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Abstract

Background: Adequate protein intake is essential for child growth, yet optimal growth
depends not only on protein quantity but also on the efficiency of protein utilization. Multiple
biological and environmental factors may impair the conversion of dietary protein into
functional body proteins, contributing to growth faltering despite sufficient protein intake.
Methods: This narrative review synthesized recent evidence published between 2020 and
2026 from PubMed, Scopus, ScienceDirect, and Google Scholar. Studies involving pediatric
populations from birth to 18 years of age were considered, with priority given to peer-
reviewed original studies, systematic reviews, meta-analyses, clinical guidelines, and
consensus statements addressing factors affecting protein digestion, absorption, metabolism,
and tissue protein synthesis. Results: Protein utilization is influenced by dietary protein
quality, digestive function, intestinal absorption, environmental enteric dysfunction, gut
microbiota, infection, inflammation, micronutrient status, energy adequacy, and
socioeconomic and environmental conditions. These factors interact to reduce amino acid
bioavailability, suppress anabolic pathways, increase protein catabolism, and impair tissue
protein synthesis, thereby limiting linear growth. Conclusions: Optimizing child growth
requires integrated nutrition strategies that combine high-quality protein intake with
interventions supporting intestinal health, adequate energy and micronutrient intake,
infection prevention, and improved environmental conditions to maximize protein utilization.
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Introduction

Child undernutrition remains one of the most persistent public health challenges
worldwide, despite substantial progress in nutrition interventions over the past two decades.
According to the 2024 Joint Child Malnutrition Estimates released by UNICEF, the World
Health Organization (WHO), and the World Bank, an estimated of 150.2 million children under
five years of age (23.2%) were stunted, while 42.8 million (6.6%) experienced wasting in 2024.1
Growth faltering during early childhood has profound consequences, including impaired
cognitive development, weakened immune function, reduced educational attainment, lower
economic productivity in adulthood, and an increased risk of chronic diseases later in life.>™

Protein is an essential macronutrient required for tissue accretion, skeletal muscle
development, immune competence, enzyme production, and the synthesis of structural and
functional proteins that support normal growth.> During infancy and childhood, protein
requirements increase substantially because of rapid linear growth and high rates of protein
turnover. Adequate dietary protein intake has consistently been associated with improved
height gain, lean body mass, and developmental outcomes.®’ Current nutritional strategies
therefore emphasize increasing both the quantity and quality of dietary protein, particularly
through animal-source foods and high-quality complementary feeding.®® Animal-source
proteins are particularly important during early childhood because they provide highly
digestible indispensable amino acids that efficiently stimulate tissue protein synthesis and
linear growth.'® Adequate protein intake alone does not always translate into optimal growth,
indicating that factors beyond dietary intake influence the biological utilization of protein.

Protein utilization encompasses a series of physiological processes extending beyond
protein consumption, including digestion, amino acid absorption, transport, cellular uptake,
metabolic regulation, and protein synthesis. Disruption at any stage of this pathway may
reduce the efficiency with which dietary protein is converted into functional body proteins.*!
Gastrointestinal infections, environmental enteric dysfunction, chronic inflammation, gut
microbiota dysbiosis, inadequate energy intake, micronutrient deficiencies, and poor dietary
protein quality have each been associated with impaired protein utilization in children. These

conditions may increase protein catabolism, reduce amino acid bioavailability, suppress
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anabolic signaling pathways, or impair intestinal absorptive capacity, thereby limiting growth
even when protein intake appears sufficient.!%13

The efficiency of protein utilization is also influenced by broader environmental and
socioeconomic determinants. Children living in resource-limited settings are frequently
exposed to recurrent infections, poor sanitation, food insecurity, and limited dietary diversity.
Such conditions interact with biological mechanisms that regulate protein metabolism and
contribute to persistent growth deficits.!¥'> Nutritional interventions focusing solely on
increasing protein intake often produce heterogeneous outcomes because they do not
adequately address factors that compromise protein digestion, absorption, or metabolic
utilization. This complexity underscores the importance of adopting a multidimensional
perspective when evaluating protein-related interventions for child growth.17

Although numerous reviews have examined dietary protein intake, protein quality, or
the association between protein consumption and child growth, relatively few have
synthesized the diverse biological, nutritional, and environmental factors that inhibit optimal
protein utilization in children. Existing evidence is dispersed across studies investigating
infection, intestinal health, micronutrient status, dietary composition, inflammatory
responses, and socioeconomic conditions, making it difficult to establish an integrated
understanding of how these factors collectively influence protein metabolism and growth. A
comprehensive synthesis of these mechanisms is needed to support more effective nutrition
policies and intervention strategies.

In this review, children are defined as individuals from birth to 18 years of age,
encompassing infancy, childhood, and adolescence. This narrative review aims to synthesize
current evidence regarding the biological, dietary, environmental, and socioeconomic factors
that inhibit optimal protein utilization among children. The review also discusses the
underlying mechanisms through which these factors interfere with protein digestion,
absorption, metabolism, and protein synthesis, and highlights their implications for child

growth and future nutrition interventions.
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Methods

This study was conducted as a narrative review to provide a comprehensive synthesis of
current evidence on factors inhibiting optimal protein utilization among children. Unlike
systematic reviews, a narrative review allows the integration of evidence from diverse study
designs to explain complex biological, nutritional, and environmental mechanisms that
influence protein utilization. The review focused on identifying and critically discussing key
determinants affecting protein digestion, amino acid absorption, metabolism, and tissue
protein synthesis.

A literature search was performed using four electronic databases: PubMed, Scopus,
ScienceDirect, and Google Scholar. The search primarily focused on articles published
between January 2020 and June 2026 to capture recent evidence. Earlier landmark
publications were retained selectively when they provided foundational concepts or
mechanisms directly relevant to protein utilization. The search strategy combined Medical
Subject Headings (MeSH) and free-text terms related to protein utilization and child nutrition.
The primary search terms included protein utilization, protein metabolism, protein digestion,
protein absorption, protein quality, amino acid metabolism, children, child growth, stunting,
wasting, gut microbiota, environmental enteric dysfunction, infection, inflammation,
micronutrient deficiency, and malnutrition. Boolean operators (AND, OR) were used to
combine keywords according to the indexing system of each database.

Relevant publications were screened based on their titles and abstracts, followed by full-
text assessment of potentially eligible articles. Studies involving pediatric populations from
birth to 18 years of age, including infants, children, and adolescents, were considered when
they addressed factors influencing protein digestion, absorption, utilization, metabolism, or
growth. Priority was given to original research articles, systematic reviews, meta-analyses,
clinical guidelines, and consensus statements published in peer-reviewed journals. Articles
focusing exclusively on protein intake without discussing mechanisms related to protein
utilization were considered only when they provided important contextual information.
Editorials, conference abstracts, opinion papers, unpublished reports, and articles lacking

sufficient methodological information were excluded as primary sources of evidence.
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As this study was designed as a narrative review rather than a systematic review, formal
PRISMA-style reporting of study identification, screening, and inclusion counts was not
performed. The retrieved literature was synthesized using a thematic narrative approach.
Evidence was organized into major themes according to biological plausibility and relevance
to protein utilization. These themes included physiological aspects of protein utilization,
dietary protein quality, gastrointestinal health, environmental enteric dysfunction, infectious
diseases, inflammatory responses, gut microbiota, micronutrient interactions, energy
adequacy, and environmental and socioeconomic determinants. Findings from different study
designs were critically compared to identify consistent evidence, explain potential
mechanisms, and highlight areas where current knowledge remains limited. Rather than
guantitatively pooling results, this review emphasizes conceptual integration to provide a
comprehensive understanding of factors that influence the efficiency of protein utilization in
children.

Although a formal risk-of-bias assessment was not conducted because of the narrative
review design, greater emphasis was placed on evidence derived from high-quality
publications, including systematic reviews, meta-analyses, randomized controlled trials,
prospective cohort studies, and international guidelines. Recent publications and studies with
robust methodologies were prioritized to ensure that the discussion reflected current

scientific evidence and advances in pediatric nutrition research.

Results and Discussion
1. Protein Utilization in Children: From Intake to Tissue Protein Synthesis

Optimal growth during childhood depends not only on adequate protein intake but also
on the efficiency of protein utilization, a biological process that includes protein digestion,
amino acid absorption, transport, cellular metabolism, and tissue protein synthesis. Dietary
protein provides essential amino acids required for the development of muscle, bone,
enzymes, hormones, and immune proteins.® The physiological benefits of protein therefore
depend on the body's capacity to convert ingested protein into functional body proteins
rather than on protein intake alone. Impaired protein utilization may contribute to growth

faltering even when dietary protein intake appears sufficient.101°
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Protein digestion begins in the stomach through acid denaturation and pepsin activity
and continues in the small intestine via pancreatic proteases, producing free amino acids and
small peptides that are absorbed by specialized intestinal transporters. Once absorbed, amino
acids enter the portal circulation and are distributed to peripheral tissues, where they support
protein turnover and growth.?%2! The efficiency of this process is influenced by protein
digestibility, amino acid composition, gastrointestinal integrity, and metabolic demands. Food
processing, dietary composition, and intestinal health can modify amino acid bioavailability,
thereby affecting the amount of protein available for tissue synthesis.2°

At the cellular level, indispensable amino acids, particularly leucine, activate the
mechanistic target of rapamycin complex 1 (mTORC1), which regulates protein translation and
tissue accretion. This anabolic response requires an adequate supply of all essential amino
acids and sufficient energy intake.?? During energy deficiency or inflammatory conditions,
amino acids are preferentially oxidized for energy production or redirected toward acute-
phase protein synthesis and immune responses, reducing their availability for growth.?324
Protein utilization is therefore determined by the interaction between nutrient availability,
endocrine regulation, immune activation, and intestinal function rather than by dietary
protein quantity alone.?

Assessment of protein quality has also evolved from measuring total protein intake to
evaluating digestible indispensable amino acid availability. The Digestible Indispensable
Amino Acid Score (DIAAS) is increasingly recognized as a more accurate indicator of protein
quality than the Protein Digestibility-Corrected Amino Acid Score (PDCAAS), as it better
reflects ileal amino acid digestibility and metabolic availability.?® Animal-source proteins
generally provide higher digestibility and a more balanced indispensable amino acid profile
than most plant-derived proteins, although appropriate food processing and complementary
protein combinations can substantially improve the nutritional quality of plant-based diets.*°
Understanding protein utilization as an integrated metabolic pathway provides a stronger
framework for explaining growth impairment and forms the basis for identifying the biological
and environmental factors discussed in the following sections.?’” Based on the evidence

synthesized in this review, protein utilization in children can be conceptualized as a multistage
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process involving dietary protein intake, gastrointestinal digestion, intestinal absorption,
amino acid transport and metabolism, and tissue protein synthesis, ultimately contributing to
child growth. These processes are influenced by interconnected factors, including dietary
protein quality, infection, inflammation, micronutrient and energy status, gut microbiota,
environmental enteric dysfunction, and socioeconomic and environmental conditions, as

illustrated in Figure 1.
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Optimal protein utilization — Improved child growth and long-term health outcomes

Multiple, interconnected factors must be addressed to maximize protein utilization and prevent growth faltering in children.

Figure 1. Integrated Biological and Environmental Factors Affecting Protein Utilization in

Children

2. Dietary Protein Quality as a Determinant of Protein Utilization

Dietary protein quality is a fundamental determinant of protein utilization because it
influences the amount of digestible indispensable amino acids available for tissue protein
synthesis. Protein quality is determined by amino acid composition, digestibility, and
bioavailability rather than total protein content alone. A protein source that provides all

indispensable amino acids in adequate proportions and is efficiently digested is more likely to

support positive nitrogen balance, muscle protein synthesis, and linear growth. The
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importance of evaluating dietary proteins based on digestible amino acid availability, with
DIAAS regarded as the most physiologically relevant method for assessing protein quality.
Unlike the PDCAAS, DIAAS estimates ileal digestibility of individual indispensable amino acids
and provides a more accurate reflection of the amino acids available for metabolic
utilization.26:28:29

Animal-source proteins, including milk, eggs, fish, and meat, generally exhibit higher
digestibility and a more balanced indispensable amino acid profile than most plant-derived
proteins, although some plant protein sources have relatively favorable indispensable amino
acid profiles and digestibility compared with other plant-based sources.3%32 In contrast, many
cereal- and legume-based proteins may contain limiting amino acids, such as lysine in cereals
and methionine in legumes, and may also contain antinutritional compounds that can reduce
protein digestibility and amino acid absorption.3! Although food processing techniques such
as fermentation, germination, and thermal treatment may improve protein digestibility and
reduce some antinutritional factors, the nutritional quality of plant-based proteins may
remain variable depending on the source and processing method.3?

Improving protein utilization requires attention to both protein quantity and protein
quality. Increasing dietary diversity, incorporating animal-source foods where feasible, and
combining complementary plant protein sources can enhance indispensable amino acid
balance and digestibility. These approaches increase amino acid bioavailability and support
more efficient tissue protein synthesis, highlighting dietary protein quality as a critical

component of strategies to optimize child growth and nutritional status.>3

3. Digestive Function and Intestinal Protein Absorption

Efficient protein utilization depends on the integrity of the digestive system, as protein
must be adequately hydrolyzed and absorbed before amino acids become available for tissue
protein synthesis. Protein digestion begins in the stomach through gastric acid secretion and
pepsin activity, followed by enzymatic hydrolysis in the small intestine by pancreatic proteases
and brush-border peptidases.3* The resulting amino acids and small peptides are absorbed
through specialized intestinal transporters, providing the substrates required for growth,

tissue repair, and metabolic regulation. Disruption of any stage in this process reduces amino
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acid bioavailability and limits the efficiency of protein utilization, even when dietary protein
intake is sufficient.3°

The absorptive capacity of the small intestine is closely linked to intestinal morphology
and epithelial function. Healthy villi, intact tight junctions, adequate digestive enzyme activity,
and functional amino acid transporters are essential for efficient nutrient uptake. Damage to
the intestinal mucosa, whether caused by recurrent enteric infections, chronic inflammation,
food protein-induced enteropathy, or other gastrointestinal disorders, impairs digestive
enzyme activity, decreases absorptive surface area, and compromises amino acid transport
across the intestinal epithelium. These alterations reduce the availability of indispensable
amino acids for protein synthesis and contribute to impaired growth in children.3%3’

Digestive efficiency is also influenced by the physicochemical characteristics of the diet.
Protein digestibility varies according to protein source, food matrix, and processing methods.
Thermal processing, fermentation, and germination may improve protein digestibility by
denaturing protein structures and reducing antinutritional compounds, whereas excessive
heat treatment or the presence of phytates, tannins, and protease inhibitors can decrease
enzymatic hydrolysis and amino acid absorption. These factors become particularly relevant
in populations relying predominantly on cereal-based diets, where lower digestibility and
reduced indispensable amino acid availability may compromise protein utilization despite
adequate protein intake.?%3°

Intestinal dysfunction contributes to growth impairment through mechanisms
extending beyond nutrient malabsorption.3® Environmental enteropathy is characterized by
villous blunting, increased intestinal permeability, chronic mucosal inflammation, and altered
digestive function, all of which reduce nutrient absorption and metabolic efficiency.13340
Protein requirements may increase under these conditions because inflammation accelerates
protein turnover and amino acids are redirected toward immune responses and tissue repair
rather than somatic growth.?! This interaction between impaired intestinal function and
increased metabolic demand provides a biological explanation for the limited effectiveness of
protein supplementation in some children living in environments with a high burden of enteric

disease.*243
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Maintaining gastrointestinal health is therefore a prerequisite for optimal protein
utilization. Nutritional strategies that focus solely on increasing protein intake are unlikely to
achieve maximal benefits when digestive function and intestinal absorptive capacity remain
compromised. Interventions that preserve intestinal integrity, improve digestive efficiency,
and reduce chronic enteric inflammation should be considered integral components of child
nutrition programs aimed at optimizing protein utilization and supporting healthy

growth 13,39,40,42,43

4. Environmental Enteric Dysfunction and Gut Barrier Impairment

Environmental enteric dysfunction (EED) is increasingly recognized as a major biological
barrier to optimal protein utilization among children living in low- and middle-income
countries. EED is a chronic subclinical disorder of the small intestine characterized by villous
blunting, crypt hyperplasia, impaired epithelial regeneration, increased intestinal
permeability, and persistent mucosal inflammation.® Unlike acute gastrointestinal disease,
EED often develops without obvious clinical symptoms but substantially compromises
digestive and absorptive function, making it an important contributor to growth faltering and
poor nutritional outcomes.*°

The impaired intestinal barrier associated with EED reduces the efficiency of protein
digestion and amino acid absorption. Structural damage to the intestinal mucosa decreases
the absorptive surface area and disrupts nutrient transport, while chronic inflammation
suppresses digestive function and increases intestinal permeability. These changes limit the
availability of indispensable amino acids for tissue protein synthesis, even when dietary
protein intake is adequate. At the same time, ongoing immune activation increases metabolic
demand and redirects amino acids toward the synthesis of acute-phase proteins and immune
mediators rather than somatic growth, reducing net protein accretion.*%444>

Repeated exposure to enteric pathogens resulting from inadequate water, sanitation,
and hygiene (WASH) is considered a principal driver of EED.*® Continuous microbial exposure
disrupts epithelial integrity, promotes microbial translocation, and sustains low-grade
systemic inflammation, creating a cycle of impaired nutrient utilization and growth failure.!3

Recent evidence indicates that biomarkers reflecting intestinal permeability, epithelial injury,
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intestinal inflammation, and systemic inflammation are consistently associated with poorer
linear growth among children under five years of age, supporting the role of EED as a key
mediator linking adverse environmental conditions with childhood stunting.*’

The nutritional consequences of EED extend beyond protein malabsorption. Chronic
intestinal dysfunction also impairs the absorption of other macronutrients and
micronutrients, exacerbating energy deficits and metabolic disturbances that further
compromise protein utilization.**® Current evidence suggests that nutritional
supplementation alone often produces limited improvements when underlying intestinal
dysfunction persists, highlighting the need for integrated interventions that combine dietary
improvement with strategies to reduce enteric infections, strengthen gut barrier integrity, and
improve environmental hygiene. Addressing EED should therefore be considered an essential
component of nutrition programs aimed at optimizing protein utilization and supporting

healthy child growth.*°

5. Gut Microbiota and Amino Acid Metabolism

The gut microbiota has emerged as an important regulator of protein utilization through
its influence on amino acid metabolism, intestinal homeostasis, and host metabolic function.>°
Beyond facilitating nutrient digestion, the intestinal microbiota participates in the synthesis,
degradation, and biotransformation of amino acids, thereby modifying the availability of
substrates required for tissue protein synthesis.® A balanced microbial ecosystem also
supports epithelial integrity, regulates immune responses, and promotes the production of
short-chain fatty acids (SCFAs), which contribute to intestinal health and nutrient absorption.
Alterations in microbial composition, commonly referred to as gut dysbiosis, may therefore
impair protein utilization even when dietary protein intake is adequate.>!

Gut dysbiosis disrupts amino acid homeostasis through several mechanisms. Changes in
microbial composition may increase microbial utilization of luminal amino acids, reduce the
production of beneficial metabolites, and promote intestinal inflammation. These alterations
impair epithelial barrier function, decrease absorptive efficiency, and reduce the availability
of indispensable amino acids for anabolic processes.>? Chronic intestinal inflammation further

increases protein turnover and redirects amino acids toward immune responses and tissue
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repair instead of skeletal growth. This metabolic shift lowers net protein accretion and
contributes to suboptimal growth among children exposed to persistent enteric insults.>3

Microbial metabolites act as signaling molecules regulating host nutrient metabolism.
Short-chain fatty acids, particularly butyrate, enhance epithelial integrity, improve intestinal
barrier function, and modulate inflammatory pathways that support efficient nutrient
utilization.”*>> In contrast, disturbances in microbial amino acid metabolism may alter the
availability of branched-chain amino acids, tryptophan, and other bioactive metabolites
involved in cellular growth, endocrine regulation, and immune function. These interactions
highlight that the gut microbiota influences protein utilization not only by affecting nutrient
absorption but also by regulating metabolic pathways involved in protein synthesis and amino
acid homeostasis.>>>®

Evidence from pediatric populations consistently demonstrates associations between
gut microbial dysbiosis and impaired linear growth, although the specific microbial taxa differ
across geographical settings and dietary patterns.®® Rather than individual bacterial species,
reduced microbial functionality, impaired metabolite production, and persistent intestinal
inflammation appear to be the major mechanisms linking dysbiosis with poor nutrient
utilization.”’ Strategies that preserve microbial diversity through improved dietary quality,
breastfeeding, appropriate complementary feeding, infection prevention, and restoration of

intestinal health may therefore enhance protein utilization and support healthy child growth.

6. Infection, Inflammation, and Protein Catabolism

Infection and inflammation are major determinants of impaired protein utilization
because they alter nutrient metabolism and shift protein use from growth toward host
defense.”® During infection, activation of the innate and adaptive immune systems increases
metabolic demands and induces a systemic inflammatory response characterized by the
release of pro-inflammatory cytokines, including tumor necrosis factor-a (TNF-a), interleukin-
1B (IL-1B), and interleukin-6 (IL-6).>° These mediators stimulate the hepatic synthesis of acute-
phase proteins, increase resting energy expenditure, and promote skeletal muscle proteolysis

to provide amino acids required for immune cell proliferation, inflammatory mediator
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production, and tissue repair.6%! As a result, fewer amino acids remain available for tissue
protein synthesis and linear growth.5?

Persistent inflammation also suppresses anabolic signaling pathways that regulate
protein synthesis. Cytokine-induced insulin resistance and reduced activity of the insulin-like
growth factor-1 (IGF-1) axis impair activation of the mTORC1, decreasing muscle protein
synthesis while accelerating protein breakdown.®® This imbalance produces a negative
nitrogen balance that may persist even after dietary protein intake has been restored. In
children experiencing recurrent or prolonged infections, repeated episodes of protein
catabolism can substantially reduce lean body mass and compromise catch-up growth.

Common childhood infections, including diarrhea, pneumonia, malaria, intestinal
parasitic infections, and recurrent enteric diseases, further reduce protein utilization by
decreasing appetite, impairing gastrointestinal function, and increasing endogenous nutrient
losses.®* Diarrheal diseases may reduce amino acid absorption through mucosal injury,
whereas chronic infections sustain inflammatory responses that prolong protein catabolism.®>
These metabolic adaptations are initially protective because they support immune function;
however, prolonged activation diverts nutrients away from growth and contributes to growth
faltering and undernutrition, particularly in children exposed to repeated infectious
episodes.®67

The interaction between infection, inflammation, and protein metabolism creates a self-
perpetuating cycle in which impaired nutritional status weakens immune function, increasing
susceptibility to subsequent infections and sustaining metabolic stress. Breaking this cycle
requires integrated interventions that combine adequate protein intake with effective
infection prevention, timely clinical management, immunization, improved water, sanitation
and hygiene (WASH), and strategies to reduce chronic inflammation. Addressing these factors

is essential to maximize protein utilization and support optimal growth during childhood.

7. Micronutrient Deficiencies and Impaired Protein Utilization
Micronutrients play an essential role in protein utilization by regulating protein
digestion, amino acid metabolism, cellular signaling, and tissue protein synthesis. Adequate

dietary protein alone is insufficient to support optimal growth when key vitamins and minerals
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required for anabolic processes are deficient.®® Several micronutrients act as enzyme
cofactors and metabolic regulators that facilitate protein synthesis, maintain nitrogen
balance, and preserve normal muscle and skeletal development.®® Deficiencies of these
nutrients impair the metabolic efficiency of dietary protein, limiting its conversion into
functional body proteins despite adequate protein intake.

Among the essential micronutrients, zinc has the strongest biological association with
protein utilization and linear growth. Zinc participates in numerous enzymatic reactions
involved in DNA replication, RNA transcription, cell proliferation, and protein synthesis.”® It
also regulates the growth hormone—insulin-like growth factor-1 (GH-IGF-1) axis and
intracellular signaling pathways, including mechanistic target of rapamycin complex 1
(mTORC1), which controls muscle protein synthesis and tissue accretion. Zinc deficiency
suppresses these anabolic pathways, reduces appetite, delays tissue repair, and increases
susceptibility to infection, collectively lowering the efficiency of protein utilization and
increasing the risk of growth faltering.”%7273

Other micronutrients also contribute to efficient protein metabolism through
complementary mechanisms. Iron supports oxygen transport and cellular energy production
required for protein synthesis. Emerging evidence also indicates that dietary proteins may
influence iron metabolism through the modulation of microRNA expression involved in iron
homeostasis, suggesting a molecular interaction between protein nutrition and iron utilization
that may affect growth and erythropoiesis.”® Vitamin A maintains epithelial integrity, immune
competence, and normal cellular differentiation.”® Vitamin D influences muscle development
and protein turnover through vitamin D receptor-mediated signaling, whereas vitamin B6
functions as an essential coenzyme in amino acid transamination and other reactions involved
in amino acid metabolism.”®”” Deficiencies in these micronutrients reduce metabolic
efficiency, impair tissue repair, and increase the likelihood that absorbed amino acids will be
diverted toward maintenance and immune responses rather than growth.

Micronutrient deficiencies frequently coexist with infection, intestinal dysfunction, and
poor dietary diversity, creating multiple barriers to efficient protein utilization.”®>%7° Chronic

inflammation and impaired intestinal absorption reduce both micronutrient bioavailability
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and amino acid uptake, while inadequate micronutrient status further weakens intestinal
integrity and immune function.® This interaction perpetuates a cycle of impaired nutrient
utilization, increased metabolic demand, and reduced protein accretion. Addressing
micronutrient deficiencies through diversified diets, food fortification, supplementation, and
interventions that improve intestinal health should therefore accompany efforts to increase
dietary protein intake. Such integrated strategies are more likely to optimize protein
utilization and support healthy growth among children than approaches focused solely on

increasing protein consumption.

8. Energy Deficiency and Protein Sparing

Adequate energy intake is essential for efficient protein utilization because dietary
protein is preferentially used for tissue synthesis only when energy requirements are met.
Under normal physiological conditions, carbohydrates and fats serve as the primary energy
substrates, allowing amino acids to be preserved for protein synthesis, tissue growth, and
cellular repair. This metabolic phenomenon, known as the protein-sparing effect, is
particularly important during childhood, when rapid growth substantially increases the
demand for protein accretion. When dietary energy is insufficient, amino acids are
increasingly oxidized to support energy production through gluconeogenesis rather than
being incorporated into structural and functional proteins, thereby reducing the efficiency of
protein utilization.31-82

Energy deficiency also alters hormonal and metabolic pathways involved in protein
anabolism. Reduced energy availability suppresses insulin secretion and the growth hormone—
insulin-like growth factor-1 (GH—IGF-1) axis while decreasing activation of the mTORC]1, a key
regulator of protein synthesis.® At the same time, protein breakdown is accelerated to
provide amino acids for energy production and maintenance of essential physiological
functions. Prolonged negative energy balance therefore results in negative nitrogen balance,
loss of lean body mass, and impaired linear growth, even in children whose dietary protein
intake meets recommended levels.84

The interaction between inadequate energy intake and poor protein utilization is

particularly relevant in children experiencing undernutrition or recurrent illness. Infection
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increases resting energy expenditure while reducing appetite and food intake, creating an
energy deficit that further limits the availability of amino acids for tissue protein synthesis.
This metabolic adaptation diverts protein toward energy production, immune responses, and
tissue repair instead of somatic growth, contributing to persistent growth faltering.8> Similar
mechanisms may also occur in children with chronic gastrointestinal disorders or
environmental enteric dysfunction, where reduced nutrient absorption exacerbates both
energy and protein deficits.!343

Optimizing protein utilization therefore requires adequate energy intake in addition to
sufficient dietary protein. Nutritional interventions that improve total energy adequacy
through balanced carbohydrate, fat, and protein intake are more likely to preserve the
protein-sparing effect, maintain positive nitrogen balance, and maximize tissue protein
synthesis. This integrated approach provides a stronger physiological basis for promoting

healthy growth than strategies focused exclusively on increasing protein intake.

9. Socioeconomic and Environmental Determinants

Socioeconomic and environmental conditions strongly influence protein utilization by
shaping dietary quality, exposure to infectious diseases, and access to health-promoting
resources. Household income, parental education, food security, sanitation, healthcare
access, and caregiving practices determine whether children receive sufficient quantities of
high-quality protein and whether physiological conditions support efficient nutrient
utilization. These determinants interact throughout the pathway of protein utilization,
affecting digestion, absorption, metabolism, and tissue protein synthesis rather than dietary
intake alone 8687

Food insecurity and limited dietary diversity remain major barriers to optimal protein
utilization in many low- and middle-income countries. Community-based nutrition education
promoting local food utilization has also been shown to improve caregivers' nutritional
knowledge, which may contribute to better dietary practices supporting child growth.
Households with constrained economic resources often rely on inexpensive staple foods that
provide energy but contain lower-quality protein and fewer indispensable amino acids.

Limited consumption of animal-source foods and inadequate dietary diversity reduce amino
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acid adequacy and increase the likelihood of concurrent micronutrient deficiencies,
diminishing the efficiency of protein synthesis during periods of rapid growth.'%8 Evidence
consistently indicates that nutrition-sensitive interventions that improve household food
production, food access, and dietary diversity enhance children's dietary quality and create
more favorable conditions for protein utilization.8°

Environmental conditions also play a central role in determining how efficiently dietary
protein is utilized. Inadequate water, sanitation, and hygiene (WASH) increase children's
exposure to enteric pathogens, recurrent infections, and environmental enteric dysfunction,
leading to chronic intestinal inflammation and impaired nutrient absorption. Repeated
infectious episodes elevate metabolic demands and redirect amino acids toward immune
responses instead of tissue growth. These findings demonstrate that poor environmental
conditions reduce the biological efficiency of dietary protein even when protein intake is
relatively adequate.30°1

Maternal education and access to health and nutrition services further influence protein
utilization through infant feeding practices, complementary feeding quality, infection
prevention, and timely management of childhood illness. Caregivers with better nutritional
knowledge are more likely to provide diverse diets, appropriate meal frequency, and hygienic
feeding practices that preserve intestinal health and improve nutrient bioavailability.®® These
factors reinforce the importance of integrating nutrition-specific interventions with nutrition-
sensitive strategies addressing poverty reduction, food systems, education, and
environmental health. Such a multisectoral approach provides a stronger foundation for
optimizing protein utilization and promoting healthy child growth than interventions focused

solely on increasing dietary protein intake.

10. Critical Synthesis of Evidence

The evidence synthesized in this review indicates that the relationship between dietary
protein intake and child growth is not necessarily linear and may be strongly modified by
biological and environmental conditions. Although adequate protein intake is consistently
recognized as necessary for growth, improvements in growth outcomes following increased

protein provision are not uniform across populations. This heterogeneity may reflect
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differences in baseline nutritional status, protein quality, energy adequacy, infection burden,
intestinal function, dietary diversity, and environmental exposure. Protein supplementation
may therefore have limited effects when intestinal dysfunction, recurrent infection,
inflammation, or energy deficiency continues to restrict the utilization of absorbed amino
acids.®”/13

Similar heterogeneity is evident in evidence concerning the gut microbiota. Although
dysbiosis has been associated with impaired linear growth and altered amino acid
metabolism, the specific microbial taxa associated with these outcomes differ across
geographical settings and dietary patterns. This variation suggests that microbial functionality,
metabolite production, and host—microbiota interactions may be more relevant to protein
utilization than the presence or absence of individual bacterial taxa.3%°0=>7

Evidence regarding environmental enteric dysfunction also suggests that nutritional
supplementation alone may not consistently improve growth when underlying intestinal
dysfunction persists. This indicates that the effectiveness of nutritional interventions may
depend on whether the physiological barriers to nutrient absorption and utilization are
simultaneously addressed. Therefore, apparently inconsistent intervention outcomes may
reflect differences in the biological and environmental context of the children studied rather
than contradictory effects of dietary protein itself.13:40:44-49

These findings support the interpretation of protein utilization as an integrated process
rather than an isolated nutritional outcome. Dietary protein quality, gastrointestinal integrity,
energy availability, immune activation, micronutrient status, gut microbiota, and
socioeconomic and environmental conditions interact across multiple stages of the pathway.
This integrated perspective provides a more plausible explanation for differences in growth

responses across studies and supports multidimensional strategies to optimize protein

utilization in children.10:13,23,39,50,52,54,56,68,86

Table 1. Summary of Factors Affecting Protein Utilization in Children

Underlying Effect on protein Potential impact
Factor . e . References
mechanism utilization on child growth
Dietary protein  Limiting Reduces the Reduced protein 10, 26, 28,
quality indispensable availability of accretion and 29,31-33

JISN, Vol. 04 No. 03, 2026 | www jisn.org | 327



Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878

Vol. 04 No. 03, 2026

Underlying

Effect on protein

Potential impact

Factor . e . . References
mechanism utilization on child growth
amino acids, lower indispensable impaired linear
digestibility, = and amino acids for growth
reduced amino acid tissue protein
bioavailability synthesis
Digestive Impaired  gastric, Reduces protein Poor nutrient 20, 21, 35—
dysfunction pancreatic, or hydrolysis and utilization and 37
intestinal digestion the availability of impaired growth
and reduced absorbable
digestive enzyme amino acids
activity
Environmental Villous blunting, Impairs amino Growth faltering 13,40, 44—
enteric increased intestinal acid absorption and impaired 49
dysfunction permeability, and increases linear growth
(EED) epithelial injury, metabolic
and chronic demand through
mucosal immune
inflammation activation
Gut microbiota  Altered microbial Alters amino acid Impaired 39, 50-52,
dysbiosis amino acid homeostasis, nutrient 54-57
metabolism, nutrient utilization  and
metabolite absorption, and linear growth
production, metabolic
intestinal  barrier regulation
function, and
immune regulation
Infection Increased Diverts amino Reduced lean 42,43, 64-
metabolic demand, acids toward tissue accretion 67
reduced appetite, immune and growth
gastrointestinal responses and faltering
injury, and tissue repair
increased protein rather than
catabolism growth
Inflammation Cytokine-mediated  Suppresses Impaired lean 23, 24,59
alterations in tissue protein tissue
protein  turnover, synthesis and development
insulin/IGF-1 increases protein and growth
signaling, and breakdown
mTORC1 activity
Micronutrient Impaired enzyme Reduces Impaired growth, 68-78
deficiency activity, cellular metabolic tissue repair, and
signaling, immune efficiency and lean tissue
function, and tissue protein development
anabolic pathways  synthesis
Energy Increased  amino Reduces the Negative 23, 81-85
deficiency acid oxidation for protein-sparing nitrogen balance,

energy and

effect and

loss of lean body
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Underlying Effect on protein Potential impact
Factor . e o . References
mechanism utilization on child growth
suppression of availability of mass, and
anabolic signaling amino acids for impaired linear
tissue synthesis growth
Socioeconomic  Food insecurity, low Indirectly Persistent 13-15, 86—
and dietary  diversity, compromises growth deficits 91
environmental poor WASH, limited dietary quality, and increased
conditions healthcare access, intestinal health, risk of
and inadequate infection control, undernutrition
caregiving and nutrient
resources utilization
11. Implications for Nutrition Programs and Future Perspectives

The evidence presented in this review indicates that optimizing child growth requires a
broader perspective than increasing dietary protein intake alone. Protein utilization is
influenced by multiple interconnected biological and environmental factors, including protein
quality, digestive capacity, intestinal integrity, gut microbiota, inflammation, micronutrient
status, energy adequacy, and socioeconomic conditions. These interactions explain why
protein supplementation does not always produce consistent improvements in growth,
particularly among children living in settings with a high burden of infection, poor sanitation,
and limited dietary diversity. Nutrition programs should therefore adopt integrated strategies
that address both nutrient intake and the physiological conditions necessary for efficient
protein utilization.0%3

From a programmatic perspective, interventions should prioritize access to high-quality
protein sources with balanced indispensable amino acid profiles while ensuring adequate
energy intake to preserve the protein-sparing effect. Dietary diversification, promotion of
breastfeeding and appropriate complementary feeding, food fortification, and targeted
micronutrient supplementation remain essential components of child nutrition programs.
These nutrition-specific interventions should be implemented alongside nutrition-sensitive
approaches, including improvements in water, sanitation and hygiene (WASH), infection

prevention, food security, maternal nutrition education, and equitable access to primary
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healthcare. Such integrated interventions are more likely to improve the efficiency of protein
utilization than strategies focused solely on increasing protein consumption.!

Future research should move beyond measuring dietary protein intake as the primary
indicator of nutritional adequacy and incorporate biomarkers that better reflect protein
utilization and metabolic responses. Advances in metabolomics, proteomics, stable isotope
techniques, and gut microbiome profiling offer opportunities to characterize amino acid
metabolism, protein turnover, and nutrient utilization more precisely. Longitudinal studies are
also needed to clarify the interactions among dietary protein quality, intestinal health,
inflammation, and growth across different stages of childhood. Such evidence will strengthen
the development of nutrition policies and precision nutrition strategies tailored to children
living in diverse environmental and socioeconomic contexts.

A comprehensive understanding of protein utilization provides a stronger scientific basis
for preventing childhood growth faltering than reliance on protein intake alone. Integrating
nutritional, clinical, environmental, and social interventions has the potential to maximize the
biological value of dietary protein, improve growth outcomes, and accelerate progress toward

global child nutrition targets.

12. Limitations of the Review

This review has several limitations. First, the narrative review design does not follow a
fully systematic review protocol, and a formal risk-of-bias assessment was not performed.
Although priority was given to recent and methodologically robust studies, the selection and
interpretation of evidence may therefore be influenced by publication selection and reviewer
judgment. Second, the literature search was conducted using PubMed, Scopus, ScienceDirect,
and Google Scholar, and primarily focused on publications from January 2020 to June 2026.
Relevant evidence indexed in other databases or published outside the primary search period
may therefore have been missed, although selected earlier publications were retained when
they provided foundational evidence. Third, substantial heterogeneity exists across the
literature in terms of children's age, nutritional status, health conditions, dietary patterns,
environmental exposures, and outcome measures, limiting direct comparison between

studies. Finally, many studies evaluate individual determinants such as infection, intestinal
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dysfunction, dietary quality, or micronutrient status rather than protein utilization as an
integrated biological outcome. Therefore, the interactions presented in the conceptual
framework should be interpreted as evidence-informed and biologically plausible

relationships rather than definitive causal pathways.

Conclusion

Optimal protein utilization in children depends not only on adequate protein intake but
also on the efficiency of protein digestion, amino acid absorption, metabolism, and tissue
protein synthesis. This review highlights that dietary protein quality, digestive function,
intestinal integrity, gut microbiota, infection, inflammation, micronutrient status, energy
adequacy, and socioeconomic and environmental conditions collectively influence the
biological utilization of dietary protein. Disruptions in these processes reduce amino acid
availability for growth and increase the risk of growth faltering despite sufficient protein
intake.

Improving child growth therefore requires an integrated approach that extends beyond
increasing protein consumption. Nutrition programs should combine the provision of high-
quality protein with interventions that promote intestinal health, adequate energy and
micronutrient intake, infection prevention, dietary diversity, and improved environmental
conditions. Addressing these interconnected determinants is essential to maximize protein

utilization and support optimal growth and nutritional status among children.

Acknowledgment

The authors would like to acknowledge the support and contributions of Yarsi Pratama
University, Edukazi Indonesia Bergizi, Universitas Negeri Semarang, Faculty of Medicine
Universitas Indonesia, and the Indonesia Health Development Center for their invaluable

assistance in this study.

Declaration of Generative Al and Al-assisted Technologies
During the preparation of this manuscript, the authors used generative Al tools to assist
with language editing, grammar refinement, and development of the conceptual framework

in Figure 1. All Al-assisted content was critically reviewed and verified by the authors, who

JISN, Vol. 04 No. 03, 2026 | www jisn.org | 331



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

take full responsibility for the accuracy, integrity, and originality of the manuscript.

Conflict of Interest

The authors declare no conflict of interest.

References

WHO. Joint child malnutrition estimates (JME) (UNICEF-WHO-WB). 2024.

Awaludin AA, Nurrachmawati A, Fitriani AD, Casia Reski. The Long-Term Impact of
Childhood Stunting on Cognitive Development and Educational Outcomes. J Penelit
Pendidik IPA [Internet]. 2025;11(8):70-7. Available from:
https://doi.org/10.29303/jppipa.v11i8.12198

Nemati K, Michael YZ, Hhando BP, Jatosh S, Houpt ER, Mduma E, et al. Catch-up growth
following early-life stunting in a low-resource area in rural Tanzania: the MAL-ED
Metabolic study. BMJ Open [Internet]. 2025;15(8):1-12. Available from:
https://doi.org/10.1136/bmjopen-2025-100955

Xie W, Jensen SKG, Wade M, Kumar S, Westerlund A, Kakon SH, et al. Child Growth
Predicts Brain Functional Connectivity and Future Cognitive Outcomes in Urban
Bangladeshi Children Exposed to Early Adversities. bioRxiv [Internet]. 2018;1-11.
Available from: https://doi.org/10.1186/s12916-019-1431-5

Carbone JW, Pasiakos SM. Dietary protein and muscle mass: Translating science to

application and health benefit. Nutrients. 2019;11(5):1-13.

Arnesen EK, Thorisdottir B, Lamberg-Allardt C, Barebring L, Nwaru B, Dierkes J, et al.
Protein intake in children and growth and risk of overweight or obesity: A systematic
review and meta-analysis. Food Nutr Res [Internet]. 2022;66(8242):1-23. Available from:
https://doi.org/10.29219/fnr.v66.8242

Garcia-lborra M, Castanys-Munoz E, Oliveros E, Ramirez M. Optimal Protein Intake in
Healthy Children and Adolescents: Evaluating Current Evidence. Nutrients [Internet].

2023;15(7):1-24. Available from: https://doi.org/10.3390/nu15071683

Tang M, Krebs NF. High protein intake from meat as complementary food increases

JISN, Vol. 04 No. 03, 2026 | www jisn.org | 332



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

10.

11.

12.

13.

14.

15.

16.

growth but not adiposity in breastfed infants: A randomized trial. Am J Clin Nutr
[Internet]. 2014;100(5):1322-8. Available from:
https://doi.org/10.3945/ajcn.114.088807

Parikh P, Semba R, Manary M, Swaminathan S, Udomkesmalee E, Bos R, et al. Animal
source foods, rich in essential amino acids, are important for linear growth and
development of young children in low- and middle-income countries. Matern Child Nutr

[Internet]. 2022;18(1):1-12. Available from: https://doi.org/10.1111/mcn.13264

Kania R, Pratiwi D, Rajab NM. The Importance of Animal Protein Fulfillment for Optimal
Growth of Under-5 Children: Mechanistic Insights and Clinical Implications. J Indones Spec

Nutr [Internet]. 2026;4(2):134-50. Available from: https://doi.org/10.63953/jisn.v4i2.87

Corsetti G, Pasini E, Scarabelli TM, Romano C, Singh A, Scarabelli CC, et al. Importance of
Energy, Dietary Protein Sources, and Amino Acid Composition in the Regulation of
Metabolism: An Indissoluble Dynamic Combination for Life. Nutrients [Internet].

2024;16(15):1-15. Available from: https://doi.org/10.3390/nu16152417

Miller TL, Cushman LL. Gastrointestinal Complications of Secondary Immunodeficiency

Syndromes. In: Pediatric Gastrointestinal and Liver Disease. Elsevier; 2024. p. 449-61.

Owino V, Ahmed T, Freemark M, Kelly P, Loy A, Manary M, et al. Environmental Enteric
Dysfunction and Growth Failure/Stunting in Global Child Health. Pediatrics [Internet].
2016 Dec 1;138(6):1-15. Available from: https://doi.org/10.1542/peds.2016-0641

Febry F, Kadri H, Trisnawarman T, Harizon |, Azhari MH, Syafhira A. Determinants of
stunting among children under five years: A systematic review. Lentera Perawat
[Internet]. 2026;7(2):504—14. Available from: https://doi.org/10.52235/Ip.v7i2.780
Amoadu M, Abraham SA, Adams AK, Akoto-Buabeng W, Obeng P, Hagan JE. Risk Factors
of Malnutrition among In-School Children and Adolescents in Developing Countries: A
Scoping  Review. Children [Internet]. 2024;11(4):1-19. Available  from:
https://doi.org/10.3390/children11040476

Ortega RM, Arribas-I N, Guadalupe L, Bermejo LM, Cuadrado-soto E, Ana ML, et al. High-

Protein Processed Foods: Impact on Diet, Nutritional Status, and Possible Effects on

JISN, Vol. 04 No. 03, 2026 | www.jisn.org | 333



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

17.

18.

19.

20.

21.

22.

23.

24.

Health. Nutrients [Internet]. 2024;16(1697):1-14. Available from:
https://doi.org/10.3390/nu16111697

Jahan-Mihan A, Luhovyy BL, Khoury D El, Harvey Anderson G. Dietary proteins as
determinants of metabolic and physiologic functions of the gastrointestinal tract.
Nutrients [Internet]. 2011;3(5):574-603. Available from:
https://doi.org/10.3390/nu3050574

Escobedo-Monge MF, Parodi-Roman J, Escobedo-Monge MA, Marugan-Miguelsanz JM.
The Biological Value of Proteins for Pediatric Growth and Development: A Narrative
Review. Nutrients [Internet]. 2025;17(13):1-23. Available from:
https://doi.org/10.3390/nu17132221

Octavia S, Fikawati S, Yoshadara A. Inadequate protein and milk consumption related to
stunting in children aged 24-59 months in Tanjung Priok, Jakarta. AcTion Aceh Nutr J
[Internet]. 2026;11(2):801. Available from: https://doi.org/10.30867/action.v11i2.3303

Loveday SM. Protein digestion and absorption: the influence of food processing. Nutr Res
Rev [Internet]. 2023;36(2):544-59. Available from:
https://doi.org/10.1017/50954422422000245

Ajomiwe N, Boland M, Phongthai S, Bagiyal M, Singh J, Kaur L. Protein Nutrition:
Understanding Structure, Digestibility, and Bioavailability for Optimal Health. Foodborne
Parasites Food Supply Web Occur Control [Internet]. 2024;13(11):1-15. Available from:
https://doi.org/10.3390/ foods13111771

Takahara T, Amemiya Y, Sugiyama R, Maki M, Shibata H. Amino acid-dependent control
of mTORC1 signaling: A variety of regulatory modes. J Biomed Sci [Internet].

2020;27(1):1-16. Available from: https://doi.org/10.1186/s12929-020-00679-2

Orellana RA, Coss-Bu JA. Metabolic alterations in the critically ill child. Pediatr Med

[Internet]. 2021;4(8):1-17. Available from: http://dx.doi.org/10.21037/pm-20-64
Alaaraj N, Soliman A, Rogol AD. Growth of malnourished infants and children: how is
inflammation involved? Expert Rev Endocrinol Metab [Internet]. 2021;16(5):213—-6.

Available from: https://doi.org/10.1080/17446651.2021.1956903

JISN, Vol. 04 No. 03, 2026 | www.jisn.org | 334



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

25.

26.

27.

28.

29.

30.

31.

32.

Thirunavukkarasar R, Kumar P, Sardar P, Sahu NP, Harikrishna V, Singha KP, et al. Protein-
sparing effect of dietary lipid: Changes in growth, nutrient utilization, digestion and IGF-I
and IGFBP-I expression of Genetically Improved Farmed Tilapia (GIFT), reared in Inland
Ground Saline Water [Internet]. Vol. 284, Animal Feed Science and Technology. Elsevier

B.V.; 2022. 1-13 p. Available from: https://doi.org/10.1016/j.anifeedsci.2021.115150

Food and Agriculture Organization of the United Nations. Protein quality assessment in
follow-up formula for young children [Internet]. Protein quality assessment in follow-up
formula for young children. Rome; 2024. 1-22 p. Available from: https://doi.org/10.4060/
cb9177en

Durek P, Walther D. The integrated analysis of metabolic and protein interaction networks
reveals novel molecular organizing principles. BMC Syst Biol [Internet]. 2008;2(100):1-20.
Available from: https://doi.org/10.1186/1752-0509-2-100

Wolfe RR, Rutherfurd SM, Kim IY, Moughan PJ. Protein quality as determined by the
Digestible Indispensable Amino Acid Score: Evaluation of factors underlying the
calculation. Nutr Rev [Internet]. 2016;74(9):584—99. Available  from:
https://doi.org/10.1093/nutrit/nuw022

Wolfe RR, Church DD, Ferrando AA, Moughan PJ. Consideration of the role of protein
quality in determining dietary protein recommendations. Front Nutr [Internet].

2024;11(November):1-12. Available from: https://doi.org/10.3389/fnut.2024.1389664

Bardosono S, Sunardi D. Soy Plant-based Formula with Fiber: From Protein Source to
Functional Food. World Nutr J [Internet]. 2020;4(51):18-23. Available from:
https://doi.org/10.25220/wnj.v04.51.0004

Sitorus NL, Nuraeni Salsabila |. Animal Protein and Growth Formula: Nutrition
Foundations for Children 5 Years and Older. J Indones Spec Nutr [Internet]. 2024;2(3):35—
44. Available from: https://doi.org/10.46799/jisn.v1i5.28

Semba RD, Trehan |, Gonzalez-Friere M, Kraemer K, Moaddel R, Ordiz MI, et al.
Perspective: The Potential Role of Essential Amino Acids and the Mechanistic Target of

Rapamycin Complex 1 (mTORC1) Pathway in the Pathogenesis of Child Stunting. Adv Nutr

JISN, Vol. 04 No. 03, 2026 | www.jisn.org | 335



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

33.

34.

35.

36.

37.

38.

39.

40.

[Internet]. 2016;7(9):853-65. Available from:
https://doi.org/10.3945/an.116.013276.intakes

Dimina L, Rémond D, Huneau JF, Mariotti F. Combining Plant Proteins to Achieve Amino
Acid Profiles Adapted to Various Nutritional Objectives—An Exploratory Analysis Using
Linear Programming. Front Nutr [Internet]. 2022;8(February):1-11. Available from:
https://doi.org/10.3389/fnut.2021.809685

Kurz A, Seifert J. Factors influencing proteolysis and protein utilization in the intestine of
pigs: A review. Animals [Internet]. 2021;11(12):1-16. Available from:
https://doi.org/10.3390/ani11123551

Broer S. Intestinal Amino Acid Transport and Metabolic Health. Annu Rev Nutr [Internet].

2023;43:73-99. Available from: https://doi.org/10.1146/annurev-nutr-061121-094344

Keusch GT, Denno DM, Black RE, Duggan C, Guerrant RL, Lavery J V., et al. Environmental
enteric dysfunction: Pathogenesis, diagnosis, and clinical consequences. Clin Infect Dis
[Internet]. 2014;59(Suppl 4):5207-12. Available from:
https://doi.org/10.1093/cid/ciu485

Meyer R, Arpe L, Kansu A, Kelly V, Lindley K, O’'Meara M, et al. Gastrointestinal changes
in paediatric malnutrition that may impact on nutrition choice. Front Pediatr [Internet].

2025;13(March):1-8. Available from: https://doi.org/10.3389/fped.2025.1523613

Norsa L, Ghirardi A, Ramos Boluda E, Guz-Mark A, Hojsak I, Hilberath J, et al. Growth
trajectories of children with short bowel syndrome during the first year of teduglutide
treatment. Clin Nutr [Internet]. 2026;63(106702 Contents):10-5. Available from:
https://doi.org/10.1016/j.clnu.2026.106702

Rinanda T, Riani C, Artarini A, Sasongko L. Correlation between gut microbiota
composition, enteric infections and linear growth impairment: a case—control study in
childhood stunting in Pidie, Aceh, Indonesia. Gut Pathog [Internet]. 2023;15(1):1-14.
Available from: https://doi.org/10.1186/s13099-023-00581-w

Htet MK, Nurfadilah M, Angelin TC, Momo Kadia B, Gabain IL, Ramsteijn AS, et al.

Environmental enteric dysfunction influences linear growth of children through insulin-

JISN, Vol. 04 No. 03,2026 | www.jisn.org | 336



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

41.

42.

43.

44,

45,

46.

47.

like growth factor-1: findings from the Indonesian Action Against Stunting Hub birth
cohort. Philos Trans R Soc Lond B Biol Sci [Internet]. 2026;381(20250041):1-11. Available
from: https://doi.org/10.1098/rstb.2025.0041%0AReceived:

Qinyuan D, Congcong Q, Guochen L, Qianyu B, Shuanglin Z, Bagena B, et al. Protein
nutritional support in critically ill patients : pathophysiological basis , clinical evidence ,
and areas of uncertainty — a narrative review. Front Med [Internet]. 2026;13(1770345):1—
13. Available from: https://doi.org/10.3389/fmed.2026.1770345

Guerrant RL, Orida RB, Moore SR, Oria MOB, Lima AAAM. Malnutrition as an enteric
infectious disease with long-term effects on child development. Nutr Rev [Internet].

2008;66(9):487-505. Available from: https://doi.org/10.1111/j.1753-4887.2008.00082.x

Carvalho MC da C, Ribeiro SA, de Sousa LS, Lima AAM, Maciel BLL. Undernutrition and
Intestinal Infections in Children: A Narrative Review. Nutrients [Internet]. 2025;17(9):1-

32. Available from: https://doi.org/10.3390/ nu17091479

Bein A, Fadel CW, Swenor B, Cao W, Powers RK, Camacho DM, et al. Nutritional deficiency
in an intestine-on-a-chip recapitulates injury hallmarks associated with environmental
enteric dysfunction. Nat Biomed Eng [Internet]. 2022;6(11):1236—-47. Available from:
https://doi.org/10.1038/s41551-022-00899-x

Putra GS, Suhartono, Purnami CT, Kartasurya MI. Environmental Enteric Dysfunction As a
Risk Factor for Growth Failure in the Agricultural Areas of Brebes Regency. J Kesehat
Lingkung [Internet]. 2026;18(1):53-62. Available from:
https://doi.org/10.20473/jkl.v18i1.2026.53-62

Miller-Hauser AA, Huda TMN, Sobhan S, Lambrecht NJ, Waid JL, Wendt AS, et al. Effect
of a Homestead Food Production and Food Hygiene Intervention on Biomarkers of
Environmental Enteric Dysfunction in Children Younger Than 24 Months in Rural
Bangladesh: A Cluster-Randomized Controlled Trial. Am J Trop Med Hyg [Internet]. 2023
Nov;109(5):1166-76. Available from: https://doi.org/10.4269/ajtmh.23-0153

Otiti MI, Dodd J, K'Oloo A, June M, Chomba M, Wang D, et al. Environmental enteric

dysfunction, systemic inflammation, growth hormones, and linear growth in infants in

JISN, Vol. 04 No. 03, 2026 | www.jisn.org | 337



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

48.

49.

50.

51.

52.

53.

54.

55.

western Kenya: a prospective observational cohort study. Am J Clin Nutr [Internet].

2026;123(101095):1-10. Available from: https://doi.org/10.1016/j.ajcnut.2025.10.012

Thaxton GE, Melby PC, Manary MJ, Preidis GA. New Insights into the Pathogenesis and
Treatment of Malnutrition. Gastroenterol Clin North Am [Internet]. 2018;47(4):813-27.
Available from: https://doi.org/10.1016/j.gtc.2018.07.007

Rachmadi RA, ArianiY, Alatas FS. Impact of nutritional supplementation on environmental
enteric dysfunction (EED) in children living in rural areas: a systematic review. Arq
Gastroenterol [Internet]. 2024;61(e23159):1-10. Available from:
https://doi.org/10.1590/S0004-2803.24612023-159

Chen Y, Fang JY. The role of colonic microbiota amino acid metabolism in gut health
regulation. Cell Insight [Internet]. 2025;4(2):100227.  Available  from:
https://doi.org/10.1016/j.cellin.2025.100227

Xiong RG, Zhou DD, Wu SX, Huang SY, Saimaiti A, Yang ZJ, et al. Health Benefits and Side
Effects of Short-Chain Fatty Acids. Foods [Internet]. 2022;11(18):1-24. Available from:
https://doi.org/10.3390/foods11182863

Wu L, Tang Z, Chen H, Ren Z, Ding Q, Liang K, et al. Mutual interaction between gut
microbiota and protein/amino acid metabolism for host mucosal immunity and health.
Anim Nutr [Internet]. 2021;7(1):11-6. Available from:
https://doi.org/10.1016/j.aninu.2020.11.003

Theiss AL, Fruchtman S, Lund PK. Growth Factors in Inflammatory Bowel Disease: The
Actions and Interactions of Growth Hormone and Insulin-Like Growth Factor-I. Inflamm
Bowel Dis [Internet]. 2004 Nov 1;10(6):871-80. Available from:
https://doi.org/10.1097/00054725-200411000-00021

Zeng L, Qian Y, Cui X, Zhao J, Ning Z, Cha J, et al. Inmunomodaulatory role of gut microbial
metabolites: mechanistic insights and therapeutic frontiers. Front Microbiol [Internet].

2025;16(September):1-18. Available from: https://doi.org/10.3389/fmicb.2025.1675065

Hunzai H, Ansari AA, Ghazanfar S, Islam A, Elkelish A, Das J, et al. Microbial metabolites as

emerging Biomodulators of host function and disease susceptibility. PharmaNutrition

JISN, Vol. 04 No. 03, 2026 | www.jisn.org | 338



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

56.

57.

58.

59.

60.

61.

62.

63.

[Internet]. 2026;37(July):100523. Available from:
https://doi.org/10.1016/j.phanu.2026.100523

Liu M, Nieuwdorp M, de Vos WM, Rampanelli E. Microbial Tryptophan Metabolism Tunes
Host Immunity, Metabolism, and Extraintestinal Disorders. Metabolites [Internet].

2022;12(9):1-24. Available from: https://doi.org/10.3390/metabo12090834

ShenY, Fan N, Ma S xia, Cheng X, Yang X, Wang G. Gut Microbiota Dysbiosis: Pathogenesis,
Diseases, Prevention, and Therapy. MedComm [Internet]. 2025;6(5):1-32. Available from:
https://doi.org/10.1002/mco02.70168

Dargenio VN, Sgarro N, Grasta G La, Begucci M, Castellaneta SP, Dargenio C, et al. Hidden
Hunger in Pediatric Obesity: Redefining Malnutrition Through Macronutrient Quality and
Micronutrient Deficiency. Nutrients [Internet]. 2025;17(22):1-37. Available from:
https://doi.org/10.3390/nu17223601

Bouredji Z, Argaw A, Frenette J. The inflammatory response, a mixed blessing for muscle
homeostasis and plasticity. Front Physiol [Internet]. 2022;13:1032450. Available from:
https://doi.org/10.3389/fphys.2022.1032450

Kraev K, Basheva-Kraeva Y, Uchikova M, Uchikov P, Hristov B, Valova S, et al. Janus Kinase
Inhibitors and Body Weight: Current Evidence and Potential. Life [Internet].
2026;16(4):667. Available from: https://doi.org/10.3390/life16040667

Ugwuene FO, Ekeocha SN, Ezugwu ID, Ugwu IB, Clara N S, Nwobodo EI. Changes in Serum
Electrolytes, Urea, and Creatinine in Septicemic Patients in Enugu State University
Teaching Hospital, Enugu, Nigeria. East Asian J Multidiscip Res [Internet].
2025;4(12):6073-82. Available from: https://doi.org/10.55927/eajmr.v4i12.497

Inzaghi E, Pampanini V, Deodati A, Cianfarani S. The Effects of Nutrition on Linear Growth.
Nutrients [Internet]. 2022;14(9):1-12. Available from:
https://doi.org/10.3390/nu14091752

Bilski J, Szlachcic A, Ptak-Belowska A, Brzozowski T. Physical Activity, Exerkines, and Their
Role in Cancer Cachexia. Int J Mol Sci [Internet]. 2025;26(16):8011. Available from:
https://doi.org/10.3390/ijms26168011

JISN, Vol. 04 No. 03, 2026 | www.jisn.org | 339



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

64.

65.

66.

67.

68.

69.

70.

71.

Palmer AC, Bedsaul-Fryer JR, Stephensen CB. Interactions of Nutrition and Infection: The
Role of Micronutrient Deficiencies in the Immune Response to Pathogens and
Implications for Child Health. Annu Rev Nutr [Internet]. 2024;44(1):99-124. Available
from: https://doi.org/10.1146/annurev-nutr-062122-014910

Giallourou N, Arnold J, McQuade ETR, Awoniyi M, Becket RVT, Walsh K, et al. Giardia
hinders growth by disrupting nutrient metabolism independent of inflammatory
enteropathy. Nat Commun [Internet]. 2023;14(1):2840. Available from:
https://doi.org/10.1038/s41467-023-38363-2

Gabain IL, Ramsteijn AS, Webster JP. Parasites and childhood stunting — a mechanistic
interplay with nutrition, anaemia, gut health, microbiota, and epigenetics [Internet]. Vol.
39, Trends in Parasitology. 2023. p. 167-80. Available from:
https://doi.org/10.1016/j.pt.2022.12.004

Momberg DJ, Bell R, Norris SA, Ngandu CB, Richter LM, Murphy-Alford AJ, et al. Infection,
nutritional status, and body composition: Associations at birth and 6 months postnatally
in Soweto, South Africa. Am J Hum Biol [Internet]. 2023;35(9):e23914. Available from:
https://doi.org/10.1002/ajhb.23914

Kiani AK, Dhuli K, Donato K, Aquilanti B, Velluti V, Matera G, et al. Main nutritional
deficiencies. J Prev Med Hyg [Internet]. 2022;63(2):E93-101. Available from:
https://doi.org/10.15167/2421-4248/jpmh2022.63.253.2752

Hanna M, Jaqua E, Nguyen V, Clay J. B Vitamins: Functions and Uses in Medicine. Perm J

[Internet]. 2022;26(2):89-97. Available from: https://doi.org/10.7812/TPP/21.204

Ceballos-Rasgado M, Brazier AKM, Gupta S, Moran VH, Pierella E, Fekete K, et al. Methods
of Assessment of Zinc Status in Humans: An Updated Review and Meta-analysis. Nutr Rev
[Internet]. 2025;83(3):e778-800. Available from:
https://doi.org/10.1093/nutrit/nuae072

Caputo M, Pigni S, Agosti E, Daffara T, Ferrero A, Filigheddu N, et al. Regulation of gh and
gh signaling by nutrients. Cells [Internet]. 2021;10(6):1376. Available from:
https://doi.org/

JISN, Vol. 04 No. 03, 2026 | www.jisn.org | 340



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

72.

73.

74.

75.

76.

77.

78.

79.

Page L, McCain E, Freemark M. Adaptive Responses in Severe Acute Malnutrition:
Endocrinology, Metabolomics, Mortality, and Growth [Internet]. Vol. 17, Nutrients. 2025.
p. 2864. Available from: https://doi.org/10.3390/nu17172864

Barffour MA, Bernstein RM, Hinnouho GM, Wessells KR, Arnold CD, Kounnavong S, et al.
Insulin-like Growth Factor 1 (IGF1), IGF Binding Protein-3 (IGFBP3) and Growth Response
to Daily Zinc Supplementation: A Randomized Trial in Rural Laotian Children. Nutrients

[Internet]. 2023;15(11):2590. Available from: https://doi.org/10.3390/nu15112590

Wagiu Basrowi R, Sundjaya T, Pratiwi D, Amalia N, Tandi YYP, Syafa’atulloh MY, et al.
Harnessing the power of proteins in modulation of miRNAs for targeting Iron deficiency

Anemia: Opinion for future implications and strategies. Front Nutr [Internet].

2025;12(January):1-8. Available from: https://doi.org/10.3389/fnut.2025.1535498

Almehamad KA, Khaled Saleh Alkhaleefah, Yazeed Abdularahman Juwaid, Mohammed
Ahmed Alzahrani, Abdulaziz Saad Alhazzaa, Mohammed Moteq Alharbi, et al. Vitamin A
Deficiency: Diagnosis, Management, and Nutritional Therapy. Saudi J Med Public Heal

[Internet]. 2024;1(2):1154-69. Available from: https://doi.org/10.64483/202412322

Girgis CM, Brennan-Speranza TC. Vitamin D and Skeletal Muscle: Current Concepts From
Preclinical Studies. In: JBMR Plus [Internet]. 2021. p. el0575. Available from:
https://doi.org/10.1002/jbm4.10575

Yoon Y, Hwang J, Park R, Shim J, Lam KHS, de Castro JC, et al. The Dynamic Coenzyme
Network of B Vitamins in Nutritional Neuropathy and Neuropsychiatric Vulnerability: A
Mechanistic Narrative Review [Internet]. Vol. 18, Nutrients. 2026. p. 2306. Available from:
https://doi.org/10.3390/nu18142306

Ndovie P, Chisapo GH, Martin A. Adolescent Dietary Diversity and Micronutrient
Deficiencies in Malawi and Ghana: Exploring Nutritional Challenges and food security —A
Systematic Review. F1000Research [Internet]. 2025;14:1181. Available from:
https://doi.org/10.12688/f1000research.164375.1

Rahimah S, Tallei TE, Savitri M, Yamada C, Kim HJ, Choi M, et al. Nutraceutical

Interventions in Stunting: Advances, Challenges, and Prospects [Internet]. Vol. 14, Food

JISN, Vol. 04 No. 03, 2026 | www jisn.org | 341



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

80.

81.

82.

83.

84.

85.

86.

87.

Science and Nutrition. 2026. p. e71910. Available from:
https://doi.org/10.1002/fsn3.71910

Zang J, Xiao L, Shi Y, Kou Y, Ma K, Zhang C, et al. Advances in Dietary Modulation of the
Intestinal Barrier: Mechanistic, Structural, and Functional Insights [Internet]. Vol. 25,
Comprehensive Reviews in Food Science and Food Safety. 2026. p. e70383. Available
from: https://doi.org/10.1111/1541-4337.70383

Millward DJ. Macronutrient intakes as determinants of dietary protein and amino acid
adequacy. J Nutr [Internet]. 2004;134(6 SUPPL.):1588S5-1596S. Available from:
https://doi.org/10.1093/jn/134.6.1588S

Thomas DD, Istfan NW, Bistrian BR, Apovian CM. Protein sparing therapies in acute illness
and obesity: a review of George Blackburn’s contributions to nutrition science.
Metabolism [Internet]. 2018;79:83-96. Available from:
https://doi.org/10.1016/j.metabol.2017.11.020

Bond P. Regulation of mTORC1 by growth factors, energy status, amino acids and
mechanical stimuli at a glance. J Int Soc Sports Nutr [Internet]. 2016;13(1):1-11. Available
from: https://doi.org/10.1186/s12970-016-0118-y

Carbone JW, McClung JP, Pasiakos SM. Skeletal muscle responses to negative energy
balance: Effects of dietary protein. Adv Nutr [Internet]. 2012;3(2):119-26. Available from:
https://doi.org/10.3945/an.111.001792

Bresnahan KA, Tanumihardjo SA. Undernutrition, the Acute Phase Response to Infection,
and Its Effects on Micronutrient Status Indicators. Adv Nutr [Internet]. 2014;5(6):702—11.
Available from: http://dx.doi.org/10.3945/an.114.006361

Eicher-Miller HA, Graves L, McGowan B, Mayfield BJ, Connolly BA, Stevens W, et al. A
Scoping Review of Household Factors Contributing to Dietary Quality and Food Security
in Low-Income Households with School-Age Children in the United States. Adv Nutr
[Internet]. 2023;14(4):914-45. Available from:
https://doi.org/10.1016/j.advnut.2023.05.006

Esmiralda E, Nursyahraeni N, Hasnidar H, Sulfianti S. Socioeconomic and educational

JISN, Vol. 04 No. 03, 2026 | www jisn.org | 342



\’ 'm Journal of Indonesian Specialized Nutrition | e-ISSN: 3032-3878
& Vol. 04 No. 03, 2026

88.

89.

90.

91.

determinants of nutritional status among children under five. J lIm Kesehat Sandi Husada

[Internet]. 2025;14(2):368—76. Available from: https://doi.org/10.35816/jiskh.v14i2.1325

Pratiwi D, Muaris H, Musiawan R, Basrowi RW, Kinesya E, Health |, et al. Exploring The
Local Food Consumption And Knowledge. J Indones Spec Nutr [Internet]. 2025;03(01):62—
75. Available from: https://doi.org/10.63953/jisn.v3i1.42

Margolies A, Kemp CG, Choo EM, Levin C, Olney D, Kumar N, et al. Nutrition-sensitive
agriculture programs increase dietary diversity in children under 5 years: A review and
meta-analysis. J Glob Health [Internet]. 2022;12(08001):1-12. Available from:
https://doi.org/10.7189/jogh.12.08001

Mbuya MNN, Humphrey JH. Preventing environmental enteric dysfunction through
improved water, sanitation and hygiene: An opportunity for stunting reduction in
developing countries. Matern Child Nutr [Internet]. 2016;12:106-20. Available from:
https://doi.org/10.1111/mcn.12220

Gough EK, Moulton LH, Mutasa K, Ntozini R, Stoltzfus RJ, Majo FD, et al. Effects of
improved water, sanitation, and hygiene and improved complementary feeding on
environmental enteric dysfunction in children in rural Zimbabwe: A cluster-randomized
controlled trial. PLoS Negl Trop Dis [Internet]. 2020;14(2):1-29. Available from:
http://dx.doi.org/10.1371/journal.pntd.0007963

JISN, Vol. 04 No. 03, 2026 | www.jisn.org | 343



