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Childhood obesity has emerged as a major global health issue, contributing to

the increased prevalence of chronic conditions and adversely affecting the

quality of life and future prospects of affected individuals, thereby presenting a

substantial societal challenge. This complex condition, influenced by the

interplay of genetic predispositions and environmental factors, is

characterized by excessive energy intake due to uncontrolled appetite

regulation and a Westernized diet. Managing obesity in childhood requires

specific considerations compared with adulthood, given the vulnerability of the

critical juvenile–adolescent period to toxicity and developmental defects.

Consequently, common treatment options for adult obesity may not directly

apply to younger populations. Therefore, research on childhood obesity has

focused on genetic defects in regulating energy intake, alongside

pharmacotherapy and dietary interventions as management approaches,

with an emphasis on safety concerns. This review aims to summarize

canonical knowledge and recent findings on genetic factors contributing to

childhood obesity. Additionally, it assesses the efficacy and safety of existing

pharmacotherapies and dietary interventions and suggests future research

directions. By providing a comprehensive understanding of the complex

dynamics of childhood obesity, this review aims to offer insights into more

targeted and effective strategies for addressing this condition, including

personalized healthcare solutions.
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Introduction

Childhood obesity has emerged as a critical global health

concern, notably in developed countries where obesity

rates among children and adolescents have nearly tripled in

the last 30 years. Projections by the World Obesity Federation

anticipate that by 2030, approximately 250 million children

worldwide will be obese [1–3]. This condition markedly

increases the risk of chronic diseases, including fatty liver

and type 2 diabetes [1, 4–8]. The persistent transition from

obesity in childhood to adulthood is especially concerning,

with >80% of affected adolescents expected to remain obese

as adults [9]. Beyond impacting physical health, this

trend affects self-esteem, social relationships, and future

economic prospects, underscoring the urgent need for

action [1, 10, 11].

The etiology of childhood obesity is multifaceted, involving a

complex interplay of genetic and environmental factors [1].

Advances in genetic research have illuminated the role of

specific genetic factors influencing energy homeostasis,

particularly appetite regulation [12, 13]. Studies on the

genetics of obesity have identified key genes as pivotal

contributors to the condition, enhancing our understanding of

its biological mechanisms and opening new avenues for

preventive and therapeutic strategies.

In addition to deepening our understanding of the

mechanisms involved in obesity, genetic insights also drive the

development of pharmacotherapies targeting specific metabolic

pathways. Such treatments have shown promise in adults,

signaling a potential shift toward more effective obesity

management. However, their use in children and adolescents

remains limited, being primarily reserved for cases of severe

FIGURE 1
Schematic summary of the multifaceted etiology and management approaches in childhood obesity. This figure illustrates the complex
interplay between genetic and environmental factors influencing the development of childhood obesity. It also delineates primary management
strategies, including pharmacotherapy and dietary interventions. The schematic was created using illustrations from https://biorender.com.
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obesity and diabetes in adolescents, where treatment benefits are

considered to outweigh the risks [14]. Alongside this cautious

approach, new medications are under development, emphasizing

improved efficacy and safety, accompanied by more rigorous

clinical validation.

Environmental factors, particularly diet and lifestyle with

reduced physical activity, also play a crucial role in childhood

obesity development [15]. Modern dietary patterns, often labeled

the Western diet, are mainly characterized by a high caloric

intake of saturated fats and refined carbohydrates and frequent

consumption of sugar-sweetened beverages, which closely

correlate with rising childhood obesity rates [16–20].

Consequently, management strategies for childhood obesity

are increasingly focused on dietary interventions, such as

ketogenic diets, fasting-based interventions, and dietary

supplements. Ongoing research explores the effectiveness and

safety of these dietary interventions in preventing and treating

childhood obesity.

This review aims to summarize current knowledge on genetic

factors contributing to childhood obesity, evaluate the efficacy

and safety of existing pharmacotherapies and dietary

interventions (outlined in Figure 1), and suggest directions for

future research. By presenting a comprehensive understanding of

the complex dynamics involved in childhood obesity, this review

highlights potential approaches for more effective and safe

treatment strategies, ultimately providing foundations for

tailored interventions addressing genetic predispositions and

environmental influences.

Genetic factors in childhood obesity

Twin studies have highlighted the heritability of obesity, with

estimates for body mass index (BMI) heritability reaching up to

70% [21, 22]. The genetic landscape of childhood obesity has

been extensively explored, revealing multiple genetic factors

contributing to its development (Figure 1). Childhood obesity

is predominantly polygenic, involving multiple genes, each

contributing modestly but collectively exerting a substantial

impact [23, 24]. In contrast to monogenic forms of obesity,

resulting from single genetic defects with pivotal effects [25], the

genetic predisposition to childhood obesity in the broader

population is shaped by numerous common genetic variants,

collectively exerting a substantial impact on the

obesity phenotype.

The advent of genome-wide association studies (GWAS) has

markedly advanced our understanding of the genetic basis of

obesity. A landmark discovery involved identifying variants in

the fat mass and obesity-associated (FTO) gene as a major risk

factor for obesity in the general population and severe childhood

obesity. The strongest association was noted for single-nucleotide

polymorphisms in the first intron of FTO. The influence of FTO

gene variants on energy homeostasis is mediated through their

impact on appetite regulation, with certain variants linked to

increased energy intake and high-calorie food

preference [26–29].

Monogenic obesity, although rare, is predominantly

identified in patient cohorts with severe and early-onset

obesity, highlighting its strong correlation with severe

childhood obesity. Monogenic obesity is mainly attributed to

genetic mutations associated with the central regulation of energy

homeostasis, particularly appetite control driven by the

leptin–melanocortin signaling pathway [21]. Genes implicated

in monogenic obesity include Lep (leptin), LEPR (leptin receptor),

POMC (pro-opiomelanocortin), AGRP (agouti-related protein),

MC4R (melanocortin 4 receptor), PCSK1 (proprotein convertase

subtilisin/kexin type 1), SH2B1 (SH2B adaptor protein 1), PHIP

(proline-rich protein 5), MRAP2 (melanocortin 2 receptor

accessory protein 2), and SIM1 (single-minded 1) [30–42]. In

most monogenic obesity cases, genetic mutations drive abnormal

feeding behavior, resulting in early-onset, severe

hyperphagic obesity.

Recently, the Iroquois homeodomain transcription factor

genes IRX3 and IRX5 have emerged as novel genetic

determinants in human obesity, revealing the complex genetic

interactions underlying this condition. Known for their similar

expression patterns and cooperative roles during mammalian

development, the IRX3 and IRX5 genes have been implicated in

obesity through interactions with intronic FTO locus variants.

Chromatin conformation capture techniques revealed that these

variants physically interact with IRX3 and IRX5 promoter

regions, serving as enhancers that increase IRX3/IRX5

expression levels in the hypothalamus and adipose tissue

[43–45]. This upregulation influences crucial physiological

processes, including feeding control, thermogenesis, and

adipogenesis, positioning IRX3/IRX5 as central mediators of

FTO variant–associated obesity effects [46–48]. Notably, Sim1

interacts with IRX3/IRX5. Specifically, loss-of-function

mutations in SIM1 are linked to hyperphagic childhood

obesity, and Sim1 haploinsufficiency leads to ectopic

expression of IRX3/IRX5 in the hypothalamus in mice,

causing neurodevelopmental defects and contributing to

appetite dysregulation and hyperphagic obesity [49]. Further

research is warranted to explore the mechanistic evidence for

the tissue- or cell-type-specific roles of IRX3/IRX5, particularly

their involvement in regulating energy homeostasis. This

evolving genetic narrative emphasizes the need to elucidate

these pathways for further advancements in childhood obesity

prevention and treatment.

Pharmacotherapy in
childhood obesity

Managing childhood obesity often involves pharmacological

intervention, especially in cases where a child presents with a
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severe obesity phenotype and critical health issues. The cautious

application of pharmacotherapy in young patients with obesity

stems from concerns regarding potential long-term impacts on

growth and overall development. Current pharmacotherapy

options are predominantly limited to adolescents, particularly

in cases of severe obesity with accompanying comorbid

conditions. Pharmacotherapies currently used in childhood

obesity cases are summarized in Figure 1.

Classical pharmacotherapy: orlistat and
phentermine

Among the drugs approved for adults, only a few have

received approval for childhood–adolescent obesity treatment.

Until the early 2020s, orlistat and phentermine were the sole U.S.

Food and Drug Administration (FDA)-approvedmedications for

this purpose [50, 51]. Orlistat, a lipase inhibitor, reduces the

hydrolysis of ingested triglycerides, decreasing gastrointestinal

fat absorption. Clinical trials have demonstrated its efficacy in

BMI reduction compared with placebo groups [52], leading to its

approval for use in adolescents aged ≥12; however, orlistat has
potential side effects, including diarrhea and hepatic injury,

resulting in dropout rates of around 35%–75% within

3 months [52–54]. Long-term use of orlistat may disrupt the

absorption of fat-soluble vitamins and minerals, negatively

impacting growth or pubertal development [55, 56].

Phentermine, a sympathomimetic amine anorectic, is FDA-

approved for monotherapy in adolescents aged ≥16 with severe

obesity and additional related health complications. A recent

clinical advancement involved the FDA approving the

phentermine–topiramate combination for weight loss in obese

individuals aged ≥12. Topiramate, originally an antiepileptic

agent, contributes to weight loss by inhibiting carbonic

anhydrase and increasing γ-aminobutyric acid (GABA)

activity, suppressing appetite [57–59]. This combination,

leveraging distinct mechanisms, offers a more effective weight

loss solution than either drug alone, allowing for lower doses of

each medication and enhancing overall treatment efficacy and

safety profile. Phentermine/topiramate may pose safety concerns

such as mood disorders, cognitive impairment, nephrolithiasis,

cardiac risks, and teratogenic effects [60].

Setmelanotide, a melanocortin-4 receptor (MC4R) agonist

approved by the FDA in 2020, offers a targeted pharmacological

approach for managing monogenic obesity linked specifically to

POMC, PCSK1, or LEPR genetic deficiencies [61, 62]. These

genetic variants can disrupt signaling through the MC4R

pathway, leading to hyperphagia and severe early-onset

obesity [21, 63]. MC4R agonist serves as an alternative

activator of the MC4R pathway in patients who have POMC

deficiencies due to mutations in either POMC or PCSK1 and in

those with LEPR deficiencies caused by mutations in LEPR,

which is crucial for POMC function. Hence, the MC4R

agonist effectively reduces hyperphagia and promotes weight

loss for treating severe obesity linked to these specific genetic

disorders [62, 64, 65]. While its effectiveness in clinical trials is

notable, its application is limited to these particular genetic

disorders and not applicable to general childhood obesity.

Setmelanotide therapy is associated with potential side effects,

including skin hyperpigmentation, sexual dysfunction,

depression, and suicidal ideation [66].

Innovative pharmacotherapy: GLP-1
receptor agonists

Glucagon-like peptide-1 receptor agonists (GLP1RAs), such

as liraglutide and semaglutide, have become pivotal

pharmacological agents for managing obesity. Originally

developed to treat type 2 diabetes, GLP1RAs unexpectedly

induce weight loss. Studies have indicated that GLP1RAs

primarily act on the central nervous system to reduce

appetite, delay gastric emptying to prolong satiety and alter

brain pathways that decrease reward-driven eating behaviors.

Ultimately, these actions lead to decreased energy intake and

promote weight loss in general obesity and syndromic

monogenic forms of obesity, including Prader-Willi syndrome

and MC4R mutations [67–74]. Having successfully promoted

weight loss in adults, GLP1RAs have received FDA approval,

which was extended to adolescents. Specifically, liraglutide

treatment has resulted in notable BMI reductions without

negative impacts on pubertal development or growth, making

it an appropriate option for adolescents aged ≥12 [75, 76]. Recent
preliminary investigations into the safety and effectiveness of

liraglutide in the 6–12 age group resulted in the initiation of the

SCALE KIDS clinical trial, a study assessing its viability as a

childhood anti-obesity treatment [77]. Additionally, semaglutide

also received FDA approval for weight management in

adolescents aged ≥12 with severe obesity in 2022 [78, 79].

This represents a major advancement in expanding

therapeutic options for childhood obesity management.

Tirzepatide, recently approved for chronic weight

management in adults, is a dual agonist targeting GLP1R and

glucose-dependent insulinotropic polypeptide receptor (GIPR),

offering a novel approach to obesity treatment by simultaneously

enhancing glucose regulation and reducing appetite [80, 81]. It

has been shown that GLP1R–GIPR dual agonist is superior in

weight reduction to GLP1RAs and offers additional benefits,

including improved insulin sensitivity, lipid profiles, and blood

pressure [82, 83]. This demonstrates groundbreaking potential in

the pharmacology of obesity and related metabolic diseases.

Building on its success in adults, tirzepatide is currently in

phase 1 clinical trials for children and adolescents aged

6–11 and 12–17 to assess its safety and efficacy. This

expansion into pediatric studies reflects a proactive step

towards addressing childhood obesity, providing hope for a
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new, effective treatment option that could mitigate the long-term

health consequences associated with early-onset obesity. In the

future, the development of novel and effective drugs with

favorable safety profiles is expected to revolutionize the

approach to treating childhood obesity treatment, even within

younger populations. Potential side effects of GLP1RAs or

GLP1R–GIPR dual agonists include gastrointestinal

symptoms, such as nausea, vomiting, diarrhea, cardiovascular

conduction abnormalities, and sinus tachycardia [84, 85].

Off-label medications

Off-label medication refers to the use of pharmaceutical

drugs for an unapproved age group, dosage, or condition. In

the context of childhood obesity, metformin is a common

example of an off-label medication. Metformin is a well-

established, approved option for managing type 2 diabetes

in adults and adolescents [86, 87]. Some research suggests that

metformin may be effective for weight loss [88–91]; however,

due to its modest and inconsistent weight-loss effects, the

FDA has yet to approve metformin as a weight-loss agent.

Consequently, its use in treating obesity in children has also

not received official approval. Nonetheless, multiple lines of

evidence demonstrate metformin’s favorable effects on weight

management in children and adolescents with obesity, along

with a safe profile. This makes metformin a viable and

accessible option for off-label use in combating childhood

obesity [92, 93]. Although metformin’s efficacy and safety

profile are established for children, its off-label use still

introduces potential risks. The lack of comprehensive

clinical data specifically for treating childhood obesity

means that the potential benefits must be cautiously

weighed against risks that are not fully understood or

might be underestimated. Consequently, the use of off-label

medications such as metformin in treating childhood obesity

requires careful consideration and underscores the necessity

for more rigorous research to confirm their safety and

effectiveness in these younger patients.

Dietary interventions in
childhood obesity

Dietary interventions play a pivotal role as an alternative

strategy for addressing childhood obesity, particularly as

pharmacotherapy is often reserved for severe cases

accompanied by additional metabolic complications [94].

These interventions, focusing on altering dietary habits and

behaviors, aim to cultivate healthy eating practices conducive

to long-term weight management and overall health

enhancement. Emerging dietary strategies, including ketogenic

diets, fasting-based interventions, and dietary supplements, are

gaining attention for their potential in combating childhood

obesity (Figure 1).

Ketogenic diet

The ketogenic diet, characterized by high fat and low

carbohydrate intake, prompts the body to convert fats and

ketone bodies for energy, entering ketosis [95]. This metabolic

shift makes the diet a popular non-pharmacological option for

obesity management, given its potential to promote weight loss

through enhanced lipolysis and reduced insulin levels [96–98].

Although the ketogenic diet is considered beneficial for obesity-

related metabolic and cardiovascular risk factors in adults [99,

100], its role in childhood weight management is still being

explored. Clinical trials and animal studies have shown the diet’s

effectiveness in promoting weight loss and addressing metabolic

issues caused by obesity [101]. However, the long-term safety and

efficacy of ketogenic diets in the pediatric population require

further investigation. Specifically, maintaining a ketogenic diet

for extended periods may lead to elevated levels of circulating

triglycerides, lipoproteins, and increased lipolysis, potentially

increasing the risk of cardiovascular disease [102–104].

Challenges, such as limited food variety and maintaining

long-term adherence, present additional considerations for

young patients with obesity. Although ketogenic diets offer

potential benefits, the associated risks, such as nutrient

deficiencies, growth and developmental impacts, and

metabolic complications, necessitate careful monitoring to

ensure these diets are applied safely in children [105, 106].

Fasting-based interventions

Eating pattern-based dietary interventions, including

intermittent fasting, time-restricted feeding, and the fasting-

mimicking diet, are gaining attention for their potential

metabolic benefits. Intermittent fasting (IF) involves

alternating cycles of fasting and eating; time-restricted feeding

(TRF) restricts daily food intake to a specific time window,

typically 6–8 h, promoting a consistent daily fasting period;

the fasting-mimicking diet (FMD) entails consuming an

extremely low-calorie diet mimicking the physiological effects

of fasting, achieving the advantages of fasting without complete

food abstention. These approaches are being explored for

adaptability and potential health benefits in animal

experiments and clinical settings to trigger beneficial

metabolic changes that aid weight management and improve

overall health by leveraging the body’s natural responses to

fasting periods, including improved lipolysis and

thermogenesis and glucose management [107–112]. Despite

their simplicity and departure from traditional calorie

counting, implementing fasting-based strategies in pediatric
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populations warrants careful evaluation owing to the critical

nutritional needs of growing children and adolescents and the

potential impact on their physical and cognitive development

[113, 114]. Although these fasting methods offer a fresh

perspective on dietary management with demonstrated

feasibility and positive outcomes [115–118], the evidence

supporting their utility as acceptable therapeutic approaches,

particularly for younger demographics, is still emerging.

Comprehensive research is needed to establish their efficacy

and safety and develop age-appropriate guidelines for children

and adolescents.

Dietary supplements

Dietary supplements, including vitamins, nutrients,

probiotics, plant extracts, and polyphenols, are increasingly

recognized for their potential role in managing childhood

obesity [119]. Omega-3 polyunsaturated fatty acids and

vitamin D have been extensively researched in pediatric

populations. Despite growing interest, their use in children is

marked by controversy, largely due to inconsistent clinical

outcomes that raise questions regarding treatment efficacy and

reliability. For example, some studies have associated omega-3

supplementation with improvements in insulin resistance and

fatty liver disease, as well as weight reduction in patients with

obesity. In contrast, other studies have suggested no significant

effect on body weight, indicating unclear impacts on

anthropometric indices [120–122]. This emphasizes the need

for larger pediatric studies to ascertain the effectiveness of

omega-3.

The focus on probiotics, driven by insights into the role of the

human microbiome in health, signals a shift in our

understanding of the causes of obesity [123]. Probiotics,

specifically Lactobacillus and Bifidobacterium species, show

promise in reducing BMI and improving metabolic

parameters, indicating their potential as an intervention for

children with metabolic issues. However, cautious use of

dietary supplements is recommended owing to limited

evidence regarding their safety and effectiveness in children,

potential interactions with medications, and unknown long-

term health consequences [124–126]. This situation highlights

the urgent need for comprehensive clinical trials to verify the

safety and benefits of dietary supplement use in childhood

obesity treatment.

Other approaches

Lifestyle interventions are foundational in managing

childhood obesity, particularly through increased physical

activity and exercise. These approaches are the first line of

defense, especially in a preventive and managing manner.

Encouraging a healthy diet and regular physical activity are

essential, as these modifications can significantly impact

overall health and prevent the progression of obesity [127].

Hence, lifestyle interventions are usually combined with

pharmacological or dietary interventions to enhance the

efficacy of these treatments [1]. This integrative approach is

especially crucial when obesity reaches severe levels, as lifestyle

changes alone often become insufficient [128–130]. Thus, most

clinical treatment approaches for childhood obesity include

combined treatment with lifestyle interventions as an effective

integrative approach.

Metabolic and bariatric surgery (MBS), including procedures

such as sleeve gastrectomy, gastric bypass, and gastric banding, is

recognized as the most effective treatment for adolescents with

severe obesity, notably reducing appetite and facilitating

substantial weight loss alongside improvements in

comorbidities and overall quality of life [131, 132]. These

surgeries are considered for adolescents under stringent

criteria, typically for those with a BMI ≥35 who also have

severe comorbidities or a BMI ≥40. Despite the significant

benefits, MBS carries potential risks, including nutritional

deficiencies, the need for reoperations, and other surgical

complications [131]. However, a recent large study indicated

that MBS is effective across younger pediatric age groups without

affecting vertical growth [133], affirming its utility as a crucial

intervention in severe cases of childhood obesity and associated

comorbidities. Consequently, this method is increasingly

regarded as a viable final option for managing severe

childhood obesity, prompting discussions about lowering the

stringent criteria for surgery eligibility in younger patients [134].

Discussion

Managing childhood obesity necessitates a comprehensive

approach, incorporating tailored pharmacological and dietary

interventions to meet each child’s unique requirements. While

appropriate for severe cases, pharmacotherapy must be applied

judiciously to prevent adverse impacts on childhood growth and

development. Although dietary interventions aiming to alter

immediate eating habits and establish long-term nutritional

practices for prevention and treatment are perceived as safe,

their safety warrants further investigation. The potential synergy

between pharmacotherapy and dietary intervention is gaining

recognition, showing promise in effectively managing childhood

obesity while balancing metabolic control with overall health, as

demonstrated in other diseases [129, 135, 136].

The undeniable role of genetics in obesity influences

predisposition to the condition and impacts responses to

various treatment options. As treatment options progress,

obesity management is increasingly likely to prioritize

personalized medicine and nutrition, advocating for

interventions and dietary plans tailored to each individual’s
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genetic makeup. The polygenic risk score (PRS) is a tool that

estimates an individual’s genetic liability to a trait or disease

based on their genotype profile and data from relevant GWAS.

Regarding childhood obesity, PRS can be crucial in predicting

obesity susceptibility and informing personalized intervention

strategies [137]. Several studies have already constructed PRSs

specifically for childhood obesity [23, 24, 138, 139], illustrating

the potential of genetic insights to guide more effective

prevention and treatment approaches.

This personalized approach requires a comprehensive

understanding of the genetic factors contributing to obesity

and how these interact with various treatment and dietary

strategies. It is also essential to refine diagnostic measures to

better and, more specifically, diagnose childhood obesity, given

the limitations of using BMI as the sole parameter for assessing

childhood obesity [140, 141]. Identifying genetic predispositions

and tailoring treatments aims to enhance efficacy and minimize

adverse effects. Ultimately, this approach would lead to safer and

more effective management of childhood obesity, ensuring that

interventions are as individualized as the genetic profiles they

aim to accommodate.

Future research should explore the molecular mechanisms

underlying the interactions among pharmacotherapies, dietary

interventions, and genetic factors. In addition to genetic

predispositions, understanding the role of gene–environmental

interactions is becoming increasingly crucial. Epigenetics—

modifications that change gene expression without altering the

DNA sequence—mediates the effects of environmental variables

on the expression of genes. These modifications include DNA

methylation, histone alterations, and microRNA (miRNA)

regulation. By affecting how genes are expressed in response

to environmental cues, epigenetic mechanisms can contribute to

the complexity of obesity pathogenesis and its related metabolic

disorders [142–144]. Recognizing these interactions provides

valuable insights into how personalized interventions can be

tailored to individuals based on genetic makeup, environmental

exposures, and lifestyle choices. This integrated approach

emphasizes the necessity of advancing our understanding of

epigenetics to develop more precise and effective strategies for

preventing and managing childhood obesity. Advancements in

computational technologies, such as artificial intelligence and

high-throughput genomic analysis, promise increased

accessibility to personalized treatments in the near future,

marking a major step toward more effectively addressing

childhood obesity.

Author contributions

JS conceived, designed, and wrote the manuscript.

Funding

The author declares that financial support was received for

the research, authorship, and/or publication of this article. This

work was supported by Kyungpook National University

Research Fund, 2023.

Conflict of interest

The author declares that the research was conducted

in the absence of any commercial or financial

relationships that could be construed as a potential

conflict of interest.

References

1. Lister NB, Baur LA, Felix JF, Hill AJ, Marcus C, Reinehr T, et al. Child and
adolescent obesity. Nat Rev Dis Primers (2023) 9(1):24. doi:10.1038/s41572-023-
00435-4

2. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in body-mass
index, underweight, overweight, and obesity from 1975 to 2016: a pooled analysis of
2416 population-based measurement studies in 128·9 million children, adolescents,
and adults. Lancet (2017) 390(10113):2627–42. doi:10.1016/S0140-6736(17)
32129-3

3. Atlas of Childhood Obesity. Atlas of childhood obesity. World Obesity
Federation (2019). Available from: https://www.worldobesity.org/membersarea/
global-atlas-on-childhood-obesity. (Accessed May 02, 2024)

4. Diabetes Canada Clinical Practice Guidelines Expert Committee, Wharton
S, Pedersen SD, Lau DC, Sharma AM, Sharma AM. Weight management in
diabetes. Can J Diabetes (2018) 42(Suppl. 1):S124–S129. doi:10.1016/j.jcjd.
2017.10.015

5. Abbasi A, Juszczyk D, van Jaarsveld CHM, Gulliford MC. Body mass index and
incident type 1 and type 2 diabetes in children and young adults: a retrospective
cohort study. J Endocr Soc (2017) 1(5):524–37. doi:10.1210/js.2017-00044

6. Anderson EL, Howe LD, Fraser A, Callaway MP, Sattar N, Day C, et al. Weight
trajectories through infancy and childhood and risk of non-alcoholic fatty liver
disease in adolescence: the ALSPAC study. J Hepatol (2014) 61(3):626–32. doi:10.
1016/j.jhep.2014.04.018

7. Caprio S, Santoro N, Weiss R. Childhood obesity and the associated rise in
cardiometabolic complications. Nat Metab (2020) 2(3):223–32. doi:10.1038/
s42255-020-0183-z

8. Weiss R, Dziura J, Burgert TS, Tamborlane WV, Taksali SE, Yeckel CW, et al.
Obesity and the metabolic syndrome in children and adolescents. N Engl J Med
(2004) 350(23):2362–74. doi:10.1056/NEJMoa031049

9. Simmonds M, Llewellyn A, Owen CG, Woolacott N. Predicting adult obesity
from childhood obesity: a systematic review and meta-analysis. Obes Rev (2016)
17(2):95–107. doi:10.1111/obr.12334

10. Segal AB, Huerta MC, Aurino E, Sassi F. The impact of childhood obesity on
human capital in high-income countries: a systematic review. Obes Rev (2021)
22(1):e13104. doi:10.1111/obr.13104

11. Ding W, Lehrer SF, Rosenquist JN, Audrain-McGovern J. The impact of poor
health on academic performance: new evidence using genetic markers. J Health
Econ (2009) 28(3):578–97. doi:10.1016/j.jhealeco.2008.11.006

12. Littleton SH, Berkowitz RI, Grant SFA. Genetic determinants of
childhood obesity. Mol Diagn Ther (2020) 24(6):653–63. doi:10.1007/
s40291-020-00496-1

13. Vourdoumpa A, Paltoglou G, Charmandari E. The genetic basis of
childhood obesity: a systematic review. Nutrients (2023) 15(6):1416. doi:10.
3390/nu15061416

Journal of Pharmacy & Pharmaceutical Sciences
Published by Frontiers

Canadian Society for Pharmaceutical Sciences07

Son 10.3389/jpps.2024.12861

https://doi.org/10.1038/s41572-023-00435-4
https://doi.org/10.1038/s41572-023-00435-4
https://doi.org/10.1016/S0140-6736(17)32129-3
https://doi.org/10.1016/S0140-6736(17)32129-3
https://www.worldobesity.org/membersarea/global-atlas-on-childhood-obesity
https://www.worldobesity.org/membersarea/global-atlas-on-childhood-obesity
https://doi.org/10.1016/j.jcjd.2017.10.015
https://doi.org/10.1016/j.jcjd.2017.10.015
https://doi.org/10.1210/js.2017-00044
https://doi.org/10.1016/j.jhep.2014.04.018
https://doi.org/10.1016/j.jhep.2014.04.018
https://doi.org/10.1038/s42255-020-0183-z
https://doi.org/10.1038/s42255-020-0183-z
https://doi.org/10.1056/NEJMoa031049
https://doi.org/10.1111/obr.12334
https://doi.org/10.1111/obr.13104
https://doi.org/10.1016/j.jhealeco.2008.11.006
https://doi.org/10.1007/s40291-020-00496-1
https://doi.org/10.1007/s40291-020-00496-1
https://doi.org/10.3390/nu15061416
https://doi.org/10.3390/nu15061416
https://doi.org/10.3389/jpps.2024.12861


14. Rajjo T, Mohammed K, Alsawas M, Ahmed AT, Farah W, Asi N, et al.
Treatment of pediatric obesity: an umbrella systematic review. J Clin Endocrinol
Metab (2017) 102(3):763–75. doi:10.1210/jc.2016-2574

15. Jia P, Shi Y, Jiang Q, Dai S, Yu B, Yang S, et al. Environmental determinants of
childhood obesity: a meta-analysis. Lancet Glob Health (2023) 11(Suppl. 1):S7.
doi:10.1016/S2214-109X(23)00092-X

16. Keller A, Bucher Della Torre S. Sugar-sweetened beverages and obesity among
children and adolescents: a review of systematic literature reviews. Child Obes
(2015) 11(4):338–46. doi:10.1089/chi.2014.0117

17. Kim J, Lim H. Nutritional management in childhood obesity. J Obes Metab
Syndr (2019) 28(4):225–35. doi:10.7570/jomes.2019.28.4.225

18. Qahwaji DM. Impact of dietary intake and physical activity on metabolic
syndrome in Saudi adults: an exploratory pilot study. Prev Nutr Food Sci (2022)
27(1):45–9. doi:10.3746/pnf.2022.27.1.45

19. Datar A, Nicosia N. Junk food in schools and childhood obesity. J Pol Anal
Manage. (2012) 31(2):312–37. doi:10.1002/pam.21602

20. Bradley P. Refined carbohydrates, phenotypic plasticity and the obesity
epidemic. Med Hypotheses (2019) 131:109317. doi:10.1016/j.mehy.2019.109317

21. Loos RJF, Yeo GSH. The genetics of obesity: from discovery to biology. Nat
Rev Genet (2022) 23(2):120–33. doi:10.1038/s41576-021-00414-z

22. Wardle J, Carnell S, Haworth CM, Plomin R. Evidence for a strong genetic
influence on childhood adiposity despite the force of the obesogenic environment.
Am J Clin Nutr (2008) 87(2):398–404. doi:10.1093/ajcn/87.2.398

23. Khera AV, Chaffin M, Wade KH, Zahid S, Brancale J, Xia R, et al. Polygenic
prediction of weight and obesity trajectories from birth to adulthood. Cell (2019)
177(3):587–96.e9. doi:10.1016/j.cell.2019.03.028

24. Helgeland O, Vaudel M, Sole-Navais P, Flatley C, Juodakis J, Bacelis J, et al.
Characterization of the genetic architecture of infant and early childhood bodymass
index. Nat Metab (2022) 4(3):344–58. doi:10.1038/s42255-022-00549-1

25. Huvenne H, Dubern B, Clement K, Poitou C. Rare genetic forms of obesity:
clinical approach and current treatments in 2016. Obes Facts (2016) 9(3):158–73.
doi:10.1159/000445061

26. Dina C, Meyre D, Gallina S, Durand E, Korner A, Jacobson P, et al. Variation
in FTO contributes to childhood obesity and severe adult obesity. Nat Genet (2007)
39(6):724–6. doi:10.1038/ng2048

27. Wardle J, Llewellyn C, Sanderson S, Plomin R. The FTO gene and measured
food intake in children. Int J Obes (Lond) (2009) 33(1):42–5. doi:10.1038/ijo.
2008.174

28. Frayling TM, Timpson NJ, Weedon MN, Zeggini E, Freathy RM, Lindgren
CM, et al. A common variant in the FTO gene is associated with body mass index
and predisposes to childhood and adult obesity. Science (2007) 316(5826):889–94.
doi:10.1126/science.1141634

29. Cecil JE, Tavendale R, Watt P, Hetherington MM, Palmer CN. An obesity-
associated FTO gene variant and increased energy intake in children. N Engl J Med
(2008) 359(24):2558–66. doi:10.1056/NEJMoa0803839

30. Friedman JM. Leptin and the endocrine control of energy balance. Nat Metab
(2019) 1(8):754–64. doi:10.1038/s42255-019-0095-y

31. Krude H, Biebermann H, Luck W, Horn R, Brabant G, Gruters A. Severe
early-onset obesity, adrenal insufficiency and red hair pigmentation caused by
POMC mutations in humans. Nat Genet (1998) 19(2):155–7. doi:10.1038/509

32. Montague CT, Farooqi IS,Whitehead JP, SoosMA, Rau H,WarehamNJ, et al.
Congenital leptin deficiency is associated with severe early-onset obesity in humans.
Nature (1997) 387(6636):903–8. doi:10.1038/43185

33. Clement K, Vaisse C, Lahlou N, Cabrol S, Pelloux V, Cassuto D, et al. A
mutation in the human leptin receptor gene causes obesity and pituitary
dysfunction. Nature (1998) 392(6674):398–401. doi:10.1038/32911

34. Yeo GS, Farooqi IS, Aminian S, Halsall DJ, Stanhope RG, O’Rahilly S. A
frameshift mutation inMC4R associated with dominantly inherited human obesity.
Nat Genet (1998) 20(2):111–2. doi:10.1038/2404

35. Vaisse C, Clement K, Guy-Grand B, Froguel P. A frameshift mutation in
human MC4R is associated with a dominant form of obesity. Nat Genet (1998)
20(2):113–4. doi:10.1038/2407

36. Nead KT, Li A, Wehner MR, Neupane B, Gustafsson S, Butterworth A, et al.
Contribution of common non-synonymous variants in PCSK1 to body mass index
variation and risk of obesity: a systematic review and meta-analysis with evidence
from up to 331 175 individuals. Hum Mol Genet (2015) 24(12):3582–94. doi:10.
1093/hmg/ddv097

37. Stijnen P, Tuand K, Varga TV, Franks PW, Aertgeerts B, Creemers JW. The
association of common variants in PCSK1 with obesity: a HuGE review and meta-
analysis. Am J Epidemiol (2014) 180(11):1051–65. doi:10.1093/aje/kwu237

38. Doche ME, Bochukova EG, Su HW, Pearce LR, Keogh JM, Henning E, et al.
Human SH2B1 mutations are associated with maladaptive behaviors and obesity.
J Clin Invest (2012) 122(12):4732–6. doi:10.1172/JCI62696

39. Marenne G, Hendricks AE, Perdikari A, Bounds R, Payne F, Keogh JM, et al.
Exome sequencing identifies genes and gene sets contributing to severe childhood
obesity, linking PHIP variants to repressed POMC transcription. Cel Metab (2020)
31(6):1107–19.e12. doi:10.1016/j.cmet.2020.05.007

40. Asai M, Ramachandrappa S, Joachim M, Shen Y, Zhang R, Nuthalapati N,
et al. Loss of function of the melanocortin 2 receptor accessory protein 2 is
associated with mammalian obesity. Science (2013) 341(6143):275–8. doi:10.
1126/science.1233000

41. Bonnefond A, Raimondo A, Stutzmann F, Ghoussaini M, Ramachandrappa S,
Bersten DC, et al. Loss-of-function mutations in SIM1 contribute to obesity and
Prader-Willi-like features. J Clin Invest (2013) 123(7):3037–41. doi:10.1172/
JCI68035

42. Jr JL, Butte NF, Zinn AR. Profound obesity associated with a balanced
translocation that disrupts the SIM1 gene. Hum Mol Genet (2000) 9(1):101–8.
doi:10.1093/hmg/9.1.101

43. Smemo S, Tena JJ, Kim KH, Gamazon ER, Sakabe NJ, Gomez-Marin C, et al.
Obesity-associated variants within FTO form long-range functional connections
with IRX3. Nature (2014) 507(7492):371–5. doi:10.1038/nature13138

44. Claussnitzer M, Dankel SN, Kim KH, Quon G, MeulemanW, Haugen C, et al.
FTO obesity variant circuitry and adipocyte browning in humans. N Engl J Med
(2015) 373(10):895–907. doi:10.1056/NEJMoa1502214

45. Sobreira DR, Joslin AC, Zhang Q, Williamson I, Hansen GT, Farris KM, et al.
Extensive pleiotropism and allelic heterogeneity mediate metabolic effects of
IRX3 and IRX5. Science (2021) 372(6546):1085–91. doi:10.1126/science.abf1008

46. Son JE, Dou Z, Kim KH, Wanggou S, Cha VSB, Mo R, et al. Irx3 and Irx5 in
Ins2-Cre(+) cells regulate hypothalamic postnatal neurogenesis and leptin
response. Nat Metab (2021) 3(5):701–13. doi:10.1038/s42255-021-00382-y

47. Dou Z, Son JE, Hui CC. Irx3 and Irx5 - novel regulatory factors of postnatal
hypothalamic neurogenesis. Front Neurosci (2021) 15:763856. doi:10.3389/fnins.
2021.763856

48. Son JE, Dou Z, Kim KH, Hui CC. Deficiency of Irx5 protects mice from
obesity and associated metabolic abnormalities. Int J Obes (Lond) (2022) 46(11):
2029–39. doi:10.1038/s41366-022-01221-0

49. Son JE, Dou Z, Wanggou S, Chan J, Mo R, Li X, et al. Ectopic expression of
Irx3 and Irx5 in the paraventricular nucleus of the hypothalamus contributes to
defects in Sim1 haploinsufficiency. Sci Adv (2021) 7(44):eabh4503. doi:10.1126/
sciadv.abh4503

50. Chao AM, Wadden TA, Berkowitz RI. The safety of pharmacologic treatment
for pediatric obesity. Expert Opin Drug Saf (2018) 17(4):379–85. doi:10.1080/
14740338.2018.1437143

51. Cardel MI, Jastreboff AM, Kelly AS. Treatment of adolescent obesity in 2020.
JAMA (2019) 322(17):1707–8. doi:10.1001/jama.2019.14725

52. Chanoine JP, Hampl S, Jensen C, Boldrin M, Hauptman J. Effect of orlistat on
weight and body composition in obese adolescents: a randomized controlled trial.
JAMA (2005) 293(23):2873–83. doi:10.1001/jama.293.23.2873

53. Viner RM, Hsia Y, Neubert A, Wong IC. Rise in antiobesity drug prescribing
for children and adolescents in the UK: a population-based study. Br J Clin
Pharmacol (2009) 68(6):844–51. doi:10.1111/j.1365-2125.2009.03528.x

54. Willemen MJ, Mantel-Teeuwisse AK, M Straus SMJ, Leufkens HG, Egberts
AC, M Sturkenboom MCJ. Cardiovascular and psychiatric risk profile and patterns
of use in patients starting anti-obesity drugs. Pharmacoepidemiol Drug Saf (2009)
18(7):631–8. doi:10.1002/pds.1759

55. McDuffie JR, Calis KA, Booth SL, Uwaifo GI, Yanovski JA. Effects of orlistat
on fat-soluble vitamins in obese adolescents. Pharmacotherapy (2002) 22(7):
814–22. doi:10.1592/phco.22.11.814.33627

56. Freemark M. Pharmacotherapy of childhood obesity: an evidence-based,
conceptual approach. Diabetes Care (2007) 30(2):395–402. doi:10.2337/dc06-1569

57. Kelly AS, Bensignor MO, Hsia DS, Shoemaker AH, Shih W, Peterson C, et al.
Phentermine/topiramate for the treatment of adolescent obesity. NEJM Evid (2022)
1(6). doi:10.1056/evidoa2200014

58. Gadde KM, Allison DB, Ryan DH, Peterson CA, Troupin B, Schwiers ML,
et al. Effects of low-dose, controlled-release, phentermine plus topiramate
combination on weight and associated comorbidities in overweight and obese
adults (CONQUER): a randomised, placebo-controlled, phase 3 trial. The Lancet
(2011) 377(9774):1341–52. doi:10.1016/S0140-6736(11)60205-5

59. Kelly AS. Current and future pharmacotherapies for obesity in children and
adolescents. Nat Rev Endocrinol (2023) 19(9):534–41. doi:10.1038/s41574-023-
00858-9

Journal of Pharmacy & Pharmaceutical Sciences
Published by Frontiers

Canadian Society for Pharmaceutical Sciences08

Son 10.3389/jpps.2024.12861

https://doi.org/10.1210/jc.2016-2574
https://doi.org/10.1016/S2214-109X(23)00092-X
https://doi.org/10.1089/chi.2014.0117
https://doi.org/10.7570/jomes.2019.28.4.225
https://doi.org/10.3746/pnf.2022.27.1.45
https://doi.org/10.1002/pam.21602
https://doi.org/10.1016/j.mehy.2019.109317
https://doi.org/10.1038/s41576-021-00414-z
https://doi.org/10.1093/ajcn/87.2.398
https://doi.org/10.1016/j.cell.2019.03.028
https://doi.org/10.1038/s42255-022-00549-1
https://doi.org/10.1159/000445061
https://doi.org/10.1038/ng2048
https://doi.org/10.1038/ijo.2008.174
https://doi.org/10.1038/ijo.2008.174
https://doi.org/10.1126/science.1141634
https://doi.org/10.1056/NEJMoa0803839
https://doi.org/10.1038/s42255-019-0095-y
https://doi.org/10.1038/509
https://doi.org/10.1038/43185
https://doi.org/10.1038/32911
https://doi.org/10.1038/2404
https://doi.org/10.1038/2407
https://doi.org/10.1093/hmg/ddv097
https://doi.org/10.1093/hmg/ddv097
https://doi.org/10.1093/aje/kwu237
https://doi.org/10.1172/JCI62696
https://doi.org/10.1016/j.cmet.2020.05.007
https://doi.org/10.1126/science.1233000
https://doi.org/10.1126/science.1233000
https://doi.org/10.1172/JCI68035
https://doi.org/10.1172/JCI68035
https://doi.org/10.1093/hmg/9.1.101
https://doi.org/10.1038/nature13138
https://doi.org/10.1056/NEJMoa1502214
https://doi.org/10.1126/science.abf1008
https://doi.org/10.1038/s42255-021-00382-y
https://doi.org/10.3389/fnins.2021.763856
https://doi.org/10.3389/fnins.2021.763856
https://doi.org/10.1038/s41366-022-01221-0
https://doi.org/10.1126/sciadv.abh4503
https://doi.org/10.1126/sciadv.abh4503
https://doi.org/10.1080/14740338.2018.1437143
https://doi.org/10.1080/14740338.2018.1437143
https://doi.org/10.1001/jama.2019.14725
https://doi.org/10.1001/jama.293.23.2873
https://doi.org/10.1111/j.1365-2125.2009.03528.x
https://doi.org/10.1002/pds.1759
https://doi.org/10.1592/phco.22.11.814.33627
https://doi.org/10.2337/dc06-1569
https://doi.org/10.1056/evidoa2200014
https://doi.org/10.1016/S0140-6736(11)60205-5
https://doi.org/10.1038/s41574-023-00858-9
https://doi.org/10.1038/s41574-023-00858-9
https://doi.org/10.3389/jpps.2024.12861


60. Johnson DB, Quick J Topiramate and phentermine. Treasure Island (FL):
StatPearls (2024).

61. Wabitsch M, Farooqi S, Fluck CE, Bratina N, Mallya UG, Stewart M, et al.
Natural history of obesity due to POMC, PCSK1, and LEPR deficiency and the
impact of setmelanotide. J Endocr Soc (2022) 6(6):bvac057. doi:10.1210/jendso/
bvac057

62. Markham A. Setmelanotide: first approval. Drugs (2021) 81(3):397–403.
doi:10.1007/s40265-021-01470-9

63. Clement K, Mosbah H, Poitou C. Rare genetic forms of obesity: from gene
to therapy. Physiol Behav (2020) 227:113134. doi:10.1016/j.physbeh.2020.
113134

64. Kuhnen P, Clement K, Wiegand S, Blankenstein O, Gottesdiener K,
Martini LL, et al. Proopiomelanocortin deficiency treated with a melanocortin-
4 receptor agonist. N Engl J Med (2016) 375(3):240–6. doi:10.1056/
NEJMoa1512693

65. Clement K, van den Akker E, Argente J, Bahm A, Chung WK, Connors H,
et al. Efficacy and safety of setmelanotide, an MC4R agonist, in individuals with
severe obesity due to LEPR or POMC deficiency: single-arm, open-label,
multicentre, phase 3 trials. Lancet Diabetes Endocrinol (2020) 8(12):960–70.
doi:10.1016/S2213-8587(20)30364-8

66. Hussain A, Farzam K Setmelanotide. Treasure Island (FL): StatPearls (2024).

67. Drucker DJ. GLP-1 physiology informs the pharmacotherapy of obesity. Mol
Metab (2022) 57:101351. doi:10.1016/j.molmet.2021.101351

68. Secher A, Jelsing J, Baquero AF, Hecksher-Sorensen J, Cowley MA, Dalboge
LS, et al. The arcuate nucleus mediates GLP-1 receptor agonist liraglutide-
dependent weight loss. J Clin Invest (2014) 124(10):4473–88. doi:10.1172/JCI75276

69. Drucker DJ, Habener JF, Holst JJ. Discovery, characterization, and clinical
development of the glucagon-like peptides. J Clin Invest (2017) 127(12):4217–27.
doi:10.1172/JCI97233

70. Gribble FM, Reimann F. Metabolic Messengers: glucagon-like peptide 1. Nat
Metab (2021) 3(2):142–8. doi:10.1038/s42255-020-00327-x

71. Iepsen EW, Have CT, Veedfald S, Madsbad S, Holst JJ, Grarup N, et al. GLP-1
receptor agonist treatment in morbid obesity and type 2 diabetes due to pathogenic
homozygous melanocortin-4 receptor mutation: a case report. Cel Rep Med (2020)
1(1):100006. doi:10.1016/j.xcrm.2020.100006

72. Iepsen EW, Zhang J, Thomsen HS, Hansen EL, Hollensted M, Madsbad S,
et al. Patients with obesity caused by melanocortin-4 receptor mutations can Be
treated with a glucagon-like peptide-1 receptor agonist. Cel Metab (2018) 28(1):
23–32 e3. doi:10.1016/j.cmet.2018.05.008

73. Wilding JPH, Batterham RL, Calanna S, Davies M, Van Gaal LF, Lingvay I,
et al. Once-Weekly semaglutide in adults with overweight or obesity. N Engl J Med
(2021) 384(11):989–1002. doi:10.1056/NEJMoa2032183

74. Pi-Sunyer X, Astrup A, Fujioka K, Greenway F, Halpern A, Krempf M, et al. A
randomized, controlled trial of 3.0 mg of liraglutide in weight management. N Engl
J Med (2015) 373(1):11–22. doi:10.1056/NEJMoa1411892

75. Kelly AS, Auerbach P, Barrientos-Perez M, Gies I, Hale PM,Marcus C, et al. A
randomized, controlled trial of liraglutide for adolescents with obesity.N Engl J Med
(2020) 382(22):2117–28. doi:10.1056/NEJMoa1916038

76. Danne T, Biester T, Kapitzke K, Jacobsen SH, Jacobsen LV, Petri KCC, et al.
Liraglutide in an adolescent population with obesity: a randomized, double-blind,
placebo-controlled 5-week trial to assess safety, tolerability, and pharmacokinetics
of liraglutide in adolescents aged 12-17 years. J Pediatr (2017) 181:146–53.e3.
doi:10.1016/j.jpeds.2016.10.076

77. Mastrandrea LD, Witten L, Carlsson Petri KC, Hale PM, Hedman HK,
Riesenberg RA. Liraglutide effects in a paediatric (7-11 y) population with obesity: a
randomized, double-blind, placebo-controlled, short-term trial to assess safety,
tolerability, pharmacokinetics, and pharmacodynamics. Pediatr Obes (2019) 14(5):
e12495. doi:10.1111/ijpo.12495

78. Alorfi NM, Alshehri FS. Usage of glucagon-like peptide-1 for obesity in
children; updated review of Clinicaltrials.gov. J Multidisciplinary Healthc (2023) 16:
2179–87. doi:10.2147/JMDH.S419245

79. Weghuber D, Barrett T, Barrientos-Perez M, Gies I, Hesse D, Jeppesen OK,
et al. Once-Weekly semaglutide in adolescents with obesity. N Engl J Med (2022)
387(24):2245–57. doi:10.1056/NEJMoa2208601

80. GarveyWT, Frias JP, Jastreboff AM, le Roux CW, Sattar N, Aizenberg D, et al.
Tirzepatide once weekly for the treatment of obesity in people with type 2 diabetes
(SURMOUNT-2): a double-blind, randomised, multicentre, placebo-controlled,
phase 3 trial. The Lancet (2023) 402(10402):613–26. doi:10.1016/S0140-6736(23)
01200-X

81. Jastreboff AM, Aronne LJ, Ahmad NN, Wharton S, Connery L, Alves B, et al.
Tirzepatide once weekly for the treatment of obesity. N Engl J Med (2022) 387(3):
205–16. doi:10.1056/NEJMoa2206038

82. Frias JP, Davies MJ, Rosenstock J, Perez Manghi FC, Fernandez Lando L,
Bergman BK, et al. Tirzepatide versus semaglutide once weekly in patients with type
2 diabetes. N Engl J Med (2021) 385(6):503–15. doi:10.1056/NEJMoa2107519

83. Azuri J, Hammerman A, Aboalhasan E, Sluckis B, Arbel R. Tirzepatide versus
semaglutide for weight loss in patients with type 2 diabetes mellitus: a value for
money analysis. Diabetes Obes Metab (2023) 25(4):961–4. doi:10.1111/dom.14940

84. Latif W, Lambrinos KJ, Rodriguez R Compare and contrast the glucagon-like
peptide-1 receptor agonists (GLP1RAs). Treasure Island (FL): StatPearls (2024).

85. Farzam K, Patel P Tirzepatide. Treasure Island (FL): StatPearls (2024).

86. Foretz M, Guigas B, Viollet B. Metformin: update on mechanisms of action
and repurposing potential. Nat Rev Endocrinol (2023) 19(8):460–76. doi:10.1038/
s41574-023-00833-4

87. TODAY Study Group, Zeitler P, Hirst K, Pyle L, Linder B, Copeland K, et al. A
clinical trial to maintain glycemic control in youth with type 2 diabetes. N Engl
J Med (2012) 366(24):2247–56. doi:10.1056/NEJMoa1109333

88. Stumvoll M, Nurjhan N, Perriello G, Dailey G, Gerich JE. Metabolic effects of
metformin in non-insulin-dependent diabetes mellitus.N Engl J Med (1995) 333(9):
550–4. doi:10.1056/NEJM199508313330903

89. DeFronzo RA, Goodman AM. Efficacy of metformin in patients with non-
insulin-dependent diabetes mellitus. N Engl J Med (1995) 333(9):541–9. doi:10.
1056/NEJM199508313330902

90. Seifarth C, Schehler B, Schneider HJ. Effectiveness of metformin on weight
loss in non-diabetic individuals with obesity. Exp Clin Endocrinol Diabetes (2012)
121(1):27–31. doi:10.1055/s-0032-1327734

91. The Diabetes Prevention Program Research Group. Long-term safety,
tolerability, and weight loss associated with metformin in the Diabetes
Prevention Program Outcomes Study. Diabetes Care (2012) 35(4):731–7. doi:10.
2337/dc11-1299

92. Bouza C, Lopez-Cuadrado T, Gutierrez-Torres LF, Amate J. Efficacy and
safety of metformin for treatment of overweight and obesity in adolescents: an
updated systematic review and meta-analysis. Obes Facts (2012) 5(5):753–65.
doi:10.1159/000345023

93. Masarwa R, Brunetti VC, Aloe S, Henderson M, Platt RW, Filion KB. Efficacy
and safety of metformin for obesity: a systematic review. Pediatrics (2021) 147(3):
e20201610. doi:10.1542/peds.2020-1610

94. Verduci E, Bronsky J, Embleton N, Gerasimidis K, Indrio F, Koglmeier J, et al.
Role of dietary factors, food habits, and lifestyle in childhood obesity development: a
position paper from the European society for paediatric gastroenterology,
hepatology and nutrition committee on nutrition. J Pediatr Gastroenterol Nutr
(2021) 72(5):769–83. doi:10.1097/MPG.0000000000003075

95. Paoli A, Bosco G, Camporesi EM, Mangar D. Ketosis, ketogenic diet and food
intake control: a complex relationship. Front Psychol (2015) 6:27. doi:10.3389/fpsyg.
2015.00027

96. Ludwig DS, Ebbeling CB. The carbohydrate-insulin model of obesity: beyond
"calories in, calories out. JAMA Intern Med (2018) 178(8):1098–103. doi:10.1001/
jamainternmed.2018.2933

97. Deemer SE, Plaisance EP, Martins C. Impact of ketosis on appetite regulation-
a review. Nutr Res (2020) 77:1–11. doi:10.1016/j.nutres.2020.02.010

98. Nelson AB, Queathem ED, Puchalska P, Crawford PA. Metabolic Messengers:
ketone bodies. Nat Metab (2023) 5(12):2062–74. doi:10.1038/s42255-023-00935-3

99. Crosby L, Davis B, Joshi S, Jardine M, Paul J, Neola M, et al. Ketogenic diets
and chronic disease: weighing the benefits against the risks. Front Nutr (2021) 8:
702802. doi:10.3389/fnut.2021.702802

100. Soni S, Tabatabaei Dakhili SA, Ussher JR, Dyck JRB. The therapeutic
potential of ketones in cardiometabolic disease: impact on heart and skeletal
muscle. Am J Physiology-Cell Physiol (2024) 326(2):C551–C566. doi:10.1152/
ajpcell.00501.2023

101. Favret J, Wood CT, Maradiaga Panayotti GM. Ketogenic diet as an advanced
option for the management of pediatric obesity. Curr Opin Endocrinol Diabetes
Obes (2021) 28(5):488–95. doi:10.1097/MED.0000000000000661

102. Kwiterovich Jr PO, Vining EP, Pyzik P, Skolasky R, Freeman JM. Effect of a
high-fat ketogenic diet on plasma levels of lipids, lipoproteins, and apolipoproteins
in children. JAMA (2003) 290(7):912–20. doi:10.1001/jama.290.7.912

103. Chawla S, Tessarolo Silva F, Amaral Medeiros S, Mekary RA, Radenkovic D.
The effect of low-fat and low-carbohydrate diets on weight loss and lipid levels: a
systematic review and meta-analysis. Nutrients (2020) 12(12):3774. doi:10.3390/
nu12123774

104. Leow ZZX, Guelfi KJ, Davis EA, Jones TW, Fournier PA. The glycaemic
benefits of a very-low-carbohydrate ketogenic diet in adults with Type 1 diabetes
mellitus may be opposed by increased hypoglycaemia risk and dyslipidaemia.
Diabet Med (2018) 35:1258–63. doi:10.1111/dme.13663

Journal of Pharmacy & Pharmaceutical Sciences
Published by Frontiers

Canadian Society for Pharmaceutical Sciences09

Son 10.3389/jpps.2024.12861

https://doi.org/10.1210/jendso/bvac057
https://doi.org/10.1210/jendso/bvac057
https://doi.org/10.1007/s40265-021-01470-9
https://doi.org/10.1016/j.physbeh.2020.113134
https://doi.org/10.1016/j.physbeh.2020.113134
https://doi.org/10.1056/NEJMoa1512693
https://doi.org/10.1056/NEJMoa1512693
https://doi.org/10.1016/S2213-8587(20)30364-8
https://doi.org/10.1016/j.molmet.2021.101351
https://doi.org/10.1172/JCI75276
https://doi.org/10.1172/JCI97233
https://doi.org/10.1038/s42255-020-00327-x
https://doi.org/10.1016/j.xcrm.2020.100006
https://doi.org/10.1016/j.cmet.2018.05.008
https://doi.org/10.1056/NEJMoa2032183
https://doi.org/10.1056/NEJMoa1411892
https://doi.org/10.1056/NEJMoa1916038
https://doi.org/10.1016/j.jpeds.2016.10.076
https://doi.org/10.1111/ijpo.12495
https://doi.org/10.2147/JMDH.S419245
https://doi.org/10.1056/NEJMoa2208601
https://doi.org/10.1016/S0140-6736(23)01200-X
https://doi.org/10.1016/S0140-6736(23)01200-X
https://doi.org/10.1056/NEJMoa2206038
https://doi.org/10.1056/NEJMoa2107519
https://doi.org/10.1111/dom.14940
https://doi.org/10.1038/s41574-023-00833-4
https://doi.org/10.1038/s41574-023-00833-4
https://doi.org/10.1056/NEJMoa1109333
https://doi.org/10.1056/NEJM199508313330903
https://doi.org/10.1056/NEJM199508313330902
https://doi.org/10.1056/NEJM199508313330902
https://doi.org/10.1055/s-0032-1327734
https://doi.org/10.2337/dc11-1299
https://doi.org/10.2337/dc11-1299
https://doi.org/10.1159/000345023
https://doi.org/10.1542/peds.2020-1610
https://doi.org/10.1097/MPG.0000000000003075
https://doi.org/10.3389/fpsyg.2015.00027
https://doi.org/10.3389/fpsyg.2015.00027
https://doi.org/10.1001/jamainternmed.2018.2933
https://doi.org/10.1001/jamainternmed.2018.2933
https://doi.org/10.1016/j.nutres.2020.02.010
https://doi.org/10.1038/s42255-023-00935-3
https://doi.org/10.3389/fnut.2021.702802
https://doi.org/10.1152/ajpcell.00501.2023
https://doi.org/10.1152/ajpcell.00501.2023
https://doi.org/10.1097/MED.0000000000000661
https://doi.org/10.1001/jama.290.7.912
https://doi.org/10.3390/nu12123774
https://doi.org/10.3390/nu12123774
https://doi.org/10.1111/dme.13663
https://doi.org/10.3389/jpps.2024.12861


105. Cai QY, Zhou ZJ, Luo R, Gan J, Li SP, Mu DZ, et al. Safety and tolerability of
the ketogenic diet used for the treatment of refractory childhood epilepsy: a
systematic review of published prospective studies. World J Pediatr (2017)
13(6):528–36. doi:10.1007/s12519-017-0053-2

106. Wells J, Swaminathan A, Paseka J, Hanson C. Efficacy and safety of a
ketogenic diet in children and adolescents with refractory epilepsy-A review.
Nutrients (2020) 12(6):1809. doi:10.3390/nu12061809

107. Lee JH, Verma N, Thakkar N, Yeung C, Sung HK. Intermittent fasting:
physiological implications on outcomes in mice and men. Physiology (Bethesda)
(2020) 35(3):185–95. doi:10.1152/physiol.00030.2019

108. Manoogian ENC, Chow LS, Taub PR, Laferrere B, Panda S. Time-restricted
eating for the prevention and management of metabolic diseases. Endocr Rev (2022)
43(2):405–36. doi:10.1210/endrev/bnab027

109. Mishra A, Mirzaei H, Guidi N, Vinciguerra M, Mouton A, Linardic M, et al.
Fasting-mimicking diet prevents high-fat diet effect on cardiometabolic risk and
lifespan. Nat Metab (2021) 3(10):1342–56. doi:10.1038/s42255-021-00469-6

110. Kim KH, Kim YH, Son JE, Lee JH, Kim S, ChoeMS, et al. Intermittent fasting
promotes adipose thermogenesis and metabolic homeostasis via VEGF-mediated
alternative activation of macrophage. Cell Res (2017) 27(11):1309–26. doi:10.1038/
cr.2017.126

111. Longo VD, Mattson MP. Fasting: molecular mechanisms and clinical
applications. Cel Metab (2014) 19(2):181–92. doi:10.1016/j.cmet.2013.12.008

112. Wilkinson MJ, Manoogian ENC, Zadourian A, Lo H, Fakhouri S, Shoghi A,
et al. Ten-hour time-restricted eating reduces weight, blood pressure, and
atherogenic lipids in patients with metabolic syndrome. Cel Metab (2020) 31(1):
92–104 e5. doi:10.1016/j.cmet.2019.11.004

113. Liu K, Liu B, Wittert GA, Thompson CH, Hutchison AT, Heilbronn LK.
Intermittent fasting increases growth differentiation factor 15 in females with
overweight or obesity but not associated with food intake. Obes Res Clin Pract
(2023) 17(1):91–3. doi:10.1016/j.orcp.2022.12.001

114. Varady KA, Cienfuegos S, Ezpeleta M, Gabel K. Clinical application of
intermittent fasting for weight loss: progress and future directions. Nat Rev
Endocrinol (2022) 18(5):309–21. doi:10.1038/s41574-022-00638-x

115. Tucker JM, Siegel R, Murray PJ, Han JC, Boyer K, Reed N, et al. Acceptability
of time-limited eating in pediatric weight management. Front Endocrinol
(Lausanne) (2022) 13:811489. doi:10.3389/fendo.2022.811489

116. Vidmar AP, Goran MI, Raymond JK. Time-limited eating in pediatric
patients with obesity: a case series. J Food Sci Nutr Res (2019) 2(3):236–44. doi:10.
26502/jfsnr.2642-11000022

117. Vidmar AP, Naguib M, Raymond JK, Salvy SJ, Hegedus E, Wee CP, et al.
Time-limited eating and continuous glucose monitoring in adolescents with
obesity: a pilot study. Nutrients (2021) 13(11):3697. doi:10.3390/nu13113697

118. Jebeile H, Gow ML, Lister NB, Mosalman Haghighi M, Ayer J, Cowell CT,
et al. Intermittent energy restriction is a feasible, effective, and acceptable
intervention to treat adolescents with obesity. J Nutr (2019) 149(7):1189–97.
doi:10.1093/jn/nxz049

119. Fiore G, Pascuzzi MC, Di Profio E, Corsello A, Agostinelli M, La Mendola A,
et al. Bioactive compounds in childhood obesity and associated metabolic
complications: current evidence, controversies and perspectives. Pharmacol Res
(2023) 187:106599. doi:10.1016/j.phrs.2022.106599

120. Delpino FM, Figueiredo LM, da Silva BGC. Effects of omega-3
supplementation on body weight and body fat mass: a systematic review. Clin
Nutr ESPEN (2021) 44:122–9. doi:10.1016/j.clnesp.2021.04.023

121. Lopez-Alarcon M, Martinez-Coronado A, Velarde-Castro O, Rendon-
Macias E, Fernandez J. Supplementation of n3 long-chain polyunsaturated fatty
acid synergistically decreases insulin resistance with weight loss of obese
prepubertal and pubertal children. Arch Med Res (2011) 42(6):502–8. doi:10.
1016/j.arcmed.2011.06.010

122. Svensson V, Johansson E, Fischer M, Deng SL, Hagstromer M, Danielsson P.
Omega-3 fatty acids does not affect physical activity and body weight in primary
school children - a double-blind randomized placebo-controlled trial. Sci Rep
(2018) 8(1):12725. doi:10.1038/s41598-018-31229-4

123. Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease.
Nat Rev Microbiol (2021) 19(1):55–71. doi:10.1038/s41579-020-0433-9

124. Wang W, Yan Y, Yu F, Zhang W, Su S. Role of oral and gut microbiota in
childhood obesity. Folia Microbiol (Praha) (2023) 68(2):197–206. doi:10.1007/
s12223-023-01033-3

125. Pihl AF, Fonvig CE, Stjernholm T, Hansen T, Pedersen O, Holm JC. The role
of the gut microbiota in childhood obesity. Child Obes (2016) 12(4):292–9. doi:10.
1089/chi.2015.0220

126. Sanchez M, Panahi S, Tremblay A. Childhood obesity: a role for gut
microbiota? Int J Environ Res Public Health (2014) 12(1):162–75. doi:10.3390/
ijerph120100162

127. Salam RA, Padhani ZA, Das JK, Shaikh AY, Hoodbhoy Z, Jeelani SM, et al.
Effects of lifestyle modification interventions to prevent and manage child and
adolescent obesity: a systematic review and meta-analysis. Nutrients (2020) 12(8):
2208. doi:10.3390/nu12082208

128. Bulbul S. Exercise in the treatment of childhood obesity. Turk Pediatri Ars
(2020) 55(1):2–10. doi:10.14744/TurkPediatriArs.2019.60430

129. Herouvi D, Paltoglou G, Soldatou A, Kalpia C, Karanasios S, Karavanaki K.
Lifestyle and pharmacological interventions and treatment indications for the
management of obesity in children and adolescents. Children (Basel) (2023)
10(7):1230. doi:10.3390/children10071230

130. Headid III RJ, Park SY. The impacts of exercise on pediatric obesity. Clin Exp
Pediatr (2021) 64(5):196–207. doi:10.3345/cep.2020.00997

131. Ahn SM. Current issues in bariatric surgery for adolescents with severe
obesity: durability, complications, and timing of intervention. J Obes Metab Syndr
(2020) 29(1):4–11. doi:10.7570/jomes19073

132. Fox CK, Kelly AS, Reilly JL, Theis-Mahon N, Raatz SJ. Current and future
state of pharmacological management of pediatric obesity. Int J Obes (Lond) (2024).
doi:10.1038/s41366-024-01465-y

133. Alqahtani AR, Elahmedi M, Abdurabu HY, Alqahtani S. Ten-year outcomes
of children and adolescents who underwent sleeve gastrectomy: weight loss,
comorbidity resolution, adverse events, and growth velocity. J Am Coll Surgeons
(2021) 233(6):657–64. doi:10.1016/j.jamcollsurg.2021.08.678

134. Elkhoury D, Elkhoury C, Gorantla VR. Improving access to child and
adolescent weight loss surgery: a review of updated national and international
practice guidelines. Cureus (2023) 15(4):e38117. doi:10.7759/cureus.38117

135. Pietrocola F, Pol J, Vacchelli E, Rao S, Enot DP, Baracco EE, et al. Caloric
restriction mimetics enhance anticancer immunosurveillance. Cancer Cell (2016)
30(1):147–60. doi:10.1016/j.ccell.2016.05.016

136. Czepiel KS, Perez NP, Campoverde Reyes KJ, Sabharwal S, Stanford FC.
Pharmacotherapy for the treatment of overweight and obesity in children,
adolescents, and young adults in a large health system in the US. Front
Endocrinol (Lausanne) (2020) 11:290. doi:10.3389/fendo.2020.00290

137. Choi SW, Mak TS, O’Reilly PF. Tutorial: a guide to performing polygenic
risk score analyses. Nat Protoc (2020) 15(9):2759–72. doi:10.1038/s41596-020-
0353-1

138. Torkamani A, Wineinger NE, Topol EJ. The personal and clinical utility of
polygenic risk scores. Nat Rev Genet (2018) 19(9):581–90. doi:10.1038/s41576-018-
0018-x

139. Torkamani A, Topol E. Polygenic risk scores expand to obesity. Cell (2019)
177(3):518–20. doi:10.1016/j.cell.2019.03.051

140. Markovic-Jovanovic SR, Stolic RV, Jovanovic AN. The reliability of
body mass index in the diagnosis of obesity and metabolic risk in children.
J Pediatr Endocrinol Metab : JPEM (2015) 28(5-6):515–23. doi:10.1515/jpem-
2014-0389

141. Vanderwall C, Randall Clark R, Eickhoff J, Carrel AL. BMI is a poor predictor
of adiposity in young overweight and obese children. BMC Pediatr (2017) 17(1):135.
doi:10.1186/s12887-017-0891-z

142. Alfano R, Robinson O, Handakas E, Nawrot TS, Vineis P, Plusquin M.
Perspectives and challenges of epigenetic determinants of childhood obesity: a
systematic review. Obes Rev (2022) 23(Suppl. 1):e13389. doi:10.1111/obr.13389

143. Wu FY, Yin RX. Recent progress in epigenetics of obesity. Diabetol Metab
Syndr (2022) 14(1):171. doi:10.1186/s13098-022-00947-1

144. Matsumura Y, Wei FY, Sakai J. Epitranscriptomics in metabolic disease. Nat
Metab (2023) 5(3):370–84. doi:10.1038/s42255-023-00764-4

Journal of Pharmacy & Pharmaceutical Sciences
Published by Frontiers

Canadian Society for Pharmaceutical Sciences10

Son 10.3389/jpps.2024.12861

https://doi.org/10.1007/s12519-017-0053-2
https://doi.org/10.3390/nu12061809
https://doi.org/10.1152/physiol.00030.2019
https://doi.org/10.1210/endrev/bnab027
https://doi.org/10.1038/s42255-021-00469-6
https://doi.org/10.1038/cr.2017.126
https://doi.org/10.1038/cr.2017.126
https://doi.org/10.1016/j.cmet.2013.12.008
https://doi.org/10.1016/j.cmet.2019.11.004
https://doi.org/10.1016/j.orcp.2022.12.001
https://doi.org/10.1038/s41574-022-00638-x
https://doi.org/10.3389/fendo.2022.811489
https://doi.org/10.26502/jfsnr.2642-11000022
https://doi.org/10.26502/jfsnr.2642-11000022
https://doi.org/10.3390/nu13113697
https://doi.org/10.1093/jn/nxz049
https://doi.org/10.1016/j.phrs.2022.106599
https://doi.org/10.1016/j.clnesp.2021.04.023
https://doi.org/10.1016/j.arcmed.2011.06.010
https://doi.org/10.1016/j.arcmed.2011.06.010
https://doi.org/10.1038/s41598-018-31229-4
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1007/s12223-023-01033-3
https://doi.org/10.1007/s12223-023-01033-3
https://doi.org/10.1089/chi.2015.0220
https://doi.org/10.1089/chi.2015.0220
https://doi.org/10.3390/ijerph120100162
https://doi.org/10.3390/ijerph120100162
https://doi.org/10.3390/nu12082208
https://doi.org/10.14744/TurkPediatriArs.2019.60430
https://doi.org/10.3390/children10071230
https://doi.org/10.3345/cep.2020.00997
https://doi.org/10.7570/jomes19073
https://doi.org/10.1038/s41366-024-01465-y
https://doi.org/10.1016/j.jamcollsurg.2021.08.678
https://doi.org/10.7759/cureus.38117
https://doi.org/10.1016/j.ccell.2016.05.016
https://doi.org/10.3389/fendo.2020.00290
https://doi.org/10.1038/s41596-020-0353-1
https://doi.org/10.1038/s41596-020-0353-1
https://doi.org/10.1038/s41576-018-0018-x
https://doi.org/10.1038/s41576-018-0018-x
https://doi.org/10.1016/j.cell.2019.03.051
https://doi.org/10.1515/jpem-2014-0389
https://doi.org/10.1515/jpem-2014-0389
https://doi.org/10.1186/s12887-017-0891-z
https://doi.org/10.1111/obr.13389
https://doi.org/10.1186/s13098-022-00947-1
https://doi.org/10.1038/s42255-023-00764-4
https://doi.org/10.3389/jpps.2024.12861

	Genetics, pharmacotherapy, and dietary interventions in childhood obesity
	Introduction
	Genetic factors in childhood obesity
	Pharmacotherapy in childhood obesity
	Classical pharmacotherapy: orlistat and phentermine
	Innovative pharmacotherapy: GLP-1 receptor agonists
	Off-label medications

	Dietary interventions in childhood obesity
	Ketogenic diet
	Fasting-based interventions
	Dietary supplements

	Other approaches
	Discussion
	Author contributions
	Funding
	Conflict of interest
	References


