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Childhood stunting is a condition resulting from chronic malnutrition affecting 
millions globally, with lasting consequences for growth, cognition, and productiv-
ity. This review explores the molecular mechanisms underlying stunting, focusing 
on evidence obtained from systems biology to uncover biochemical pathways 
and potential biomarkers for early detection and targeted interventions. Key find-
ings highlight the role of disrupted pathways such as the mechanistic target of 
rapamycin (mTOR) signaling, the tryptophan-kynurenine pathway, one-carbon 
metabolism, and chronic inflammation associated with environmental enteric 
dysfunction and dysbiosis of the gut microbiome. These insights emphasize the 
multifactorial nature of stunting, influenced by nutrition, infections, socioeco-
nomic and maternal factors. Integrating systems biology to support public health 
strategies may provide avenues for precision nutrition-driven interventions that 
address specific deficiencies and systemic biochemical disturbances.

KEYWORDS

metabolomics, microbiome, mTOR, nutrition, stunting, systems biology

TYPE  Review
PUBLISHED  25 February 2026
DOI  10.3389/fnut.2026.1761376

OPEN ACCESS

EDITED BY

Li Hong,  
Shanghai Children's Medical Center, 
China

REVIEWED BY

Siddharth Singh,  
Indian Institute of Technology Indore, 
India
Sylvia Becker-Dreps,  
University of North Carolina at Chapel 
Hill, United States

*CORRESPONDENCE

Genevieve Dable-Tupas  
 gentupas@dmsf.edu.ph  

Gerard Bryan Gonzales  
 Bryan.Gonzales@Ugent.be

RECEIVED 05 December 2025
REVISED 28 January 2026
ACCEPTED 04 February 2026
PUBLISHED 25 February 2026

CITATION

​Dable-Tupas G, Maraon ABA, 
Bernolo LJL, Toñacao NGF, 
Taylaran ADM, Plata MAC, Alcano JC, 
Björvang RD, Zain SM, Kobayashi V, 
Arefayine MB, Toni AT, Nacis JS and 
Gonzales GB (2026) Systems biology 
insights into the molecular drivers of 
childhood stunting and implications for 
intervention.
Front. Nutr. 13:1761376.
doi: 10.3389/fnut.2026.1761376

COPYRIGHT

© 2026 Dable-Tupas, Maraon, Bernolo, 
Toñacao, Taylaran, Plata, Alcano, 
Björvang, Zain, Kobayashi, Arefayine, 
Toni, Nacis and Gonzales. This is an 
open-access article distributed under 
the terms of the Creative Commons 
Attribution License (CC BY). The use, 
distribution or reproduction in other 
forums is permitted, provided the 
original author(s) and the copyright 
owner(s) are credited and that the 
original publication in this journal is 
cited, in accordance with accepted 
academic practice. No use, distribution 
or reproduction is permitted which does 
not comply with these terms.

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2026.1761376&domain=pdf&date_stamp=2026-02-25
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/articles/10.3389/fnut.2026.1761376/full
https://www.frontiersin.org/articles/10.3389/fnut.2026.1761376/full
https://www.frontiersin.org/articles/10.3389/fnut.2026.1761376/full
https://www.frontiersin.org/articles/10.3389/fnut.2026.1761376/full
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2026.1761376
mailto:gentupas@dmsf.edu.ph
mailto:Bryan.Gonzales@Ugent.be
https://doi.org/10.3389/fnut.2026.1761376
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Dable-Tupas et al.� 10.3389/fnut.2026.1761376

Frontiers in Nutrition 02 frontiersin.org

Introduction

Childhood stunting is a condition caused by chronic malnutrition 
which remains a pressing public health issue particularly in low and 
middle-income countries. It is clinically defined as a height-for-age 
z-score (HAZ) of less than −2 standard deviation below the global 
median, as established by the World Health Organization (WHO) (1). 
Stunting often starts with inadequate weight gain, known as weight 
faltering. If not properly addressed, this can slow down linear growth 
over time as the body tries to preserve essential functions by prioritiz-
ing basic survival over growth. As a result, height suffers, leading to 
stunting (2). Apart from directly affecting growth, the consequences 
of stunting extend far beyond childhood, leading to impaired cogni-
tive and physical development, decreased productivity in adulthood, 
poor health, and an increased risk of chronic diseases such as diabetes, 
hypertension, obesity, and metabolic syndrome (1, 3, 4).

Over the past three decades, the prevalence of childhood stunting 
has declined significantly, from 40% in 1990 to 33% (204 million chil-
dren) in 2000 and further to 22% (148 million) in 2022 (5, 6). This 
progress is largely attributed to economic growth, poverty alleviation, 
targeted nutrition programs, improved water, sanitation, and hygiene 
(WASH) initiatives, and increased investments in early childhood 
development (7–9). If the downward trend continues, the number of 
affected children under five is projected to reach 127 million by 2025. 
However, this figure remains above the World Health Assembly’s 
target of 100 million by 2025 (3) and the goal of reducing global stunt-
ing prevalence to 13% by 2030 (10). Despite overall progress, dispari-
ties persist, with nearly 95% of stunted children in 2022 living in Asia 
(52%) and Africa (43%) (11).

The global community continues to prioritize stunting reduction, 
as demonstrated by the World Health Assembly’s nutrition targets and 
the inclusion of stunting prevention in the Sustainable Development 
Goals (SDGs) (3, 12, 13). However, progress remains uneven, particu-
larly in low and lower-middle-income countries, where stunting rates 
remain high at 31% in Africa (14) and between 28 and 45% in South 
Asia (10).

To fully achieve global nutrition targets, sustained and intensified 
efforts are essential. While research has primarily focused on nutrition 
and socioeconomic determinants, molecular-level insights into stunt-
ing remain limited. A better understanding of the molecular mecha-
nisms underlying stunting could pave the way for innovative 
interventions to reduce its prevalence and long-term consequences. 
This review aims to examine and synthesize the determinants of stunt-
ing in children under 5 years old, especially on the molecular perspec-
tives derived from systems biology research.

Methodology

This review provides a comprehensive synthesis of contemporary 
literature examining the molecular and metabolic mechanisms under-
lying childhood stunting, with particular emphasis on systems biol-
ogy–derived insights. The scope of the review encompasses key 
biological pathways implicated in growth faltering, including nutrient-
sensing signaling (e.g., mTOR), amino acid metabolism, the trypto-
phan–kynurenine pathway, one-carbon metabolism, inflammation, 
and their interactions with maternal, environmental, and nutritional 
factors influencing linear growth and long-term health outcomes.

To ensure consistency and transparency, a structured literature 
search approach was applied across multiple databases, including 

PubMed, Scopus, Web of Science, and Google Scholar. For PubMed, 
Scopus, and Web of Science, search strategies employed combinations 
of keywords and Boolean operators such as “childhood stunting,” 
“linear growth faltering,” “systems biology,” “metabolomics,” “mTOR 
signaling,” “tryptophan-kynurenine pathway,” “one-carbon metabo-
lism,” “amino acid deficiency,” “inflammation,” and “environmental 
enteric dysfunction.” Titles, abstracts, and keywords were initially 
screened for relevance, followed by full-text review of articles deemed 
pertinent to the objectives of this review.

For Google Scholar, the same search terms were used; however, 
due to limited filtering capabilities, search results were manually 
screened based on relevance, study quality, and publication date. 
Priority was given to peer-reviewed human studies, including obser-
vational studies, cohort studies, clinical trials, and relevant narrative 
or systematic reviews, with particular focus on children under 5 years 
of age and maternal–child dyads.

The literature included in this review primarily spans publications 
from 2000 to 2025, with earlier seminal studies incorporated where 
necessary to provide historical or mechanistic context. Collectively, 
this approach enabled a balanced and integrative evaluation of current 
evidence linking molecular dysregulation to childhood stunting, while 
acknowledging the predominantly associative nature of much of the 
existing data.

Contributors and consequences to stunting

Stunting is caused by a complex interaction of biological, socio-
economic, and environmental factors, with maternal health playing a 
key role. Teenage pregnancy and maternal malnutrition are linked to 
low birth weight and intrauterine growth restriction (IUGR), which 
significantly increase the risk of stunting in early childhood (15–18). 
Male children are biologically more susceptible due to greater energy 
needs and weaker immune systems (19–21). Children born small for 
gestational age also face higher risks of infections and poor catch-up 
growth (22–24).

Furthermore, socioeconomic factors like low parental education 
limits knowledge of appropriate nutrition, childcare practices, and 
timely healthcare utilization (25). Inadequate infant feeding practices 
such as delayed breastfeeding initiation, lack of exclusive breastfeed-
ing, and poor-quality complementary feeding further contribute to 
growth faltering by increasing infection risk and failing to meet chil-
dren’s energy and micronutrient requirements (26). Consequently, 
deficiencies in essential micronutrients and amino acids during criti-
cal periods, particularly the first 1,000 days of life, impair growth, 
immune function, and cognitive development (27, 28). Additionally, 
environmental exposures, including poor water quality, pollutants, 
and recurrent infections, also impair nutrient absorption and increase 
vulnerability to stunting (29–31).

The consequences of stunting are long-lasting and multifaceted, 
affecting cognitive, educational, economic, and health outcomes. 
Several studies revealed that stunted children exhibit delays in brain 
development, learning, and academic achievement, making them 22% 
more likely not to complete secondary education (32–34). These 
developmental setbacks reduce employment opportunities and 
income, with stunted adults earning on average 20% less than their 
non-stunted peers (35, 36). Families of stunted children also face 
increased healthcare costs and economic strain (4). On a societal level, 
stunting diminishes national productivity and economic growth (37, 
38). Health-wise, early nutritional deficits alter organ development 
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and metabolic programming, predisposing stunted individuals to 
chronic diseases such as diabetes, obesity, and hypertension later in 
life (4, 39, 40).

Interventions against stunting

Several studies have explored interventions aimed at reducing 
childhood stunting with varying results. For instance, interventions 
such as specialized foods, cash transfers, and behavioral change have 
shown some level of success in certain regions (41), however these 
approaches are inconsistent and often fail to address the underlying 
biological processes that result in stunting. Moreover, traditional 
methods like micronutrient supplementation alone (42) have not con-
sistently yielded the desired outcomes, and food-based interventions 
have been limited to improving linear growth without addressing 
other key outcomes like wasting and poor weight gain (43). Even 
decades of implementing both nutrition-sensitive and nutrition-spe-
cific interventions among rural Gambian children which reduced 
undernutrition into half, a significant portion (30%) of growth falter-
ing still persists (44, 45).

Furthermore, a systematic review from Ethiopia revealed that 
two-thirds of the interventions had no measurable effect on stunting 
(46). These inconsistencies highlight a gap in our understanding of the 
multifactorial and complex nature of stunting, which is influenced by 
a combination of factors such as nutritional deficiencies, recurrent 
infections, socioeconomic conditions, and maternal health. The per-
sistence of stunting despite interventions points to the need for a 
deeper exploration of these interconnected factors and their contribu-
tion to its etiology.

To address these limitations, there is a need to improve under-
standing in the pathophysiologic mechanisms of stunting. Advanced 
techniques such as omics technologies offer the potential to identify 
molecular markers that signal underlying malnutrition, inflammation, 
or other disruptions in growth pathways.

Emergence of systems biology in 
understanding childhood stunting

Traditional approaches to studying stunting have focused on indi-
vidual factors such as malnutrition, infections, and socioeconomic 
conditions. However, these often fail to capture the complex, multifac-
torial nature of the condition. The emergence of systems biology has 
provided a transformative approach, integrating multiple biological, 
environmental, and social determinants to offer a more holistic under-
standing of the pathophysiology of stunting.

Systems biology is an interdisciplinary field that employs compu-
tational and mathematical modeling to analyze biological systems as 
a whole, rather than in isolated parts (47). In the context of childhood 
stunting, this approach allows researchers to examine how various 
factors including genetics, microbiome composition, immune 
responses, metabolic pathways, and environmental influences, interact 
to contribute to impaired growth (48). High-throughput omics tech-
nologies such as genomics, transcriptomics, proteomics, and metabo-
lomics help to uncover novel biomarkers and mechanistic pathways 
that underlie stunting (49).

In particular, metabolomics plays a crucial role in systems biology 
by providing a comprehensive understanding of metabolic perturba-
tions and their connections to genetic, environmental, and pathologi-
cal factors. Utilizing advanced analytical tools like mass spectrometry 

and nuclear magnetic resonance, metabolomics enables precise 
metabolite profiling, bridging genotype and phenotype to decode 
complex biochemical networks (50). Its integration with other omics 
fields, such as genomics and proteomics, enhances our ability to study 
metabolism in diverse contexts, including nutrition and disease. 
Through these applications, metabolomics strengthens systems biol-
ogy by offering dynamic insights into metabolic regulation and health 
outcomes (51).

Furthermore, systems biology has facilitated the development of 
predictive models and personalized interventions for childhood stunt-
ing. By integrating large datasets from diverse populations, machine 
learning algorithms can identify risk factors and predict stunting tra-
jectories based on early-life exposures (52, 53). This predictive capa-
bility enables targeted nutritional and therapeutic interventions, 
optimizing outcomes for at-risk children. Additionally, systems-based 
interventions, such as microbiome-targeted therapies (e.g., probiotics, 
prebiotics, and microbiota-directed complementary foods), are being 
explored as potential strategies to mitigate the impact of stunting (54).

Systems biology has deepened our understanding of childhood 
stunting by moving beyond single-factor explanations to a more inte-
grative framework that considers the complex interplay between 
genetic, microbial, immune, and metabolic factors, albeit many gaps 
in our knowledge exist especially in translating these findings into 
effective and scalable interventions.

Major pathophysiologic mechanisms 
and biomarkers implicated in stunting

Perturbation in the mechanistic target of 
rapamycin complex (mTORC) pathway

The mTOR pathway is a central regulator of cell growth and 
metabolism, integrating signals from nutrients, energy status, and 
growth factors. It comprises two complexes: mTORC1 and mTORC2. 
mTORC1 is sensitive to nutrient levels, especially amino acids, and 
regulates protein and lipid synthesis, while mTORC2 governs cyto-
skeletal organization and survival (55, 56).

Amino acids, particularly leucine, are key activators of mTORC1, 
promoting protein synthesis by phosphorylating downstream targets 
such as S6K1 and 4E-BP1 (57, 58). Other amino acids like glutamine, 
arginine, and tryptophan also modulate mTORC1 signaling (59, 60). 
Disruptions in this signaling cascade have been linked to stunting. 
Studies in Malawi, Indonesia, and Bangladesh have consistently shown 
that stunted children have lower circulating levels of essential (e.g., 
leucine, histidine, methionine) and conditionally essential amino 
acids (e.g., arginine, glutamine), along with altered lipid metabolites 
(61–63). This amino acid deficiency likely impairs mTORC1 activity, 
thereby limiting protein synthesis and growth. In low nutrient condi-
tions, mTORC1 becomes inactive, triggering autophagy to recycle 
cellular components for survival (64, 65). However, even with suffi-
cient energy and growth factors, mTORC1 cannot function effectively 
without adequate amino acids (66).

Growth factors such as insulin growth factor 1 (IGF-1) and leptin 
further modulate mTORC1 through the PI3K/Akt pathway. IGF-1 
deficiency has been correlated with stunting in several studies from 
Bangladesh, Malawi, and Burkina Faso, suggesting long-term 
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endocrine alterations due to early malnutrition (67–69). Another 
critical hormone, fibroblast growth factor 21 (FGF21), modulates the 
AMPK-sirtuin-mTOR axis and responds to protein restriction. High 
baseline FGF21 levels in Bangladeshi children were predictive of 
better growth outcomes following nutritional supplementation, high-
lighting its potential as a biomarker for intervention responsive-
ness (70).

Energy status also plays a critical role in mTORC1 regulation. 
AMP-activated protein kinase (AMPK), a key energy sensor, inhibits 
mTORC1 during energy scarcity to conserve resources. Dietary stud-
ies in Egypt, Indonesia, and the Philippines reveal that stunted chil-
dren often consume insufficient energy and protein, which may 
contribute to mTORC1 suppression (71–73).

mTORC2, while less well-characterized, also contributes to 
growth regulation. It is activated by insulin, IGF-1, and leptin via PI3K 
signaling and plays a role in cytoskeletal dynamics and lipid metabo-
lism (74, 75). mTORC2 indirectly enhances mTORC1 activity via Akt-
mediated phosphorylation of tuberous sclerosis complex 2 (TSC2) 
and other downstream targets like PI3KC2-β (76, 77). Thus, inhibition 
of mTORC2 can secondarily impair mTORC1, compounding growth 
deficits (78). These mechanisms are depicted in Figure 1.

Overall, disruptions in the mTOR pathway whether due to amino 
acid deficiency, energy deprivation, or hormonal imbalance contribute 
significantly to the pathophysiology of stunting (Figure 1). Targeting 
these molecular mechanisms may enhance the efficacy of nutritional 
and clinical interventions aimed at improving growth outcomes in 
undernourished children.

Studies supporting the mTOR pathway disruption are summa-
rized in Table 1.

Tryptophan-kynurenine pathway 
dysregulation

The relationship between the tryptophan-kynurenine pathway 
(TKP) and childhood stunting is complex and influenced by chronic 
inflammation, nutritional deficiencies, and metabolic alterations. 
Tryptophan is an essential amino acid which plays a significant role in 
protein synthesis and serves as a precursor of two main pathways: the 
serotonin pathway and the kynurenine pathway. Under normal physi-
ological conditions, most dietary tryptophan (over 90%) is metabo-
lized via the kynurenine pathway, while only about 1% is used for 
serotonin synthesis, which serves a critical role in cellular function. 
The rest of the unmetabolized tryptophan is used for protein synthesis 
in tissues like muscles. This metabolic balance is generally maintained 
unless disrupted by inflammation or stress, which can shift trypto-
phan metabolism away from serotonin and protein production, lead-
ing to physiological and neurological consequences (79–81).

In the serotonin pathway, tryptophan is first hydroxylated by tryp-
tophan hydroxylase-1 (TPH-1), the rate-limiting enzyme in serotonin 
biosynthesis, producing 5-hydroxytryptophan (5-HTP), which is then 
converted into serotonin (79, 82). Additionally, the availability of 
amino acids, including tryptophan, activates the mTORC1 pathway, a 
growth regulator that promotes protein synthesis which is essential for 
child growth (83). However, chronic inflammation can significantly 
alter this process by upregulating the kynurenine pathway, diverting 
tryptophan metabolism toward kynurenine synthesis. This shift is 
driven by increased activity of indoleamine 2,3-dioxygenase 1 (IDO1), 
the key enzyme in the kynurenine pathway, whose expression is ele-
vated in inflammatory conditions (79, 84, 85). In addition, tryptophan 

FIGURE 1

Disruption of mTOR signaling pathways in childhood stunting. (A) Reduced availability of amino acids, growth factors, and energy suppresses mTORC1 
activity, impairing protein and lipid synthesis and linear growth. (B) Reduced hormonal signaling inhibits mTORC2 and secondarily impairs mTORC1 
further exacerbating growth deficits. mTOR, Mechanistic Target of Rapamycin; mTORC1, Mechanistic Target of Rapamycin Complex 1; mTORC2, 
Mechanistic Target of Rapamycin Complex 2; IGF-1, Insulin Growth Factor-1; mLST8, Mammalian Lethal with SEC13 Protein 8; PRAS40, Proline-Rich 
AKT Substrate of 40 kDa; mammalian stress-activated protein kinase-interacting protein. Created in BioRender. Crd, D. (2026), https://BioRender.com/
tbh609p.
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2,3-dioxygenase (TDO), a liver-specific enzyme, also catalyzes the first 
step of tryptophan degradation under homeostatic conditions and in 
response to glucocorticoids and tryptophan levels, further regulating 
systemic tryptophan availability and influencing the balance between 
serotonin and kynurenine pathway metabolism (86).

In the context of childhood stunting, chronic inflammation com-
monly associated with environmental enteric dysfunction, elevates 
pro-inflammatory cytokines such as Tumor Necrosis Factor-α (TNF-
α), Interferon-γ (IFN-γ), and Nuclear Factor kappa-B (NF-κB). These 
inflammatory signals activate IDO1, increasing the conversion of 
tryptophan to kynurenine and its downstream metabolites, thereby 
reducing tryptophan availability for serotonin synthesis and protein 
production (86–88). This metabolic shift contributes to abnormally 
low serotonin and protein levels, impairing both linear growth and 

cognitive development (Figure 2) (85, 87). Gazi et al. (83) reported 
that elevated kynurenine-to-tryptophan (K/T) ratios indicating 
increased tryptophan catabolism, are negatively associated with linear 
growth. Chronic inflammation not only accelerates catabolism in kyn-
urenine pathway but divert tryptophan away from serotonin and pro-
tein production leading to a metabolic imbalance which contributes 
to muscle wasting and weight loss and far-reaching consequences on 
cognitive development and growth (87, 89, 90).

Metabolomics studies demonstrated a relationship between 
altered tryptophan metabolism and childhood stunting. Guerrant 
et al. (91) found that lower plasma tryptophan levels correlate 
with biomarkers of systemic and intestinal inflammation in 
Brazilian children, reinforcing the association between trypto-
phan depletion and growth impairment. Similarly, Kosek et al. 

TABLE 1  Summary of the relevant studies supporting the dysregulation of the mTOR pathway leading to growth faltering changes in childhood stunting.

Population Type of study 
(Method)

Biomarkers/key findings References

0–35 months admitted malnourished 

children in Burkina Faso (n = 59)

Cohort study (IGF-1 

Assay from dried blood 

spots)

	•	 IGF-1 levels from capillary blood samples significantly increased after 

nutritional rehabilitation and correlated with weight-for-height Z-score 

changes.

Kouanda et al., 

2009 (69)

Children in rural southern Malawi 

aged 12–59 months (n = 313)

Cross-sectional Targeted 

(Metabolomics and 

Lipidomics)

	•	 Stunted children in rural Malawi had low serum levels of essential amino 

acid and sphingolipids compared with non-stunted children.

	•	 Children with a high risk of stunting may not be receiving an adequate 

dietary intake of essential amino acids and choline.

	•	 Stunted children had lower serum sphingomyelins

Semba et al., 2016 

(61)

Children from different countries 

(Malawi, Bangladesh, and Sweden; 

n = 50; 25 stunted & 25 normal 

children)

Genome-scale metabolic 

profiling

	•	 Stunted children had reduced plasma levels of essential amino acids as 

well as lower ratio of tryptophan to other neutral amino acids compared 

to the healthy group

Kumar et al., 2018 

(63)

6–13 months underweight children in 

Dhaka, Bangladesh (n = 120)

Prospective cohort study 

(ELISA)

	•	 Plasma FGF21 levels showed a negative association with changes in WAZ 

and LAZ. However, underweight children with initially high FGF21 

levels, had higher WAZ and LAZ, suggesting better response to 

nutritional supplementation.

Arndt et al., 2019 

(70)

Children treated for severe acute 

malnutrition (SAM; n = 352)

Cohort study (Tandem 

mass spectrometry, NMR 

and ELISA)

	•	 Stunted children with SAM showed low plasma IGF-1 levels Bourdon et al., 

2019 (68)

Children in the slums of Bangladesh 

aged between 12 and 18 months 

(n = 100; 50 stunted & 50 normal 

children)

Quasi-experimental study 

(ELISA)

	•	 Serum leptin, leptin–adiponectin ratio, IGF-1, and IFN-γ were 

independently associated with stunting in Bangladeshi children under 

the age of two.

Hossain et al., 

2019 (67)

Indonesian children aged 25–

30 months (n = 121; 36 stunted & 85 

normal)

Case–control study 	•	 A significantly higher percentage of stunted children (30.6%) had protein 

intake below the recommended level compared to normal 

children (8.2%)

Fikawati et al., 

2021 (72)

Indonesian children aged to 24–

59 months (n = 80; 23 stunted & 57 

normal children)

Descriptive, Case–control 

study

	•	 Stunted children may not receive sufficient dietary intake of EAAs in 

their diet.

Rizky & Sutjiati, 

2021 (62)

Preschool children (2-5yo) in rural 

Egypt (n = 497)

Community-based cross-

sectional study

	•	 Stunted children consumed poultry, eggs, and fruits significantly less 

frequently than their non-stunted counterparts.

Mahfouz et al., 

2022 (71)

5–10-yr-old school-age Filipino 

children (n = 26,332)

Retrospective study 	•	 Stunted school-age children had significantly lower intake of energy, 

protein, and key micronutrients, including vitamin A, vitamin C, 

thiamin, niacin, riboflavin, iron, and calcium, compared to their 

non-stunted peers

Arias et al., 2024 

(73)

mTOR, Mechanistic target of rapamycin; EAA, Essential amino acids; IGF-1, Insulin growth factor-1; IFN-γ, Interferon gamma; ELISA, Enzyme linked immunoassay; WAZ, Weight for age 
z-score; LAZ, Length for age z-score; FGF21, Fibroblast growth factor 21.
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(90) reported that low plasma tryptophan levels are linked to 
growth deficits in impoverished children. Their analysis of child 
cohorts in Peru and Tanzania revealed a direct correlation 
between plasma tryptophan concentrations and linear growth up 
to 8 months after biomarker assessment. Conversely, increased 
kynurenine production due to increased IDO1 activity is associ-
ated with intestinal injury and inflammation, ultimately leading 
to poorer growth outcomes.

Dietary intake also plays a crucial role in tryptophan metabolism. 
In Tanzania, for instance, a maize-based diet has been linked to low 
tryptophan intake. Even as low as 25% below the required tryptophan 
intake can reduce the synthesis of proteins leading to symptoms such 
as anorexia and impaired growth (83, 90). This further stresses the 
importance of tryptophan as a critical biomarker for growth and 
nutritional status.

In stunted children, the combination of low tryptophan availabil-
ity and heightened kynurenine production exacerbates the effects of 

malnutrition and inflammation, creating a detrimental cycle that 
impairs growth and development (Figure 2) (61).

Additionally, kynurenine and its derivatives exhibit complex 
immunomodulatory effects, influencing immune responses by pro-
moting T-cell apoptosis and inhibiting T-cell proliferation. These 
immunosuppressive effects can exacerbate the impact of infections 
prevalent in stunted populations, creating a vicious cycle where 
chronic inflammation increases tryptophan catabolism, further com-
promising immune function and nutrient absorption, ultimately 
resulting in stunted growth (83, 92, 93).

It should be noted, however, that in the Sanitation Hygiene Infant 
Nutrition Efficacy (SHINE) trial conducted in Zimbabwe, the K/T 
ratio was significantly associated with stunting only at 12 months of 
age, introducing some inconsistency across studies (94). Nevertheless, 
the majority of evidence supports a strong association between dys-
regulation of the TKP and childhood stunting, with elevated kynuren-
ine levels proposed as potential biomarkers of growth impairment. A 

FIGURE 2

Tryptophan-kynurenine pathway dysregulation resulting in impaired growth and neurodevelopment. Systemic and intestinal inflammation increase 
pro-inflammatory cytokine levels (TNF-α, IFN-γ, and NF-κB), which activate IDO1, diverting tryptophan toward the kynurenine pathway and its 
metabolites. This metabolic shift (dotted arrow) reduces tryptophan availability, leading to decreased serotonin production and contributing to impaired 
growth and cognitive development. TNF-α, Tumor Necrosis Factor-α; IFN-γ, Interferon-γ; NF-κB, Nuclear Factor kappa-B; IDO, indoleamine 
2,3-dioxygenase; KMO, Kynurenine 3-monooxygenase; KAT I, Kynurenine aminotransferase I; KAT II, Kynurenine aminotransferase II; KAT III, Kynurenine 
aminotransferase III; KYNU, Kynureninase; TPH, Tryptophan hydroxylase. Created in BioRender. Crd, D. (2026), https://BioRender.com/i15r554.
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summary of the relevant studies and their key findings is presented in 
Table 2.

Dysfunction of one-carbon metabolism or 
methylation pathways

One-carbon metabolism (OCM) plays a vital role in early devel-
opment by providing one-carbon units necessary for the synthesis of 
deoxyribonucleic acid (DNA), proteins, and lipids, as well as for epi-
genetic modifications that regulate gene expression (95). This inter-
connected network, which includes the folate and methionine cycles, 
acts as an integrator of nutrient status and relies on essential nutrients 
such as B vitamins, amino acids, choline, betaine, and methionine for 
proper function (96, 97). These nutrients drive critical biochemical 
reactions that support DNA replication, repair, and methylation (98, 
99). Functional biomarkers like S-adenosylmethionine (S-AM) and 
homocysteine further reflect OCM’s role in maintaining cellular 
health and epigenetic regulation (100). Given its significance during 
pregnancy and childhood, impairments in OCM have been closely 
linked to stunting and malnutrition (Figure 3) (101).

The role of OCM in childhood malnutrition and growth impair-
ment is increasingly evident, as deficiencies in key nutrients disrupt 
methylation processes critical for gene regulation and cellular function 
(102). Studies have shown that children with edematous severe acute 
malnutrition, such as kwashiorkor, exhibit widespread DNA hypo-
methylation compared to those with non-edematous Severe Acute 
Malnutrition (SAM), likely due to low methionine levels and reduced 
methylation capacity—changes that are reversible with nutritional 
rehabilitation (103). In Malawian children with kwashiorkor, signifi-
cantly lower serum levels of methionine, homocysteine, and related 
metabolites further support the link between OCM dysfunction and 
redox (101).

Epigenetic alterations such as elevated histone H3 lysine 9 tri-
methylation have also been observed in stunted children and are 

associated with suppressed immune gene expression and impaired 
linear growth from birth to 1 year (104). Notably, these molecular 
changes were detected prior to the clinical manifestation of stunt-
ing, highlighting their potential as early biomarkers of growth 
faltering.

Maternal deficiencies in one-carbon nutrients such as folate, vita-
min B6, and B12 are linked to elevated homocysteine levels and 
adverse pregnancy outcomes, including fetal growth restriction, low 
birth weight, and preterm birth (105, 106). Adequate intake of these 
nutrients is crucial for regulating homocysteine metabolism and sup-
porting healthy fetal development. A study among Chinese pregnant 
women revealed significant imbalances in OCM biomarkers during 
mid-to-late pregnancy, including low levels of folate and B vitamins 
and elevated total homocysteine. Elevated homocysteine was inversely 
associated with red blood cell folate and vitamin B6 levels, while 
plasma S-AM showed a positive relationship with serum betaine and 
a negative one with vitamin B6 (97). These findings emphasize the 
critical need to ensure sufficient one-carbon nutrient levels during 
pregnancy for optimal maternal and fetal health.

Stunted children have shown reduced levels of choline-derived 
metabolites such as betaine and dimethylglycine (DMG), which are 
vital for growth-related processes like cell proliferation and gene regu-
lation (107–110). Studies in Malawian children found significantly 
lower serum choline and phosphatidylcholine levels among those who 
were stunted, alongside higher betaine-to-choline and trimethylamine 
N-oxide (TMAO)-to-choline ratios—patterns associated with 
impaired growth (61, 111). In Brazilian children, urinary excretion of 
choline and DMG was positively linked to better growth outcomes 
(112). Furthermore, a longitudinal lipidomics study of a birth cohort 
in Gambia identified serum polyunsaturated fatty acids (PUFAs) and 
phosphatidylcholines as reliable predictors of future growth, high-
lighting their importance in early-life dietary interventions (113).

Interventions targeting PUFAs and choline, particularly through egg 
consumption, have shown mixed results in reducing childhood stunting. 

TABLE 2  Summary of the relevant studies supporting the impairment of the tryptophan-kynurenine pathway among children.

Population Type of study (Method) Biomarkers/key findings References

Malnourished and Normal Children from 

Brazil aged 6–26 months (n = 375)

	•	 Case–control (Targeted 

Metabolomics)

	•	 Lower plasma tryptophan levels correlate with 

biomarkers of intestinal and systemic inflammation.

	•	 Tryptophan depletion is linked to 

compromised growth.

Guerrant et al., 

2016 (91)

Newborns less than 17 days of age in rural 

Peru and Tanzania who were >1,500 g at 

birth (n = 494)

	•	 Cohort (Targeted Metabolomics) 	•	 Plasma tryptophan concentrations are inversely 

associated with the development of statural growth 

deficits in children.

	•	 Elevated plasma K/T ratios are negatively associated 

with linear growth.

Kosek et al., 2016 

(90)

Children aged 12–59 months from rural 

Malawi (n = 313)

	•	 Cross-sectional (Targeted 

metabolomics)

	•	 Children with stunting had lower serum concentrations 

of tryptophan.

Semba et al., 2016 

(61)

Bangladeshi children aged between 12 and 

18 months who are stunted or at risk of 

stunting (n = 480)

	•	 Community based interventional 

study (Targeted Metabolomics)

	•	 High kynurenine levels are linked to poor cognitive and 

linear growth

	•	 High plasma K/T ratio was found to be significantly 

and negatively associated with linear growth.

Gazi et al., 2020 

(83)

SHINE Trial in Zimbabwe Mother-infant 

dyad (n = 1,169 infants)

	•	 Cluster randomized trial 

(UHPLC–MS/MS)

	•	 An elevated K/T ratio at 12 months was associated with 

a decrease in mean LAZ velocity.

Mutasa et al., 2021 

(94)

K/T, Kynurenine-to-tryptophan; LAZ, Length for age z-score; SHINE, Sanitation Hygiene Infant Nutrition Efficacy; UHPLC–MS/MS, Ultra-high-performance liquid chromatography–tandem 
mass spectrometry.
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The 2014 Lulun Project demonstrated that consuming one egg daily for 
6 months during early complementary feeding reduced stunting by 47% 
and increased linear growth by 0.63 length-for-age Z-score (LAZ). This 
intervention significantly elevated plasma levels of choline, betaine, 
methionine, TMAO, dimethylamine (DMA), and docosahexaenoic acid 
(DHA), which are key components in metabolic and growth-related pro-
cesses (114).

However, a follow-up study, Lulun Project II, tracking over 90% 
of the original cohort, found that the growth benefits were not sus-
tained beyond 2 to 3 years of age. HAZ declined more in the egg group 
than in the control group, indicating greater growth faltering over 
time. These findings suggest that while egg consumption provides 
crucial early benefits, longer intervention periods and a more compre-
hensive approach to stunting prevention are needed (115).

Other studies report varying results. In Ethiopia, Omer et al. (116) 
found that a child-owned poultry intervention significantly reduced 
stunting rates and improved nutritional status in children aged 
6–18 months. However, Stewart et al. (117) reported that a six-month egg 
intervention did not improve linear growth among Malawian children. 
Similarly, Ricci et al. (118) found no significant improvement in linear 
growth or other health parameters in South African children following a 
six-month egg intervention.

Despite these inconsistencies, a meta-analysis of seven egg inter-
vention trials concluded that overall, egg consumption was associated 

with improved height outcomes in children (119). These findings 
highlight the potential role of eggs in child growth but also suggest the 
need to consider additional dietary and environmental factors for 
long-term effectiveness (Table 3).

Chronic inflammatory pathway, 
environmental enteric dysfunction and the 
role of the microbiome

Inflammation is a normal immune response to harmful stimuli. 
However, chronic inflammation disrupts the balance of immune signal-
ing, leading to oxidative stress, tissue damage, and metabolic disturbances 
that can negatively affect child growth (120). Elevated pro-inflammatory 
cytokines like TNF-α and interleukin 6 (IL-6) have been linked to 
impaired nutrient absorption, hormonal dysregulation, and reduced 
energy availability. However, findings on TNF-α levels in stunted children 
vary: Zambruni et al. (121) observed elevated TNF-α among stunted 
Peruvian infants, whereas Nuryandari et al. (122) and Hossain et al. (67) 
reported lower levels among older stunted children with chronic infec-
tions. These discrepancies may reflect differences in age, health status or 
immune suppression due to severe malnutrition and wasting (123). 
Supporting this, other studies show that TNF-α levels correlate with body 
mass index (BMI), suggesting that lower TNF-α may be a marker of 
severe malnutrition and immune dysfunction (124–126).

FIGURE 3

Dysfunction of one-carbon metabolism leads to inflammation, cellular damage, and impaired DNA and RNA synthesis contributing to growth faltering 
changes. Decrease in folate and/or B vitamins causes dysfunction of one carbon metabolism adversely affecting both folate and methionine cycles 
leading to increased homocysteine levels and related metabolites resulting in cellular damage and/or inhibition of DNA and RNA synthesis contributing 
to growth impairment. DNA, Deoxyribonucleic acid; RNA, Ribonucleic acid; DHF, Dihydrofolate; THF, Tetrahydrofolate; SHMT, Serine 
hydroxymethyltransferase; MTHFR, Methylenetetrahydrofolate reductase; B2, Riboflavin (vitamin B2); 5-MTHF, 5-Methyltetrahydrofolate; MTR, 
Methionine synthase; DMG, Dimethylglycine; S-AM, S-Adenosylmethionine; SAH, S-Adenosylhomocysteine. Created in BioRender. Crd, D. (2026), 
https://BioRender.com/s65j5t4.
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TABLE 3  Summary of studies supporting one-carbon metabolism dysfunction as contributory to growth faltering changes in childhood stunting.

Population Type of study (Method) Biomarkers/key findings References

Children from Ceará, Brazil, 

6–24 months of age (n = 326)

	•	 Case–Control [1H nuclear magnetic 

resonance (NMR) spectroscopy]

	•	 Stunted children excreted lower levels of 

betaine and DMG in their urine.

Mayneris-Perxachs et al., 2016 

(108)

Malawian Children 12–59 months of 

age (n = 325)

	•	 Cross-Sectional (Metabolomics) 	•	 Lower serum choline; higher betaine-to-

choline and TMAO-to-choline ratios in 

stunted children

Semba et al., 2016 (111)

Lulun Project I: Infants aged 6–9 mos 

in Ecuador (n = 148)

	•	 Randomized controlled trial 

(Chemilumines-cent competitive 

immunoassay; Metabolomics)

	•	 The egg intervention significantly increased 

plasma choline, betaine, methionine, 

TMAO, DMA, and DHA.

	•	 One egg per day for 6 months during early 

complementary feeding reduced stunting by 

47% and increased linear growth by 0.63 

length-for-age Z score.

Iannotti et al., 2017 (114)

Children from Malawi and Jamaica 

between 6 and 59 months of age 

(n = 309 children)

	•	 Cohort (Genome-wide 

DNAmethylation analysis)

	•	 Significant DNA hypomethylation at 877 

CpG sites (99% hypomethylated) in ESAM 

compared to NESAM

	•	 Low methionine levels and reduced 

methylation activity contributes to 

hypomethylation.

Schulze et al., 2019 (103)

Biological samples from infants in the 

Peru (n = 281), Bangladesh (n = 249), 

and Tanzania (n = 249) sites of the 

MAL-ED birth cohort

	•	 Cohort (Nuclear Magnetic 

Resonance Spectroscopy)

	•	 Stunted children in Malawi had lower 

choline levels compared to their 

non-stunted peers.

	•	 Brazilian children: choline and DMG 

urinary excretion showed a positive 

correlation with growth

	•	 Betaine highest demand is in the first 

6 months of life

Giallourou et al., 2020 (112)

Lulun Project II: Follow-up study of 

the Lulun Project I approximately 

2-year timeframe (n = 135)

	•	 Cohort Study (Metabolomic analysis 

of blood biomarkers was not 

carried out)

	•	 Over 90% of children successfully completed 

the Lulun Project’s original trial.

	•	 The egg intervention’s effect was no longer 

present in children aged 2–3 years.

	•	 Significant declines in HAZ were observed 

in the egg group compared to the 

control group.

Iannotti et al., 2020 (115)

Gambian Children 3 months of age 

up to 2 years (n = 409)

	•	 Cohort

	•	 Longitudinal (five time points; 

Lipidomics)

	•	 Lipid groups with PUFAs and 

phosphatidylcholines predict future 

growth outcomes.

	•	 Lipids had stronger association to height 

than weight, suggesting higher nutritional 

demand for height.

	•	 PUFAs and choline are crucial in early 

dietary interventions to prevent growth 

faltering in low-income settings.

Gonzales et al., 2021 (113)

Malawian Children between the ages 

of 12 and 60 months (n = 422 

children)

	•	 Cross-sectional (Metabolomics) 	•	 Significantly lower serum levels of 

methionine, homocysteine, cystathionine, 

cysteine, and asymmetric dimethylarginine 

in children with kwashiorkor and 

marasmic-kwashiorkor

May et al., 2022 (101)

Southern Ethiopian Children 

6–18 months old (n = 243)

	•	 Cluster-randomized community 

trial (Intestinal helminthiasis 

examination)

	•	 Nutrition-sensitive poultry intervention 

improved children’s nutritional status and 

gross motor milestone development.

	•	 Significant increase in weight-for-age and 

weight-for-height Z-scores.

Omer et al., 2022 (116)

(Continued)
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One potential driver of chronic inflammation and growth impair-
ment is EED, a subclinical condition prevalent in low and middle-
income countries. EED arises from repeated exposure to enteric 
pathogens due to poor sanitation and hygiene and is characterized by 
chronic intestinal inflammation, villous blunting, crypt hyperplasia, 
increased intestinal permeability, and impaired nutrient absorp-
tion (29).

EED contributes to growth faltering through multiple, inter-
related mechanisms. Recurrent pathogen exposure (e.g., 
Escherichia coli and Shigella) induces sustained production of 
inflammatory cytokines such as TNFα and IL6, which interfere 
with growth hormone signaling, suppress IGF-1, and divert 
energy toward immune responses. TNF α–mediated activation of 
the NF κB pathway further amplifies inflammation and inhibits 
anabolic processes required for linear growth (127). Intestinal 
damage in EED, such as villous atrophy and crypt hyperplasia, 
impairs nutrient absorption and increases gut permeability, 
allowing bacterial products to enter the bloodstream and sustain 
systemic inflammation. Humphrey (128) highlighted how this 
“leaky gut” phenomenon triggers an immune response that 
diverts nutrients and energy away from growth processes, exac-
erbating stunting. Prendergast et al. (129) further demonstrated 
that chronic inflammation suppresses the IGF-1 axis, leading to 
hormonal disruptions that impair linear growth. Harper et al. 
(130) observed that children with EED exhibited poor HAZ due 
to persistent intestinal damage. A recent systematic review dem-
onstrated that all EED domains including intestinal damage and 
repair, absorption and permeability, microbial translocation, 
intestinal inflammation, and systemic inflammation are consis-
tently associated with impaired linear growth in children (131).

The gut microbiome plays a central role in mediating these effects. 
Metagenomic studies consistently show that stunted children exhibit 
an immature and dysbiotic gut microbiome, which compromises 
nutrient utilization, immune regulation, and metabolic signaling 
(132). This dysbiotic state alters endocrine pathways critical for 
growth, including the IGF-1 axis (133).

Microbiome-derived metabolites further link gut dysfunction 
to stunting. Short-chain fatty acids (SCFAs), particularly butyrate, 
support epithelial integrity, modulate immune responses, and pro-
vide energy to colonocytes (134). Stunted children show reduced 
abundance of butyrate-producing taxa such as Faecalibacterium, 
Megasphaera, and Blautia, alongside increased Ruminococcus, a 
pattern associated with intestinal inflammation and barrier dys-
function (135). Data from the Etiology, Risk Factors and 
Interactions of Enteric Infections and Malnutrition and the 
Consequences for Child Health and Development (MAL-ED) 
cohort indicate that subclinical, non-diarrheal infections with 
Shigella, enteroaggregative Escherichia coli, Campylobacter, and 
Giardia are associated with larger declines in length-for-age 
Z-scores than infections caused by other microbes (136). Giardia 
infection has additionally been linked to amino acid deficiencies 
and elevated phenolic acids, reflecting altered microbial amino acid 
metabolism (137).

Disruption of tryptophan metabolism represents another micro-
biome-mediated pathway. Gut dysbiosis can shift tryptophan metabo-
lism toward the kynurenine pathway, promoting inflammation and 
impairing gut barrier function (138). Reduced levels of indole-3-pro-
pionic acid, a microbiota-derived tryptophan metabolite, have been 
associated with epithelial damage and intestinal inflammation in 
EED (139).

TABLE 3  (Continued)

Population Type of study (Method) Biomarkers/key findings References

18-week old children, and mothers in 

Dhaka, Bangladesh (n = 29; 15 infants 

& 14mothers)

	•	 Cohort (Epigenetic Profiling) 	•	 Globally elevated H3K9me3 levels were 

associated with poor linear growth between 

birth and 1 year of age.

	•	 H3K9me3 changes were detectable before 

the overt appearance of the stunted 

phenotype, suggesting potential as early 

biomarkers.

Kupkova et al., 2023 (104)

Children 6 months to 18 years old 

(n = 3,575)

	•	 Metaanalysis of 7 egg 

intervention studies

	•	 Participants in the egg intervention groups 

showed significantly greater increase in 

height/length and weight compared to those 

in the control groups.

Larson et al., 2024 (119)

Pregnant women at 24–32 gestational 

weeks having single pregnancy 

(n = 397)

	•	 Cohort (Metabolomics and 

Immunoassay)

	•	 Imbalance in blood OCM during mid-to-

late pregnancy: lower folate, B6, B12, and 

elevated total homocysteine (tHcy)

	•	 Adequate folate and B6 are significant 

predictors of lower tHcy.

	•	 Higher serum tHcy is linked to lower RBC 

folate and vitamin B6

	•	 Higher plasma S-AM is positively associated 

with serum betaine and negatively with 

vitamin B6.

Zhang et al., 2024 (97)

ESAM, Edematous severe acute malnutrition; NESAM, Non edematous severe acute malnutrition; DNA, Deoxynucleic acid; H3K9me3, H3 lysine 9 trimethylation; tHcy, total homocysteine; 
PUFAs, Polyunsaturated fatty acids; DMG, Dimethylglycine; MAL-ED, Etiology, Risk Factors, and Interactions of Enteric Infections and Malnutrition and the Consequences for Child Health 
and Development; TMAO,Trimethylamine N-oxide; DMA, Dimethylamine; DHA, Docosahexaenoic acid; HAZ, Height for age z-score.
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Bile acid metabolism is also markedly altered in stunted chil-
dren. Dysbiosis disrupts bile acid composition and enterohepatic 
circulation, impairing lipid absorption and immune regulation. 
Reduced duodenal concentrations of secondary bile acids such as 
deoxycholic and lithocholic acid (140–142), alongside elevated 
plasma glycine-conjugated bile acids, suggest bile acid malabsorption 
and contribute to diarrhea, systemic inflammation, and growth 
impairment (143). In addition, microbial fermentation of undigested 
substrates generates inflammatory products such as lipopolysaccha-
rides, which are elevated in stunted children and further activate 
immune pathways (91, 144). A summary of these studies is provided 
in Table 4.

Environmental and nutritional factors strongly modulate EED 
risk. Poor sanitation, inadequate hygiene, and close contact with live-
stock increase exposure to enteric pathogens, while nutrient-poor 
diets limit intestinal repair and immune competence (145). 
Observational studies consistently show that children living in unhy-
gienic environments or households practicing open defecation exhibit 
higher EED biomarker levels and poorer growth outcomes (146) 
found that children exposed to unsanitary environments exhibited 
elevated markers of gut inflammation and stunted growth. Although 
improvements in environmental hygiene are associated with reduced 
intestinal inflammation (147), evidence from randomized trials indi-
cates that conventional household-level water, sanitation, and hygiene 
(WASH) interventions alone have limited effects on EED biomarkers 
and stunting (148, 149). Large trials in Bangladesh, Kenya, and 
Zimbabwe demonstrated that while improved infant and young child 
feeding (IYCF) enhanced linear growth, household-level WASH inter-
ventions did not consistently reduce stunting or enteropathogen expo-
sure (150). Recent systematic reviews confirm that poor WASH 
conditions are strongly associated with elevated EED biomarkers, yet 
WASH interventions show inconsistent effects, highlighting the need 
for transformative, community-level and nutrition-integrated 
approaches (131, 151, 152).

Dietary inadequacies further exacerbate EED and growth failure. 
Deficiencies in key micronutrients, particularly zinc (153–155) and 
iron (156, 157), impair epithelial repair, weaken immune defenses, and 
intensify chronic inflammation, compounding the effects of environ-
mental exposures.

Collectively, current evidence indicates that stunting associated 
with chronic inflammation and EED arises from complex interactions 
among enteric infections, gut dysbiosis, metabolic dysfunction, and 
nutritional deficiencies. Effective prevention and mitigation will 
require integrated, multisectoral strategies that combine improved 
sanitation and hygiene, nutrient-dense diets, and interventions to 
reduce zoonotic and environmental pathogen exposure through 
improved household and livestock management practices.

Maternal influence

Maternal health and nutrition play a vital role in shaping the 
infant metabolome and can influence up to 30.3% of the risk for child-
hood stunting (158). Factors such as short pregnancy intervals, inad-
equate maternal weight gain, and infections during pregnancy 
significantly affect fetal metabolic development (159). Adequate 
maternal intake of amino acids, fatty acids, vitamins, and minerals is 
essential for proper fetal growth and metabolic programming, while 

deficiencies can lead to stunted fetal development and long-term 
health issues. Specifically, insufficient amino acids disrupt fetal metab-
olism (61), and a lack of omega-3 and omega-6 fatty acids can impair 
brain development and growth (160). Additionally, low maternal 
levels of trace elements like manganese, iron, zinc, iodine, and sele-
nium are associated with higher risks of low birth weight and small-
for-gestational-age infants (161).

Zinc and vitamin B12 deficiencies during pregnancy further exac-
erbate the risk of childhood stunting, as both nutrients are vital for 
fetal development. Zinc deficiency, which can arise from poor mater-
nal diet or genetic factors such as ZIP4 mutations, impairs enzyme 
activity and immune function, limiting zinc availability in breast milk 
(162). Vitamin B12 deficiency disrupts key metabolic pathways, 
including taurine and hypotaurine metabolism, with taurine identified 
as a potential biomarker for B12 insufficiency (163). Evidence suggests 
that higher folate consumption may help mitigate stunting risks in 
children with B12 deficiency (164), and a study in Nepal showed that 
better maternal B12 status during pregnancy correlated with improved 
child height at 5 years old (165). Additionally, adequate maternal 
intake of one-carbon nutrients has been associated with enhanced 
cognitive development in offspring (166).

The “thrifty phenotype theory” (167) suggests that malnutrition 
around the time of conception induces fetal adaptations that, while 
aimed at survival, may predispose individuals to poor health and 
lower socioeconomic outcomes later in life. These maladaptive 
responses triggered by maternal, fetal, or placental stressors can 
impair fetal development and increase the risk of long-term metabolic 
disorders (168). Folate, essential for DNA synthesis and methylation, 
is particularly crucial during embryonic development. However, 
genetic variants like the 677CT polymorphism in the MTHFR gene 
can reduce folate bioavailability and raise homocysteine levels which 
can increase the risk of adverse fetal outcomes (169, 170). Additionally, 
maternal metabolic health such as insulin resistance linked to poor 
diet or obesity, can disrupt fetal glucose and lipid metabolism, con-
tributing to fetal growth restriction and increased risk of stunting in 
early life (171). Chronic maternal inflammation or enteropathy may 
further compromise fetal development, as shown by elevated maternal 
sCD14 levels correlating with pro-inflammatory immune responses 
in stunted children (172).

Environmental factors further exacerbate metabolic disruptions 
in the infant. Exposure to environmental toxins, such as heavy metals 
and persistent organic pollutants, can impair nutrient transfer from 
mother to fetus, leading to metabolic imbalances that increase the risk 
of stunting (173). Additionally, maternal infections during pregnancy 
can trigger inflammatory responses that disrupt placental function 
and nutrient delivery, negatively impacting fetal metabolome develop-
ment and increasing the likelihood of childhood stunting (174).

Studies highlight the strong connection between maternal and 
child undernutrition. Maternal metabolites can influence newborn 
size independently of maternal BMI and glycemia, emphasizing the 
critical role of maternal metabolic status (175). Additionally, approxi-
mately 50% of childhood stunting occurs in utero, with stunted moth-
ers more likely to have smaller babies than their non-stunted 
counterparts (107, 176). Adequate maternal nutrition is essential to 
support infant growth and development (177). In low and middle-
income countries, animal-source foods rich in essential amino acids 
are particularly crucial for linear growth and development, emphasiz-
ing the importance of sufficient maternal nutrition during pregnancy 
(178). Thus, ensuring optimal maternal nutrient intake, reducing 
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TABLE 4  Summary of studies supporting the role of chronic inflammation, environmental enteric dysfunction and the role of the microbiome in growth impairment among children.

Population Type of study (Method) Biomarkers/key findings References

Malnourished and Normal Children 

from Brazil aged 6–26 months with 

2–6 months follow up (n = 375)

	•	 Case Control (ELISA) 	•	 Children <12 months: ↑ plasma IgA, LPS, FliC, 

and Intestinal-FABP levels;

	•	 Children >12 months: increased plasma zonulin 

suggests prior intestinal barrier disruption.

	•	 Stunted children showed reduced SAA, 

indicating weakened host defense, while higher 

citrulline and tryptophan levels reflected a 

systemic response to intestinal disruption and 

inflammation.

Guerrant et al., 2016 (91)

MAL-ED longitudinal birth cohort 

(n = 1469)

	•	 Multi-site Cohort 

(Quantitative PCR)

	•	 Subclinical non-diarrheal infection with 

Shigella, enteroaggregative Escherichia coli, 

Campylobacter and Giardia showed larger 

decrease in LAZ than other microbes

Rogawski et al., 2018 (136)

Infants aged 5–12 months and 

followed up for 6 months from Peru 

(n = 78)

	•	 Pilot Prospective Cohort (ELISA 

and Metagenomics)

	•	 Elevated serum I-FABP, TNF-α, and 

CD14 levels

	•	 Ruminococcaceae (Ruminococcus 1 and 2) and 

Coriobacteriaceae (Collinsella) increased over 

time in stool of children who became stunted

	•	 Decrease in the relative abundance of one genus 

of Enterobacteriaceae (Providencia)

Zambruni et al., 2019 (121)

Children in the slums of Bangladesh 

aged between 12 and 18 months 

(n = 100; 50 stunted & 50 normal 

children)

	•	 Quasi-experi-mental (ELISA) 	•	 Decreased blood leptin production in stunted 

children prior to intervention (food 

supplementation and psychosocial stimulation)

	•	 Levels of blood CRP and most of the 

pro-inflammatory cytokines (IL-6, IL-12, and 

TNF-α,) were lower among stunted children

Hossain et al., 2019 (67)

MAL-ED longitudinal birth cohort 

(n = 1469)

	•	 Multi-site Cohort (MAL-ED 

cohort and a novel gnotobiotic 

murine model)

	•	 Giardia infection is associated with stunting 

among children with amino acids deficiencies 

with over production of phenolic acids

Giallourou et al., 2023 (137)

Stunted Children 0–5yo with Chronic 

Infection from Indonesia (n = 48)

	•	 Cross-sectional (ELISA) 	•	 Lower blood mean level of IGF-1 and TNF-α 

level in stunted children with chronic infection

Nuryandari et al., 2024 (122)

Pakistan EED Cohort (n = 52);

Zambia EED Cohort (n = 30);

USA Normal Controls (n = 25)

	•	 In-silico metabolic network 

modeling (Multi-omics)

	•	 Increased phosphatidylcholine, 

lysophosphatidylcholine (LPC) and ether-linked 

LPCs, and decreased ester-linked LPCs were 

observed in the duodenal lipidome of Pakistan 

EED subjects

	•	 Plasma levels of glycine-conjugated bile acids 

were significantly increased.

Zulqarnain et al., 2024 (141)

Stunted versus non-stunted children 

under 5 years in LMICs (Metaanalysis 

was not done)

	•	 Systematic Review of 14 studies 

(Genomic Sequencing)

	•	 No difference in alpha diversity

	•	 Higher beta diversity in stunted children

	•	 Abundance of pro-inflammatory Escherichia/

Shigella and Campylobacter; ↓butyrate 

producers and ↑ Ruminococcus

Chibuye et al., 2024 (135)

Children 0–5 years in LMIC 	•	 Systematic Review of 80 studies 

from 31 countries (Observational 

and Interventional)

	•	 Biomarkers of EED related to intestinal 

inflammation, permeability, and microbial 

translocation are associated with impaired 

linear growth

	•	 Elevated fecal inflammatory markers 

(myeloperoxidase and calprotectin), markers of 

gut permeability (including lactulose:mannitol 

ratio), and systemic inflammation markers are 

frequently linked to stunting.

Lowe et al., 2025 (131)

SAA, Serum amyloid A; ELISA, Enzyme linked immunoassay; IGF-1, Insulin growth factor-1; I-FABP, Intestinal fatty acid-binding protein; TNF-α, Tumor necrosis factor-alpha; MAL-ED, 
Etiology, Risk Factors and Interactions of Enteric Infections and Malnutrition and the Consequences for Child Health and Development.
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metabolic stressors, and minimizing environmental risks can signifi-
cantly improve infant health outcomes and help reduce the prevalence 
of childhood stunting.

The interconnection of the several pathways previously discussed 
is summarized in Figure 4.

Implications of metabolic pathways 
and biomarkers in the management of 
childhood stunting

The interplay between disrupted metabolic processes and nutri-
tional deficiencies underscores the multifactorial nature of stunting. 
Identification of specific metabolites, such as those linked to amino 
acid metabolism, energy production, systemic inflammation and gut 
microbial activity, may provide deeper insights into the biological 
mechanisms contributing to growth impairment.

Based on the above discussions, the following strategies for alle-
viating childhood stunting may require further research:

	1.	 Nutritional Interventions: Providing diets supplemented with 
important macronutrients and micronutrients, including essen-
tial and non-essential amino acids, vitamins (vitamin A, folate, 
vitamins B6 and B12) and minerals (zinc, iron, calcium, iodine 
and selenium) are critical to addressing deficiencies that impair 
growth and metabolism (179). These interventions may help 
address disruptions of biochemical pathways involving mTOR, 
Tryptophan-Kynurenine and OCM dysregulations.

	2.	 Gut Health and Microbiota Restoration: Alterations in gut 
microbiota composition are strongly associated with stunting, 
making microbiota-targeted therapies an essential component 

of management (48, 132). Strategies to restore the gut and 
microbiome health merits more investigation.

	3.	 Inflammation Reduction: Chronic systemic inflammation, often 
resulting from recurrent infections and poor sanitation, signifi-
cantly contributes to stunting. Strategies such as improving 
WASH and reducing exposure to infectious agents are essential 
in managing inflammation (146). This intervention along with 
nutrient supplementation and microbiota restoration may 
address chronic inflammation, EED and microbiome disruption.

	4.	 Maternal Centered Interventions: These are interventions that 
focus on improving maternal nutrition, metabolic health, and 
overall well-being to reduce the risk of childhood stunting. 
Ensuring that pregnant women receive a balanced diet rich in 
essential nutrients, including iron, folate, zinc, vitamin B12, and 
omega-3 fatty acids, is crucial for supporting fetal development. 
Micronutrient supplementation should be prioritized to prevent 
deficiencies that can impair growth (180, 181). Additionally, 
reduction of maternal inflammation through anti-inflammatory 
diets and gut health optimization can promote better fetal devel-
opment and long-term health outcomes (182, 183). Proper preg-
nancy spacing allows maternal nutrient stores to replenish, 
leading to improved pregnancy outcomes (184), while infection 
control measures help prevent complications that contribute to 
stunting (185).

	5.	 Integrated Public Health Approaches: It is important to 
address socioeconomic determinants of stunting through 
public health programs focused on maternal nutrition, ante-
natal care, and access to healthcare. These programs address 
the root causes of stunting while supporting child growth and 
development (186).

A holistic approach combining multiomics-derived nutritional 
and microbiota interventions, control of infection, reduction of 

FIGURE 4

Integration of maternal factors and disrupted metabolic pathways contributing to growth faltering. Maternal factors such as inadequate nutrition, 
compromised metabolic health, and overall poor well-being can disrupt both maternal and fetal metabolic pathways, increasing the risk of childhood 
stunting. Created in BioRender. Crd, D. (2026), https://BioRender.com/hskmumh.
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inflammation as well as systemic public health efforts may offer an 
effective strategy for better management of childhood stunting.

Conclusion

Childhood stunting results from a complex interaction of malnutri-
tion, infections, maternal and socio-environmental factors, with interven-
tions often yielding mixed results. The persistence of stunting despite 
these efforts highlights the need for a deeper understanding of its underly-
ing mechanisms. Advanced techniques in systems biology like multiomics 
approaches offer insights into molecular disruptions such as mTOR inac-
tivation, tryptophan-kynurenine pathway dysregulation, methylation 
dysfunction and microbiome disturbance among others are linked to 
malnutrition and inflammation. However, much of the current evidence 
is associative rather than causal, underscoring the need for longitudinal 
and mechanistic studies to validate biomarkers and therapeutic targets. 
Future research integrating multi-omics approaches with clinical and 
public health strategies may enable precision nutrition and targeted inter-
ventions capable of sustainably improving child growth outcomes.

Author contributions

GD-T: Conceptualization, Writing – original draft, Writing – review 
& editing. AM: Writing – original draft, Writing – review & editing. LB: 
Writing – original draft, Writing – review & editing. NT: Writing – origi-
nal draft, Writing – review & editing. AMT: Writing – original draft, 
Writing – review & editing. MP: Writing – original draft, Writing – review 
& editing. JA: Writing – original draft, Writing – review & editing. RB:  
Writing – review & editing. SZ: Writing – review & editing. VK: Writing 
– review & editing. MA: Writing – review & editing. ATT: Writing – 
review & editing. JN: Writing – review & editing. GG: Conceptualization, 
Supervision, Writing – original draft, Writing – review & editing.

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This narrative review is part of a research 

project titled, “Determinants, Management and Preventive Strategies 
of Childhood Stunting Among Children 0–59 Months Focusing on 
Maternal and Child Dyad” that received support from the Department 
of Science and Technology (DOST) of the Republic of the Philippines 
as the funding agency, the Philippine Council for Health Research and 
Development (PCHRD) as the monitoring agency and Davao Medical 
School Foundation Inc. as the implementing agency.

Conflict of interest

GD-T, AM, LB, NT, AMT, MP and JA were employed by Davao 
Medical School Foundation Inc.

The remaining author(s) declared that this work was conducted 
in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was used in the creation 
of this manuscript. During the preparation of this work the authors 
used Chat GPT in order to correct grammar and improve readability. 
After using this tool/service, the authors reviewed and edited the con-
tent as needed and take full responsibility for the content of the 
publication.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
	1.	De Onis M, Borghi E, Arimond M, Webb P, Croft T, Saha K, et al. Prevalence thresholds 
for wasting, overweight and stunting in children under 5 years. Public Health Nutr. (2019) 
22:175–9. doi: 10.1017/S1368980018002434

	2.	Reinhardt K, Fanzo J. Addressing chronic malnutrition through multi-sectoral, sustain-
able approaches: a review of the causes and consequences. Front Nutr. (2014) 1:13. doi: 
10.3389/fnut.2014.00013

	3.	World Health Organization (2014). Global nutrition targets 2025: Policy brief series. 
Available online at: https://www.who.int/publications/i/item/WHO-NMH-NHD-14.2 
(accessed December 26, 2024).

	4.	Soliman A, De Sanctis V, Alaaraj N. Early and long-term consequences of nutritional 
stunting: from childhood to adulthood. Acta Bio Med Atenei Parmensis. (2021) 
92:e2021168. doi: 10.23750/abm.v92i1.11346

	5.	United Nations International Children’s Emergency Fund, World Health Organization, 
World Bank (2021) Levels and trends in child malnutrition: Key findings of the 2021 

edition of the Joint Child Malnutrition Estimates. Available online at: https://www.who.
int/publications/i/item/9789240025257 (accessed December 26, 2024).

	6.	World Health Organization (2023). The State of Food Security and Nutrition in the World 
2023: 2.3 The state of nutrition: progress towards global nutrition targets Food & Agriculture 
Org. Available online at: https://openknowledge.fao.org/server/api/core/bitstreams/f1ee0c4
9-04e7-43df-9b83-6820f4f37ca9/content/state-food-security-and-nutrition-2023/global-
nutrition-targets-trends.html#:~:text=Stunting%20and%20other%20forms%20of,and%20
NCDs%20later%20in%20life.&text=Globally%2C%20the%20prevalence%20of%20stunt-
ing,(148.1%20million)%20in%202022 (accessed December 26, 2024).

	7.	United Nations Children’s Fund (UNICEF) (2019). The state of the world’s children 
2019: Children, food and nutrition. Available online at: https://www.unicef.org/reports/
state-of-worlds-children-2019 (accessed December 26, 2024).

	8.	World Bank (2020) Investing in early childhood development: Essential interventions, 
services, and policies. Available online at: https://www.worldbank.org/en/topic/early-
childhooddevelopment#1 (accessed December 26, 2024).

https://doi.org/10.3389/fnut.2026.1761376
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1017/S1368980018002434
https://doi.org/10.3389/fnut.2014.00013
https://www.who.int/publications/i/item/WHO-NMH-NHD-14.2
https://doi.org/10.23750/abm.v92i1.11346
https://www.who.int/publications/i/item/9789240025257
https://www.who.int/publications/i/item/9789240025257
https://openknowledge.fao.org/server/api/core/bitstreams/f1ee0c49-04e7-43df-9b83-6820f4f37ca9/content/state-food-security-and-nutrition-2023/global-nutrition-targets-trends.html#:~:text=Stunting%20and%20other%20forms%20of,and%20NCDs%20later%20in%20life.&text=Globally%2C%20the%20prevalence%20of%20stunting,(148.1%20million)%20in%202022
https://openknowledge.fao.org/server/api/core/bitstreams/f1ee0c49-04e7-43df-9b83-6820f4f37ca9/content/state-food-security-and-nutrition-2023/global-nutrition-targets-trends.html#:~:text=Stunting%20and%20other%20forms%20of,and%20NCDs%20later%20in%20life.&text=Globally%2C%20the%20prevalence%20of%20stunting,(148.1%20million)%20in%202022
https://openknowledge.fao.org/server/api/core/bitstreams/f1ee0c49-04e7-43df-9b83-6820f4f37ca9/content/state-food-security-and-nutrition-2023/global-nutrition-targets-trends.html#:~:text=Stunting%20and%20other%20forms%20of,and%20NCDs%20later%20in%20life.&text=Globally%2C%20the%20prevalence%20of%20stunting,(148.1%20million)%20in%202022
https://openknowledge.fao.org/server/api/core/bitstreams/f1ee0c49-04e7-43df-9b83-6820f4f37ca9/content/state-food-security-and-nutrition-2023/global-nutrition-targets-trends.html#:~:text=Stunting%20and%20other%20forms%20of,and%20NCDs%20later%20in%20life.&text=Globally%2C%20the%20prevalence%20of%20stunting,(148.1%20million)%20in%202022
https://openknowledge.fao.org/server/api/core/bitstreams/f1ee0c49-04e7-43df-9b83-6820f4f37ca9/content/state-food-security-and-nutrition-2023/global-nutrition-targets-trends.html#:~:text=Stunting%20and%20other%20forms%20of,and%20NCDs%20later%20in%20life.&text=Globally%2C%20the%20prevalence%20of%20stunting,(148.1%20million)%20in%202022
https://www.unicef.org/reports/state-of-worlds-children-2019
https://www.unicef.org/reports/state-of-worlds-children-2019
https://www.worldbank.org/en/topic/earlychildhooddevelopment#1
https://www.worldbank.org/en/topic/earlychildhooddevelopment#1


Dable-Tupas et al.� 10.3389/fnut.2026.1761376

Frontiers in Nutrition 15 frontiersin.org

	9.	United Nations (2021). Progress towards the Sustainable Development Goals. Available 
online at: https://undocs.org/en/A/76/296 (accessed December 26, 2024).

	10.	 World Health Organization (2023). Stunting prevalence among children under 5 
years of age. Available online at: https://data.who.int/indicators/i/A5A7413/5F8A486 
(accessed December 26, 2024).

	11.	 United Nations International Children’s Emergency Fund, World Health 
Organization, World Bank (2023). Levels and trends in child malnutrition: Key findings 
of the 2023 edition of the Joint Child Malnutrition Estimates. Available online at: https://
data.unicef.org/resources/jme-report-2023/ (accessed December 26, 2024).

	12.	 United Nations (2015). Transforming our world: The 2030 Agenda for Sustainable 
Development. 2015. Available online at: https://sdgs.un.org/sites/default/files/publica-
tions/21252030%20Agenda%20for%20Sustainable%20Development%20web.pdf 
(accessed December 26, 2024).

	13.	 United Nations International Children’s Emergency Fund, World Health 
Organization, World Bank (2024). The UNICEF-WHO-World Bank Joint Child 
Malnutrition Estimates (JME) standard methodology. Available online at: https://iris.who.
int/bitstream/handle/10665/379080/9789240100190-eng.pdf ?sequence=1 
(accessed April 23, 2025).

	14.	 Tamir TT, Gezhegn SA, Dagnew DT, Mekonenne AT, Aweke GT, Lakew AM. 
Prevalence of childhood stunting and determinants in low and lower-middle income 
African countries: evidence from standard demographic and health survey. PLoS One. 
(2024) 19:e0302212. doi: 10.1371/journal.pone.0302212

	15.	 Wall-Wieler E, Roos LL, Nickel NC. Teenage pregnancy: the impact of maternal ado-
lescent childbearing and older sister’s teenage pregnancy on a younger sister. BMC 
Pregnancy Childbirth. (2016) 16:1–12. doi: 10.1186/s12884-016-0911-2

	16.	 Maheshwari MV, Khalid N, Patel PD. Maternal and neonatal outcomes of adolescent 
pregnancy: a narrative review. Cureus. (2022) 14:e25921. doi: 10.7759/cureus.25921

	17.	 Diabelková J, Rimárová K, Dorko E, Urdzík P, Houžvičková A, Argalášová Ľ. 
Adolescent pregnancy outcomes and risk factors. Int J Environ Res Public Health. (2023) 
20:4113. doi: 10.3390/ijerph20054113

	18.	 Victora CG, Adair L, Fall C, Hallal PC, Martorell R, Richter L, et al. Maternal and 
child undernutrition: consequences for adult health and human capital. Lancet. (2008) 
371:340–57. doi: 10.1016/s0140-6736(07)61692-4

	19.	 Wamani H, Åstrøm AN, Peterson S, Tumwine JK, Tylleskär T. Boys are more stunted 
than girls in sub-Saharan Africa: a meta-analysis of 16 demographic and health surveys. 
BMC Pediatr. (2007) 7:1–10. doi: 10.1186/1471-2431-7-17

	20.	 Thurstans S, Opondo C, Seal A, Wells J, Khara T, Dolan C, et al. Boys are more likely 
to be undernourished than girls: a systematic review and meta-analysis of sex differences 
in undernutrition. BMJ Glob Health. (2020) 5:e004030. doi: 10.1136/bmjgh-2020-004030

	21.	 Thompson AL. Greater male vulnerability to stunting? Evaluating sex differences in 
growth, pathways and biocultural mechanisms. Ann Hum Biol. (2021) 48:466–73. doi: 
10.1080/03014460.2021.1998622

	22.	 Aryastami NK, Shankar A, Kusumawardani N, Besral B, Jahari AB, Achadi E. Low 
birth weight was the most dominant predictor associated with stunting among children 
aged 12–23 months in Indonesia. BMC Nutr. (2017) 3:1–6. doi: 10.1186/
s40795-017-0130-x

	23.	 Gonete AT, Kassahun B, Mekonnen EG, Takele WW. Stunting at birth and associated 
factors among newborns delivered at the University of Gondar Comprehensive 
Specialized Referral Hospital. PLoS One. (2021) 16:e0245528. doi: 10.1371/journal.
pone.0245528

	24.	 Sinha B, Choudhary TS, Nitika N, Kumar M, Mazumder S, Taneja S, et al. Linear 
growth trajectories, catch-up growth, and its predictors among north Indian small-for-
gestational age low birthweight infants: a secondary data analysis. Front Nutr. (2022) 
9:827589. doi: 10.3389/fnut.2022.827589

	25.	 Khattak UK, Iqbal SP, Ghazanfar H. The role of parents’ literacy in malnutrition of 
children under the age of five years in a semi-urban community of Pakistan: a case-
control study. Cureus. (2017) 9:e1316. doi: 10.7759/cureus.1316

	26.	 Zaragoza-Cortes J, Trejo-Osti LE, Ocampo-Torres M, Zaragoza Cortes J, Trejo Osti 
LE, Ocampo Torres M, et al. Poor breastfeeding, complementary feeding and dietary 
diversity in children and their relationship with stunting in rural communities. Nutr Hosp. 
(2018) 35:271–8. doi: 10.20960/nh.1352

	27.	 Kragel EA, Merz A, Flood DMN, Haven KE. Risk factors for stunting in children 
under the age of 5 in rural guatemalan highlands. Ann Glob Health. (2020) 86:8. doi: 
10.5334/aogh.2433

	28.	 Braxton ME, Melendez CR, Larson KL. A feasibility study to examine clinical vari-
ables of childhood malnutrition in Guatemala. Hispanic Health Care Int. (2023) 
21:158–65. doi: 10.1177/15404153221150452

	29.	 Prendergast AJ, Humphrey JH. The stunting syndrome in developing countries. 
Paediatr Int Child Health. (2014) 34:250–65. doi: 10.1179/2046905514Y.0000000158

	30.	 Batool M, Saleem J, Zakar R, Butt MS, Iqbal S, Haider S, et al. Relationship of stunting 
with water, sanitation, and hygiene (WASH) practices among children under the age of 
five: a cross-sectional study in southern Punjab, Pakistan. BMC Public Health. (2023) 
23:2153. doi: 10.1186/s12889-023-17135-z

	31.	 Malin Igra A, Rahman A, Johansson ALV, Pervin J, Svefors P, Arifeen SE, et al. Early 
life environmental exposure to cadmium, lead, and arsenic and age at menarche: a 

longitudinal mother–child cohort study in Bangladesh. Environ Health Perspect. (2023) 
131:027003. doi: 10.1289/ehp11121

	32.	 Abebe F, Geleto A, Sena L, Hailu C. Predictors of academic performance with due 
focus on undernutrition among students attending primary schools of Hawa Gelan dis-
trict, Southwest Ethiopia: a school based cross sectional study. BMC Nutr. (2017) 3:30. 
doi: 10.1186/s40795-017-0138-2

	33.	 Asmare B, Taddele M, Berihun S, Wagnew F. Nutritional status and correlation with 
academic performance among primary school children, Northwest Ethiopia. BMC Res 
Notes. (2018) 11:805. doi: 10.1186/s13104-018-3909-1

	34.	 Amusa LB, Bengesai AV, Khan HT. Childhood stunting and subsequent educational 
outcomes: a marginal structural model analysis from a south African longitudinal study. 
Public Health Nutr. (2022) 25:3016–24. doi: 10.1017/S1368980022001823

	35.	 Adair LS, Fall CHD, Osmond C. Associations of linear growth and relative weight 
gain during early life with adult health and human capital in countries of low and middle 
income: findings from five birth cohort studies. Lancet. (2013) 382:525–34.

	36.	 McGovern ME, Krishna A, Aguayo VM, Subramanian SV. A review of the evidence 
linking child stunting to economic outcomes. Int J Epidemiol. (2017) 46:1171–91. doi: 
10.1093/ije/dyx017

	37.	 Akseer N, Tasic H, Onah MN, Nnachebe Onah M, Wigle J, Rajakumar R, et al. 
Economic costs of childhood stunting to the private sector in low-and middle-income 
countries. EClinicalMedicine. (2022) 45:101320. doi: 10.1016/j.eclinm.2022.101320

	38.	 Kirolos A, Harawa PP, Chimowa T, Divala O, Freyne B, Jones AG, et al. Long-term 
outcomes after severe childhood malnutrition in adolescents in Malawi (LOSCM): a pro-
spective observational cohort study. Lancet Child Adolesc Health. (2024) 8:280–9. doi: 
10.1016/S2352-4642(23)00339-5

	39.	 Clemente APG, Santos CD, Silva AAB. Mild stunting is associated with higher blood 
pressure in overweight adolescents. Arq Bras Cardiol. (2012) 98:6–12.

	40.	 Taslim NA, Farradisya S, Gunawan W, Gunawan WB, Alfatihah A, Barus RIB, et al. 
The interlink between chrono-nutrition and stunting: current insights and future perspec-
tives. Front Nutr. (2023) 10:1303969. doi: 10.3389/fnut.2023.1303969

	41.	 Soofi S, Nawaz G. Effectiveness of social protection program to prevent stunting 
among children 6–24 months in rural Pakistan; a cluster randomized controlled trial. 
Curr Dev Nutr. (2020) 4:nzaa043_135

	42.	 Alfonso Mayén V, Ogunlusi A, Wright CM. Childhood stunting and micronutrient 
status unaffected by RCT of micronutrient fortified drink. Matern Child Nutr. (2022) 
18:e13256

	43.	 Mamun AA, Mahmudiono T, Yudhastuti R, Triatmaja NT, Chen H-L. Effectiveness 
of food-based intervention to improve the linear growth of children under five: a system-
atic review and meta-analysis. Nutrients. (2023) 15:2430. doi: 10.3390/nu15112430

	44.	 Schoenbuchner SM, Dolan C, Mwangome M, Hall A, Richard SA, Wells JC, et al. The 
relationship between wasting and stunting: a retrospective cohort analysis of longitudinal 
data in Gambian children from 1976 to 2016. Am J Clin Nutr. (2019) 110:498–507. doi: 
10.1093/ajcn/nqy326

	45.	 Nabwera HM, Fulford AJ, Moore SE, Prentice AM. Growth faltering in rural Gambian 
children after four decades of interventions: a retrospective cohort study. Lancet Glob 
Health. (2017) 5:e208–16. doi: 10.1016/S2214-109X(16)30355-2

	46.	 Ahmed KY, Ogbo FA, Tegegne TK. Interventions to improve the nutritional status of 
under five children in Ethiopia: a systematic review. Public Health Nutr. (2023) 
26:147–3161. doi: 10.1017/S1368980023002410

	47.	 Kitano H. Systems biology: a brief overview. Science. (2002) 295:1662–4. doi: 10.1126/
science.1069492

	48.	 Blanton LV, Charbonneau MR, Salih T, Barratt MJ, Venkatesh S, Ilkaveya O, et al. Gut 
bacteria that prevent growth impairments transmitted by microbiota from malnourished 
children. Science. (2016) 351:aad3311. doi: 10.1126/science.aad3311

	49.	 Bastos-Moreira Y, Ouédraogo L, De Boevre M, Argaw A, de Kok B, Hanley-Cook GT, 
et al. A multi-omics and human biomonitoring approach to assessing the effectiveness of 
fortified balanced energy–protein supplementation on maternal and newborn health in 
Burkina Faso: a study protocol. Nutrients. (2023) 15:4056. doi: 10.3390/nu15184056

	50.	 Nicholson JK, Lindon JC, Holmes E. “Metabonomics”: understanding the metabolic 
responses of living systems to pathophysiological stimuli via multivariate statistical analy-
sis of biological NMR spectroscopic data. Xenobiotica. (1999) 29:1181–9.

	51.	 Fiehn O. Metabolomics—the link between genotypes and phenotypes. Funct 
Genomics. (2002) 48:155–71. doi: 10.1007/978-94-010-0448-0

	52.	 Shen H, Zhao H, Jiang Y. Machine learning algorithms for predicting stunting among 
under-five children in Papua New Guinea. Children (Basel). (2023) 10:1638. doi: 10.3390/
children10101638

	53.	 Ndagijimana S, Kabano IH, Masabo E, Ntaganda JM. Prediction of stunting among 
under-5 children in Rwanda using machine learning techniques. J Prev Med Public Health. 
(2023) 56:41. doi: 10.3961/jpmph.22.388

	54.	 Addae HY, Apprey C, Kwarteng A. Gut microbiome-targeted nutrition interventions 
and growth among children in low-and middle-income countries: a systematic review 
and meta-analysis. Curr Dev Nutr. (2024) 8:102085. doi: 10.1016/j.cdnut.2024.102085

	55.	 Sabatini DM, Erdjument-Bromage H, Lui M, Tempst P, Snyder SH. RAFT1: a mam-
malian protein that binds to FKBP12 in a rapamycin-dependent fashion and is homolo-
gous to yeast TORs. Cell. (1994) 78:35–43.

https://doi.org/10.3389/fnut.2026.1761376
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://undocs.org/en/A/76/296
https://data.who.int/indicators/i/A5A7413/5F8A486
https://data.unicef.org/resources/jme-report-2023/
https://data.unicef.org/resources/jme-report-2023/
https://sdgs.un.org/sites/default/files/publications/21252030%20Agenda%20for%20Sustainable%20Development%20web.pdf
https://sdgs.un.org/sites/default/files/publications/21252030%20Agenda%20for%20Sustainable%20Development%20web.pdf
https://iris.who.int/bitstream/handle/10665/379080/9789240100190-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/379080/9789240100190-eng.pdf?sequence=1
https://doi.org/10.1371/journal.pone.0302212
https://doi.org/10.1186/s12884-016-0911-2
https://doi.org/10.7759/cureus.25921
https://doi.org/10.3390/ijerph20054113
https://doi.org/10.1016/s0140-6736(07)61692-4
https://doi.org/10.1186/1471-2431-7-17
https://doi.org/10.1136/bmjgh-2020-004030
https://doi.org/10.1080/03014460.2021.1998622
https://doi.org/10.1186/s40795-017-0130-x
https://doi.org/10.1186/s40795-017-0130-x
https://doi.org/10.1371/journal.pone.0245528
https://doi.org/10.1371/journal.pone.0245528
https://doi.org/10.3389/fnut.2022.827589
https://doi.org/10.7759/cureus.1316
https://doi.org/10.20960/nh.1352
https://doi.org/10.5334/aogh.2433
https://doi.org/10.1177/15404153221150452
https://doi.org/10.1179/2046905514Y.0000000158
https://doi.org/10.1186/s12889-023-17135-z
https://doi.org/10.1289/ehp11121
https://doi.org/10.1186/s40795-017-0138-2
https://doi.org/10.1186/s13104-018-3909-1
https://doi.org/10.1017/S1368980022001823
https://doi.org/10.1093/ije/dyx017
https://doi.org/10.1016/j.eclinm.2022.101320
https://doi.org/10.1016/S2352-4642(23)00339-5
https://doi.org/10.3389/fnut.2023.1303969
https://doi.org/10.3390/nu15112430
https://doi.org/10.1093/ajcn/nqy326
https://doi.org/10.1016/S2214-109X(16)30355-2
https://doi.org/10.1017/S1368980023002410
https://doi.org/10.1126/science.1069492
https://doi.org/10.1126/science.1069492
https://doi.org/10.1126/science.aad3311
https://doi.org/10.3390/nu15184056
https://doi.org/10.1007/978-94-010-0448-0
https://doi.org/10.3390/children10101638
https://doi.org/10.3390/children10101638
https://doi.org/10.3961/jpmph.22.388
https://doi.org/10.1016/j.cdnut.2024.102085


Dable-Tupas et al.� 10.3389/fnut.2026.1761376

Frontiers in Nutrition 16 frontiersin.org

	56.	 Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell. (2012) 
149:274–93. doi: 10.1016/j.cell.2012.03.017

	57.	 Lynch CJ. Role of leucine in the regulation of mTOR by amino acids: revelations from 
structure–activity studies. J Nutr. (2001) 131:861S–5S. doi: 10.1093/jn/131.3.861s

	58.	 Duan Y, Li F, Li Y, Tang Y, Kong X, Feng Z, et al. The role of leucine and its metabolites 
in protein and energy metabolism. Amino Acids. (2016) 48:41–51. doi: 10.1007/
s00726-015-2067-1

	59.	 Jewell JL, Kim YC, Russell RC, Yu F-X, Park HW, Plouffe SW, et al. Differential regula-
tion of mTORC1 by leucine and glutamine. Science. (2015) 347:194–8. doi: 10.1126/
science.1259472

	60.	 Wang S, Tsun ZY, Wolfson RL, Shen K, Wyant GA, Plovanich ME, et al. Lysosomal 
amino acid transporter SLC38A9 signals arginine sufficiency to mTORC1. Science. (2015) 
347:188–94. doi: 10.1126/science.1257132

	61.	 Semba RD, Shardell M, Ashour FAS, Sakr Ashour FA, Moaddel R, Trehan I, et al. 
Child stunting is associated with low circulating essential amino acids. EBioMedicine. 
(2016) 6:246–52. doi: 10.1016/j.ebiom.2016.02.030

	62.	 Rizky MA, Sutjiati E. Low intake of essential amino acids and other risk factors of 
stunting among under-five children in Malang City, East Java, Indonesia. J Public Health 
Res. (2021) 10:jphr-2021

	63.	 Kumar M, Ji B, Babaei P, das P, Lappa D, Ramakrishnan G, et al. Gut microbiota 
dysbiosis is associated with malnutrition and reduced plasma amino acid levels: lessons 
from genome-scale metabolic modeling. Metab Eng. (2018) 49:128–42. doi: 10.1016/j.
ymben.2018.07.018

	64.	 Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM. Ragulator-rag 
complex targets mTORC1 to the lysosomal surface and is necessary for its activation by 
amino acids. Cell. (2010) 141:290–303. doi: 10.1016/j.cell.2010.02.024

	65.	 Dunlop EA, Tee AR. mTOR and autophagy: a dynamic relationship governed by 
nutrients and energy. Semin Cell Dev Biol, (2014). 36:121–9. doi: 10.1016/j.
semcdb.2014.08.006

	66.	 Demetriades C, Doumpas N, Teleman AA. Regulation of TORC1 in response to 
amino acid starvation via lysosomal recruitment of TSC2. Cell. (2014) 156:786–99. doi: 
10.1016/j.cell.2014.01.024

	67.	 Hossain M, Nahar B, Haque MA, Mondal D, Mahfuz M, Naila NN, et al. Serum 
adipokines, growth factors, and cytokines are independently associated with stunting in 
Bangladeshi children. Nutrients. (2019) 11:1827. doi: 10.3390/nu11081827

	68.	 Bourdon C, Lelijveld N, Thompson D, Dalvi PS, Gonzales GB, Wang D, et al. 
Metabolomics in plasma of Malawian children 7 years after surviving severe acute 
malnutrition:“ChroSAM” a cohort study. EBioMedicine. (2019) 45:464–72. doi: 10.1016/j.
ebiom.2019.06.041

	69.	 Kouanda S, Doulougou B, De Coninck V, Habimana L, Sondo B, Tonglet R, et al. 
Insulin growth factor-I in protein-energy malnutrition during rehabilitation in two nutri-
tional rehabilitation centres in Burkina Faso. J Trop Med. (2009) 2009:832589. doi: 
10.1155/2009/832589

	70.	 Arndt MB, Richardson BA, Mahfuz M, Ahmed T, Haque R, Gazi MA, et al. Plasma 
fibroblast growth factor 21 is associated with subsequent growth in a cohort of under-
weight children in Bangladesh. Curr Dev Nutr. (2019) 3:nzz024. doi: 10.1093/cdn/nzz024

	71.	 Mahfouz EM, Mohammed ES, Alkilany SF, Sameh Mohammed E, Abdel Rahman TA. 
The relationship between dietary intake and stunting among pre-school children in upper 
Egypt. Public Health Nutr. (2022) 25:2179–87. doi: 10.1017/S136898002100389X

	72.	 Fikawati S, Syafiq A, Ririyanti RK, Gemily SC. Energy and protein intakes are associ-
ated with stunting among preschool children in Central Jakarta, Indonesia: a case-control 
study. Malays J Nutr. (2021) 27:081–091. doi: 10.31246/mjn-2020-0074

	73.	 Arias FPS, Cajucom MP, Ducay AJD. Nutrient intake of stunted Filipino school-age 
children: results from the 2018-2019 expanded National Nutrition Survey. Philipp J Sci. 
(2024) 153:677–692. doi: 10.56899/153.02.18

	74.	 Kennedy BK, Lamming DW. The mechanistic target of rapamycin: the grand conduc-
TOR of metabolism and aging. Cell Metab. (2016) 23:990–1003. doi: 10.1016/j.
cmet.2016.05.009

	75.	 Oh WJ, Jacinto E. mTOR complex 2 signaling and functions. Cell Cycle. (2011) 
10:2305–16. doi: 10.4161/cc.10.14.16586

	76.	 Szwed A, Kim E, Jacinto E. Regulation and metabolic functions of mTORC1 and 
mTORC2. Physiol Rev. (2021) 101:1371–426. doi: 10.1152/physrev.00026.2020

	77.	 Inoki K, Li Y, Zhu T, Wu J, Guan KL. TSC2 is phosphorylated and inhibited by Akt 
and suppresses mTOR signalling. Nat Cell Biol. (2002) 4:648–57. doi: 10.1038/ncb839

	78.	 Chadha R, Meador-Woodruff JH. Downregulated AKT-mTOR signaling pathway 
proteins in dorsolateral prefrontal cortex in schizophrenia. Neuropsychopharmacology. 
(2020) 45:1059–67. doi: 10.1038/s41386-020-0614-2

	79.	 Li Y, Hu N, Yang D, Oxenkrug G, Yang Q. Regulating the balance between the kyn-
urenine and serotonin pathways of tryptophan metabolism. FEBS J. (2017) 284:948–66. 
doi: 10.1111/febs.14026

	80.	 Wang S, Mu L, Zhang C, Long X, Zhang Y, Li R, et al. Abnormal activation of trypto-
phan-kynurenine pathway in women with polycystic ovary syndrome. Front Endocrinol 
(Lausanne). (2022) 13:877807. doi: 10.3389/fendo.2022.877807

	81.	 Xue C, Li G, Zheng Q, Gu X, Shi Q, Su Y, et al. Tryptophan metabolism in health and 
disease. Cell Metab. (2023) 35:1304–26. doi: 10.1016/j.cmet.2023.06.004

	82.	 Thanee M, Padthaisong S, Suksawat M, Dokduang H, Phetcharaburanin J, Klanrit P, 
et al. Sulfasalazine modifies metabolic profiles and enhances cisplatin chemosensitivity 
on cholangiocarcinoma cells in in vitro and in vivo models. Cancer Metab. (2021) 9:1–13. 
doi: 10.1186/s40170-021-00249-6

	83.	 Gazi MA, Das S, Siddique MA. Plasma kynurenine to tryptophan ratio is negatively 
associated with linear growth of children living in a slum of Bangladesh: results from a 
community-based intervention study. Am J Trop Med Hyg. (2020) 104:33236707:766–73. 
doi: 10.4269/ajtmh.20-0049

	84.	 Bagheri M, Wang C, Shi M. The genetic architecture of plasma kynurenine includes 
cardiometabolic disease mechanisms associated with the SH2B3 gene. Sci Rep. (2022) 
2021 1(1):15652

	85.	 Salminen A. Role of indoleamine 2, 3-dioxygenase 1 (IDO1) and kynurenine pathway 
in the regulation of the aging process. Ageing Res Rev. (2022), 75:101573. doi: 10.1016/j.
arr.2022.101573

	86.	 Badawy AAB. Kynurenine pathway of tryptophan metabolism: regulatory and func-
tional aspects. Int J Tryptophan Res. (2017) 10:1178646917691938. doi: 10.1177/ 
1178646917691938

	87.	 Louis-Auguste J, Besa E, Zyambo K, Munkombwe D, Banda R, Banda T, et al. 
Tryptophan, glutamine, leucine, and micronutrient supplementation improves environ-
mental enteropathy in Zambian adults: a randomized controlled trial. Am J Clin Nutr. 
(2019) 110:1240–52. doi: 10.1093/ajcn/nqz189

	88.	 Athnaiel O, Ong C, Knezevic NN. The role of kynurenine and its metabolites in 
comorbid chronic pain and depression. Meta. (2022) 12:950. doi: 10.3390/
metabo12100950

	89.	 Witoszyńska-Sobkowiak J, Sikorska D, Rutkowski R, Niklas K, Żychowska I, 
Samborski W. Treatment of ankylosing spondylitis with TNFα inhibitors does not affect 
serum levels of tryptophan metabolites. Inflammopharmacology. (2023) 31:2393–400. doi: 
10.1007/s10787-023-01317-7

	90.	 Kosek MN, Mduma E, Kosek PS, Lee GO, Svensen E, Pan WKY, et al. Plasma tryp-
tophan and the kynurenine–tryptophan ratio are associated with the acquisition of statu-
ral growth deficits and oral vaccine underperformance in populations with environmental 
enteropathy. Am J Trop Med Hyg. (2016) 95:928–37. doi: 10.4269/ajtmh.16-0037

	91.	 Guerrant RL, Leite AM, Pinkerton R, Medeiros PH, Cavalcante PA, DeBoer M, et al. 
Biomarkers of environmental enteropathy, inflammation, stunting, and impaired growth 
in children in Northeast Brazil. PLoS One. (2016) 11:e0158772. doi: 10.1371/journal.
pone.0158772

	92.	 Harris DMM, Szymczak S, Schuchardt S, Labrenz J, Tran F, Welz L, et al. Tryptophan 
degradation as a systems phenomenon in inflammation–an analysis across 13 chronic 
inflammatory diseases. EBioMedicine. (2024) 102:105056. doi: 10.1016/j.
ebiom.2024.105056

	93.	 Tan Q, Deng S, Xiong L. Role of kynurenine and its derivatives in liver diseases: recent 
advances and future clinical perspectives. Int J Mol Sci. (2025) 26:968. doi: 10.3390/
ijms26030968

	94.	 Mutasa K, Ntozini R, Mbuya MN, Rukobo S, Govha M, Majo FD, et al. Biomarkers 
of environmental enteric dysfunction are not consistently associated with linear growth 
velocity in rural Zimbabwean infants. Am J Clin Nutr. (2021) 113:1185–98. doi: 10.1093/
ajcn/nqaa416

	95.	 Korsmo HW, Jiang X. One carbon metabolism and early development: a 
diet-dependent destiny. Trends Endocrinol Metab. (2021) 32:579–93. doi: 10.1016/j.
tem.2021.05.011

	96.	 Bekdash RA. Methyl donors, epigenetic alterations, and brain health: understanding 
the connection. Int J Mol Sci. (2023) 24:2346. doi: 10.3390/ijms24032346

	97.	 Zhang D, Hua Z, Li Z. The role of glutamate and glutamine metabolism and related 
transporters in nerve cells. CNS Neurosci Ther. (2024) 30:e14617. doi: 10.1111/cns.14617

	98.	 Mentch SJ, Locasale JW. One-carbon metabolism and epigenetics: understanding the 
specificity. Ann N Y Acad Sci. (2016) 1363:91–8. doi: 10.1111/nyas.12956

	99.	 Stocke KS, Lamont RJ. One-carbon metabolism and microbial pathogenicity. Mol 
Oral Microbiol. (2024) 39:156–64. doi: 10.1111/omi.12417

	100.	Sfakianoudis K, Zikopoulos A, Grigoriadis S, Seretis N, Maziotis E, Anifandis G, et al. 
The role of one-carbon metabolism and methyl donors in medically assisted reproduction: a 
narrative review of the literature. Int J Mol Sci. (2024) 25:4977. doi: 10.3390/ijms25094977

	101.	May T, de la Haye B, Nord G, Klatt K, Stephenson K, Adams S, et al. One-carbon 
metabolism in children with marasmus and kwashiorkor. EBioMedicine. (2022) 
75:103791. doi: 10.1016/j.ebiom.2021.103791

	102.	Friso S, Udali S, De Santis D. One-carbon metabolism and epigenetics. Mol Asp Med. 
(2017) 54:27876555:28–36. doi: 10.1016/j.mam.2016.11.007

	103.	Schulze KV, Swaminathan S, Howell S, Jajoo A, Lie NC, Brown O, et al. Edematous 
severe acute malnutrition is characterized by hypomethylation of DNA. Nat Commun. 
(2019) 10:5791. doi: 10.1038/s41467-019-13433-6

	104.	Kupkova K, Shetty SJ, Pray-Grant MG, Grant PA, Haque R, Petri WA Jr, et al. 
Globally elevated levels of histone H3 lysine 9 trimethylation in early infancy are associ-
ated with poor growth trajectory in Bangladeshi children. Clin Epigenetics. (2023) 15:129. 
doi: 10.1186/s13148-023-01548-z

	105.	Thakur P, Bhalerao A. High homocysteine levels during pregnancy and its associa-
tion with placenta-mediated complications: a scoping review. Cureus. (2023) 15:e35244. 
doi: 10.7759/cureus.35244

https://doi.org/10.3389/fnut.2026.1761376
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1093/jn/131.3.861s
https://doi.org/10.1007/s00726-015-2067-1
https://doi.org/10.1007/s00726-015-2067-1
https://doi.org/10.1126/science.1259472
https://doi.org/10.1126/science.1259472
https://doi.org/10.1126/science.1257132
https://doi.org/10.1016/j.ebiom.2016.02.030
https://doi.org/10.1016/j.ymben.2018.07.018
https://doi.org/10.1016/j.ymben.2018.07.018
https://doi.org/10.1016/j.cell.2010.02.024
https://doi.org/10.1016/j.semcdb.2014.08.006
https://doi.org/10.1016/j.semcdb.2014.08.006
https://doi.org/10.1016/j.cell.2014.01.024
https://doi.org/10.3390/nu11081827
https://doi.org/10.1016/j.ebiom.2019.06.041
https://doi.org/10.1016/j.ebiom.2019.06.041
https://doi.org/10.1155/2009/832589
https://doi.org/10.1093/cdn/nzz024
https://doi.org/10.1017/S136898002100389X
https://doi.org/10.31246/mjn-2020-0074
https://doi.org/10.56899/153.02.18
https://doi.org/10.1016/j.cmet.2016.05.009
https://doi.org/10.1016/j.cmet.2016.05.009
https://doi.org/10.4161/cc.10.14.16586
https://doi.org/10.1152/physrev.00026.2020
https://doi.org/10.1038/ncb839
https://doi.org/10.1038/s41386-020-0614-2
https://doi.org/10.1111/febs.14026
https://doi.org/10.3389/fendo.2022.877807
https://doi.org/10.1016/j.cmet.2023.06.004
https://doi.org/10.1186/s40170-021-00249-6
https://doi.org/10.4269/ajtmh.20-0049
https://doi.org/10.1016/j.arr.2022.101573
https://doi.org/10.1016/j.arr.2022.101573
https://doi.org/10.1177/1178646917691938
https://doi.org/10.1177/1178646917691938
https://doi.org/10.1093/ajcn/nqz189
https://doi.org/10.3390/metabo12100950
https://doi.org/10.3390/metabo12100950
https://doi.org/10.1007/s10787-023-01317-7
https://doi.org/10.4269/ajtmh.16-0037
https://doi.org/10.1371/journal.pone.0158772
https://doi.org/10.1371/journal.pone.0158772
https://doi.org/10.1016/j.ebiom.2024.105056
https://doi.org/10.1016/j.ebiom.2024.105056
https://doi.org/10.3390/ijms26030968
https://doi.org/10.3390/ijms26030968
https://doi.org/10.1093/ajcn/nqaa416
https://doi.org/10.1093/ajcn/nqaa416
https://doi.org/10.1016/j.tem.2021.05.011
https://doi.org/10.1016/j.tem.2021.05.011
https://doi.org/10.3390/ijms24032346
https://doi.org/10.1111/cns.14617
https://doi.org/10.1111/nyas.12956
https://doi.org/10.1111/omi.12417
https://doi.org/10.3390/ijms25094977
https://doi.org/10.1016/j.ebiom.2021.103791
https://doi.org/10.1016/j.mam.2016.11.007
https://doi.org/10.1038/s41467-019-13433-6
https://doi.org/10.1186/s13148-023-01548-z
https://doi.org/10.7759/cureus.35244


Dable-Tupas et al.� 10.3389/fnut.2026.1761376

Frontiers in Nutrition 17 frontiersin.org

	106.	Nwogu CM, Okunade KS, Adenekan MA, Sekumade AI, John-Olabode S, Oluwole 
AA. Association between maternal serum homocysteine concentrations in early preg-
nancy and adverse pregnancy outcomes. Ann Afr Med. (2020) 19:113–8. doi: 10.4103/
aam.aam_41_19

	107.	Mayneris-Perxachs J, Swann JR. Metabolic phenotyping of malnutrition during the 
first 1000 days of life. Eur J Nutr. (2019) 58:909–30. doi: 10.1007/s00394-018-1679-0

	108.	Mayneris-Perxachs J, Lima AAM, Guerrant RL, Lima AA, Leite ÁM, Moura AF, et al. 
Urinary N-methylnicotinamide and β-aminoisobutyric acid predict catch-up growth in 
undernourished Brazilian children. Sci Rep. (2016) 6:19780. doi: 10.1038/srep19780

	109.	Mujica-Coopman MF, Paules EM, Trujillo-Gonzalez I. The role of prenatal choline 
and its impact on neurodevelopmental disorders. Front Nutr. (2024) 11:1463983

	110.	Jaiswal A, Dewani D, Reddy LS, Patel A. Choline supplementation in pregnancy: 
current evidence and implications. Cureus. (2023) 15:e48538. doi: 10.7759/cureus.48538

	111.	Semba RD, Zhang P, Gonzalez-Freire M, Moaddel R, Trehan I, Maleta KM, et al. The 
association of serum choline with linear growth failure in young children from rural 
Malawi. Am J Clin Nutr. (2016) 104:191–7. doi: 10.3945/ajcn.115.129684

	112.	Giallourou N, Fardus-Reid F, Panic G, Veselkov K, McCormick BJJ, Olortegui MP, 
et al. Metabolic maturation in the first 2 years of life in resource-constrained settings and 
its association with postnatal growth. Sci Adv. (2020) 6:eaay5969. doi: 10.1126/
sciadv.aay5969

	113.	Gonzales GB, Brals D, Sonko B, Sosseh F, Prentice AM, Moore SE, et al. Plasma lipids 
and growth faltering: a longitudinal cohort study in rural Gambian children. Sci Adv. 
(2021) 7:eabj1132. doi: 10.1126/sciadv.abj1132

	114.	Iannotti LL, Lutter CK, Waters WF, Gallegos Riofrío CA, Malo C, Reinhart G, et al. 
Eggs early in complementary feeding increase choline pathway biomarkers and DHA: a 
randomized controlled trial in Ecuador. Am J Clin Nutr. (2017) 106:1482–9. doi: 10.3945/
ajcn.117.160515

	115.	Iannotti LL, Chapnick M, Nicholas J, Gallegos-Riofrio CA, Moreno P, Douglas K, 
et al. Egg intervention effect on linear growth no longer present after two years. Matern 
Child Nutr. (2020) 16:e12925. doi: 10.1111/mcn.12925

	116.	Omer A, Hailu D, Whiting SJ. Effect of a child-owned poultry intervention providing 
eggs on nutrition status and motor skills of young children in southern Ethiopia: a cluster 
randomized and controlled community trial. Int J Environ Res Public Health. (2022) 
19:15305. doi: 10.3390/ijerph192215305

	117.	Stewart CP, Caswell B, Iannotti L, Lutter C, Arnold CD, Chipatala R, et al. The effect 
of eggs on early child growth in rural Malawi: the Mazira project randomized controlled 
trial. Am J Clin Nutr. (2019) 110:1026–33. doi: 10.1093/ajcn/nqz163

	118.	Ricci H, Faber M, Ricci C. Effects of egg as an early complementary food on growth 
of 6-to 9-month-old infants: a randomised controlled trial. Public Health Nutr. 
(2024) 27:e1

	119.	Larson EA, Zhao Z, Bader-Larsen KS, Magkos F. Egg consumption and growth in 
children: a meta-analysis of interventional trials. Front Nutr. (2024) 10:1278753. doi: 
10.3389/fnut.2023.1278753

	120.	Megha KB, Joseph X, Akhil V. Cascade of immune mechanism and consequences of 
inflammatory disorders. Phytomedicine. (2021) 91:153712

	121.	Zambruni M, Ochoa TJ, Somasunderam A, Cabada MM, Morales ML, Mitreva M, 
et al. Stunting is preceded by intestinal mucosal damage and microbiome changes and is 
associated with systemic inflammation in a cohort of Peruvian infants. Am J Trop Med 
Hyg. (2019) 101:1009–17. doi: 10.4269/ajtmh.18-0975

	122.	Nuryandari S, Widjaja NA, Husada D. TNF-α and IGF-1 levels in stunting children 
with chronic infection. Acta Biomed Ateneo Parmense. (2024) 95:e2024182

	123.	França TGD, Ishikawa LLW, Zorzella-Pezavento SFG, Chiuso-Minicucci F, da Cunha 
MLRS, Sartori A. Impact of malnutrition on immunity and infection. J Venomous Animals 
Toxins including Tropical Dis. (2009) 15:374–90. doi: 10.1590/s1678-91992009000300003

	124.	Orbe-Orihuela YC, Lagunas-Martínez A, Bahena-Román M, Madrid-Marina V, 
Torres-Poveda K, Flores-Alfaro E, et al. High relative abundance of firmicutes and 
increased TNF-α levels correlate with obesity in children. Salud Publica Mex. (2018) 
60:5–11. doi: 10.21149/8133

	125.	Carrizo TDR, Díaz EI, Velarde MS. Tumor necrosis factor-alpha in a children popu-
lation with overweight. Medicina (B Aires). (2013) 73:310–4.
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