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Abstract

This review discusses the landscape of personalized prevention and management of obesity from a nutrigenetics
perspective. Focusing on macronutrient tailoring, we discuss the impact of genetic variation on responses to carbo-
hydrate, lipid, protein, and fiber consumption. Our bioinformatic analysis of genomic variants guiding macronutri-

ent intake revealed enrichment of pathways associated with circadian rhythm, melatonin metabolism, cholesterol
and lipoprotein remodeling and PPAR signaling as potential targets of macronutrients for the management of obesity
in relevant genetic backgrounds. Notably, our data-based in silico predictions suggest the potential of repurposing
the SYK inhibitor fostamatinib for obesity treatment in relevant genetic profiles. In addition to dietary considerations,
we address genetic variations guiding lifestyle changes in weight management, including exercise and chrononutri-
tion. Finally, we emphasize the need for a refined understanding and expanded research into the complex genetic
landscape underlying obesity and its management.

Keywords Obesity, Nutrigenetics, Precision nutrition, Precision medicine, Nutrients, Exercise, Chrononutrition, GRS,
PRS, SNP

Introduction

The genetic background of obesity

Obesity is a major global health concern, and its preva-

lence is steadily increasing worldwide. If the current
*Correspondence: trajectory persists, it is projected that by the year 2025,
Kalliopi K. Gkouskou approximately one billion adults, corresponding to nearly

ifggéggaéﬁbon;giga'gr 20% of the global population, will be living with obesity
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variants associated with body mass index (BMI), a proxy
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for obesity, as well as other adiposity traits, such as the
waist-to-hip ratio, which is a proxy for body fat distribu-
tion [1, 4, 5]. Technological developments have further
enabled the identification of new genetic loci associ-
ated with thinness or obesity. For example, whole-exome
sequencing of 640,000 individuals has recently identified
several rare gene variants involved in protection from
obesity [6]. These discoveries have led to the development
of genetic risk scores (GRSs) comprising tens or hun-
dreds of ‘at-risk’ genetic variants as susceptibility tools
for overweight and obesity [7, 8]. Furthermore, polygenic
risk scores (PRSs), which represent the weighted sum
of thousands or millions of trait-associated alleles from
GWASs, have been developed as a single quantitative
measure of inherited susceptibility. For example, a PRS
developed by Khera et al. [9] enables the stratification
of individuals of European ancestry based on their risk
of developing obesity. Although this PRS was associated
with minimal differences in body weight at birth, it pre-
dicted differences in body weight trajectories and the risk
of developing severe obesity in adolescence [9].

GWASs have also highlighted biological processes and
pathways that may impact adiposity. Of particular inter-
est is the observation that the majority of single nucleo-
tide polymorphisms (SNPs) associated with obesity is
linked to genes expressed in the central nervous system
(CNS) rather than the endocrine system or adipose tis-
sue [10]. This finding likely reflects the central role played
by hypothalamic circuits in regulating fundamental
aspects of energy regulation, including food intake, taste,
and behavioral aspects of eating. Early-onset adiposity
in monogenic forms of obesity has been causally linked
to loss-of-function mutations in genes controlling appe-
tite, including the melanocortin 4 receptor (MC4R) [11].
Other studies have shown that dietary habits and behav-
ioral eating have a strong genetic influence, with 83 out of
85 curated dietary habits found to be significantly herit-
able and associated with different SNPs [12].

Interestingly, the brain and the CNS are also primary
targets of biomolecules associated with aging [13]. While
the existing parallels between excess adiposity and the
aging process, also referred to as ‘adipaging, have pri-
marily been attributed to dysfunctional adipose tissue,
obesity has also been associated with adverse changes in
brain function and structure [14]. Genetic factors may
link obesity with accelerated brain aging. For example,
the SNPs rs7412 and rs429358 in exon IV of the apoli-
poprotein E gene generate the APOE4 variant, which
is associated with elevated levels of circulating and tis-
sue cholesterol, oxidized low-density lipoprotein (LDL),
and increased risk for late-onset Alzheimer’s disease
(reviewed previously in [15]).
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Unraveling the mechanisms and biological pathways
that underlie adiposity traits could thus uncover new tar-
gets and strategies to tackle obesity and decelerate aging,
as well as other comorbidities. In this regard, it is impor-
tant to gain insights into the impact of lifestyle within
the context of genetic predisposition. Nutrigenetics, a
clade of Genetics, explores the role of genetic variation in
individual responses to dietary components, offering tre-
mendous potential for the personalized nutritional man-
agement of obesity and other diet-related pathologies.

Bottlenecks in reducing the burden of obesity

Currently, a large number of different nutritional and
other lifestyle approaches have been proposed in an
attempt to achieve healthy weight. Different hypoca-
loric diets aimed at producing a negative energy balance
and substantial weight loss are applied [16], but macro-
nutrient recommendations vary widely among differ-
ent professional societies [17]. These ‘one-size-fits-all’
approaches do not account for the diverse responses
that occur due to the inherent heterogeneity of obesity
[18]. As demonstrated by the POUNDS Lost study [19],
these regimens exhibit significant variability in terms of
their effectiveness in achieving weight loss, highlighting
the inadequacy of current strategies in delivering com-
prehensive and personalized care to individuals suffering
from obesity.

Recently, the contribution of individual macronutri-
ents to promoting weight loss in people with obesity has
received increasing attention. The use of different macro-
nutrient ratios may overcome the metabolic difficulties
associated with the consumption of specific macronutri-
ents (i.e., carbohydrates) and correct for the poor compli-
ance associated with very-low-calorie diets. Furthermore,
a plethora of research suggests that “not all calories are
equal” and that different macronutrients may promote
weight loss in a more efficient manner [20, 21].

Although nutritionists and dieticians are aware of the
energy that each macronutrient may yield, the exact role
of each macronutrient and its subtypes in weight loss
remain under investigation. Different protein sources
(vegetable versus animal), specific sugars (simple or com-
plex), amino acids and fatty acids [saturated (SFA), mon-
ounsaturated (MUFA), polyunsaturated (PUFA), or trans]
are metabolized differently depending on one’s unique
genetic background [22].

Here, we review the research evidence supporting the
interplay between macronutrient intake, lifestyle and
genetic background within the framework of weight
management in individuals with obesity (Additional
file 1: Table S1). We also explored how personalized, gen-
otype-based knowledge could inform recommendations
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for the dietary management of obesity, aiming at effective
weight loss and healthy body weight maintenance.

The present review primarily addresses the use of GRSs
and PRSs rather than individual SNPs because the former
offer a more comprehensive approach to the manage-
ment of obesity by combining multiple SNPs linked to
BMI. Additionally, we further discuss SNPs that exhibit
strong associations with weight management and are
thought to be involved in dietary or physical activity (PA)
pathways.

Personalized macronutrient consumption for body
weight loss based on genetic profile

Carbohydrate tailoring

The role of carbohydrates in weight gain and obesity
remains a subject of ongoing debate, highlighting the
absence of a universal solution for diet and weight man-
agement. When considering the proportion of carbohy-
drates in total dietary energy, randomized trials suggest
a small advantage of lower carbohydrate intake over low-
fat diets for weight loss. However, these trials exhibit
significant heterogeneity in terms of caloric restriction
strategies and intensity, making it challenging to draw
definitive conclusions about the efficacy of reducing total
carbohydrate intake by itself. In contrast, more consist-
ent evidence supports the significance of carbohydrate
sources and quality in weight management. Addition-
ally, significant attention has been given to foods with
a high glycemic load, which includes rapidly digestible
carbohydrates such as refined grains, potato products,
and added sugars [23]. Ongoing research in this domain
suggests that high-glycemic-load diets have the poten-
tial to elevate insulin secretion and shift the allocation of
substrates toward fat storage, ultimately contributing to
weight gain [24, 25].

This clinical research supports the need for the devel-
opment of precision nutritional strategies, as significant
heterogeneity in individual glucose responses to dietary
interventions has been documented. For example, two
independent clinical studies reported that individuals
with high baseline insulin levels achieve greater weight
loss when adhering to low-glycemic-load diets than when
they are with low baseline insulin levels [26, 27]. In this
regard, it has recently been reported that genetic variants
associated with glucose-stimulated insulin secretion play
important roles in this carbohydrate—insulin interplay. A
genetic predisposition to higher levels of glucose-stimu-
lated insulin secretion also predicted higher adult BMI.
Because the use of insulin in combination with oral glu-
cose tolerance testing may not always be feasible, it has
been proposed that genetic testing for insulin secretion-
associated variants could be highly valuable [28].
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Several studies have demonstrated a clear relationship
between genetic susceptibility to obesity and carbohy-
drate intake and weight gain, especially when carbohy-
drates are refined. For example, Qi et al. [29] used a GRS
based on 32 SNPs to stratify individuals according to
their genetic predisposition to obesity. They found that
individuals with high GRSs were more susceptible to
increased BMI when consuming sugar-sweetened bev-
erages than were those with low GRSs for obesity [29].
Subsequent studies have confirmed these associations
[30, 31]. Notably, unlike GRSs, which encompass tens of
genetic variants, the significance of single SNPs in modi-
fying body weight in relation to carbohydrate intake has
been less evident [32—34].

Variability has also been observed in individual
responses to carbohydrate digestion. Before they enter
the bloodstream, carbohydrates must undergo a process
of digestion initiated by the action of salivary a-amylase.
Higher salivary amylase levels accelerate starch break-
down, elevating blood glucose concentrations faster
following starch digestion [35]. The levels and activity
of salivary amylase differ among individuals, and this
difference is partly determined by copy number varia-
tions (CNVs) in the salivary a-amylase gene (AMYI). In
some populations, low AMYI CNV is associated with
high BMI to varying degrees [36—40], but this associa-
tion does not appear to occur in other populations [41,
42] (Genosophy, unpublished data). These discrepan-
cies may be methodological [41] or due to variations in
starch intake between individuals [43]. In this context,
a GRS was developed using nine AMY1 SNPs, where a
higher AMYI-GRS indicated greater salivary amylase
activity. High carbohydrate intake significantly influ-
enced the association between the AMYI-GRS score and
changes in BMI and waist circumference. Specifically,
individuals with a greater AMYI1-GRS (i.e., higher amyl-
ase activity) experienced more pronounced increases in
adiposity when their dietary carbohydrate intake was
high but showed less adiposity gain when their carbohy-
drate intake was low [44]. The microbiota also contrib-
utes to the distinct way in which individuals metabolize
carbohydrates and the varying impact of carbohydrates
on one’s physiology. The CNV of AMY1I has been shown
to influence the diversity and function of the human oral
and gut microbiomes. After following a fixed diet, indi-
viduals with low AMYI CNV exhibited an abundance of
microbes with an enhanced capacity for complex carbo-
hydrate breakdown, whereas those with high AMY1 CNV
were enriched in microbiota linked to nondigestible
starch fermentation. Fermentation of ‘resistant’ starch
resulted in greater concentrations of fecal short-chain
fatty acids (SCFAs), which was experimentally linked to
greater adiposity [45].
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Thus, genetic data should be taken into consideration
when tailoring carbohydrate consumption for weight
loss.

Tailoring lipid consumption

Lipids constitute a remarkably varied array of molecules,
each endowed with specific biological roles. They func-
tion as a source of energy, contribute to the structure
and operation of cell membranes, serve as precursors for
signaling molecules, and play a crucial role in facilitat-
ing the absorption of fat-soluble vitamins and essential
nutrients. This inherent functional diversity of lipids may
account for the inconclusive findings in studies related to
weight management and overall fat consumption [46, 47].

The Dietary Guidelines for Americans formerly rec-
ommended that less than 30% of total energy intake be
derived from fat [48], although this guidance has more
recently been moderated to a range of 25-35% [49]. This
adjustment may have been influenced by the recognized
benefits of the Mediterranean diet, which is characteris-
tically rich in fats [50, 51]. In Europe, recommendations
for dietary fat intake exhibit even greater variability,
spanning from 15 to 40% of total energy [17]. This find-
ing underscores the complex roles of fats in health and
metabolism, emphasizing the necessity of tailoring die-
tary fat intake based on individual genetic profiles.

Thus far, a limited number of studies have investigated
the genetic risk scores of obesity in relation to fat intake
and body weight regulation. In one study [52], a GRS
comprising 63 obesity-related SNPs was used to stratify
individuals according to their genetic susceptibility to
obesity. A high GRS was associated with an elevated BMI
in people consuming a diet rich in saturated fat. Simi-
larly, a cross-sectional study involving 48,170 Caucasian
European adults and employing a GRS based on 93 SNPs,
lower levels of total fat consumption and saturated fat in
particular, could mitigate the strength of the association
between genetic predisposition to obesity and BMI [53].
Both studies pointed to the health benefits of reducing
saturated fat intake overall; however, this is even more
important for individuals who are genetically susceptible
to high adiposity. In another study using a GRS incorpo-
rating 77 SNPs related to obesity, a diet rich in long-chain
n-3 PUFAs and fish mitigated the effects of genetic pre-
disposition to long-term weight gain [54].

Evidence also suggests that lean body mass (LBM)
may play a part in governing appetite and energy intake,
thereby influencing body adiposity. In a recent study
examining the impact of five variants linked to LBM,
individuals with overweight and obesity who exhib-
ited a greater genetic predisposition to higher LBM
experienced more substantial benefits from a low-fat
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weight-loss diet, particularly in terms of improvements in
appetite and body adiposity [55].

Earlier research has also provided links between single
SNPs and the response to the amount of fat consumed.
Based on specific polymorphisms, some people may
achieve greater weight loss when adhering to high-fat
diets [56, 57], while others may respond better to diets
with a low fat content [58—62]. Other studies address-
ing the quality of fat have shown that saturated fat can
increase the risk of obesity in people carrying spe-
cific variants, whereas the consumption of MUFAs and
PUFAs can have the opposite effect on people at risk
[63, 64]. Therefore, in addition to quantity, the quality of
fat consumed may influence the genetic predisposition
to obesity in a manner that may lead to different body
weight outcomes.

The specific biological mechanisms underlying these
effects are still being explored. Ongoing research indi-
cates that various forms of dietary fat may induce epi-
genetic changes that could differ among genotypes. This
divergence may result in distinct gene expression pat-
terns and the potential dysregulation of specific meta-
bolic pathways [65]. One such example is the common
genetic variant —265 T'>C (rs5082) within the promoter
of the apolipoprotein A-II gene (APOA2). APOA2 CC
homozygotes at—265 T >C are at increased risk of obe-
sity when consuming a diet high in SFA compared with
TT carriers, but they have no increased risk of obesity
when consuming a low-SFA diet [66-68]. This diet-
dependent outcome related to obesity may be explained
by the methylation status of the CC APOA2 promoter,
which leads to reduced APOA2 expression in people con-
suming a high-SFA diet [69]. In turn, this has been linked
to the dysregulation of metabolic pathways implicated
in obesity and food intake [69]. These findings identify
potential mechanisms by which saturated fat influences
obesity risk and offer new insights into ongoing investi-
gations of the relationship between fat intake and human
health.

As lipids significantly contribute to the taste and tex-
ture of food, high-fat foods can provide an exceptionally
rewarding eating experience, especially for individu-
als genetically predisposed to obesity, who may be more
susceptible to finding pleasure and reward in food [12].
Dietary replacement of SFAs with MUFAs/PUFAs in
commonly consumed foods such as milk and dairy could
be a good strategy to attenuate obesity in people who are
genetically at risk. This approach has already been proven
to be beneficial for individuals with moderate cardiovas-
cular risk [70]. We propose that these foods maintain
their palatability and taste to ensure that they are appeal-
ing and successful choices for people genetically predis-
posed to obesity.
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Personalizing protein consumption for body weight
management according to genetic background
High-protein diets have gained increased popularity as
promising strategies for regulating body weight. Mecha-
nisms that may account for weight loss following high-
protein diets include 1) increased secretion of satiety
hormones, 2) reduced secretion of orexigenic hormones,
3) improvement of glucose homeostasis and 4) elevated
thermic effects of foods rich in protein, suggesting that
the body expends more calories during the processes of
digesting, absorbing, and utilizing dietary protein than
during the process of accessing other macronutrients [71,
72]. However, there are potential concerns when opting
for a high-protein diet. For example, when the energy
demand is low, excess protein intake will be converted to
glucose or ketone bodies that contribute to an undesir-
able positive energy balance, especially if weight loss is
the goal [73]. The source of protein is also an important
parameter because excessive consumption of animal-
based protein may be accompanied by elevated saturated
fat, which increases the risk of heart disease and hyper-
lipidemia [71] and counteracts weight loss efforts [74,
75].

Several lines of evidence suggest that protein intake
may have different effects on body weight depending on
the genetic background, providing options for personal-
ized dietary interventions. For example, individuals with
a high GRS for obesity are more susceptible to high adi-
posity when consuming proteins of animal origin protein
[52, 76], while the opposite trend is observed when a diet
rich in plant-based protein is followed [77].

In a recent study, several SNPs were shown to be
associated with favorable responses to a moderately
high-protein diet (30% energy from proteins), including
improved reductions in waist circumference and total
body fat [78]. Two fat mass and obesity associated (FTO)
gene locus variants were among these SNPs, confirm-
ing the findings of previous intervention studies demon-
strating that a hypocaloric diet combined with increased
protein intake alleviates the influence of FTO variants on
obesity [79, 80]. The exact mechanisms by which dietary
protein modifies the effects of FTO on adiposity are not
fully understood. One possible explanation is the control
of appetite and food cravings in hypocaloric diets, which
is known to be influenced by FTO genotype [81].

In contrast, however, a meta-analysis conducted
in 2014 failed to establish a clear link between pro-
tein intake, FTO genetic variants and obesity [82]. This
conundrum could be explained by the fact that overall
caloric intake was not taken into consideration in all rel-
evant observational studies. A key aspect of FTO-protein
axis outcomes is that high-protein diets must be com-
bined with hypocaloric diets for effective body weight
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control in genetically susceptible individuals. In high-
calorie diets, high protein intake may result in mitigation
or even the reverse effect of protein on body weight in
adults and children carrying the FTO risk allele [83].

In addition to FTO, other obesity polymorphisms have
been explored for their ability to regulate protein levels in
individuals fed hypocaloric diets. These polymorphisms
include MC4R [84], brain-derived neurotrophic fac-
tor (BDNF) [85] and the transcription factor AP-2 beta
(TEAP2B) [86], all of which are associated with improved
responses to hypocaloric, low-protein diets. Considering
the aforementioned caveats of high-protein consumption
in body weight management, genetics could offer oppor-
tunities for optimizing benefits while minimizing poten-
tial drawbacks.

Tailoring fiber consumption

High-fiber intake can predict weight loss, particularly
when combined with an overall reduction in caloric
intake [87, 88]. One possible mechanism accounting for
this benefit is that dietary fiber may limit the absorption
of dietary fats in the gut [89]. Only a limited number of
studies have been conducted on the influence of genetic
variants and fiber intake on obesity incidence. In one
of them [90], a PRS comprising 2,100,302 SNPs [9] was
used to stratify 3098 children and adolescents according
to their genetic susceptibility to obesity. Individuals with
high PRSs were shown to attenuate their risk when con-
suming a diet rich in fiber. Another study investigated the
combined effect of variations in FTO and adrenoceptor
beta 2 (ADRB2), a gene encoding the beta-2 adrenergic
receptor that is implicated in lipolysis and energy release
[91, 92]. Individuals at high risk for obesity significantly
reduce waist circumference, fat mass and percent body
fat when they consume a diet high in fiber [93]. Similar
findings were made for a risk score comprising multiple
FTO SNPs (rs1121980, rs1421085, rs9939973, rs8050136,
rs17817449, and rs3751812) [94], overall complement-
ing the reported value of FTO variants in personalized
hypocaloric, plant-based, high-protein diets for improved
weight management [79, 80].

Dietary fiber consumption has also been linked to
improved metabolic health and a reduced risk of devel-
oping various obesity-related conditions, including type 2
diabetes [95, 96]. An interesting finding regarding genetic
variation and fiber intake relates to the SNP rs7903146
TCF7L2 (transcription factor 7 like 2), which is known
to yield the highest risk of type 2 diabetes (T2D) in Cau-
casians to date [97, 98]. TCF7L2 encodes a transcription
factor that is a member of the Wnt signaling pathway in
pancreatic islet B-cells and other cell lineages and glu-
cose-metabolizing tissues, including the liver. Increased
fiber intake has been associated with protection from
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T2D but only among carriers of the nonrisk allele C of
the TCF7L2 SNP rs7903146 [99]. In line with this asso-
ciation, improved weight loss upon fiber consumption
(>25 g/day) is achieved only among individuals homozy-
gous for the allele C of the TCF7L2 SNP rs7903146 and
is not detected in TCF7L2-T risk allele carriers [100].
Although these findings cannot be translated into dietary
advice for carriers of the TCF7L2 risk allele, they show
that fiber-rich diets are protective against T2D in all indi-
viduals carrying nonrisk alleles and thus are incorporated
into personalized dietary recommendations.

Pathways and mechanisms predicted to relate

to actionable genomic variants for macronutrient
stratification

To gain insight into the pathways and mechanisms that
may underpin the aforementioned macronutrient—-SNP
interactions in obesity management, we performed func-
tional enrichment analysis using the bioinformatics web
interface Flame v 2.0 [101]. Gene names associated with
313 SNPs reported to guide macronutrient intake (carbs,
fat, protein and fiber; Additional file 1: Table S2) were
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processed through FLAME to identify the respective
genes, thus generating the Actionable Gene List for Obe-
sity Management (AnGeL; Additional file 1: Table S2).
Reassuringly, by analyzing this gene list against the DIS-
GENET database and plotting the results as an interac-
tion network, several nutrition-related disease ontologies
were identified (Additional file 2: Figure S1). The risk fac-
tors included obesity, T2D, coronary artery disease and
irregular blood pressure (Additional file 1: Table S3).

To interpret AnGeL as biological functions and path-
ways, we combined KEGG, Wiki and REACTOME
pathway enrichment analyses using the WebGestalt
application tool [102], and the results were processed
through FLAME. The most enriched pathways were
related to circadian rhythm and melatonin metabolism,
cholesterol and lipoprotein remodeling, and the peroxi-
some proliferator-activated receptor (PPAR) signaling
pathway (Fig. 1A), all of which have been implicated in
excess adiposity, obesity-related hypertension and diabe-
tes. It is therefore envisaged that these pathways may be
prime targets of macronutrients for the management of
obesity in relevant genetic backgrounds.
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Fig. 1 Pathways and therapies predicted to underpin the effects of genetic variants on macronutrient responses in individuals with obesity. A

The gene names associated with 313 SNPs reported to guide macronutrient intake (carbs, fat, protein and fiber; Additional file 1: Table S2) were
analyzed against KEGG, WikiPathways and REACTOME (REAC) combined through the FLAME interface (https://bib.fleming.gr:8084/app/flame). The
15 most enriched pathways (based on —log10 P values) from these databases are shown in the bar chart, and 10 of them were plotted as pathways
versus genes to show their interconnections. B The gene list was analyzed against the DRUGBANK database (https://go.drugbank.com/)

through FLAME. Drugs and other therapies (purple stars) predicted to mostly associate with this gene set are plotted in relation to target genes
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Further enrichment analysis of AnGeL was conducted
against the DRUGBANK database and revealed a sig-
nificant association with fostamatinib (Fig. 1B), an orally
administered SYK inhibitor approved for the treatment
of chronic immune thrombocytopenia (Additional file 1:
Table S3). We note that among the ten fostamatinib gene
targets in AnGeL, MAP2K5, ALK, EIF2AK4, NTRK2
and STK33 have been linked to the extracellular-signal-
regulated kinase (ERK) mitogen activated protein kinase
(MAPK) signaling pathway. SYK inhibitors are known
to suppress TPL2 [103], a MAP3 kinase with a pivotal
role in inflammatory ERK activation [104]. Interestingly,
TPL2 ablation in mice results in improved lipid and glu-
cose balance, enhanced insulin sensitivity, and reduced
inflammation in response to a high-fat diet [105], thus
suggesting potential mechanistic connections between
intervention diets and insulin sensitivity in the context
of obesity management. Additionally, fostamatinib has
demonstrated effectiveness in ameliorating autoimmune
diabetes in mouse models [106]. Consequently, we pro-
pose that further investigations be conducted to explore
the potential of fostamatinib for the treatment of obesity
focusing on relevant genetic profiles.

The aforementioned DRUGBANK enrichment analy-
sis also indicated that the PPAR pathway is a “drugable”
target in the context of obesity and its comorbidities
(Additional file 1: Table S3). Potential options for inter-
vention may include troglitazone, a potent PPAR-y ago-
nist utilized in the management of type 2 diabetes, and
resveratrol, a naturally occurring polyphenol found in
grapes, peanuts, blueberries, rhubarb, and wine that has
been associated with the so-called “French paradox”. This
refers to the relatively low rates of obesity and CVD in
the French population, despite their consumption of
a diet high in fat [107]. The French paradox has been
attributed to the moderate intake of red wine, which is
rich in polyphenols, such as resveratrol. However, clini-
cal intervention studies of resveratrol in obese patients
have yielded mixed results. Some studies have indicated
reductions in fasting serum glucose, triglycerides, insu-
lin, and homeostatic model assessment for insulin resist-
ance (HOMA-IR), as well as several circulating markers
of inflammation and intramyocellular lipid content
[108, 109], but improvements in body weight and waist
circumference are inconclusive [110, 111]. The vari-
able responses to this polyphenol [110] likely reflect the
influence of genetic variations on resveratrol metabo-
lism and health effects. Along these lines, SOD2 rs4880,
which has been linked to obesity [112], is reported to
influence the anti-inflammatory properties of resveratrol
[113]. Another example is the BDNF rs6265 AA genotype
encoding BDNF-Val66Met. BDNE-Met alleles are associ-
ated with increased C-reactive protein and energy intake
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in obese patients [114] and with overt thrombotic events
in CVD patients [115]. Interestingly, BDNF-Met-express-
ing mice respond to the antithrombotic effects of resver-
atrol, whereas BDNF-Val-expressing mice do not [115].
Consequently, we propose that further investigations be
conducted to explore the anti-obesity effects of resvera-
trol by focusing on relevant genetic profiles, including
SOD2 [113], BDNF [115], PPAR, NRII3 and MTNRIB
polymorphisms (Fig. 1B).

Genetically informed strategies for weight loss
with specialized foods and supplements
Compliance with conventional weight-management pro-
grammes, including diet and exercise, can be challeng-
ing for many individuals, and this has led to a dramatic
increase in overall use of slimming aids with various
claims of effectiveness. Nonetheless, individual responses
to supplements and nutraceuticals can vary, suggesting
that genetic background may play a modifying role in
individual responses [22].

For instance, coffee has become a widely favored bev-
erage in recent years because of not only its caffeine
content but also its rich array of bioactive compounds,
such as polyphenols and chlorogenic acid, which have
been associated with various health benefits [116]. In a
study involving more than 15,000 women, regular cof-
fee intake was proposed to modify genetic susceptibility
to obesity [117]. This study relied on a GRS calculated
from 77 BMI-associated loci and showed that women
with a high obesity GRS who regularly consumed coffee
showed promising trends toward improved body weight.
We have also reported that a genetic variation in CYP1A2
rs762551 enabling rapid caffeine metabolism modu-
lates the relationship between appetite, BMI, and coffee
intake, especially among those with genetic susceptibility
to obesity [118]. These findings suggest that coffee con-
sumption may contribute to counteracting the influence
of genetic factors on weight-related outcomes, particu-
larly among fast caffeine metabolizers [118].

In addition to coffee, green tea polyphenols, specifi-
cally catechins, have shown promise in promoting reduc-
tions in body weight and improvements in lipid profiles.
The response to catechins is influenced by genetic vari-
ations, such as rs4680 (G/A), which affects the activity
of catechol-O-methyltransferase (COMT), an enzyme
involved in catechin metabolism. Diverse COMT geno-
types among individuals may lead to varying reactions to
nutraceuticals containing catechins [119].

Vitamin D has been linked to the regulation of insulin
secretion and activity, countering the effects of certain
obesity-related genetic factors, such as FTO risk alleles,
especially among children [120]. These insights empha-
size the important roles that both coffee and vitamin
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D can play in the management of body weight, as their
effectiveness is influenced by an individual’s genetic
background.

Apples are renowned for being a rich source of poly-
phenols, dietary fiber, carotenoids, and various other
essential nutrients, with polyphenols exerting antiobesity
effects. These compounds are believed to achieve these
benefits by scavenging free radicals and influencing sig-
nal transduction processes, particularly in adipose tissue
[121]. A genetic influence is likely, as indicated by the
reported interaction between the IL6—174 G/C polymor-
phism and the reduction in body fat induced by polyphe-
nol-rich cloudy apple juice (CloA) [122]. Individuals with
the C/C genotype experienced a substantial decrease in
body fat after 4 weeks of CloA consumption [122].

Genetic variations guiding lifestyle changes

in weight management

Dietary habits, chrononutrition and PA choices have a
genetic component [12], and genomic variations may
thus inform lifestyle recommendations for body weight
management.

Regular PA plays a vital role in preserving a healthy
body weight, regulating body composition, and manag-
ing overall energy balance. Engaging in structured PA
is linked to various health benefits, reducing the risk of
chronic conditions. Even light-intensity PA can increase
blood glucose levels, whereas prolonged sedentary behav-
ior may have adverse effects [123], including overweight
and obesity. Behavioral variations in physical activity and
sedentary lifestyle are likely influenced by numerous fac-
tors, with emerging evidence suggesting genetic links and
a bidirectional causal relationship between physical activ-
ity/sedentary behavior and adiposity-related traits. This
intricate interplay may contribute to the development of
a potentially vicious cycle [124].

Numerous studies indicate that individuals genetically
predisposed to obesity may exhibit a diminished response
to exercise. For instance, a study leveraging 21 identified
BMI-associated SNPs demonstrated that individuals with
a lower genetic risk of obesity showed more pronounced
improvements in body weight, body fat, body fat percent-
age, and abdominal fat after a 1-year resistance exercise
intervention, whereas the impact of exercise was less
prominent among those at high genetic risk [125]. Simi-
larly, earlier investigations into FTO single polymor-
phisms and exercise responses revealed that carriers of
the risk alleles exhibit reduced responsiveness to exercise
[126]. However, it is noteworthy that regular engage-
ment in physical activity may contribute to mitigating the
effect size of these polymorphisms associated with obe-
sity. This underscores the significance of maintaining an
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active lifestyle, particularly in this specific, at-risk popula-
tion [127-129].

Considering the intersection of genetics and lifestyle
in influencing obesity, the choice of exercise emerges
as a pivotal factor in weight management and overall
health promotion. A published study involving 18,424
adults delved into the interplay between genetics and
various exercise modalities in combating obesity. Among
the exercises assessed, regular jogging stood out as the
most effective at mitigating the genetic risk for obesity,
as indicated by BMI, body fat percentage, and waist-to-
hip ratio. Activities such as mountain climbing, walk-
ing, power walking, and extended yoga practices were
also found to significantly reduce BMI in genetically
predisposed individuals. Conversely, cycling, stretching
exercises, swimming, and dance revolution did not coun-
teract the genetic effects contributing to obesity [130].
This research provides valuable insights into personalized
exercise recommendations for individuals with a genetic
susceptibility to obesity, enhancing our understanding of
the intricate interplay between genetics and PA in weight
management. Our unpublished data indicate that adher-
ence to different types of exercise has genetic influences
that should be considered when enhancing the efficacy of
PA for weight control.

Mis-timed eating is another lifestyle parameter that
contributes to obesity [131, 132], likely by affecting eat-
ing behavior and appetite [133]. Genetic variation influ-
ences the impact of mistimed eating on adiposity, as
indicated by a recent study that integrated data from
more than 27,000 company employees. Individuals who
were genetically predisposed to obesity (as calculated by
a GRS incorporating 97 BMI variants) made poor-quality,
calorie-dense food choices in larger quantities, especially
in the workplace environment [134]. A significant asso-
ciation between late-night meal consumption, reduced
overall weight loss and a slower weight loss rate has also
been reported for individuals who are homozygous for
the A allele of PLIN1 (14995A/T), which encodes a cir-
cadian lipid droplet-stabilizing protein. Notably, food
timing did not exert a comparable impact on weight loss
among individuals with the T variant, further underscor-
ing interindividual variability in weight loss outcomes
influenced by genetics and meal timing [135].

Twin studies have also pointed to genetic influences
on food timing, especially breakfast. In a study involv-
ing more than 200,000 participants, six genetic vari-
ants related to caffeine metabolism (ARID3B/CYPIAI),
carbohydrate  processing (FGF21), schizophrenia
(ZNF804A), and circadian rhythm regulation (METTL4,
YWHARB, and YTHDF3) were found to be associated with
breakfast skipping [136]. Interestingly, the expression
of the identified genes was enriched in the cerebellum.
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Of additional interest is the nature of the METTL4,
YWHAB, and YTHDF3 enzymes, which are impor-
tant for N6-methyladenosine RNA transmethylation,
underscoring the emerging need to further explore epi-
transcriptomics in metabolic disease [137]. Mendelian
randomization experiments demonstrated causal links
between genetically determined breakfast skipping and
greater BMI [136]. Thus, eating the right time for some
individuals may be more challenging but more crucial for
their weight management and overall health.

Conclusions and future directions

The rapid progress in the field of precision medicine
largely stems from the appreciation of the key role of
genetic variation in disease pathogenesis and response
to treatment. Along the same lines, precision nutrition
is expected to overcome current bottlenecks in the man-
agement of diet-related pathologies and become a ‘main-
stay of medical care’ by the year 2030 [138].

By exploring the genomic perspective of personal-
ized prevention and dietary management of obesity, this
review has delved into the intricate interplay between
genetics and dietary factors (Additional file 1: Table S1),
particularly focusing on macronutrient tailoring. The
sections addressing carbohydrate, lipid, protein, and fiber
consumption underscore the importance of personal-
ized approaches informed by genetic backgrounds. The
identification of actionable genomic variants and the
development of genetically informed strategies involving
specialized foods and supplements offer promising ave-
nues for more effective weight management.

Despite these advancements, bottlenecks in reducing
the burden of obesity persist, emphasizing the need for
a comprehensive understanding of the genetic variations
guiding lifestyle changes in weight management. The
intricate pathways and mechanisms related to action-
able genomic variants provide a foundation for macro-
nutrient stratification, paving the way for more targeted
interventions.

When devising a diet plan, it is crucial to acknowledge
that adjusting the proportion of one of the three macro-
nutrients (carbohydrates, protein, or fat) will unavoidably
influence the percentages of the other two unless there is
a simultaneous modification in total caloric intake. How-
ever, the objective may not be to increase caloric intake,
especially when the focus is on weight regulation. Spe-
cialized algorithms have been developed, including those
of our team, to generate specific combinations of macro-
nutrient percentages tailored for effective weight regula-
tion by integrating genetic and other health parameters
[7, 139, 140]. This approach, augmented by the capabili-
ties of machine learning (ML) and artificial intelligence
(AI), has the potential to offer personalized dietary
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advice by employing precision nutrition standards for
the management of excessive body weight. Importantly,
our exploration of the genetic variations guiding life-
style changes extends beyond dietary considerations
to encompass exercise and mistimed eating, acknowl-
edging the multifaceted nature of personalized obesity
management.

In the broader context, future research should focus on
refining and expanding our understanding of the com-
plex genetic landscape underlying obesity. Integrating
data on actionable genomic variants with lifestyle recom-
mendations and specialized interventions holds immense
potential for enhancing the precision of personalized
prevention and management strategies. Moreover, con-
tinued exploration of the dynamic interplay between
genomics and obesity-related factors will contribute to
the ongoing evolution of tailored approaches. As we
advance, ongoing collaborative efforts and the integration
of cutting-edge technologies will be essential to propel
the field toward more effective, personalized solutions for
obesity prevention and management.

In this era of advancing technologies, we have envi-
sioned the future of precision nutrition through the use
of “digital twin” models [141]. A digital twin represents
a virtual replica of an individual, incorporating a com-
prehensive array of multimodal information, including
genetics, microbiome composition, immune responses,
metabolic activity, lifestyle factors, and anthropometric
parameters. By continuously updating based on real-
world data from these diverse sources, digital twins,
enhanced by ML and AI algorithms, offer dynamic
insights into an individual’s response to dietary interven-
tions. This advanced and integrated approach holds great
promise in refining and optimizing personalized dietary
recommendations, elevating the precision and efficacy of
nutritional strategies for weight management and overall
well-being [141].
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