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ABSTRACT

Accounting for the role of genetic variants in disease is increasingly gaining ground as a major contribut-
ing factor to the maximization of successful precision medicine and personalized nutrition approaches. An
aggregated technique to quantifying genetic effect refers to the development and use of disease-specific
Polygenic Risk Scores (PRSs) deriving from the sum of the weighted effects of multiple disease-related Single
Nucleotide Polymorphisms (SNPs), mainly from Genome-Wide association studies (GWAS). Integration of PRS
use in medical and nutritional practice is largely discussed in current literature, with special attention to: i)
disease prediction accuracy after PRS consideration and their potential utility; ii) the role of current methodo-
logical approaches used to derive reliable results and the effect of limitations such as ancestry or population
size; iii) the familiarization of healthcare professionals with the meaning of genetic information; and iv) the
context-based interpretations of PRS results in the formation of personalized advice. In this context, the present
short review aims to summarize current findings on PRS use and utility in cardiometabolic, weight-related
disorders and discuss future directions for their potential integration in the practice of personalized nutrition.
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INTRODUCTION

Deciphering disease etiology by quantifying the impact
of genetic predisposition constitutes the focal pointin the
conduct of research surrounding genetics during the last
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years. Identifying and investigating the effect of disease-
associated single nucleotide polymorphisms (SNPs), as
well as using them to create aggravated genetic scores,
provided encouraging results in the field of cardiovascular
(CVD) and cardiometabolic disease'2. Those findings shed
a quantifiable light on the role of genetic makeup while
expanding the horizons for the potential creation of new
and personalized treatment approaches. The construction
of polygenic risk scores (PRSs) thus quickly expanded to
the notion of potentially contributing to determining
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disease risk and subsequently contributing to effective
disease prevention, diagnosis and even treatment’3. The
need for more extensive research resulted in the gradual
evolution of continuously enhanced methodological
approaches for PRS extraction®. As the latter examine
the effect of multiple variants on the outcome of interest
based on a large SNP pool in populations of increased
size, their creation and use were extensively investigated
through genome-wide association studies (GWAS) in large
consortia. The increasing presence of PRSs for multiple
phenotypes in the current literature ultimately led to the
creation of PGS catalog, an inclusive database comprising
of all PRS entries created to date®.

Discussion and research around PRS use as a predic-
tion and treatment tool has recently yielded encourag-
ing results, with studies reporting beneficial effects in
cardiovascular and cardiometabolic disease'2. Provision
of lifestyle recommendations appeared to significantly
contribute to obesity treatment? and coronary artery
disease (CAD) prediction and greatly benefit individuals
with high PRS across the spectrum of CVD, with PRSs con-
structed even for stroke and hypertension. In like manner,
the American Heart Association recently focused on the
potential utility of PRS in CVD and other cardiometabolic
disorders such as type 2 diabetes (T2D), underlining the
need for the conduct of additional research to strengthen
PRS inclusion in current practice?. Subsequently, discus-
sion around the integration capacity of PRSs as a way to
promote precision medicine and personalized nutrition is
ongoing, with special attention on ameliorating relevant
challenges, namely the differentiational influencing ca-
pacity following interaction with environmental stimuli,
the diverse methodological approaches in PRS extraction
and the understanding of the true meaning of genetic
information both from professionals and patients alike.

PRS and weight-related parameters

Evaluation of genetic risk in the form of summed
risk scores primarily treated CVD danger but quickly
expanded to other disorders of cardiometabolic profile2.
The conduct of extensive GWAS was accompanied by the
development and expansion of the Genetic Investigation
of Anthropometric Traits (GIANT) consortium®. This led
to the identification of multiple Body Mass Index (BMI)-
associated loci with the milestone discovery of the first 97
loci accounting for about 2.8% of the marker’s variation’.
Nowadays, approximately 6% of BMI variance is explained
by 785 near-independent genome-wide significant SNPs?°.
Thus, the beginning approaches of quantifying genetic
predisposition mainly involved the literature-based, a priori
selection of disease-related variants and the subsequent
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investigation of the impact of their added effects. There-
fore, various genetic risk scores of tens of SNPs were created
and used in the examination of associations between in-
creased genetic risk and disease manifestation or severity.
In like manner, research on personalized approaches for
combatting cardiometabolic and weight-related disorders
primarily focused on examining the combined effect of
target SNPs with different dietary regimens. In this context,
the first large initiatives such as the FOOD4ME project and
the POUNDS lost clinical trial'®"", attempted to unveil the
interactive role of genetic makeup and nutritional habits
in overweight and obesity. Focusing on target SNPs and
macronutrient content, the projects provided limited, but
encouraging, evidence on the effect of gene-diet interac-
tions on anthropometric traits.

Based on GIANT-derived information or the conduct
of independent GWAS, different teams proceeded to the
development of PRSs for BMI in populations of various
sizes. To date, PRSs associated to anthropometric traits
and body measurements account for 154 of the database
entries®. Indeed, nowadays, attempting to decipher the
multifactorial obesity etiology using genetic informa-
tion has become central in research surrounding BMI,
with efforts made to explain the polygenic prediction of
weight formation throughout the life course'*'* Khera et
al. highlighted the role of including a multi-variant PRS in
explaining weight variance in populations ranging from
birth cohorts to middle-aged individuals'2. Correspond-
ingly, Shi et al recently constructed a different BMI PRS
to investigate potential associations with overall cardio-
metabolic health from early age to adulthood. The study
revealed significant associations between the score and
other indices of cardiometabolic profile, namely fasting
glucose and systolic blood pressure’. Building on the
data and the role of genetic makeup in overweight or
obesity presence, current research also focuses on the
potential influence of genetic markers on weight loss.
A study by de Toro-Martin investigating the extent of
the genetic effect on the success of bariatric surgery,
showed an increase in the prediction model accuracy
when including PRSs, as well as significant interactions
between the scores and the reduction in post-surgery
recovery and surgery type'. In the same context, Kat-
sareli et al showed that adults with increased genetic
risk score for obesity noted a decrease in post-bariatric
surgery loss of excess weight, with each unit of the score
being associated with a 4.618% decrease in the 12-month
observed weight loss'®.

In the same spectrum and building on the findings of
previous key projects, emphasis should also be given on
studies looking into the potential interactions between
genetic scores and macronutrient content’s. Moreover,
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studies focusing on the genetic influence on the observed
weight loss after lifestyle interventions to combat over-
weight and obesity even outside of a clinical environment
are also needed. Research on this field could unravel the
gene-diet interactions surrounding weight manage-
ment and loss and ultimately maximize the impact of
individualized recommendations using genetic data to
determine optimal treatment strategies. As a result, effec-
tively unravelling the genetic proportion of body weight
variance could progressively allow for the formation of
more inclusive strategies to its management.

PRS Interactions with Lifestyle Determinants

In addition to accounting for the risk attributed to
genetic makeup, the impact of PRS interactions with
lifestyle factors such as diet, ultimately influencing weight
management have also been studied. Ina 2021 study by
Wang et al, a 60-SNP PRS was constructed using variants
found to be associated with birth weight and later-life
disease. The interactions between the genetic score and
dietary parameters showed that healthy habits during
early life, such as breastfeeding, were beneficial in re-
ducing the risk for worse lipidemic profile in adult life
in participants with higher genetic risk'”. The significant
modifying effect of diet was also demonstrated by Tan et
al, who showed that individuals with higher PRS for obesity
indeed presented higher levels of C-reactive protein but
those levels appeared reduced in the presence of high
dietary protein intake'. Similarly, middle-aged individu-
als with a higher genetic risk score for thinness presented
lower body weight; an association aggravated with high
protein and low carbohydrate intake, among others™.
The multidisciplinary character of genetic risk-associated
interactions is evident throughout the reciprocal interplay
between the formation of anthropometric characteristics’
levels and the formation of the lifestyle choices surround-
ing them. In adult populations, Dashti et al. showed that
adults with higher genetic risk for obesity were less likely
to make healthier food choices at workplace and more
likely to purchase more food and adhere to unhealthy
dietary habits such as delaying or skipping breakfast and
homemade meals*. However, Lee et al showed that BMI
PRSs were related to body weight in Korean adults, but
not to their respective caloric or macronutrient intake?'.
Similarly, Konttinen et al highlighted that elevated genetic
risk was more correlated with increased weight gain during
a 7-year period in individuals not demonstrating restrained
eating than those who adhered to it. However, the study
attributed the effect to the role of previous processes
entailing weight gain and nutritional habits, rather than a
separate factor which will influence future weight gain®.
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Extended associations have also been explored, with Park
et al showing that individuals with a high genetic risk for
BMI, early menarche and attrition to an unhealthy diet (i.e.
high consumption of fried foods and low consumption of
fruits and vegetables) presented an increased obesity risk
compared to those with late menarche and attrition to a
healthier diet®. A different study focusing on European
children and adolescents, underlined the modifying ef-
fect of diet, where genetic influence was attenuated by
fiber intake in participants presenting higher genetic risk
for obesity?**.

To boot, PRS-lifestyle interactions constitute a
focal point across the spectrum of understanding
more weight-related diseases. The emphatic effect
of nutrition is underlined in studies of approximately
70000 participants of the UK Biobank, where adher-
ence to a healthier diet was associated with reduced
risk for cardiovascular disease, even in individuals
with a high genetic risk score. Similarly, adoption
of a healthier lifestyle was linked to lower CVD risk
and overall mortality, again irrespective of genetic
danger?>?%, Moreover a different large study with
data for almost 340000 UK Biobank participants
showed that increased genetic risk for type 2 dia-
betes (T2D) was associated with higher chances for
CVD manifestation; an effect reduced in individuals
with better quality of lifestyle?. With regards to
T2D alone, increased values of a PRS for the disease
and attrition to the Western dietary pattern were
associated with higher levels of fasting glucose®.
Likewise, Lopez-Portillo et al demonstrated that
fasting glucose levels were higher in non-diabetic
individuals with increased genetic risk for T2D and
higher consumption of sugary beverages, compared
to those with lower genetic risk scores and reduced
intakes of the latter®. Biochemical interactions have
also been studied, where PRS for T2D have been
found to significantly interact with triglyceride and
cholesterol levels in the subsequent formation of
fasting glucose levels3. Merino et al showed the
dominating effect of unhealthy diet in increasing
T2D risk even by 30%, again irrespective of genetic
risk®'. Additionally, although Zhang et al did not
show significant interactions between genetic risk
and adherence to the plant-forward EAT-Lancet diet
for T2D onset, their study did note that individuals
with increased genetic risk and lower attrition to
the dietary pattern did present the highest risk for
T2D presence during a 24-year follow-up period®2.
Correspondingly, PRS-diet interactions have been
evident in more disorders, such as cancer and de-
mentia, where an increased diet quality lower the
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chances for disease onset, even in individuals of
high genetic risk®**. In a similar context, lifestyle
can also indirectly affect the gravity of genetic
risk on actual disease manifestation via increase
in weight-related anthropometric measurements
alone. Esteve-Luque et al showed that higher values
of BMI significantly interacted with genetic risk in
increasing triglyceride levels and the subsequent
risk for hypertriglyceridemia®®. A different study
underlined that obesity presence led to higher risk
for T2D, even in individuals with lower genetic risk
and better lifestyle quality?’.

PRS Utility in Personalized Recommendations

Research around the potential role of PRS usein
clinical practice has shown that inclusion of PRSs in
models for cardiometabolic disorders such as cardio-
vascular disease (CVD) can account for risk predic-
tion in a manner similar to established contributing
factors such as cholesterol levels*®*. The Task Force
of the International Common Disease Alliance has
further underlined the importance of PRS inclusion
in increasing the accuracy of predicting CVD disease
risk and severity, throughout one’s lifetime*', and the
weighted contribution of PRS to maximizing patient
outcomes*'. Given the potential increase in accuracy
observed in prediction models after the addition of
PRS, testing their potential utility has also expanded
to the field of anthropometrics. Choe et al showed
that a BMI PRS was associated not only with longi-
tudinal BMI change, but also other cardiometabolic
phenotypes, such as fatty liver*?. A similar attempt
was made by Padilla-Martinez et al., who displayed
significant associations between PRSs for T2D and
obesity and manifestations of prediabetes and other
disrupted cardiometabolic parameters®.

In this context, PRS use could be seen as a useful tool
to increase disease prevention through successful pre-
diction and/or early detection. This notion carries both
favorable effects for public health and financial parameters
of healthcare systems, as well as optimizing individual
understanding and ability to choose and decide optimal
combatting strategies*’. Although the inclusion of PRSs
and relevant interactions can explain cardiometabolic
disease risk*, the conversation around its clinical validity
underlines the importance of real-time context on PRS
information evaluation and decision-making in order to
avoid confusion with genetic determinism*®#'. This sheds a
light on the vital role of both development of valid meth-
odologies to increase PRS reliability, transferability and
accuracy, as well as the professionals’familiarization with
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the interpretation of its information. This is also why the
education of healthcare professionals is put in the center
of integrating genetic information into daily practice.
Furthermore, taking PRS information into account
can prove beneficial on its own accord in patients with
extremely high genetic risk*' and, thus, PRS utility is also
discussed at personal level®®. PRS information can be
differentially valuable to each individual, according to
both their personal interest and understanding of the
information, as well as relevant genetic risk in outcomes
of interest. The latter might not always correlate to mat-
ters of clinical importance, but do account for increasing
awareness on genetic predisposition for various matters
significant to the individual. It is therefore why, a reliable
approach to PRS calculation for various traits, with easily
understandable and interpretable results is central in
future research surrounding PRS use®. Especially in cases
regarding cardiometabolic disorders such as overweight,
obesity and type 2 diabetes, finding ways to efficiently
include PRS prediction in easily applicable risk tools is
considered a priority for the maximization of PRS efficacy.

Challenges in PRS Construction and
Interpretation

Although inclusion of PRSs in disease prognosis can be
beneficial, several considerations arise when discussing the
methodological aspect of PRS construction, the efficacy of
the various PRS development methodologies presented in
current literature and the real-time interpretation capacity
in clinical and non-clinical settings. Firstly, the fundamental
limitation of PRS' universal application concerns the under-
representation of data used from populations of different
genetic ancestry*. To date, although several attempts for
PRS construction using data from various populations have
been made, PRSs presented in literature mainly focus on
European ancestry. The lack of existent PRSs deriving from
large cohorts of global populations affects their transla-
tional capacity in less frequently examined populations
where contextually phenotype-associated variants, SNP
linkage disequilibrium (LD) or allele frequency may vary.
Therefore, a preceding necessity of developing more PRSs
using data from populations around the globe is formed
before discussing their maximum use, in order to ensure
universal application capacity.

Another pillar of PRS development refers to the biases
of the different methodological approaches undertaken
in calculating the scores*. Diverse current practices con-
sist of: i) the replication of simple aggravations of the
risk-alleles for phenotype-associated variants using their
respective effect sizes from current literature (i.e. consortia
such as the GIANT one or data from large studies such as
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the UKBiobank?® of the Twins Early Development Study
-TEDS*) ; and ii) the conduct of novel GWAS in populations
of sufficiently large sample sizes, extraction of summary
statistics, subsequent identification of phenotype-associ-
ated variants and their risk alleles’aggravation in a holistic
score. As PRS development and phenotype examinations
are ongoing, research may simultaneously focus on the
identification of novel phenotype-associated variants and
the replication of previously identified ones. As a result,
the statistical design and assessment may significantly
differ across studies and the final choice for the optimal
model to be used may lie in the discretion of the researcher
according to the needs of the research question at hand.
Additionally, differences in samples sizes significantly
matter in effective PRS validation. Although the effect of
using target-SNPs outside of reference populations can
be limited, current discussion around the role of popula-
tion size has shown that cohorts with a few thousands of
participants can be of use in replicating results and using
SNPs from PRSs deriving from even larger populations®.
Moreover, the additional variety in statistical methods (i.e.
p-value thresholds, clumping, Bayesian or lasso-based
penalization), packages (eg PRScs, LDpred2) and assess-
ment applied can largely affect the end product which may
be ultimately differentiated across studies. It is therefore
highlighted that standardization of the PRS extraction
process* is central to facilitating their validation and se-
quentially increasing their predictive ability. Additionally,
in this context, attempts to practically compare PRS results
and methodology**%*? can provide useful data for the
next steps in the need for a unified, applicable approach
to allow for PRSs capable of yielding rapid but reliable
results and effective comparisons of findings between
populations of different characteristics.

Moreover, familiarization with the true meaning deriv-
ing from the information of the PRS is vital in its correct
interpretation. Understanding the potentially indirect
effects of SNPs included in the models and weighing the
environmental factor in are key considerations in construct-
ing future PRSs as reliable disease prediction risk tools.
Apart from the technical aspects, a different cornerstone
of practical PRS use appertains to the familiarization of
healthcare professionals with the field. Proper assuefaction
with the practical meaning of PRS information is critical
for professionals to address disease risk and convey the
appropriate message to patients. The delicate understand-
ing of individual risk and its practical meaning in ultimate
disease manifestation can be challenging in cases where
the risk is small or the patient is not properly acquainted
with the details of their genetic profile. Both professional
and patient education and perceptions around PRS utility
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are integral in its successful use as a disease screening and
treatment tool*%44.

PRS and Nutrigenetics/Nutrigenomics in Future
Healthcare Practice

Although there is a limited number of studies
investigating and discussing the extent of PRS ef-
fective translation to date, future directions can be
encouraging on the incorporation of PRS meth-
odologies in the daily practice'3. PRS inclusion in
disease screening and the formation of personalized
recommendations could potentially offer a solution
to the growing pressure applied to healthcare sys-
tems for more inclusive strategies and efficient use
of financial resources®. In the field of nutrigenetics
(i.e. the impact of SNPs on certain nutrient interaction
or role in metabolic pathways) and nutrigenomics
(i.e. the impact of nutrients on gene expression),
PRS use can be considered as a promising tool in
the advancement of personalized nutrition.

Understanding the connective links between research
conduct and translation is substantial in order to be able
to reinforce PRS practical use. An integral part to such an
effort would be the effective translational communication
between bioinformatics and healthcare sectors in order to
enhance proper PRS use and interpretation*. Especially
when referring to the use of PRSs in cardiometabolic and
weight-related disorders, understanding, quantifying and
translating the contribution of genetic predisposition is
vital in interpreting genetic impact. Incorporating genetic
information in medical and nutritional advice can maximize
the success of the proposed strategies, while informing
the individuals in main aspects of their genetic profile.
In this spectrum, PRS interpretation in weight-related
disorders can only be effective when conducted and
evaluated alongside the effect of other lifestyle determi-
nants (Figure 1). This can allow for increased motivation
on behavioral change and lifestyle adaptations*' to the
proposed measures, which can subsequently strengthen
the disorders’ effective management.

In an attempt to dissect the steps of including genetic
details in current practice and promote personalized nu-
trition, in 2022 the Academy of Nutrition and Dietetics
published the creation of a Nutrigenomics Care Map speci-
fying the timeline of nutrigenetic information integration
in nutritional assessment®3. The map puts professional
formation on the forefront of the practice, by inserting
the sufficient nutrigenomics training prerequisite as the
first out of the four steps of the process. Patient screening,
genetic testing and communication of genetic profiling
results as part of the nutritional assessment and the setting
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FIGURE 1. Polygenic Risk Score (PRS) in Personalized Recommendations (created with BioRender.com).

of SMART (specific, measurable, attainable, relevant and
time-based) goals complete the suggested procedure®3,
Such an approach aims to maximize nutritional consult-
ing by actively involving the patient in the formation of
goals and dietary regimens optimally corresponding to
their genetic profile. Integration of PRSs in this effort
could allow the practice to move forward from personal-
ized advice provided only based on specific genotypes of
key genes associated to body weight or obesity***>. As a
result, more research in the form of Randomized Clinical
Trials (RCTs) is needed, regarding the interactions between
BMI PRSs and dietary regimens in order to establish the
evidence-based approaches required for the nodes of
individualized advice. Such efforts would subsequently
enhance our understanding and forming of optimal recom-
mendations, each-time targeting the outcome of interest
and adopting the literature-based, corresponding strategy
(eg advice on adherence to a dietary regimen of specific
macronutrient content for the achievement of weight
loss in individuals with specific PRS for obesity). Due to
the current increase observed in the offer of nutrigenetic
services, establishment of scientific, quality guidelines for
directing healthcare professionals is vital®®.
Furthermore, on principle, the meaning of PRS infor-
mation differentiates itself according to the nature of the
disorder in reference. For example, a PRS will be differently
interpreted in cases of monogenic rather than polygenic
diseases, such as the cardiometabolic and weight-related
ones. The multidisciplinary character of those disorders
therefore reciprocally affects the creation of the appro-
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priate framework in which it will be communicated. This
interplay between genetic information communication
and healthcare setting factors centrally affects both the
formation and the influencing capacity of public health
policies in precision medicine and nutrition3®4°. The latter,
thus, re-enforces the need for sectors simultaneously op-
erating on unravelling the relations between the creation,
interpretation and communication of genetic information
across healthcare professionals. These could, in turn, be
incorporated into screening tools for multiple traits and
contribute to the creation of individualized disease pre-
vention or treatment strategies.

CONCLUSIONS

Future incorporation of PRS information in the daily
healthcare practice could present considerable advan-
tages to advancing precision medicine and personalized
nutrition. Creation of sound methodologies, accounting
for the extent of the impact for environmental stimuli
and simultaneously able to allow for the effective inclu-
sion of PRS results in disease prediction, diagnosis and
prognosis is deemed vital in bringing PRS research and
application forward. PRS information on cardiometabolic
and weight-related disorders can increase the prognostic
validity of already existent tools and the fruitful formation
and implementation of individualized recommendations.
However, sufficient familiarization of healthcare profes-
sionals with the meaning and contextual translation of
PRS results plays a major partin its proper communication
where attention must be given in the role of the interac-
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tions between SNPs, environment and lifestyle determi-
nants in ultimate disease manifestation. Future initiatives
should aim at uniformly enhancing both methodology
development and educational formation in attempting
to firmly establish, integrate and distribute PRS use as a
daily practicum.
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MoAvyovidiakoi Agikteg KivOUvou Kat TIpoCcWITOTOINEVEG TPOCEYYIOELG
oTNV MPOANYN Kat TNV AVTIMETWTION KapSIoUETABOAKWY acOeviewv:

2U0vtopn Avackomnon

Mapia Kagupa', lewpylog Aedovonc'~?

"Turua Emotnuric Ataitodoyiag-Atatpopric, 2xoAr) Emotnuwy Yysiag kat Aywyng, Xapokormeio
Mavemotruto ABnvwy, ABriva, EAXdbda, °Genome Analysis, ABrva, EAAGSa
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