA3 rs738409 genotype and nutritional factors and their
possible effect on the risk of NAFLD development in 2950 patients with NAFLD and 12,907 controls.
In the PNPLAS risk allele group, high protein, fat, sodium, phosphorus, niacin, and vitamin B6
intakes were associated with a decreased risk of NAFLD. In the non-risk allele group, only high
fat intake was associated with a decreased risk of NAFLD. Among these nutrients, high sodium
intake had a significant protective interaction with the PNPLA3 genotype against NAFLD (p = 0.002).
Among salty foods, only kimchi had a significant protective effect against the PNPLA3 genotype (p =
0.012). Thus, the PNPLA3 genotype is differentially associated with nutritional factors. In particular,
it interacts with kimchi, a fermented vegetable dish. Therefore, fermented vegetables may serve as a
tailored therapeutic food for people with the PNPLA3 risk allele.

Keywords: non-alcoholic fatty liver disease; sodium; kimchi; fermented vegetable

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common liver diseases
worldwide, and its prevalence continues to increase [1]. As a spectrum of liver disease that
begins with simple steatosis, NAFLD is considered a hepatic manifestation of metabolic
syndrome. Owing to an increase in obesity, the total number of NAFLD cases is projected to
increase by 0-30% between 20162030 [2]. This is a public health concern because NAFLD
can progress to non-alcoholic steatohepatitis, cirrhosis, and ultimately hepatocellular car-
cinoma (HCC). Statistics have shown that the incidence of HCC associated with NAFLD
is increasing [3]. If this trend persists, NAFLD will become the principal cause of liver
transplantation and liver-related mortality in the coming decades [4].

Traditionally, a sedentary lifestyle with a high calorie intake but low energy output has
been considered the major cause of hepatic fat accumulation. Recent investigations have
provided new insights into the pathogenesis of NAFLD. Genome-wide association studies
(GWAS) have discovered that some single nucleotide polymorphisms (SNPs) increase
the risk of NAFLD, including patatin-like phospholipase domain-containing 3 (PNPLA3),
transmembrane 6 superfamily member 2 (TM6SF2), sorting and assembly machinery
component 50 (SAMM-50), farnesyl diphosphate farnesyl transferase I (FDFT1), collagen
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type XIII alpha 1 (COL13A1), neurocan (NCAN), glucokinase regulatory protein (GCKR),
membrane-bound O-acyltransferase domain-containing protein 7 (MBOAT?7), apolipopro-
tein C3 (APOCS3), sterol regulatory element binding transcription factor 2 (SREBF2) rs133291,
membrane-bound O-acyltransferase domain-containing 7 transmembrane channel-like
4 (MBOAT7-TMC4) rs641738, 173-hydroxysteroid dehydrogenase type 13 (HSD17B13),
and serpin family member 1 (SERPINAT) [5-9]. Among these, the association between
PNPLA3 and NAFLD risk is the most robustly observed [6]. The PNPLA3 rs738409 C
> G SNP, which leads to the replacement of isoleucine with methionine at position 148
(I148M), contributes to the development of NAFLD by promoting triglyceride synthesis
and accumulation in hepatocytes [10]. The effect of this SNP was even observed in subjects
with “lean NAFLD”, a condition where non-obese individuals are predisposed to develop
NAFLD [11].In these circumstances, where genetic factors directly affect the pathogenesis
but no specific drug therapy exists, the role of diet becomes crucial. Thus far, only a few
studies have suggested the role of gene—diet interactions in NAFLD development. One
such study discovered that a high intake of carbohydrates, isoflavones, and methionine
increased the risk of hepatic fibrosis in NAFLD in a PNPLA3 genotype-dependent man-
ner [12]. Another study showed that the minor allele of the haplotype in the 22q13 loci
increased the risk of NAFLD via interaction with a high carbohydrate intake, including
high consumption of noodles and meat [13]. Therefore, certain dietary patterns should be
avoided by individuals with risk genotypes, and certain dietary patterns could potentially
attenuate the genetic influence. These findings justify the idea of precision nutrition, a
diet tailored to one’s genetic make-up [10,12-15]. In addition, dietary factors modulate
the crosstalk between the gut microbiome and the liver through portal circulation [16,17].
Therefore, diet can also affect the gut-liver axis that plays a critical role in the development
of NAFLD.In Korea, the prevalence of NAFLD (32.87-42.9%) exceeded the global average
(25.24%) [9,18]. It is expected to increase in the future owing to a Westernized diet, lack
of exercise, and increase in obesity and type 2 diabetes [9]. The Korean diet is based on
steamed rice served with small side dishes; these side dishes are prepared mainly with
vegetables, and less frequently with meat, poultry, or fish. Fermented vegetables such
as kimchi are also used quite frequently. Furthermore, the traditional Korean diet uses
whole mixed grains and beans; thus, it is known to be healthy, having a low glycemic
index, low cholesterol, and high fiber content [19]. However, these traditional benefits have
been overshadowed by an excessive consumption of refined rice, along with an increased
consumption of Western foods [20].

In this study, we hypothesized that a distinctive gene—diet interaction may exist
between PNPLA3 and NAFLD. We planned to test this interaction in the Korean population.
The majority of Koreans belong to one ethnicity, called han minjok [21], which results in a
genetic and dietary homogeneity that is beneficial for genetic and dietary studies. We used
a large Korean cohort (Korean Genome and Epidemiology Study [KoGES] cohort) dataset
obtained from the Korea Biobank Project (KBP) database.

2. Materials and Methods
2.1. Study Population and the Definition of NAFLD

In this case—ontrol study, we received a dataset from the KoGES City cohort (1 = 72,299)
from KBP [22] that was collected from January 2004 to December 2012. The dataset included
genomic data, medical records, social history, and dietary data. Patients with NAFLD
were screened for the case group if they had a medical record of fatty liver disease but had
neither viral hepatitis nor alcohol consumption exceeding 210 g or more per week for men
and 140 g or more per week for women. Subjects without NAFLD or other underlying
diseases were screened for the control group. Subjects missing medical records of fatty
liver disease were excluded.
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2.2. Dietary Assessment

For each nutrient, a daily intake either above or below the recommended daily value
was defined as high intake or low intake, respectively. The recommended daily values used
in this study are presented in Supplementary Table S1. The median value adjusted by the
total energy was taken as the cut-off, and a higher intake above the median was defined as
a high intake value.

For the dietary assessment, a semi-quantitative food-frequency questionnaire (FFQ) [23-25]
comprising 103 items was developed for the KoGES data [26]. Participants reported the
frequency and number of foods consumed over the past year using the FFQ. The intake of
a food item three times or more per week was defined as high intake and less than three
times a week as low intake. The KoGES data also provided information on the intake of
23 nutrients.

2.3. Genome-Wide Genotyping

The genotype data were provided by the Center for Genome Science, Korea National
Institute of Health and were processed using the Korea Biobank Array (Affymetrix, Santa
Clara, CA, USA). The experimental results of the Korea Biobank Array were filtered using
the following quality control criteria: call rate > 97%, minor allele frequency > 1%, and
Hardy-Weinberg equilibrium, p <1 x 1075. After quality control filtering, the experimental
phenotypes were used to analyze the genotype datasets from the 1000 Genome Phase 1 and
2 Asian panels. GWAS identified 7,975,321 SNPs on chromosomes 1-22. The SNP genotype
(PNPLA3 1s738409) of participants was extracted from the Korea Biobank array (referred
to as KoreanChip), which was optimized for the Korean population to demonstrate the
findings of blood biochemical traits through GWAS [27].

2.4. Statistical Analysis

We performed GWAS in our KoGES City cohort (n = 72,299) to identify the genetic
indicators of NAFLD. The genetic risk of the PNPLA3 rs738409 SNP for NAFLD devel-
opment was tested using additive, dominant, and recessive models. We compared the
baseline characteristics between participants with and without NAFLD using the Stu-
dent’s t-test for continuous variables and Pearson’s chi-squared test for categorical vari-
ables. Furthermore, the association between the PNPLA3 rs738409 SNP and NAFLD was
assessed using Pearson’s chi-squared test and logistic regression analysis. The associ-
ation was adjusted for age, sex, body mass index, smoking status, and alcohol intake.
The influence of dietary factors on the PNPLA3 rs738409 SNP risk allele and non-risk
allele groups was investigated, as was the interaction between dietary factors and the
PNPLA3 rs738409 SNP. All genetic association tests were conducted using PLINK version
1.9 (https:/ /www.cog-ge-nom-ics.org/plink) [28], and the phenotype characteristics were
analyzed using the SPSS (IBM SPSS Statistics Inc., New York, NY, USA) [29] and R statistical
software (v4.1.2; R Core Team) [30]. Differences were considered statistically significant at
two-sided p values < 0.05.

3. Results

In the KoGES City cohort (n = 72,299), the PNPLA3 rs738409 G allele frequency was
0.41. Among the subjects (1 =72,299), those with missing data (1 = 10,676) were excluded. In
areview of medical records, subjects with fatty liver disease but without viral hepatitis were
screened (1 = 3568). Among them, participants with alcohol consumption exceeding the
predefined criteria were excluded (1 = 618). Among the controls (1 = 58,055), subjects with
underlying diseases were excluded (n = 45,148). Additionally, we excluded subjects with
missing nutrient intake data in both the control group (n = 105) and in patients with NAFLD
(n = 27). Finally, 2950 patients with NAFLD and 12,907 healthy controls were included
in the analyses (Figure 1). The baseline characteristics of the patients with NAFLD and
healthy controls are summarized in Table 1. The NAFLD group exhibited more elements of
metabolic syndrome, such as higher blood pressure, higher serum levels of glucose and
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cholesterol, and a higher waist circumference. In contrast, there were more current drinkers

and smokers in the control group (both p < 0.001) than in the NAFLD group.

Subjects with alcohol
consumption were
excluded (n=618)

Subjects with missing
value of nutrient intake
were excluded (n=27)

Figure 1. Study population using KoGES database. Abbreviations: KoGES, Korean Genome and

KoGES
(n=72,299)
Subjects missing medical records of fatty liver
disease were excluded (n=10,676)
KoGES
(n=61,623)
Subjects with fatty liver Subjects without
without viral hepatitis Fatty liver
(n=3568) (n=58,055)
Subjects with underlying
di were
excluded(n=45,148)
A
NAFLD Control
(n=2950) (0=12,907)

Subjects with missing
value of nutrient intake
were excluded (n=105)

A
NAFLD Control
(n=2923) (0=12,802)

Epidemiology Study; NAFLD, non-alcoholic fatty liver disease.

Table 1. Baseline characteristics of the study population.

. Total Population NAFLD Control
Characteristics (= 151725) (1 = 2923) (1 = 12,802) p-Value
Age (years) 49.84 (+7.82) 55.77 (£7.58) 48.48 (+£7.22) 0.01
Male (%) 7108 (45.20) 1481 (50.68) 5630 (43.98)
Female (%) 8617 (54.80) 1442 (49.32) 7172 (56.02) <0.001
Glucose (mg/dL) 92.09 (£15.03) 100.67 (+23.30) 90.12 (£11.51) <0.001
Total cholesterol (mg/dL) 193.17 (£33.09) 197.11 (£37.00) 192.27 (+32.06) <0.001
HDL cholesterol (mg/dL) 53.73 (£12.98) 48.49 (£11.37) 54.93 (£13.03) <0.001
Triglyceride (mg/dL) 114.78 (+75.87) 153.08 (+100.12) 106.02 (+66.08) <0.001
Waist circumference (cm) 80.26 (+8.55) 85.9 (£7.91) 78.97 (£8.16) 0.01
Systolic blood pressure (mmHg) 119.98 (+14.03) 125.68 (+14.46) 118.68 (+13.60) <0.001
Diastolic blood pressure (mmHg) 74.84 (+9.58) 7747 (£9.50) 74.24 (+9.50) <0.001
Body mass index (kg/m?) 23.67 (£2.82) 25.53 (£2.88) 23.24 (£2.62) 0.01
Alcohol intake <0.001
Non-drinker (1 (%)) 6823 (43.50) 1368 (46.92) 5455 (42.70)
Ex-drinker (1 (%)) 579 (3.70) 206 (7.08) 373 (2.95)
Current drinker (12 (%)) 8275 (52.80) 1340 (46.00) 6935 (54.35)
Smoking <0.001
Non-smoker (1 (%)) 10,590 (67.5) 1850 (63.39) 8740 (68.43)
Ex-smoker (1 (%)) 2862 (18.3) 703 (24.13) 2159 (16.90)
Current smoker (1 (%)) 2238 (14.3) 364 (12.47) 1874 (14.67)
PNPLA3 rs738409 genotype
GG (n (%)) 2911 (18.4) 652 (22.2) 2259 (17.5) <0.001
GC (1 (%)) 7705 (48.6) 1458 (48.4) 6247 (48.4)
CC (n (%)) 5241 (33.0) 840 (28.4) 4401 (34.1)

Values are mean (£ standard deviation) or number (%). Abbreviations: n, number; NAFLD, non-alcoholic fatty

liver disease; PNPLA3, patatin-like phospholipase domain-containing 3.
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The frequency of the PNPLA3 rs738409 G allele was 0.43 in the total included pop-
ulation, while it was 0.47 and 0.42 in the NAFLD and control groups, respectively. In
our study, the PNPLA3 risk allele group (rs738409, GG + GC) had a higher proportion
of NAFLD cases than the non-risk allele group (rs738409, CC) (19.9% [2110/10,616] vs.
16.0% [840/5241]; Table 1). The PNPLA3 rs738409 G allele showed a significant associ-
ation with NAFLD in all additive, dominant, and recessive model analyses (odds ratio
[OR] of the additive model = 1.22; 95% confidence interval, 1.15-1.30; p = 1.96 x 10~1°)
(Supplementary Table S2). After adjusting for age, sex, alcohol intake, and smoking, the
PNPLA3 rs738409 G allele remained an independent risk factor for NAFLD (adjusted
OR =1.22; p = 1.75 x 10~10) (Table 2).

Table 2. Genetic risk of PNPLA3 rs738409 G allele on non-alcoholic fatty liver disease (NAFLD)
occurrence in multivariable logistic regression analyses.

Proportion of Additive Model
NAFLD (n) Control (n) NAFLD (%) OR (95% CI) p-Value *
PNPLA3 rs738409 allele
C allele 837 4380 16.04 1
G allele 2100 8452 19.90 1.22 (1.15~1.30) 1.75 x 1010
Sex
Male 1485 5652 20.81 1
Female 1452 7180 16.82 0.80 (0.75-0.85) 479 x 101
<49 )gfres old 521 7430 6.55 ! 5.8 x 107280
>=49 years old 2416 5402 30.9 468 (4.28-5.11)
Alcohol
Non-drinker 1379 5479 20.11 1
Ex-drinker 208 378 35.49 1.76 (1.56-1.98) 1.77 x 1016
Current drinker 1350 6975 16.22 0.81 (0.75-0.86) 7.26 x 10710
Smoking
Non-smoker 1863 8781 17.5 1
Ex-smoker 708 2169 24.61 1.40 (1.30-1.52) 2.9 x 10717
Current smoker 366 1882 16.28 0.93 (0.84-1.03) 0.177

Abbreviations: NAFLD, non-alcoholic fatty liver disease; 95% CI, 95% confidence interval;, OR, odds ratio;
PNPLAS3, patatin-like phospholipase domain-containing 3. * The p-values were calculated with R Statistical
Software (v 4.1.2; R Core Team 2021).

3.1. Association between Nutrients and NAFLD in the Total Population Subsection

In the macronutrient-consumption assessments, the healthy control group contained a
significantly larger proportion of subjects with high protein (p < 0.001) and fat (p < 0.001) in-
takes (Supplementary Table S3) compared to the NAFLD group. The proportion of subjects
with a high carbohydrate intake was larger in the NAFLD group than in the control group,
but this difference was not statistically significant (p = 0.067) (Supplementary Table S3).

In the mineral- and vitamin-consumption assessments, a significantly larger pro-
portion of subjects in the healthy control group had higher intakes of sodium (p = 0.003),
phosphorus (p<0.001), zinc (p = 0.04), vitamin Bl (p<0.001), vitamin B2
(p < 0.047), niacin (p < 0.001), and vitamin B6 (p < 0.001) than those in the NAFLD group
(Supplementary Table S3).

Subsequently, the proportions of NAFLD cases were compared between the high-
and low-nutrient-intake groups (Table 3). High intakes of protein (OR = 0.765, p < 0.0001),
fat (OR = 0.616, p < 0.0001), sodium (OR = 0.884, p < 0.0001), phosphorus (OR = 0.850,
p <0.0001), zinc (OR = 0.919, p = 0.043), vitamin B1 (OR = 0.771, p < 0.0001), vitamin
B2 (OR =0.874, p = 0.044), niacin (OR = 0.746, p < 0.0001), and vitamin B6 (OR =0.842,
p < 0.0001) significantly decreased the risk of NAFLD.
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Table 3. Comparison of the non-alcoholic fatty liver disease (NAFLD) case proportions between
several nutrients” high-intake and low-intake groups among the * total participants (n = 15,725), as
determined by univariate analyses.

High-Intake Group ** Low-Intake Group **
Nutrient Proportion of Proportion of OR (95% CI) p-Value
NAFLD (n)  Control (1) NAFLD (%) NAFLD (n)  Control (n) NAFLD (%)
Energy 786 3823 17.05% 2137 8979 19.22% 0.864 (0.789-0.945) 0.001
Carbohydrate 2354 10,113 18.88% 569 2689 17.46% 1.10 (0.994-1.217) 0.064
Protein 1396 6971 16.68% 1527 5831 20.75% 0.765 (0.706-0.829) <0.0001
Fat 1294 7209 15.22% 1629 5593 22.56% 0.616 (0.568-0.668) <0.0001
Sodium 1678 7732 17.83% 1245 5070 19.71% 0.884 (0.815-0.959) <0.0001
Potassium 285 1281 18.20% 2638 11,521 18.63% 0.972 (0.849-1.112) 0.677
Calcium 353 1508 18.97% 2570 11,294 18.54% 1.029 (0.909-1.164) 0.654
Phosphorus 2021 9282 17.88% 902 3520 20.40% 0.850 (0.778-0.927) <0.0001
Iron 342 1460 18.98% 2581 11,342 18.54% 1.029 (0.908-1.167) 0.651
Zinc 1190 5475 17.85% 1733 7327 19.13% 0.919 (0.847-0.997) 0.043
Vitamin A 493 2160 18.58% 2430 10,642 18.59% 1.00 (0.898-1.113) 0.994
Carotene 1547 7026 18.05% 1376 5776 19.24% 0.924 (0.853-1.002) 0.055
Vitamin B1 383 2094 15.46% 2540 10,708 19.17% 0.771 (0.686-0.867) <0.0001
Vitamin B2 302 1491 16.84% 2621 11,311 18.81% 0.874 (0.767-0.996) 0.044
Niacin 1052 5504 16.05% 1871 7298 20.41% 0.746 (0.686-0.81) <0.0001
Vitamin B6 1553 7344 17.46% 1370 5458 20.06% 0.842 (0.777-0.913) <0.0001
Folate 209 820 20.31% 2714 11,982 18.47% 1.125 (0.961-1.317) 0.142
Vitamin C 1265 5585 18.47% 1658 7217 18.68% 0.986 (0.909-1.069) 0.732
Vitamin E 395 1870 17.44% 2528 10,932 18.78% 0.913 (0.813-1.027) 0.129
Ash 491 2171 18.44% 2432 10,631 18.62% 0.989 (0.888-1.101) 0.835
Cholesterol 352 1715 17.03% 2571 11,087 18.82% 0.885 (0.783-1.0) 0.051
Abbreviations: NAFLD, non-alcoholic fatty liver disease; OR, odds ratio. * The proportion of NAFLD patients in
the total population was 18.59% (2923/15,725). ** For each nutrient, daily intake above the recommended daily
value was defined as high intake and below that as low intake. The recommended daily values used in this study
are presented in Supplementary Table S1.
3.2. Association between Nutrients and NAFLD According to the PNPLA3 Genotype Figures,
Tables, and Schemes
To investigate the differential association between nutrient intake and NAFLD accord-
ing to the PNPLA3 genotype, the population was divided into two groups (Table 4). In the
PNPLAS3 risk allele group (rs738409, GG + GC), high intakes of protein (OR 0.821, p = 0.001),
fat (OR 0.755, p < 0.0001), sodium (OR 0.771, p < 0.0001), phosphorus (OR 0.851, p = 0.009),
niacin (OR 0.800, p < 0.0001), vitamin B6 (OR 0.823, p = 0.001), and ash (OR 0.833, p = 0.017)
were associated with a decreased risk of NAFLD (Table 4). In the non-risk allele group
(rs738409, CC), a high fat intake was associated with a decreased risk of NAFLD (OR 0.794,
p = 0.009), but other nutrients did not show a significant association (Table 4).
Table 4. Association and interaction between nutrients and the PNPLA3 genotype for the risk of
non-alcoholic fatty liver disease (NAFLD) development. Multivariate logistic regression analyses
adjusted for age, sex, and smoking were applied.
15738409 GG + GC (n = 10,616) 15738409 CC (n = 5241)
Food Proportion of NAFLD (%) Proportion of NAFLD (%) Interaction p
OR (95% CI) r OR (95% CD P
High Intake Low Intake High Intake Low Intake
Energy 18 20.6 0.946 (0.835-1.071) 0.381 15.1 16.4 0.943 (0.778-1.141) 0.551 0.931
Carbohydrate 20.3 183 1.037 (0.901-1.194) 0.617 16 15.8 0.94 (0.757-1.171) 0.577 0.545
Protein 17.7 223 0.821 (0.734-0.918) 0.001 14.8 175 0.863 (0.727-1.026) 0.094 0.381
Fat 16.1 242 0.755 (0.675-0.845) <0.0001 134 19.1 0.794 (0.667-0.945) 0.009 0.154
Sodium 18.5 219 0.771 (0.689-0.863) <0.0001 16.5 152 1.017 (0.853-1.214) 0.851 0.002
Potassium 19.8 19.9 0.991 (0.821-1.191) 0.922 152 16.1 0.901 (0.678-1.186) 0.466 0.508
Calcium 202 19.8 0.997 (0.837-1.183) 0.972 16.6 15.9 0.954 (0.736-1.226) 0.715 0.626
Phosphorus 18.9 223 0.851 (0.755-0.96) 0.009 15.9 l6.4 0.971 (0.801-1.181) 0.77 0.11
Iron 194 199 0.98 (0.822-1.164) 0.817 18.1 15.7 1.226 (0.948-1.576) 0.115 0.284
Zinc 19 20.5 0.948 (0.847-1.061) 0.354 155 16.4 0.917 (0.771-1.091) 0.331 0.758
Vitamin A 19.3 20 0.905 (0.779-1.05) 0.19 17.2 15.7 1.075 (0.861-1.337) 0.517 0.208
Vitamin B1 16.1 20.6 0.881 (0.748-1.033) 0.122 14.1 16.4 0.889 (0.697-1.128) 0.339 0.801
Vitamin B2 182 20.1 0.959 (0.8-1.145) 0.649 14.3 16.2 0.819 (0.621-1.07) 0.15 0.696
Niacin 16.9 219 0.8 (0.713-0.897) <0.0001 14.3 17.2 0.843 (0.706-1.005) 0.057 0.275
Vitamin B6 18.5 216 0.823 (0.736-0.92) 0.001 15.3 16.9 0.865 (0.728-1.028) 0.099 0.596
Folate 204 19.8 0.961 (0.765-1.2) 0.73 20.2 15.7 1.325 (0.968-1.796) 0.074 0.255
Vitamin C 19.8 20 0.97 (0.867-1.085) 0.594 15.8 16.1 1.016 (0.854-1.208) 0.859 0.862
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Table 4. Cont.

75738409 GG + GC (n =10,616) 15738409 CC (n = 5241)
Food Proportion of NAFLD (%) Proportion of NAFLD (%) Interaction p
OR (95% CI) r OR (95% CD r
High Intake Low Intake High Intake Low Intake
Vitamin E 18.6 20.1 1.016 (0.864-1.191) 0.849 151 16.2 0.985 (0.77-1.251) 0.9 0.869
Ash 19.1 20 0.833 (0.716-0.967) 0.017 172 15.7 1.032 (0.826-1.283) 0.782 0.449

Abbreviations: 1, number; NAFLD, non-alcoholic fatty liver disease; 95% CI, 95% confidence interval; OR, odds
ratio; PNPLA3, patatin-like phospholipase domain-containing 3.

Subsequently, the interaction between nutrients and the PNPLA3 genotype was an-
alyzed. Among the nutrients investigated, only a high sodium intake had a statisti-
cally significant protective interaction with the PNPLA3 genotype against NAFLD de-
velopment (interaction p = 0.002) (Table 4). The data are described in more detail in
Supplementary Tables S4 and S5 and Figure 2. In these univariate analyses, a high intake
of sodium exhibited a significant protective effect against NAFLD in the PNPLA3 risk group
(p < 0.0001) (Supplementary Table S4), while no such effect was observed in the PNPLA3
non-risk group (p = 0.851) (Supplementary Table S5).

(A) Sodium (B) Kimchi
MARLDSS R NAFLD case
proportion proportion
25.0%
15.2% 30.0% 15.4%
20.0% 25.0% 19.0%
20.0%
15.0%
15.0%
10.0%
Low intake 10.0% Low intake
5.0%
5.0% T
High intake High intake
0.0% 0.0%
GG+GC CcC GG+GC cC
PNPLA3 rs738409 Genotype PNPLA3 rs738409 Genotype

Figure 2. Impact of dietary sodium (A) and kimchi (B) intake on the genetic susceptibility of
NAFLD. Abbreviations: NAFLD, non-alcoholic fatty liver disease; PNPLA3, patatin-like phospholi-
pase domain-containing 3.

3.3. Protective Foods against NAFLD in the PNPLA3 Risk Allele Group

To determine which food the sodium originated from, the association between food-
intake frequency and NAFLD was investigated in the PNPLA3 genotype groups (Table 5).
In the PNPLAS3 risk allele group (rs738409, GG + GC), white rice, baechu kimchi, leaf
mustard or scallion kimchi, green pepper, orange, coffee, sugar (for tea/coffee), and
cream (for tea/coffee) were protective against NAFLD (all p < 0.05), while multigrain rice,
yogurt, nuts, pickled radish, vegetable salad, and fried food increased the risk of NAFLD
development (all p < 0.05). In the PNPLA3 non-risk allele group (rs738409, CC), white rice,
baechu kimchi, green pepper, orange, strawberry, pear, coffee, sugar (for tea/coffee), and
cream (for tea/coffee) were protective (all p < 0.05), whereas multigrain rice, yogurt, green
tea, and fried food increased the NAFLD risk (all p < 0.05).

Among the foods studied, baechu kimchi had a statistically significant protective
interaction with the PNPLA3 genotype against NAFLD development (p = 0.012) (Table 5
and Figure 2). This interaction between baechu kimchi and the PNPLA3 genotype was
very similar to the interaction between sodium and the PNPLA3 genotype. Based on these
observations, we concluded that the protective effect of a high sodium intake was probably
due to the intake of baechu kimchi.
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Table 5. Association and interaction between foods and the PNPLA3 genotype for the risk of non-
alcoholic fatty liver disease (NAFLD) development. Multivariate logistic regression analyses adjusted
for age, sex, and smoking were applied.

15738409 GG + GC (1 = 10,616) 15738409 CC (n = 5241)
Food Proportion of NAFLD (%) Proportion of NAFLD (%) Interaction p
OR (95% CD) r OR (95% C) r
High Intake Low Intake High Intake Low Intake

Protective Foods
White rice 15.07 2113 0.785 (0.68-0.9) 0.001 10.69 17.3 0.674 (0.53-0.85) 0.001 0.689
Baechu kimchi 19.03 27.33 0.689 (0.57-0.83) <0.001 15.79 154 0.745 (0.63-0.87) <0.001 0.012
Leaf musl:iarﬁ et scallion 18.89 19.87 0.758 (0.62-0.94) 0.007 15.85 16 0.871 (0.71-0.99) 0.369 0474
Green pepper 19.71 2029 0.849 (0.73-099) 0.034 15.1 16.1 0.842 (0.74-0.96) 0.008 0.643
Orange 17.65 2044 0.792 (0.66-0.95) 0.011 15.84 163 0.841 (0.72-0.98) 0.023 0187
Strawberry 19.55 203 0.871 (0.75-1.02) 0.077 13.74 167 0.861 (0.76-0.98) 0.025 0.795
Pear 19.05 2025 0.868 (0.41-0.67) 0.08 13.53 164 0.861 (0.47-0.71) 0.03 0873
Coffee 17.62 2625 0.743 (0.66-0.84) <0.001 14.09 219 0.741 (0.67-0.82) <0.001 0487
Sugar for tea or coffee 17.64 22,68 0.751 (0.67-0.84) <0.001 1391 19.1 0.745 (0.68-0.82) <0.001 0.757
Cream for tea or coffee 17.33 2235 0.753 (0.68-0.84) <0.001 138 18.1 0.761 (0.7-0.83) <0.001 028

Risk Foods

Multi grain rice 21.89 17.79 1.173 (1.06-1.3) 0.003 18.11 13.61 1.289 (1.09-1.52) 0.002 0.58
Yoghurt 23.55 19.49 1159 (1-1.34) 0.045 19.04 153 1.147 (1.02-1.29) 0.025 0.59
Nuts (‘;eha"e“:‘;;lmo“d’ 2654 19.34 1.284 (1.02-1.61) 0.032 23.02 15.44 1.297 (0.93-1.82) 0131 0.703
Pickled radish 2165 19.84 1.282 (1.03-1.59) 0.024 17.49 15.79 1.193 (0.85-1.67) 0305 0.748
Vegetable salad 23.65 19.84 1.289 (1-1.66) 0.046 13.64 16.14 1.134 (0.91-1.41) 0254 0.038
Green tea 19.56 19.89 1.135 (0.99-1.3) 0.065 17.15 15.59 1.149 (1.03-1.28) 0.014 0.554
Fried food 17.71 20,61 1.232 (1.10-1.38) <0.001 1434 16.54 1.254 (1.05-1.503) 0.014 0.745

Abbreviations: 1, number; NAFLD, non-alcoholic fatty liver disease; 95% CI, 95% confidence interval; OR, odds
ratio; PNPLA3, patatin-like phospholipase domain-containing 3.

4. Discussion

Using the KoGES database, we discovered that nutrients and foods differentially affect
the risk of NAFLD depending on the PNPLA3 genotype, and an interaction exists between
nutrients or foods and the PNPLA3 genotype in the risk of NAFLD. A high fat intake
decreased the risk of NAFLD, regardless of the PNPLA3 genotype. High intakes of protein,
phosphorus, sodium, niacin, vitamin B6, and carotene were associated with a decreased
risk of NAFLD in the PNPLA3 risk allele group. Among these protective nutrients, only
sodium showed a significant interaction with the PNPLA3 genotype. To identify the source
of the sodium, the association between food intake frequency and the PNPLA3 genotype
was investigated. Only baechu kimchi, a salty food, had a significant protective interaction
with the PNPLA3 genotype with respect to high sodium intake: a high intake of baechu
kimchi significantly decreased the risk of NAFLD, with a greater magnitude in the PNPLA3
risk allele group than in the PNPLA3 non-risk allele group. Therefore, the preventive effect
of a high sodium intake in the PNPLA3 risk allele group appears to be derived from high
intake of baechu kimchi.

In the current study, a high sodium intake was inversely associated with NAFLD.
This observation was a conundrum. It is possible that a high-sodium diet may indeed
have a preventive effect on NAFLD. A recent animal study demonstrated that mice fed
a high-sodium and high-fat diet developed less hepatic steatosis, metabolic syndrome,
and insulin resistance compared with those fed a normal or low-sodium and high-fat
diet [31]. The reduced steatosis was associated with lower serum aldosterone levels
and downregulation of hepatic mineralocorticoid receptors; thus, decreased activation
of hepatic mineralocorticoids may have resulted in beneficial downstream inhibition of
lipogenesis [31]. However, many studies have reported the opposite: a high-salt diet has
been linked to increased glucocorticoid production, insulin resistance, metabolic syndrome,
and NAFLD development [32-34]. To draw a reasonable explanation for our results, we
searched for food items that correlated with a high sodium intake. Among the salty foods
we investigated, salted seafood, cheese, and pickled radish increased the risk of NAFLD.
Kimchi alone exerted a protective effect. Thus, we concluded that the major source of
dietary sodium in this study was kimchi [35], and that the high sodium intake may have
been a confounding factor.

Kimchi, a representative Korean food, is a salted and fermented vegetable usually
prepared from winter cabbage [36]. The health benefits of kimchi have been widely re-
ported [36]. Among these is an improvement in metabolic markers such as blood glucose
level, cholesterol level, insulin resistance, body weight, and body mass index, which have
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been tested in both animals [37-39] and humans [40-42]. Furthermore, kimchi exerts a ben-
eficial effect against hepatic damage by reducing hepatic lipid synthesis and inflammatory
cytokines [39]. These beneficial effects of kimchi on metabolic markers result from their
modulation of gut microbiota [43—46]. Tests performed on probiotics extracted from kimchi
were found to have the same beneficial effects [45,47-49].

The key factor linking kimchi and its protective effect against NAFLD may be the short-
chain fatty acids (SCFAs) produced by the gut microbiome [50]. Among SCFAs, butyrate is
known to reduce obesity and related metabolic complications, including NAFLD [50,51].
An animal study demonstrated that mice fed sodium butyrate and a high-fat diet had
significantly decreased hepatic steatosis and decreased hepatic triglyceride and cholesterol
levels compared with mice fed only a high-fat diet [52]. Another animal study demonstrated
that SCFAs (acetate, propionate, and butyrate) ameliorate methionine- and choline-deficient
diet-induced hepatic steatosis and inflammation [53]. A human study tested the gut
microbiome and found fewer butyrate-producing bacteria in patients with NAFLD [54].
These studies indicated that SCFAs, including butyrate, exert a preventive effect against
NAFLD. Probiotics (such as Lactobacillus casei) combined with plant extracts reduced the
markers of NAFLD and increased the concentration of butyric acid in a mouse model [55].
As a fermented vegetable, kimchi simultaneously possesses the characteristics of both
probiotics and prebiotics. Thus, it enhances gut microbial diversity [43] and, in turn, has a
beneficial effect on NAFLD. In particular, the protective effect of kimchi on PNPLA3 risk
genotypes indicates that fermented vegetables, such as kimchi, may be chosen as tailored
foods for those affected.

In the present study, a high fat and protein intake had a preventive effect against
NAFLD. A high-fat and low-carbohydrate diet, often known as a ketogenic diet, is a pop-
ular weight-reduction method. Many clinical trials have demonstrated that a ketogenic
diet is effective in improving NAFLD [56-62]. A ketogenic diet decreases intrahepatic
insulin resistance and, thus, serum insulin concentration [56—62]. This, in turn, increases
the net hydrolysis of intrahepatic triglycerides, thus improving hepatic steatosis, inflam-
mation, and fibrosis [56-62]. Similarly, a low-carbohydrate, high-protein diet also has
metabolic benefits with regard to NAFLD. A human study demonstrated that an isocaloric
low-carbohydrate diet with a high protein content decreased hepatic de novo lipogenesis,
increased serum (-hydroxybutyrate concentrations (reflecting increased mitochondrial
-oxidation), and increased folate-producing Streptococcus and serum folate concentra-
tions [63]. Furthermore, transcriptomic analysis revealed downregulation of the fatty acid
synthesis pathway and upregulation of the folate-mediated one-carbon metabolism and
fatty acid oxidation pathways [63]. Our study demonstrated that a high fat intake produces
a protective effect regardless of the PNPLA3 genotype, whereas a high intake of protein is
more beneficial in the PNPLA3 risk allele group. Nevertheless, caution should be exercised,
as a ketogenic diet can elevate liver enzymes and worsen lipid profiles in patients with
NAFLD [64,65]. Additionally, this diet seems less effective in premenopausal women [66];
its recommendation should therefore be carefully considered for these patients.

PNPLA3 encodes a calcium-independent triacylglycerol lipase that contains a phos-
pholipase domain. Upon liver injury, PNPLA3 expression is induced in hepatic stellate cells
(HSCs) [67]. In the presence of PNPLA3 1148M, HSCs become more proinflammatory and
profibrogenic and produce less retinol, which potentially mediates the transition of HSCs
into a myofibroblast-like phenotype [67,68]. Our findings suggest that a high retinol intake
reduces the risk of NAFLD and may be relevant in this regard. Whether retinol intake
prevents NAFLD in PNPLA3 risk genotypes warrants further investigation.

This study had several limitations. First, there may have been a recall bias in collecting
data on food intake habits because of the self-reporting nature of the food-frequency
questionnaire. Second, the identification of fatty liver depended solely on the medical
records of the subjects. The nationwide database did not include the results of imaging
studies such as sonography, computed tomography, or magnetic resonance imaging. Thus,
a detailed evaluation of NAFLD severity was not possible. Third, the present study could
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not count the various beneficial nutrients such as antioxidants, polyunsaturated fatty acids,
or amino acids. As these beneficial nutrients may directly attenuate the oxidative stress
that results in hepatic fibrosis [14,69], future studies need to consider these detailed aspects
of nutrition.

In the present study, the associations and interactions between NAFLD, the PNPLA3
genotype, and nutritional and dietary factors were investigated. The genetic risk of NAFLD
conferred by PNPLA3 in the Korean population was verified. In addition, we discovered
some nutritional and dietary factors that can significantly influence the development of
NAFLD, and these factors may interact with the PNPLA3 genotype. Both increasing the
proportion of fat and protein relative to that of carbohydrate and consuming fermented
vegetables may help reduce NAFLD, regardless of the PNPLA3 genotype. In PNPLA3 risk
genotypes, the role of a high-protein diet appears to be more important, as does meeting the
daily requirement of vitamins and minerals. Furthermore, kimchi, a fermented vegetable,
may induce an added protective effect in PNPLA3 risk genotypes because of its gene-diet
interaction. These results suggest that planning a therapeutic diet with high protein and
fermented vegetables may be a valid strategy for those with PNPLA3 risk genotypes and
NAFLD, and warrants future interventional studies. Furthermore, in the near future,
studies are needed on the mechanisms of interactions between various beneficial nutrients,
PNPLA3, and NAFLD development.

5. Conclusions

The PNPLA3 genotype is differentially associated with nutritional and dietary factors.
In particular, it interacts with kimchi, a fermented vegetable. This indicates that tailored
nutritional therapy based on an individual’s genetic background may be a good strategy to

prevent NAFLD, and fermented vegetables may serve as a therapeutic food for those with
the PNPLA3 risk allele.
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