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Abstract

Dietary protein is essential for poultry performance, influencing egg production, growth,
immunity, and physiological functions. However, the high cost and environmental impact
of soybean meal has encouraged the development of reduced crude protein (CP) diets
supplemented with crystalline amino acids (AAs), coupled with the reduced cost and im-
proved availability of synthetic AA. This strategy enables precise AA balancing, improves
nitrogen utilization, and reduces nitrogen excretion and ammonia emissions. Among
these strategies, supplementation with arginine (Arg), an indispensable AA in chickens, is
particularly important due to its critical roles in protein synthesis, reproductive function,
and eggshell formation. In addition, functional Arg precursors, such as guanidinoacetic
acid (GAA) and citrulline (Cit), can further enhance Arg availability while supporting
energy metabolism and hormonal regulation. Despite these benefits, excessive protein
reduction without adequate AA balance can impair laying performance, particularly in
aged hens. Furthermore, nutrient digestibility remains a key limitation in reduced protein
(RP) diets, as non-starch polysaccharides present in cereal-based feeds can reduce nutrient
availability. The inclusion of exogenous enzymes, such as xylanase and β-glucanase, can
improve digestibility, while phytase supplementation further enhances nutrient utilization
by increasing phosphorus availability and mitigating the anti-nutritional effects of phytate;
however, responses are often inconsistent. Another critical factor is maintaining an optimal
energy-to-protein ratio, as imbalances may lead to increased fat deposition and reduced
productive performance. While supplementation of key limiting AAs (lysine, methionine,
and threonine) supports protein reduction, other AAs, such as Arg, isoleucine, and valine,
may become limiting in RP diets. Hence, this review explores developments toward RP
diets by highlighting three key strategies: enzyme supplementation to enhance nutrient
digestibility, inclusion of functional Arg sources to improve performance and bone quality,
and optimization of the energy–protein ratio in RP diets through precise AA formulation,
with the overall aim to improve the sustainability of the poultry industry.
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1. Introduction
Dietary protein is a fundamental component of poultry nutrition, playing a critical

role in growth, body weight maintenance, feather development, immune function, egg
production, and overall physiological processes [1]. In conventional feeding systems,
standard protein (SP) diets for laying hens typically contain approximately 16 to 19.8%
crude protein (CP), depending on age, feed intake, body weight, and production stage [1,2].
Reduced protein (RP) diets are defined as feeding strategies in which dietary CP is reduced
while maintaining adequate levels of essential AA to meet the bird’s requirements [3]. This
is achieved through precise formulation and supplementation with crystalline AAs, thereby
reducing total nitrogen input without compromising the supply of limiting AAs such as
methionine, lysine, threonine, and tryptophan. Therefore, RP diets are not simply low
protein diets, but nutritionally balanced ratios designed to optimize AA supply relative
to the bird’s requirements. In practical terms, RP diets are formulated by reducing the
inclusion of soybean meal and increasing the use of wheat and feed-grade AAs. This shift
in ingredient composition results in broader changes to the diet matrix.

Specifically, the RP diet is typically characterized by higher levels of carbohydrates due
to increased cereal inclusion, greater reliance on synthetic AAs, and adjustments in dietary
energy sources such as fats and oils to maintain energy balance. In addition, reducing
soybean meal alters the profile of other dietary components, including fiber fractions and
anti-nutritional factors such as phytate and non-starch polysaccharides (NSPs) [4]. Conse-
quently, RP diets represent a fundamentally different nutritional alternative with distinct
physicochemical and digestive characteristics compared with SP diets. The adoption of RP
diets has been driven by both economic and environmental considerations. Increasing costs
and the market volatility of soybean meal have encouraged the poultry industry to explore
strategies that reduce reliance on conventional protein sources [5]. From an environmental
perspective, RP diets are associated with reduced nitrogen excretion and lower ammonia
emissions, contributing to improved sustainability [6]. In addition, improvements in litter
quality, reductions in footpad lesions, and better respiratory conditions have been reported,
ameliorating bird welfare status [7]. For example, van Harn et al. [8] demonstrated that
reducing dietary protein by up to 30 g/kg improved litter dry matter, decreased footpad
lesion scores, and reduced the total nitrogen output. Despite these advantages, most re-
search on RP diets has been conducted in broiler chickens, where rapid growth responses
are often used as primary performance indicators. In contrast, comparatively fewer studies
have focused on laying hens, where nutrient requirements are more complex due to the
simultaneous demands of maintenance, egg production, and egg quality. As a result,
translating RP feeding strategies from broilers to layers presents several challenges.

One of the key challenges associated with RP diets is maintaining optimal perfor-
mance when dietary CP is reduced beyond a certain threshold. Reductions greater than
approximately 30 g/kg CP have been associated with declines in feed intake and overall
performance in both broilers and laying hens [9,10]. Similarly, Oluwabiyi et al. [11] reported
reduced body weight and increased mortality in pullets fed a 14% CP diet, while Heo
et al. [12] observed decreased egg weight in hens fed 12% CP, likely due to inadequate
protein supply and AA imbalance. Other studies have also reported negative effects on
feed efficiency, gut health, carcass traits, and economic returns when AA balance and
energy relationships are not properly optimized [13–15]. These findings highlight that the
success of RP diets depends not only on reducing CP, but also on maintaining energy with
appropriate AA balance and overall nutrient synchrony. Given these complexities, there
is a need to better understand the nutritional and physiological factors that influence the
successful implementation of RP diets in laying hens. In particular, recent research has
highlighted the importance of specific AAs such as arginine (Arg), the role of exogenous
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enzymes in improving nutrient utilization, and the optimization of energy to protein ratios.
Therefore, this review aims to critically evaluate the application of RP diets in laying hens,
with a specific focus on three key areas: (1) the role of Arg and related metabolic pathways
in older laying hens, (2) the use of exogenous enzymes to enhance nutrient availability,
and (3) the optimization of protein–energy ration with AA balance. The scope of this
review is to synthesize current knowledge and identify key gaps to support the effective
implementation of RP feeding strategies in laying hen production systems.

2. Review Methods
A literature search was conducted using Web of Science, Scopus, PubMed, and Google

Scholar to identify relevant studies on reduced protein diets, amino acid supplementa-
tion, and their effects on laying hen performance and sustainability. The search terms
included combinations of reduced protein diet, low crude protein, laying hens, arginine,
guanidinoacetic acid, citrulline, amino acid balance, and nitrogen excretion. Additional
relevant studies were identified by screening references from selected publications. Peer-
reviewed studies related to poultry nutrition, reduced crude protein strategies, amino acid
supplementation, nutrient utilization, production performance, egg quality, and nitrogen
metabolism were included. Studies unrelated to poultry, without dietary interventions, and
duplicate publications were excluded. The selected literature was evaluated to summarize
current knowledge and identify future research needs for optimizing reduced protein diets
in laying hens.

3. Dietary Arginine
Arginine is an indispensable AA in poultry because birds lack a functional urea cycle,

specifically the enzyme carbamoyl phosphate synthetase, which is required for endogenous
Arg synthesis [16]. Consequently, an adequate dietary supply is essential to support normal
physiological functions. Beyond its role in protein synthesis, Arg is a central metabolic
precursor involved in multiple biological pathways (Figure 1), including the synthesis
of nitric oxide (NO), creatine (Cr), polyamines, proline, glutamate, and glutamine [17].
Through these pathways, Arg regulates key processes such as cell proliferation, immune
function, reproductive performance, vasodilation, and nutrient partitioning [18]. Argi-
nine and its metabolites also contribute to structural and reproductive functions. For
instance, proline and polyamines are involved in collagen formation, which is critical for
eggshell matrix development and calcification [19]. In addition, Arg-derived NO plays
a central role in regulating reproductive hormones, including luteinizing hormone (LH)
and follicle-stimulating hormone (FSH), via gonadotropin-releasing hormone (GnRH),
thereby influencing follicular development and ovulation. Arginine is also associated with
enhanced antioxidant capacity and improved tolerance to heat stress [20,21]. In poultry
diet formulation, Arg may act as the fourth, fifth, or sixth limiting AA depending on dietary
ingredient composition, underscoring its importance in precision nutrition. When Arg is
the fourth limiting AA, supplementation with feed-grade L-Arg provides an opportunity
to optimize AA balance while reducing dietary CP and feed costs. However, when Arg
becomes the fifth or sixth limiting AA, careful management of the digestible Arg:Lys ratio is
required to prevent imbalances that may compromise performance. Although conventional
soybean meal-based diets typically supply adequate Arg, its availability can be limiting in
reduced CP diets, particularly when alternative ingredients such as wheat, corn gluten, or
bakery meal, and corn distillers dried grains with solubles (DDGS) are included. Under
these conditions, precise adjustment of Arg levels is essential to maintain performance,
egg quality, and metabolic efficiency while maximizing the economic and environmental
benefits of RP feeding strategies [22].
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Figure 1. Metabolic pathway of Arg and its precursors [23]. NOS (nitric oxide synthase); NO
(nitric oxide); AGAT (arginine glycine amidinotransferase); OAT (Ornithine aminotransferase); ODC
(ornithine decarboxylase).

3.1. Arginine Supplementation

Dietary Arg supplementation has been studied as a strategy to enhance production
performance in poultry, particularly in relation to egg production and reproductive ef-
ficiency. In laying and breeder systems, increasing dietary Arg has consistently been
associated with improvements in egg output, egg quality, and overall reproductive perfor-
mance [24–26]. For instance, elevating digestible Arg levels has been shown to increase
egg production in broiler breeder hens by approximately 4% over both short- and long-
term feeding periods [24,27]. These responses are largely attributed to the role of Arg in
modulating reproductive physiology, particularly through NO-mediated pathways that
enhance blood flow and nutrient delivery to reproductive tissues [28,29]. In addition,
Arg has been implicated in the regulation of reproductive hormones, including LH and
FSH, which are essential for follicular development and ovulation [27,30]. Supporting
this, studies in quails have demonstrated a positive association between circulating NO
levels and egg production, with higher NO concentrations observed in high-producing
birds [31,32]. Conversely, inhibition of NO synthesis has been shown to reduce egg traits,
further emphasizing the role of Arg-derived NO in reproductive performance.

Experimental evidence further supports the importance of adequate Arg supply for
optimizing laying performance. In a dose–response study, Lima et al. [33] reported that egg
production increased progressively with higher dietary Arg levels, reaching a maximum of
approximately 83% at 7.11 g/kg. In contrast, birds fed low-Arg diets exhibited markedly
reduced performance, producing nearly half (49%) as many eggs as those receiving opti-
mal Arg levels (7.11 g/kg). Egg weight was also affected, with hens on low (2.37 g/kg)
or marginal Arg diets (3.16–4.74 g/kg) producing eggs approximately 13 g lighter than
those fed high-Arg concentrations (7.90 or 10.27 Arg g/kg). Similarly, egg output declined
substantially under low-Arg diets (2.37 g/kg), highlighting the sensitivity of laying per-
formance to dietary Arg supply [33]. Beyond female reproduction, Arg also contributes to
male breeder fertility, although most evidence is derived from non-avian models. Supple-
mentation has been associated with improved sperm quality, including increased count
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and motility, which is largely attributed to its antioxidant defense mechanisms that protect
sperm from oxidative damage [34].

Although research in commercial laying hens remains relatively limited, a substan-
tial body of evidence from broilers, broiler breeders, and other poultry species provides
valuable insights into the broader physiological roles of Arg. In these systems, increased
dietary Arg has been linked to improvements in growth performance, feed efficiency, and
muscle development. These effects are mediated through multiple pathways, including the
NO-mediated pathway and the activation of growth-related signaling pathways such as
growth hormone and insulin-like growth factor-1 [24,35–38]. Collectively, these findings
demonstrate the multifunctional role of Arg in supporting both productive and repro-
ductive performance across poultry species. In addition to its role in production, Arg is
important in mitigating environmental and physiological stress. Heat stress, for example,
induces oxidative damage and impairs productivity, whereas Arg supplementation has
been shown to enhance antioxidant capacity and reduce lipid peroxidation [21]. These
effects contribute to improved cellular protection and maintenance of performance under
challenging conditions [39,40]. At the mechanistic level, many of the beneficial effects of
Arg are mediated through its role as the sole precursor for NO. For example, in ovo Arg
supplementation has been shown to improve hatchability, chick quality, and post-hatch
growth by enhancing energy metabolism and tissue development [41]. Similarly, under
temperature-challenge conditions such as high-altitude rearing, Arg increased the NO
levels, thereby supporting vascular function and oxygen delivery and reducing the risk of
pulmonary hypertension and ascites [42].

Physiological conditions tightly regulate the synthesis of NO. Under hypoxia or hy-
pertension, endothelial NOS activity is upregulated, promoting vasodilation and improved
tissue perfusion [43]. Similarly, under immune challenge, inducible NOS is activated by
inflammatory mediators, leading to the increased production of NO as part of the host
defense response [44]. While this is essential for pathogen control, excessive NO production
can be detrimental, necessitating tight metabolic regulation [45]. Arginine metabolism is
further regulated through competition between NOS and arginase, an enzyme that converts
Arg into ornithine. Arginase activity, which is prominent in the liver, kidney, and immune
cells, increases during later stages of inflammation, thereby limiting Arg availability for
NO synthesis and preventing excessive NO accumulation. Importantly, arginase-mediated
metabolism also supports tissue growth and repair. The conversion of ornithine into
polyamines facilitates cell proliferation and differentiation, while its further metabolism to
proline and hydroxyproline contributes to collagen synthesis, antioxidant defense, and the
regulation of mammalian target of rapamycin (mTOR) cellular signaling pathways [46–48].
Overall, Arg plays a central and multifaceted role in poultry biology and developmental
functions. Although direct evidence in laying hens is comparatively limited, the consistency
of responses across different poultry classes underscores the importance of adequate Arg
supply in optimizing performance and resilience under modern production conditions.

3.2. Dietary Arginine Within Reduced Protein Diets

In poultry, the lack of a functional urea cycle necessitates a continuous dietary supply
of Arg to support normal metabolic functions. In conventional diets, protein-rich ingre-
dients such as soybean meal, meat and bone meal, and canola meal typically provide
sufficient Arg. However, as dietary CP is reduced in RP feeding strategies, often through
lowering soybean meal inclusion, the supply of Arg and other AAs declines, increasing
the risk of deficiency [22,49]. Given that AA profiles are closely linked to dietary CP and
ingredient composition, Arg may become limiting alongside other AAs, such as valine
and isoleucine, in RP diet formulations. This shift underscores the need for targeted Arg
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supplementation in RP diets to mitigate adverse effects on bird performance. Evidence
indicates that Arg supplementation can modulate production responses in RP systems;
however, its efficacy is highly dependent on inclusion level and overall dietary context.
When AA balance is precisely optimized, moderate reductions in CP can be achieved
without compromising performance [50]. For instance, Sun et al. [51] reported a quadratic
response in laying rate, egg mass, and feed efficiency to increasing Arg levels in low protein
diets, indicating that both deficiency and excess may impair productivity. Similarly, Uyanga
et al. [52] demonstrated that supplementation of 0.20% Arg in RP diets enhanced growth
and reproductive performance through insulin-like growth factor-1 and NO-mediated
mechanisms. These improvements were associated with the upregulation of hypothalamic
GnRH1 expression, increased estrogen receptor activity, and elevated FSH secretion, high-
lighting the role of Arg in regulating the hypothalamic–pituitary–gonadal (HPG) axis and
supporting follicular development.

Despite the recognized benefits of Arg supplementation in RP diets, responses are
not always consistent (Table 1). Some studies have reported no significant effects of Arg
supplementation on feed intake, egg production, or nutrient digestibility in RP diets [53].
Moreover, excessive reductions in CP, even with AA supplementation, can impair per-
formance [54]. Conversely, inadequate Arg supply has been consistently associated with
declines in growth, feed intake, egg production, and immune function [20,55]. Beyond
production responses, supplementation of Arg and its metabolic compounds, such as Cit
and GAA, has been shown to support skeletal development, as reflected by increased femur
weight and length in laying hens [56]. Improvements in mineral utilization, including
enhanced zinc digestibility, may further contribute to bone mineralization and structural
integrity. Collectively, these findings underscore the critical role of Arg in RP feeding
systems and demonstrate the need for precise AA formulation to sustain productivity,
health, and nutrient utilization under RP conditions. Interestingly, a recent study by Nawab
et al. [57] in laying hens demonstrated that supplementation of the RP diet with 0.06%
Arg resulted in higher yolk weight than supplementation with the same level of GAA.
Moreover, supplementation with 0.06% Arg significantly improved apparent energy di-
gestibility compared with both the standard-protein (SP) and unsupplemented RP diets.
However, increasing the supplementation level of either Arg or GAA reduced the bone
breaking strength compared with their respective lower inclusion levels. Furthermore,
Arg supplementation had no significant effect on either external or internal egg quality
parameters at 75 weeks of age. These findings are consistent with those of Dao et al. [53],
who reported that supplementation with Arg, GAA, or Cit did not affect shell strength,
shell reflectivity, albumen height, yolk color, or Haugh unit in laying hens. Nawab et al. [57]
reported that supplementation of RP diets with either low or high levels of Arg (0.06%
or 0.12%) did not significantly affect the production performance of laying hens. These
findings suggest that the optimal inclusion level of Arg has not yet been established. Con-
sequently, further dose–response studies across different production stages are required
to define practical supplementation strategies and optimize the use of Arg and its related
metabolites in commercial RP diets.

Table 1. Effects of Arg supplementation on poultry birds.

Dietary Arg Levels Species Diet Ingredients Consequences References

Arginine vasotocin injection at
0.15–1 µg/0.5 mL per hen Laying hens Commercial

basal diet Increased uterine contractions [58]

Arg at 1.54% and 2.04%
combined with Lys at 1.05,

1.67, and 2.34%
Laying hens (Saudi breed) Yellow corn and soybean

meal

Tended to increase F1 follicle
weight at 2.04%; increased

mean antibody titers at 1.54%
Arg with 1.05% Lys at

36 weeks of age

[59]

https://doi.org/10.3390/agriculture16141563

https://doi.org/10.3390/agriculture16141563


Agriculture 2026, 16, 1563 7 of 27

Table 1. Cont.

Dietary Arg Levels Species Diet Ingredients Consequences References

L-Arg at 50 g/kg basal diet
orally Laying quail (Japanese) Commercial

basal diet

Increased egg production and
follicular nitrite and nitrate

(NO2 and NO3) levels
[31]

Arg at 5 mg/kg with zinc
60 mg/kg Laying quail (Japanese) Corn, soybean meal, and

fish meal

Increased total antioxidant
capacity, egg weight, and

blood NO levels; decreased
methane dicarboxylic
aldehyde (MDA) level

[21]

Digestible Arg levels at 0.943,
1.093, 1.243, 1.393, and 1.543% Broiler breeder hens Corn, wheat bran, soy oil

and soybean meal

Egg production increased at
1.262% Arg and egg weight at
1.543% Arg, with no effect on

hatchability

[24]

Starter diet (digestible Arg at
1.300, 1.450, 1.600, 1.750, and

1.900%)
Growing diet (digestible Arg

at 1.150, 1.300, 1.450, 1.600,
and 1.750%)

Broiler breeder hens Corn, soybean meal and
soy oil

Increased cloacal bursa weight;
linear decrease in Newcastle

disease antibody titer at day 7
[60]

Digestible Arg at 0.7, 0.8, 0.9,
or 1 g/kg combined with

digestible Lys at 0.7 or
0.9 g/kg of diet

Laying hens (Lohmann)
Corn, soybean meal,
wheat bran and corn

gluten 60%

Egg weight and egg quality
parameters remained

unaffected
[61]

Digestible Arg at 1.36% Broiler breeder hens Corn, soybean meal and
soy oil

Highest laying rate and total
antioxidant levels; lowest
MDA levels during 60 to

69 weeks of age

[27]

Arg levels at 1.25, 1.26, and
1.27%

Laying hens (Xinyang
black)

Corn, corn gluten meal
based diets

Increased egg weight at 1.25%;
highest feed intake, laying rate,

and lowest FCR at 1.27%
[62]

Arg levels at 0.66%, 0.86%,
1.06%, 1.26% and 1.46% Laying ducks

Corn, wheat middling,
Distillers dried grains

with solubles (DDGS) and
corn gluten meal

Egg production unaffected;
1.26% Arg increased yolk
percentage and yolk color,

while 1.46% Arg improved egg
weight, shell thickness, and

total shell percentage

[26]

Arg levels at 0%, 0.45%, 0.90%,
1.35%, and 1.80% Broiler chickens

Yellow corn, corn gluten
meal, soybean and

rapeseed meal

Increased body weight, insulin
level, serum growth hormone,
and lymphocyte proliferation,

except at 1.80% Arg

[63]

Total Arg: 8.5, 9.7, 10.9, 12.1,
and 13.3 g/kg

Chinese
female chickens

Corn, soybean meal,
wheat bran and corn

gluten meal

Increased growth performance,
intestinal antioxidant

parameters, innate immunity,
and gut microbiota at 12.1 g

Arg

[64]

Digestible Arg levels: 0.96%,
1.16%, 1.35%, 1.55%, 1.74%,

and 1.93%

Broiler breeder hens
(maternal diet)

Corn, soybean meal and
soy oil

1.16% Arg increased egg
weight; 1.55% Arg enhanced

protein synthesis and
immunity of offspring during

the embryonic period

[65]

Arg at 0.37% SID
(standardized ileal

digestibility) with 0.075% SID
tryptophan (Trp), and 0.5%

taurine

Laying hens Corn, soybean meal, corn
gluten meal and DDGS

Tendency to enhance egg yolk
color in Arg and Trp
treatments; however,

productive performance, egg
quality, liver characteristics,

antioxidant status, and
immune parameters were

unaffected under heat stress

[66]

Arg levels: 0.1%, 0.2%, 0.3%,
0.4%, and 0.5% Laying geese

Corn, rapeseed meal,
wheat bran, soy oil,

soybean meal and corn
gluten meal

Increased egg production,
average egg weight, immunity,

and antioxidant parameters
[67]

Three L-Arg levels: Hy-Line
recommended level (RHL),
20% above RHL, and 40%

above RHL with Copper (Cu:
8 and 16 mg/kg)

Laying hens
Corn, wheat bran, soybean

meal, corn gluten meal,
canola oil and canola meal

Increased performance,
immunity, and nutrient
digestibility with 16 mg

Cu/kg combined with L-Arg
at 20% or 40% above the

recommended level

[68]
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4. Significance of Guanidinoacetic Acid and Its Role as an Alternative
Arginine Supplement

Guanidinoacetic acid (GAA) is a key intermediate in Arg metabolism and the im-
mediate precursor of creatine (Cr), a compound essential for cellular energy homeostasis
(Figure 1) [23,69]. Endogenously, GAA is synthesized from Arg and glycine via argi-
nine:glycine amidinotransferase (AGAT) in the kidney and subsequently methylated in
the liver to form Cr [70]. Creatine and its phosphorylated form (phosphocreatine) play
a central role in cellular energy buffering (Figure 2) through the phosphocreatine shuttle
system, which facilitates rapid ATP regeneration in tissues with high energy demand,
such as skeletal muscle, brain, and reproductive organs [71,72]. In poultry, where Arg is
an essential AA due to the absence of a functional urea cycle [17], the diversion of Arg
toward Cr synthesis can limit its availability for other physiological functions, including
protein accretion, nitric oxide production, and immune responses. Supplementation of
GAA provides a practical nutritional strategy to reduce this metabolic demand on Arg,
thereby exerting a clear Arg-sparing effect and improving overall AA utilization [53,73].
This is particularly relevant in RP diets, where Arg supply may become limiting, especially
in wheat-sorghum-based formulations lacking sufficient crystalline Arg [70]. Compared
with direct Cr supplementation, GAA offers several practical and metabolic advantages.
Creatine is thermally unstable and prone to degradation during feed processing, whereas
GAA is highly stable and exhibits high recovery in pelleted and extruded diets [71,73]. Ad-
ditionally, GAA is efficiently absorbed and converted to Cr, resulting in increased tissue Cr
concentrations, improved phosphocreatine-to-ATP ratios, and enhanced energy availability
at the cellular level. These properties make GAA a reliable and effective feed additive in
modern poultry nutrition. Reflecting its safety and efficacy, the EFSA FEEDAP Panel (EFSA
Panel on Additives and Products or Substances used in Animal Feed) has approved GAA
for use in laying hens at inclusion levels up to 1.2 g/kg diet [74].

Figure 2. Metabolic pathway of GAA [75]. AGAT (arginine:glycine amidinotransferase); GAMT
(guanidinoacetate N-methyltransferase ARG arginase); SAM (S-adenosylmethionine); SAH (S-
adenosylhomocysteine); Cr (creatine); CK (creatine kinase).
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The metabolic benefits of GAA supplementation translate into measurable improve-
ments in production performance and physiological function (Table 2). Numerous studies
have reported increased Cr concentrations in blood and tissues, accompanied by enhanced
growth performance and feed efficiency in poultry [76–78]. In laying hens, dietary in-
clusion of 1.0–1.5 g/kg GAA has been associated with improvements in egg production,
egg mass, and FCR [79]. Reproductive benefits have also been documented, with optimal
inclusion levels (0.13–0.15%) improving fertility, hatchability, and embryonic survival,
likely due to enhanced ATP availability supporting sperm motility and vitality [80,81].
Furthermore, GAA may be deposited in eggs and converted to Cr, thereby supporting
embryonic development. Evidence from broiler studies further supports the functional
role of GAA, particularly under challenging conditions. Supplementation has been shown
to alleviate Arg deficiency, restore growth performance, and improve muscle energy re-
serves to levels comparable with Arg-adequate diets [73]. Additional benefits of GAA
were also confirmed, including improved gut morphology, enhanced muscle development,
and better performance under stress conditions such as heat exposure, energy restric-
tion, and reduced CP levels [82–84]. Collectively, these responses are likely driven by
enhanced energy metabolism, improved intestinal function, and more efficient utilization
of available nutrients.

Despite these promising outcomes, responses to GAA supplementation in laying
hens, particularly within RP diets are controversial. Some studies have reported no sig-
nificant effects on egg mass, egg weight, or key egg quality parameters when GAA, Arg,
or Cit were supplemented in RP diets, potentially due to limitations in other essential
AAs [53,85]. While most egg quality traits appear largely unaffected, subtle changes in
shell characteristics and creatine-related metabolites in eggs have been observed [53,86].
These inconsistencies highlight the complexity of nutrient interactions in RP formulations
and suggest that the efficacy of GAA is highly dependent on overall diet composition, AA
balance, and physiological or environmental conditions. Historically, GAA was first inves-
tigated as a therapeutic compound in the early 1950s [87], and interest in its application in
poultry nutrition expanded following restrictions on meat and bone meal in Europe, which
reduced dietary Cr availability and subsequently impaired the performance of farm ani-
mals [88]. Since then, GAA has gained recognition as a strategic feed additive for improving
energy utilization and sustaining productive efficiency in modern poultry systems. Overall,
GAA represents a practical nutritional approach to increase Cr availability, support cellular
energy turnover, and reduce the metabolic demand for dietary Arg. Its application is
particularly relevant in RP feeding strategies, where maximizing AA efficiency is essential
for sustaining productivity in laying hens. Our recent study in 2026 demonstrated that
low-dose GAA supplementation (0.06%) improved bone breaking strength compared with
higher inclusion levels at 75 weeks of age, although it did not influence production perfor-
mance and egg quality during the 60–75 week production period [57]. Further research is
required to determine the optimal inclusion levels of GAA and to clarify its potential role
in modulating production performance under commercial conditions.

Table 2. Effects of GAA supplementation on poultry birds.

Dietary GAA Breed Diet Ingredients Consequences Reference

0, 0.4, 0.8, 1.2, and 1.6 g
GAA/kg Broiler breeder hens Starter, grower and

finisher
Improved hatchability at 0.8 and

1.2 g GAA [74]

0 or 1.2 g GAA/kg
combined with 0, 3, 6, or

9 g Arg/kg
Broiler breeder hens Corn, soybean meal,

wheat and canola oil

Increased fertility and sperm
penetration rate in the inner

perivitelline layer; combined Arg
and GAA improved overall

fertility

[89]
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Table 2. Cont.

Dietary GAA Breed Diet Ingredients Consequences Reference

0.57, 1.14, and 1.71 g
GAA/kg Laying hens Corn, soybean meal, meat

meal and soy oil

Increased LH and FSH levels at
1.14 g GAA; performance and NO

levels were unaffected
[90]

1.5 g GAA/kg Broiler breeder hens

Corn, wheat, soybean
meal, wheat bran,

sunflower meal and
soapstock oil

Enhanced GAA absorption and
deposition into hatching eggs [91]

1 g and 1.5 g GAA/kg Laying hens Yellow maize, soybean
meal and maize oil

Increased egg mass, egg
production, and hepatic NO levels
at 1 g and 1.5 g GAA; egg weight

was unaffected

[79]

4.6 g GAA/kg in RP diets Laying hens
Barley, wheat, sorghum,

soybean meal, canola meal
and canola oil

No significant effects on feed
intake or production performance [53]

0, 0.6, 1.2 and 1.8 g
GAA/kg Laying quails Corn, soybean meal, soy

oil, and corn gluten meal

Increased antioxidant status,
nutrient digestibility, and intestinal

morphology at 0.6 g and 1.2 g
GAA; egg production increased at

1.8 g GAA

[92]

0.6 g GAA/kg under
32 ◦C heat stress Broiler chickens Corn, soybean meal and

soy oil

Increased jejunal villus height,
villus height:crypt depth ratio,

mucus thickness, goblet cell
number, and immunoglobulin A

(IgA+) cell density; reduced
relative intestinal weight and

length

[93]

0.6 g GAA/kg under
32 ◦C heat stress Broiler chickens Corn, soybean meal and

soy oil

Decreased plasma corticosterone
and increased immune parameters

(interleukin-2 [IL-2], IgG, IgM)
[94]

0.08% GAA with ME
levels (2850, 2800, and

2750 kcal/kg)
Laying hens

Yellow corn, soybean
meal, wheat bran and

vegetable oil

GAA increased egg production
and egg mass, as well as reduced

serum IL-2 at 2800 kcal/kg; no
effects on egg quality traits (Haugh
unit, shell strength, shell thickness,

or yolk color)

[95]

0 and 0.6 g GAA/kg Laying hens Corn sorghum, soybean
meal and soy oil

GAA increased egg mass, albumen
height, Haugh unit, shell thickness,

shell breaking strength, and egg
production; no effects on egg

weight, feed intake, or final body
weight

[96]

0, 0.6, and 1.2 g GAA/kg
with ME levels (2600 and

2700 kcal/kg)
Laying hens Corn, wheat bran, soybean

meal and soy oil

Improved laying performance, egg
mass, and reduced FCR in low-ME

diets at 0.6 g and 1.2 g GAA; no
effects on feed intake, egg weight,
or final body weight; no effects on
albumen, yolk, shell weights, yolk
color, albumen height, Haugh unit,

or shell quality

[97]

5. Significance of Citrulline and Its Role as an Alternative
Arginine Supplement

Citrulline is increasingly recognized as a functional non-protein AA with significant
potential in poultry nutrition, particularly in the context of RP diets. As an intermediate of
the Arg–NO cycle, Cit plays a central role in endogenous Arg synthesis. Unlike dietary Arg,
which undergoes extensive first-pass metabolism in the intestine and liver, Cit bypasses
hepatic degradation and is primarily converted to Arg in the kidneys before entering
systemic circulation [98,99]. This metabolic advantage improves its efficiency as a precursor
for de novo Arg synthesis, positioning Cit supplementation as a viable nutritional strategy
in place of direct Arg supplementation (Figure 1) [100]. Through its involvement in the
Arg–NO pathway (Figure 3), Cit supports several key physiological functions, including
vascular regulation, nutrient assimilation, and thermal balance [101,102]. Notably, Cit has
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been shown to conserve Arg utilization, enabling a partial reduction in dietary Arg supply
without negatively affecting growth performance or intestinal integrity in broilers [100,103].
For example, supplementation of 0.50% Cit in Arg-deficient diets significantly increased
circulating Arg and ornithine concentrations, confirming its in vivo conversion efficiency
and contribution to Arg availability [100]. Beyond its role as an Arg precursor, Cit exhibits
multiple functional properties that support bird health and productivity. It has been
associated with enhanced antioxidant capacity, reduced lipid peroxidation, and improved
immune responses [102,104–107]. Uyanga et al. [107] reported that dietary inclusion of 1%
Cit increased antioxidant enzyme activities, including superoxide dismutase and catalase,
while reducing malondialdehyde levels in laying hens, indicating reduced oxidative stress.
In addition, Cit supplementation (1%) has been shown to elevate plasma immunoglobulin
concentrations (IgA, IgG, and IgM) compared with birds fed a basal diet under the same
environmental conditions, suggesting enhanced immune competence [108]. Evidence from
animal models further indicates that Cit improves intestinal barrier integrity and enterocyte
function, which may enhance nutrient absorption efficiency [109,110].

Figure 3. Metabolic pathways of Cit in chicken [111]. NAGS (N-Acetylglutamate synthase); NAGK (N-
Acetylglucosamine kinase); NAGPR (N-Acetylglutamate-5-P reductase); NAOD (N-Acetylornithine
deacetylase); NAOT (N-Acetylornithine transaminase); OCT (ornithine carbamoyltransferase); ORN
(ornithine); NO (nitric oxide).

One of the most consistently reported benefits of Cit in poultry is its role in ther-
moregulation. Studies have demonstrated that Cit supplementation reduces body tem-
perature and improves thermotolerance under both thermoneutral and heat stress con-
ditions [102,112,113]. This hypothermic effect may be partly mediated by reductions in
plasma glucose concentrations, which limit the availability of thermogenic substrates and
thereby reduce metabolic heat production [113]. Given the increasing prevalence of heat
stress in poultry production systems, this property is of practical relevance. Beyond ther-
moregulation, Cit also plays a role in metabolic and physiological regulation (Figure 3).
Derived naturally from Citrullus vulgaris, it has been linked to improved muscle protein
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synthesis, potentially via activation of the mTOR (mammalian target of rapamycin) sig-
naling pathway [114,115]. As a pharmaconutrient, it has been investigated for therapeutic
applications in metabolic disorders, urea cycle dysfunction, endothelial impairment, and
muscle-related conditions [116]. Experimental evidence indicates that Cit supplementation
can modulate metabolic responses, including glucose metabolism and energy balance,
further supporting its functional significance [117]. In addition, Cit supplementation has
been shown to improve bone strength, as evidenced by increased femur weight, length,
and ash content in broilers [56]. These effects may be associated with enhanced mineral
utilization, particularly zinc, which is essential for bone mineralization. Given that zinc
deficiency is known to impair bone mineralization and skeletal development [118,119],
these findings highlight the potential role of Cit in supporting bone health. Furthermore,
Cit has been linked to improved nitrogen utilization, reflected by reduced serum uric acid
levels, indicating more efficient AA metabolism in RP diets [120].

Despite these promising outcomes, most of the research on Cit supplementation has
been conducted in broilers or non-avian models (Table 3), with relatively limited data
available for laying hens, particularly at later stages of production. Existing studies in
layers have reported inconsistent responses. Some studies observed no significant effects
on egg production or thermoregulation under heat stress [107], while others reported im-
provements in egg quality traits such as Haugh units, although with reductions in eggshell
strength [53]. These discrepancies may reflect differences in environmental conditions, diet
composition, and physiological stage, all of which can influence the response to Cit supple-
mentation. Evidence from other species further supports the metabolic significance of Cit.
For instance, Cit supplementation has been reported to enhance survival and physiological
resilience under stress conditions in pigs, while in ruminants, it promotes reproductive
hormone secretion and more effectively enhances fetal Arg supply compared with direct
Arg supplementation [121–123]. Notably, Cit is also used as an alternative to Arg supple-
ments. In broilers challenged with necrotic enteritis, Cit supplementation improved growth
performance and breast meat yield, outperforming conventional protein diets and those
supplemented with Arg alone [103,124]. Overall, Cit represents a promising functional
nutrient in RP feeding strategies due to its capacity as an Arg alternative, metabolic versa-
tility, and potential to enhance thermotolerance, antioxidant status, immunity, and nutrient
utilization. Clearly, in a recent study, high-level Cit supplementation (0.12%) in the RP diet
increased feed intake and egg mass during 60–75 weeks of age compared with both RP and
SP treatments, without affecting hen body weight [56]. Notably, only Cit supplementation
increased feed intake, whereas Arg and GAA had no significant effects. The overall higher
feed intake observed in this study may be attributed to birds consuming feed above the
strain recommendations, potentially due to the colder climatic conditions during the ex-
perimental period. This environmental factor may represent a methodological limitation
to consider when interpreting the results. Furthermore, Cit supplementation consistently
improved egg mass and/or egg weight compared with Arg and GAA supplementation,
suggesting that Cit may have greater potential to support laying performance under the
conditions evaluated. The improvement in egg mass observed with high Cit supplementa-
tion may be partly attributed to the associated increase in feed intake. At 75 weeks of age,
dietary Cit supplementation had no significant effect on internal or external egg quality
parameters. Nevertheless, further research is warranted to establish the optimal dietary
inclusion level of Cit and to better define its potential role in supporting the performance
and egg quality parameters of laying hens under commercial production conditions.
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Table 3. Effects of Cit supplementation on poultry birds and various other species.

Dietary Cit Breed Diet Ingredients Consequences Reference

L-Cit (15
mmol/10 mL/kg

body weight)
Layer chicks

Maize, soybean meal,
maize gluten meal,
fish meal and rice

bran

Feed intake was unaffected;
plasma total cholesterol,

triacylglycerol, and
aspartate aminotransferase
expression were unchanged;

plasma glucose levels
decreased

[113]

1% Cit Laying hens
Corn, wheat bran,
soybean meal and

soy oil

Increased plasma NO,
antioxidant activity, egg
shape index, and serum

concentrations of Arg, Cit,
and ornithine

[107]

0, 0.5, 1, and 2 g
ECCs/kg (ethanolic
extract of Citrullus
colocynthis seeds)

Laying hens

Yellow corn, wheat
bran, soybean meal,

soy oil and bone
meal

Improved productive and
physiological performance

at 1 g and 2 g ECCs;
reduced MDA and

corticosterone plasma
levels; decreased

triglyceride and cholesterol
levels in plasma, liver, and

egg yolk

[125]

0.1% Citrullus
colocynthis seed

supplementation
Laying hens Commercial basal

diet

Decreased egg production;
increased blood
corticosterone,

heterophil-to-lymphocyte
ratio, total white blood cells,

and B-lymphocytes in
paraquat-injected hens

[126]

0, 0.5%, 1%, and 1.5%
L-Cit Broiler chickens

Corn, wheat bran,
cotton seed meal and

soybean meal

Increased growth rate,
antioxidant status, and

immunity
[127]

Control group and
L-Cit at 0.5%, 0.75%,

and 1.0%
Broiler chickens Commercial starter

and grower diet

Improved meat quality,
organ indices (bursa, heart,
and liver), and body weight

gain; lowest FCR and
abdominal fat observed at

0.75% Cit

[128]

6. Enzyme Supplementation (Phytase, Xylanase, and β-Glucanase)
Exogenous enzymes are widely incorporated into poultry diets to enhance nutrient

availability and improve overall production efficiency, with substantial evidence sup-
porting their efficacy under conventional feeding systems. Among the various enzyme
classes, the most commonly used in poultry nutrition are phytases and carbohydrases,
particularly xylanase and β-glucanase. Accordingly, this review focuses specifically on
these enzymes due to their widespread application and well-documented benefits. In
typical cereal-soybean meal-based diets, enzyme effectiveness is largely dependent on the
presence of their respective substrates. Phytase primarily targets phytate, the principal
storage form of phosphorus in plant-based ingredients, thereby improving phosphorus
availability, enhancing mineral utilization, and reducing nutrient excretion [129]. In par-
allel, carbohydrases such as xylanase and β-glucanase act on non-starch polysaccharides
(NSPs), including arabinoxylans and β-glucans, which are abundant in cereals like wheat
and barley [130]. Poultry lack sufficient endogenous enzymes to effectively degrade NSP,
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leading to increased digesta viscosity, impaired nutrient absorption, and reduced feed
efficiency [131]. By breaking down these complex carbohydrates, carbohydrases reduce
intestinal viscosity and enhance the digestibility of energy and nutrients [132–134]. Overall,
supplementation with phytase and NSP-degrading enzymes improves the availability of
both mineral and non-mineral nutrients by mitigating the effects of anti-nutritional factors
such as phytate and indigestible fiber components [135–137]. Consequently, the strategic
use of these enzymes not only enhances feed efficiency and nutrient utilization, but also
supports bird health and reduces the economic and environmental costs associated with
poultry production. In RP diets, changes in ingredient composition substantially alter the
intestinal substrate profile for enzymes [138]. The reduction in soybean meal inclusion,
combined with greater reliance on cereal grains and crystalline AAs, influences the balance
of plant-derived carbohydrates and phosphorus-containing compounds. Specifically, low-
ering soybean meal decreases the supply of protein-associated nutrients and reduces the
contribution of certain insoluble fiber fractions and phytate-bound phosphorus [139]. At the
same time, increased inclusion of wheat alters the NSP profile toward a higher proportion
of cereal-derived arabinoxylans [140], particularly water-extractable fractions that are more
likely to increase digesta viscosity. Overall NSP concentration may decline moderately;
however, the composition shifts from soybean meal-derived insoluble fiber toward more
fermentable, viscosity-inducing cereal NSP fractions, which can intensify the physiological
impact of remaining fiber despite lower total levels. A similar compositional shift occurs
for phytate. Because soybean meal is a major contributor of phytate in conventional di-
ets [141], its reduction in RP formulations generally leads to a lower total phytate content.
However, the relative importance of cereal-derived phytate becomes more pronounced,
and its interaction with minerals may still limit phosphorus and trace mineral availability.
Consequently, RP diets do not simply reduce anti-nutritional substrates uniformly; rather,
they restructure NSP and phytate sources, changing their chemical form, solubility, and
physiological impact on the gut environment.

These substrate modifications have important implications for enzyme efficacy. For
phytase, the reduced but still functionally relevant phytate pool continues to determine the
magnitude of phosphorus release and mineral availability improvements [141]. For carbo-
hydrases, although the total NSP may be lower, the increased proportion of wheat-derived
soluble arabinoxylans can maintain or even enhance the functional relevance of xylanase
activity due to its strong effect on digesta viscosity. Therefore, enzyme responses in RP
diets depend less on total substrate quantity and more on substrate quality, solubility, and
dietary origin, making their performance context-dependent compared with conventional
diets [142]. Consistent with these substrate-driven dynamics, phytase supplementation
remains effective in RP diets. Studies have shown that phytase improves phosphorus uti-
lization and reduces mineral excretion without compromising performance in low protein
formulations [143–145]. Similarly, carbohydrases such as xylanase and β-glucanase are
increasingly relevant in RP diets due to the higher functional impact of cereal NSP frac-
tions. Xylanase supplementation has been reported to improve egg production and reduce
intestinal viscosity in wheat-based diets [146], while enzyme combinations (xylanase and
β-glucanase) in NSP-rich ingredients such as DDGS (dried distillers grains with solubles)
result in enhanced nutrient digestibility and performance [147]. Moreover, improvements
in egg mass and feed efficiency have been observed in low energy diets supplemented with
xylanase [148], and multi-enzyme complexes have further supported performance (heavier
eggs) in nutrient-restricted formulations [149]. Collectively, these findings indicate that
enzyme efficacy in RP diets is primarily governed by how protein reduction reshapes NSP
structure and phytate availability, rather than by changes in protein alone.

https://doi.org/10.3390/agriculture16141563

https://doi.org/10.3390/agriculture16141563


Agriculture 2026, 16, 1563 15 of 27

In RP diets, the response to enzyme supplementation is not always consistent (Table 4),
reflecting strong dependence on dietary context and substrate availability. Although re-
ductions in CP are accompanied by changes in NSP and phytate profiles, the magnitude of
response to exogenous enzymes varies considerably across studies. Phytase supplementa-
tion, for example, has shown inconsistent effects on performance traits, with some studies
reporting no significant improvements in laying performance despite enhanced mineral
utilization or immune responses [150,151]. Similarly, carbohydrase responses in RP diets
have been variable. While several studies have reported limited or no effects of xylanase
and other NSP-degrading enzymes on performance [152,153], others have demonstrated
improvements in egg production, egg mass, and FCR [154]. Despite these inconsistencies,
multi-enzyme strategies have shown potential benefits when dietary formulation creates
favorable substrate conditions. For instance, Hahn-Didde and Purdum [151] reported im-
proved calcium retention in birds fed low energy diets supplemented with a combination
of xylanase, phytase, amylase, and protease, indicating potential synergistic effects among
enzymes. Such findings suggest that enzyme efficacy in RP diets is not solely determined
by the presence of a single substrate but is influenced by complex interactions among NSP
structure, phytate availability, and overall diet composition. Collectively, these results
highlight that enzyme responses in RP diets are highly context dependent. Variations in
NSP composition, phytate concentration, and ingredient interactions all contribute to dif-
ferences in performance outcomes. Therefore, the effectiveness of enzyme supplementation
in RP diets should be interpreted within the framework of diet formulation and nutrient
balance rather than assumed from responses observed in conventional feeding systems.
In a recent study, feeding RP diets significantly reduced nitrogen excretion and enhanced
apparent metabolizable energy (AME) and protein digestibility in laying hens at 57 weeks
of age [155]. Similar improvements in nitrogen utilization efficiency following dietary CP
reduction have been previously reported in laying hens [156–158]. The decline in nitro-
gen output may be related to lower dietary nitrogen intake and a reduced availability of
undigested protein for microbial fermentation in the hindgut, which may help maintain a
more balanced intestinal environment [159,160]. These findings support the potential of RP
feeding strategies to improve nitrogen utilization and reduce the environmental burden
associated with egg production. Dietary enzyme supplementation further influenced nutri-
ent utilization responses in RP diets. In a 2026 study, supplementation with 600 FTU/kg
phytase combined with 150 g/ton xylanase and β-glucanase reduced dry matter intake and
excretion compared with 1200 FTU/kg PhyG at the same XB inclusion level. Additionally,
the lower excreta moisture observed in RP-fed hens may be explained by reduced nitrogen
intake and decreased uric acid excretion, resulting in a lower water requirement for nitro-
gen clearance [12,161]. In contrast, excessive dietary protein supply can increase nitrogen
turnover and the amount of undigested protein entering the hindgut, potentially altering
microbial populations and reducing nutrient utilization efficiency [13,162–164]. Therefore,
appropriately formulated RP diets may promote a more favorable digestive environment
and improve nutrient efficiency in aged laying hens.

Table 4. Effect of enzymes (phytase, xylanase and β-glucanase) on laying hens.

Enzyme’s Supplement Breed Diet Ingredients Consequences Reference

Phytase (300 FTU/kg) + non-phytate
phosphorus (NPP) (0.25–0.2 to 0.15%) Laying hens Corn and soybean meal Performance improved at 300 FTU

across NPP levels [165]
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Table 4. Cont.

Enzyme’s Supplement Breed Diet Ingredients Consequences Reference

Phytase (1000 FTU/kg) +
NPP (0.20, 0.25 and 0.30%) Laying hens

Corn, soybean meal, corn
germ meal, corn gluten
meal, DDGS and soy oil

Increased egg production and
eggshell thickness; no effect on egg
weight, feed intake, egg mass, FCR,
albumen height, Haugh unit, yolk,

or shell color

[166]

Bacterial phytase (1500 FTU/kg) Laying hens Corn, soybean meal and
soy oil

Increased performance, egg
quality, and villus-to-crypt ratio

from 44 to 64 weeks of age
[167]

Xylanase (620 IU) + β-glucanase
(550 IU) Laying hens

Maize, wheat, barley, Rye,
sunflower meal and

soybean meal

Improved feed efficiency and egg
production, with reduced

intestinal viscosity and dirty eggs
[168]

Xylanase (2000 U/kg) + 0.3% available
P (phosphorus) Laying hens

Wheat, soybean meal,
canola meal, corn gluten
meal and vegetable oil

Egg production was unchanged,
but egg weight, albumen weight,

and height were increased
[169]

Multi-enzyme complex (xylanase,
β-gluconase, α-amylase, pectinase,

endo-β-gluconase, pentosonate,
pectinase and hemicellulose) at 1 to

2 g/kg

Laying hens

Corn, wheat, barley, wheat
bran, soybean meal,

sunflower oil, meat and
bone meal

No effect on egg production or
quality, but improved yolk index,

serum albumin, and FCR
[170]

Xylanase (1500 U/kg) Laying hens
Corn, soybean meal,

bakery meal, DDGS and
soy oil

Increased feed intake, egg
production, egg mass, and feed

efficiency (20–44 weeks)
[171]

Xylanase (0, 225, 450, and 900 U/kg) Laying hens
Corn, wheat, soybean

meal, wheat bran, corn
gluten meal and animal fat

No effect on performance, but
xylanase improved Haugh unit

and albumen height linearly from
44–56 weeks of age

[172]

Multi-carbohydrase complex (xylanase
2200 U/g, β-glucanase 3000 U/g, and

6-phytase 1000 U/g)
Laying hens Corn, soybean meal, soy

oil, meat and bone meal

Egg production and FCR (per egg
mass and per dozen eggs) were

unaffected; No effects on eggshell
weight, shell thickness, specific

gravity, or yolk color

[173]

Xylanase (0, 45,000, and 90,000 U/kg) Laying hens
Yellow corn, wheat,

soybean meal, soy oil and
sunflower meal

Increased average egg weight and
feed efficiency at 45,000 U/kg;

improved egg quality (albumen
height and Haugh unit)

[174]

Multicarbohydrase-phytase complex
(xylanase 12,500 U/g, β-glucanase
8600 U/g, α-arabinofuranosidase

46,000 U/g, and phytase
10,000 FTU/g)

Laying hens Corn, rice bran, soybean
meal, and coco oil

No significant effects on egg
production, egg weight, egg mass,

or livability; no effects on egg
quality or egg composition

[175]

Multienzyme complex (xylanase
600,000 XU/kg, β-glucanase

500,000 BGU/kg, amylase
800,000 BAU/kg, cellulase

3,000,000 CMC/kg, mannanase
2,500,000 MNU/kg, pectinase
1,000,000 PBU/kg, protease

1,000,000 PCU/kg, and phytase
1,000,000 FTU/kg)

Laying hens Corn, soybean meal,
wheat bran and animal fat

Linearly improved egg production,
egg mass, and FCR; increased

Haugh unit, yolk weight, and yolk
percentage; no effects on body

weight, feed intake, or egg weight

[176]

7. Energy–Protein Optimization with Balanced Amino Acids in Reduced
Protein Diets

Optimizing RP diets requires more than simply lowering CP; it depends on three
critical factors: dietary energy balance, adequate essential Arg supply, and the inclusion of
functional feed additives. While supplementation with feed enzymes and functional Arg
sources can enhance nutrient availability and improve bone quality, maintaining an optimal
energy to protein (AME:CP) ratio remains essential for sustaining performance and overall
health in RP-fed birds. From an economic perspective, protein is one of the most expensive
components of commercial poultry diets [177]. Moreover, increasing population pressure,
urbanization, and climate change are constraining sustainable crop production, thereby
further escalating feed ingredient costs [178]. Consequently, strategic refinement of dietary
AA profiles enables the lowering of CP levels while reducing reliance on protein-rich
ingredients [179] and minimizing nitrogen excretion [180]. Birds cannot synthesize several
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essential AAs in sufficient quantities, making dietary protein indispensable; in RP diets,
soybean meal is partially replaced by crystalline AAs and other cereal grains (e.g., wheat)
to meet nutrient requirements [181,182]. Crystalline Aas are rapidly absorbed, allowing
higher inclusion rates and reducing soybean meal by up to 66% [5], and their growing
commercial availability supports wider adoption in feed formulations [7,183]. However, RP
diets require the careful balancing of energy and protein to avoid performance and health
issues. For instance, Jiang et al. [184] observed reduced egg production, increased liver and
abdominal fat deposition, and altered serum biomarkers (leptin-like protein, osteocalcin,
estrogen, etc.) in hens fed low protein and high energy diets (3040 kcal AME/kg, 11.3% CP)
compared with control hens fed a 2735 kcal AME/kg diet containing 15.8% CP, highlighting
metabolic disruption when protein supply is insufficient relative to energy intake. Similarly,
Keshavarz and Austic [143] demonstrated that low CP diets supplemented with AAs can
sustain laying hen performance; however, they often remain inferior to conventional CP
diets due to limitations in accurately defining AA requirements, ingredient composition,
digestibility, and optimal AA balance. Novak et al. [156] further showed that White Leghorn
hens fed a corn soybean meal-based low protein diet with the recommended energy level
(2871 kcal AME/kg, 14% CP) had reduced feed efficiency compared with hens fed the
recommended protein and energy levels (17% CP, 2871 kcal AME/kg) or low protein, low
energy diets (14% CP, 2785 kcal AME/kg) between 39 and 50 weeks of age.

Meluzzi et al. [185] also indicated that Hy-Line brown hens offered corn soybean meal-
based low protein diets with ME (metabolizable energy) level (13 or 15% CP, 2847 kcal/kg
ME) experienced significant reductions in laying performance relative to control hens
fed 17% CP with equivalent energy levels between 33 and 40 weeks of age. Importantly,
both Meluzzi et al. [185] and Novak et al. [157] formulated RP diets based only on a
limited set of AAs (Lys, Met, Cys, Thr, and/or Trp), suggesting that deficiencies in other
essential AAs, such as Arg, Leu, Val, and Ile, likely contributed to the performance decline
rather than the energy–protein ratio itself. In particular, Arg imbalance relative to Lys can
negatively affect laying performance [186,187], emphasizing the importance of complete
AA profiling in RP dietary systems. In contrast, when dietary CP is not excessively reduced,
and both energy and AA requirements are more comprehensively balanced, RP diets
can sustain laying performance across a range of dietary specifications. For example,
Kim and Kang [188] reported that hens fed corn-soybean meal-based diets exhibited no
significant differences in egg production, egg mass, feed intake, or feed conversion ratio
(FCR) across CP levels of 14.5% and 16.5% (Lys 0.85%, Met + Cys 0.71%) and AMEn levels
of 2700 and 2800 kcal/kg. However, egg weight increased at higher CP and AMEn levels,
likely reflecting improved energy utilization and nutrient availability, which supported
enhanced yolk and albumen deposition. Similarly, Xin et al. [189] found no long-term
effects of dietary energy (2700 and 2800 kcal/kg ME) and CP (15% and 16.5%; Lys 0.80%,
Met 0.32%) on laying performance, body weight, ovarian traits, or bone quality in hens
fed a corn-soybean meal diet; egg quality was also largely unaffected, although higher
CP improved eggshell thickness and shape index. At the molecular level, dietary energy
and protein also modulated reproductive endocrine signaling, as lower energy increased
hypothalamic GnRH-1 expression, while 2700 kcal/kg ME and 15% CP elevated estrogen
receptor-1 expression in the hypothalamus and ovary, indicating physiological adaptation
despite stable production outcomes. Energy–AA interactions further influence egg quality
traits. Wu et al. [190] reported reduced Haugh unit in high energy diets (2877 kcal/kg
ME) due to inadequate CP and AA balance, leading to lower AA intake; consistently,
reduced Lys intake may decrease albumen proportion and impair albumen quality, a key
determinant of Haugh unit [191]. Hassan et al. [192] similarly observed that dietary ME
(2750, 2775, and 2800 kcal/kg) combined with 16% CP (Lys 0.74%, Met 0.32%) or 17%
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CP (Lys 0.78%, Met 0.34%) did not affect laying performance, bone, or egg quality traits;
however, egg weight increased with higher energy and protein levels, while serum total
protein remained unchanged, indicating improved nutrient partitioning without systemic
metabolic change. Further evidence from Kumar et al. [193] highlights the central role
of AA density, demonstrating that increasing digestible lysine intake (550, 625, 700, 775
and 850 mg/hen/day) in a 2900 kcal/kg ME diet with balanced AA profile improved
egg production, egg weight, egg mass, feed intake, and feed efficiency in a quadratic
manner, while also increasing egg size and reducing mortality, although excessive D-
Lys levels increased the proportion of large eggs (cracked). These findings reinforce
that both deficiency and excess of specific AAs can negatively affect production and egg
quality. Overall, variations in laying performance and egg quality across studies are
primarily driven by differences in AA balance and the adequacy of energy–protein–AA
synchronization under RP feeding systems. Collectively, the evidence clearly indicates that
optimal laying hen performance cannot be achieved by manipulating energy or protein
alone; instead, precise alignment of dietary energy, protein, and a fully balanced AA
profile is essential. In RP diets, failure to maintain this integrated balance remains the
principal limitation, underscoring that the energy–protein–AA combination is compulsory
for sustaining productivity, egg quality, and metabolic health in modern laying hens while
enabling more sustainable and environmentally efficient production systems.

8. Conclusions
In conclusion, RP diets represent a promising strategy to improve the sustainability

and efficiency of egg production. Supplementation with functional Arg precursors demon-
strated potential benefits in aged laying hens, with high-level Cit (0.12%) providing the
greatest overall improvements in egg mass, egg weight, yolk weight, and bone breaking
strength, likely through enhanced Arg-related metabolic pathways. Low-level Arg (0.06%)
improved ileal energy digestibility, while low-dose GAA (0.06%) enhanced bone breaking
strength. Furthermore, Arg and Cit supplementation increased yolk weight, suggesting
their potential role in supporting egg formation and skeletal health. Reducing dietary
CP from 16.5% to 14.5% maintained feed efficiency despite reductions in egg weight and
alterations in some egg quality traits, while improving nutrient digestibility, reducing
nitrogen excretion, and decreasing excreta moisture. Moreover, decreasing dietary CP from
17% to 15.5% while maintaining 100% of recommended AME and balanced essential amino
acid profiles improved the feed efficiency by 14.9% without compromising egg quality
compared with the standard 17% CP diet. Additionally, supplementation with 600 FTU/kg
phytase and 100 g/ton xylanase plus β-glucanase was sufficient to support performance
and nutrient utilization in RP diets from 35 to 57 weeks of age. Collectively, these findings
demonstrate that Arg precursor supplementation, targeted enzyme inclusion, and appropri-
ate energy-to-protein optimization can improve nutrient efficiency, maintain productivity,
enhance skeletal health, and reduce the environmental impact of laying hen production.
Nevertheless, the interpretation of these findings should consider the controlled experimen-
tal conditions under which the study was conducted. Differences in environmental factors,
management practices, feed ingredient variability, and flock health status in commercial
production systems may influence the responses of laying hens and affect the extrapolation
of these results to field conditions. Furthermore, the relatively short experimental duration
and the use of predetermined dietary formulations may limit the broader applicability of
the outcomes across different production phases and systems. Therefore, further investi-
gations under commercial farm conditions, incorporating extended production periods
and diverse production environments, are required to validate and refine reduced protein
feeding strategies for sustainable laying hen production.
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81. Ziętara, M.S.; Biegniewska, A.; Rurangwa, E.; Świerczyński, J.; Ollevier, F.; Skorkowski, E.F. Bioenergetics of fish spermatozoa
during semen storage. Fish Physiol. Biochem. 2009, 35, 607–614. [CrossRef] [PubMed]

82. Amiri, M.; Ghasemi, H.A.; Hajkhodadadi, I.; Khaltabadi Farahani, A.H. Efficacy of guanidinoacetic acid at different dietary
crude protein levels on growth performance, stress indicators, antioxidant status, and intestinal morphology in broiler chickens
subjected to cyclic heat stress. Anim. Feed Sci. Technol. 2019, 254, 114208. [CrossRef]

83. Ale Saheb Fosoul, S.S.; Azarfar, A.; Gheisari, A.; Khosravinia, H. Energy utilisation of broiler chickens in response to guanidi-
noacetic acid supplementation in diets with various energy contents. Br. J. Nutr. 2018, 120, 131–140. [CrossRef] [PubMed]

84. Al-Abdullatif, A.A.; Azzam, M.M.; Samara, E.M.; Al-Badwi, M.A.; Dong, X.; Abdel-Moneim, A.E. Assessing the influence of
guanidinoacetic acid on growth performance, body temperature, blood metabolites, and intestinal morphometry in broilers: A
comparative sex-based experiment. Animals 2024, 14, 1853. [CrossRef] [PubMed]

85. Penz, A.M.; Jensen, L.E.O.S. Influence of protein concentration, amino acid supplementation, and daily time of access to high- or
low-protein diets on egg weight and components in laying hens. Poult. Sci. 1991, 70, 2460–2466. [CrossRef]

86. Murakami, A.E.; Rodrigueiro, R.J.B.; Santos, T.C.; Ospina-Rojas, I.C.; Rademacher, M. Effects of dietary supplementation of
meat-type quail breeders with guanidinoacetic acid on their reproductive parameters and progeny performance. Poult. Sci. 2014,
93, 2237–2244. [CrossRef] [PubMed]

87. Borsook, M.E.; Borsook, H. Treatment of cardiac decompensation with betaine and glycocyamine. Ann. West. Med. Surg. 1951, 5,
830–855. [PubMed]

88. Córdova-Noboa, H.A.; Oviedo-Rondón, E.O.; Sarsour, A.H.; Barnes, J.; Ferzola, P.; Rademacher-Heilshorn, M.; Braun, U.
Performance, meat quality, and pectoral myopathies of broilers fed either corn or sorghum-based diets supplemented with
guanidinoacetic acid. Poult. Sci. 2018, 97, 2479–2493. [CrossRef] [PubMed]

https://doi.org/10.3390/agriculture16141563

https://doi.org/10.1016/j.psj.2023.102727
https://www.ncbi.nlm.nih.gov/pubmed/37148571
https://doi.org/10.1080/1828051x.2025.2557464
https://doi.org/10.7150/ijms.5125
https://www.ncbi.nlm.nih.gov/pubmed/23329885
https://doi.org/10.1016/j.psj.2021.101692
https://www.ncbi.nlm.nih.gov/pubmed/35124444
https://doi.org/10.1152/physrev.2000.80.3.1107
https://www.ncbi.nlm.nih.gov/pubmed/10893433
https://www.ncbi.nlm.nih.gov/pubmed/30235878
https://doi.org/10.3382/ps/pex378
https://www.ncbi.nlm.nih.gov/pubmed/29294127
https://doi.org/10.2903/j.efsa.2016.4394
https://www.ncbi.nlm.nih.gov/pubmed/42016883
https://doi.org/10.1186/s40813-022-00269-8
https://doi.org/10.1016/j.anifeedsci.2015.03.010
https://doi.org/10.3945/jn.112.172593
https://www.ncbi.nlm.nih.gov/pubmed/23616507
https://doi.org/10.3382/ps/pew083
https://www.ncbi.nlm.nih.gov/pubmed/26994189
https://doi.org/10.1017/s0021859620000477
https://doi.org/10.1095/biolreprod58.6.1437
https://www.ncbi.nlm.nih.gov/pubmed/9623603
https://doi.org/10.1007/s10695-009-9308-8
https://www.ncbi.nlm.nih.gov/pubmed/19247796
https://doi.org/10.1016/j.anifeedsci.2019.114208
https://doi.org/10.1017/s0007114517003701
https://www.ncbi.nlm.nih.gov/pubmed/29690949
https://doi.org/10.3390/ani14131853
https://www.ncbi.nlm.nih.gov/pubmed/38997965
https://doi.org/10.3382/ps.0702460
https://doi.org/10.3382/ps.2014-03894
https://www.ncbi.nlm.nih.gov/pubmed/24974392
https://www.ncbi.nlm.nih.gov/pubmed/14878414
https://doi.org/10.3382/ps/pey096
https://www.ncbi.nlm.nih.gov/pubmed/29669056
https://doi.org/10.3390/agriculture16141563


Agriculture 2026, 16, 1563 23 of 27

89. Sharideh, H.; Esmaeile Neia, L.; Zaghari, M.; Zhandi, M.; Akhlaghi, A.; Lotfi, L. Effect of feeding guanidinoacetic acid and
L-arginine on the fertility rate and sperm penetration in the perivitelline layer of aged broiler breeder hens. J. Anim. Physiol. Anim.
Nutr. 2016, 100, 316–322.

90. Khakran, G.; Chamani, M.; Foroudi, F.; Sadeghi, A.A.; Afshar, M.A. Effect of guanidine acetic acid addition to corn–soybean meal
based diets on productive performance, blood biochemical parameters and reproductive hormones of laying hens. Kafkas Univ.
Vet. Fak. Derg. 2018, 24, 99–105.

91. Reicher, N.; Epstein, T.; Gravitz, D.; Cahaner, A.; Rademacher, M.; Braun, U.; Uni, Z. From broiler breeder hen feed to the egg and
embryo: The molecular effects of guanidinoacetate supplementation on creatine transport and synthesis. Poult. Sci. 2020, 99,
3574–3582. [CrossRef] [PubMed]

92. Raei, A.; Karimi, A.; Sadeghi, A. Performance, antioxidant status, nutrient retention and serum profile responses of laying
Japanese quails to increasing addition levels of dietary guanidinoacetic acid. Ital. J. Anim. Sci. 2020, 19, 75–85.

93. Peng, X.Y.; Xing, T.; Li, J.L.; Zhang, L.; Jiang, Y.; Gao, F. Guanidinoacetic acid supplementation improves intestinal morphology
and mucosal barrier function of broilers subjected to chronic heat stress. J. Anim. Sci. 2023, 101, skac355. [PubMed]

94. Li, X.; Bian, J.; Xing, T.; Zhao, L.; Li, J.; Zhang, L.; Gao, F. Effects of guanidinoacetic acid supplementation on growth performance,
hypothalamus-pituitary-adrenal axis, and immunity of broilers challenged with chronic heat stress. Poult. Sci. 2023, 102, 103114.
[CrossRef] [PubMed]

95. García-Gómora, S.; Gómez-Verduzco, G.; Márquez-Mota, C.C.; Cortés-Cuevas, A.; Vázquez-Mendoza, O.V.; Ávila-González, E.
An assessment of the effects of guanidinoacetic acid on the performance and immune response of laying hens fed diets with three
levels of metabolizable energy. Animals 2024, 14, 1675. [CrossRef] [PubMed]

96. Azizollahi, M.; Ghasemi, H.A.; Foroudi, F.; Hajkhodadadi, I. Effect of guanidinoacetic acid on performance, egg quality, yolk fatty
acid composition, and nutrient digestibility of aged laying hens fed diets with varying substitution levels of corn with low-tannin
sorghum. Poult. Sci. 2024, 103, 103297. [CrossRef] [PubMed]

97. Ghasemi, H.A.; Azizollahi, M.; Ajoudani Lahroudi, M.; Taherpour, K.; Hajkhodadadi, I.; Akhavan-Salamat, H.; Afsar, A.;
Khodaei-Motlagh, M.; Rahmatnejad, E. Guanidinoacetic acid in laying hen diets with varying dietary energy: Productivity,
antioxidant status, yolk fatty acid profile, hepatic lipid metabolism, and gut health. Poult. Sci. 2025, 104, 105159. [CrossRef]
[PubMed]

98. El-Hattab, A.W.; Emrick, L.T.; Craigen, W.J.; Scaglia, F. Citrulline and arginine utility in treating nitric oxide deficiency in
mitochondrial disorders. Mol. Genet. Metab. 2012, 107, 247–252. [CrossRef] [PubMed]

99. Zheng, P.; Yu, B.; He, J.; Yu, J.; Mao, X.; Luo, Y.; Luo, J.; Huang, Z.; Tian, G.; Zeng, Q.; et al. Arginine metabolism and its protective
effects on intestinal health and functions in weaned piglets under oxidative stress induced by diquat. Br. J. Nutr. 2017, 117,
1495–1502. [CrossRef] [PubMed]

100. Uyanga, V.A.; Sun, L.; Liu, Y.; Zhang, M.; Zhao, J.; Wang, X.; Jiao, H.; Onagbesan, O.M.; Lin, H. Effects of arginine replacement
with L-citrulline on arginine/nitric oxide metabolism in chickens: An animal model without urea cycle. J. Anim. Sci. Biotechnol.
2023, 14, 9. [CrossRef] [PubMed]

101. Marini, J.C. Arginine and ornithine are the main precursors for citrulline synthesis in mice. J. Nutr. 2012, 142, 572–580. [CrossRef]
[PubMed]

102. Uyanga, V.A.; Wang, M.; Tong, T.; Zhao, J.; Wang, X.; Jiao, H.; Onagbesan, O.M.; Lin, H. L-citrulline influences body temperature,
heat shock response and nitric oxide regeneration of broilers under thermoneutral and heat stress condition. Front. Physiol. 2021,
12, 671691. [CrossRef] [PubMed]

103. Dao, H.T.; Sharma, N.K.; Barekatain, R.; Kheravii, S.K.; Bradbury, E.J.; Wu, S.B.; Swick, R.A. Supplementation of reduced protein
diets with L-arginine and L-citrulline for broilers challenged with subclinical necrotic enteritis. Anim. Prod. Sci. 2022, 62,
1236–1249. [CrossRef]

104. Hayashi, T.; Juliet, P.A.R.; Matsui-Hirai, H.; Miyasaki, A.; Fukatsu, A.; Funami, J.; Iguchi, A.; Ignarro, L.J. L-citrulline and
L-arginine supplementation retards progression of high-cholesterol-diet-induced atherosclerosis in rabbits. Proc. Natl. Acad. Sci.
USA 2005, 102, 13681–13686. [CrossRef] [PubMed]

105. Dantonio, V.; Batalhão, M.E.; Fernandes, M.H.M.R.; Komegae, E.N.; Buqui, G.A.; Lopes, N.P.; Gargaglioni, L.H.; Carnio, É.C.;
Steiner, A.A.; Bícego, K.C. Nitric oxide and fever: Immune-to-brain signaling vs. thermogenesis in chicks. Am. J. Physiol. Integr.
Comp. Physiol. 2016, 310, R896–R905. [CrossRef]

106. Zendehdel, M.; Moosadoost, Y.; Masoumi, R.; Rostami, B.; Shahir, M.H.; Hassanpour, S. Endogenous nitric oxide and dopamine
regulate feeding behavior in neonatal layer-type chickens. Ann. Anim. Sci. 2017, 17, 1029–1042. [CrossRef]

107. Uyanga, V.A.; Jiao, H.; Zhao, J.; Wang, X.; Lin, H. Dietary L-citrulline supplementation modulates nitric oxide synthesis and
antioxidant status of laying hens during summer season. J. Anim. Sci. Biotechnol. 2020, 11, 103. [CrossRef] [PubMed]

108. Uyanga, V.A.; Zhao, J.; Wang, X.; Jiao, H.; Onagbesan, O.M.; Lin, H. Effects of dietary L-citrulline supplementation on nitric
oxide synthesis, immune responses and mitochondrial energetics of broilers during heat stress. J. Therm. Biol. 2022, 105, 103227.
[CrossRef] [PubMed]

https://doi.org/10.3390/agriculture16141563

https://doi.org/10.1016/j.psj.2020.03.052
https://www.ncbi.nlm.nih.gov/pubmed/32616254
https://www.ncbi.nlm.nih.gov/pubmed/36283032
https://doi.org/10.1016/j.psj.2023.103114
https://www.ncbi.nlm.nih.gov/pubmed/37826903
https://doi.org/10.3390/ani14111675
https://www.ncbi.nlm.nih.gov/pubmed/38891722
https://doi.org/10.1016/j.psj.2023.103297
https://www.ncbi.nlm.nih.gov/pubmed/38104413
https://doi.org/10.1016/j.psj.2025.105159
https://www.ncbi.nlm.nih.gov/pubmed/40267570
https://doi.org/10.1016/j.ymgme.2012.06.018
https://www.ncbi.nlm.nih.gov/pubmed/22819233
https://doi.org/10.1017/s0007114517001519
https://www.ncbi.nlm.nih.gov/pubmed/28701241
https://doi.org/10.1186/s40104-022-00817-w
https://www.ncbi.nlm.nih.gov/pubmed/36721201
https://doi.org/10.3945/jn.111.153825
https://www.ncbi.nlm.nih.gov/pubmed/22323761
https://doi.org/10.3389/fphys.2021.671691
https://www.ncbi.nlm.nih.gov/pubmed/34456742
https://doi.org/10.1071/an21393
https://doi.org/10.1073/pnas.0506595102
https://www.ncbi.nlm.nih.gov/pubmed/16157883
https://doi.org/10.1152/ajpregu.00453.2015
https://doi.org/10.1515/aoas-2016-0094
https://doi.org/10.1186/s40104-020-00507-5
https://www.ncbi.nlm.nih.gov/pubmed/33062264
https://doi.org/10.1016/j.jtherbio.2022.103227
https://www.ncbi.nlm.nih.gov/pubmed/35393039
https://doi.org/10.3390/agriculture16141563


Agriculture 2026, 16, 1563 24 of 27

109. Jegatheesan, P.; Beutheu, S.; Freese, K.; Waligora-Dupriet, A.J.; Nubret, E.; Butel, M.J.; Bergheim, I.; De Bandt, J.P. Preventive
effects of citrulline on Western diet-induced non-alcoholic fatty liver disease in rats. Br. J. Nutr. 2016, 116, 191–203. [CrossRef]
[PubMed]

110. Sellmann, C.; Jin, C.J.; Engstler, A.J.; De Bandt, J.-P.; Bergheim, I. Oral citrulline supplementation protects female mice from the
development of non-alcoholic fatty liver disease (NAFLD). Eur. J. Nutr. 2017, 56, 2519–2527. [PubMed]

111. Chowdhury, V.S.; Han, G.; Elhussiny, M.Z.; Ouchi, Y.; Tran, P.V.; Nishimura, H.; Haraguchi, S.; Cockrem, J.F.; Bungo, T.; Furuse, M.
Oral administration of L-citrulline changes brain free amino acid and monoamine metabolism in heat-exposed broiler chickens.
Front. Anim. Sci. 2022, 3, 875572. [CrossRef]

112. Chowdhury, V.S.; Shigemura, A.; Erwan, E.; Ito, K.; Bahry, M.A.; Tran, P.V.; Furuse, M. Oral administration of L-citrulline, but not
L-arginine or L-ornithine, acts as a hypothermic agent in chicks. J. Poult. Sci. 2015, 52, 331–335. [CrossRef]

113. Chowdhury, V.S.; Han, G.; Bahry, M.A.; Tran, P.V.; Do, P.H.; Yang, H.; Furuse, M. L-citrulline acts as a potential hypothermic
agent to afford thermotolerance in chicks. J. Therm. Biol. 2017, 69, 163–170. [CrossRef] [PubMed]

114. Moinard, C.; Le Plénier, S.; Perret, C.; Cynober, L. Citrulline modulates muscle protein synthesis via S6K and p70S6 kinase 1
activation in old malnourished rats. FASEB J. 2008, 22, 869.23. [CrossRef]

115. Le Plénier, S.; Goron, A.; Sotiropoulos, A.; Archambault, E.; Guihenneuc, C.; Walrand, S.; Salles, J.; Jourdan, M.; Neveux, N.;
Cynober, L.; et al. Citrulline directly modulates muscle protein synthesis via the PI3K/MAPK/4E-BP1 pathway in a malnourished
state: Evidence from in vivo, ex vivo, and in vitro studies. Am. J. Physiol. Endocrinol. Metab. 2016, 312, E27–E36. [PubMed]

116. Morita, M.; Sakurada, M.; Watanabe, F.; Yamasaki, T.; Doi, H.; Ezaki, H.; Morishita, K.; Miyake, T. Effects of oral L-citrulline
supplementation on lipoprotein oxidation and endothelial dysfunction in humans with vasospastic angina. Immunol. Endocr.
Metab. Agents Med. Chem. 2013, 13, 214–220. [CrossRef] [PubMed]

117. Nobari, H.; Samadian, L.; Saedmocheshi, S.; Prieto-González, P.; MacDonald, C. Overview of mechanisms related to citrulline
malate supplementation and different methods of high-intensity interval training on sports performance: A narrative review.
Heliyon 2025, 11, e42649. [CrossRef] [PubMed]

118. Kidd, M.T.; Ferket, P.R.; Qureshi, M.A. Zinc metabolism with special reference to its role in immunity. Worlds Poult. Sci. J. 1996,
52, 309–324. [CrossRef]

119. Naz, S.; Idris, M.; Khalique, M.A.; Rahman, Z.; Alhidary, I.A.; Abdelrahman, M.M.; Khan, R.U.; Chand, N.; Farooq, U.; Ahmad, S.
The activity and use of zinc in poultry diets. Worlds Poult. Sci. J. 2016, 72, 159–167. [CrossRef]

120. Namroud, N.F.; Shivazad, M.; Zaghari, M. Effects of fortifying low crude protein diet with crystalline amino acids on performance,
blood ammonia level, and excreta characteristics of broiler chicks. Poult. Sci. 2008, 87, 2250–2258. [CrossRef] [PubMed]

121. Lassala, A.; Bazer, F.W.; Cudd, T.A.; Li, P.; Li, X.; Satterfield, M.C.; Spencer, T.E.; Wu, G. Intravenous administration of L-citrulline
to pregnant ewes is more effective than L-arginine for increasing arginine availability in the fetus. J. Nutr. 2009, 139, 660–665.
[CrossRef] [PubMed]

122. Liu, F.; de Ruyter, E.; Athorn, R.; Brewster, C.; Henman, D.; Morrison, R.; Smits, R.; Cottrell, J.; Dunshea, F. Effects of L-citrulline
supplementation on heat stress physiology, lactation performance and subsequent reproductive performance of sows in summer.
J. Anim. Physiol. Anim. Nutr. 2019, 103, 251–257.

123. Li, C.; Chen, H.; Liu, J.; Zao, W.; Fan, C.; Lv, W.; Xu, G.; Lu, Z.; Wang, X.; Liu, X.; et al. Effects of L-citrulline supplementation in
the basal diet on reproductive performance, serum metabolites, and microbial community structure in Simmental cows. Front.
Microbiol. 2026, 17, 1742321. [CrossRef] [PubMed]

124. Dao, H.T.; Sharma, N.K.; Barekatain, R.; Kheravii, S.K.; Bradbury, E.J.; Wu, S.B.; Swick, R.A. Supplementation of reduced
protein diets with L-arginine and L-citrulline for broilers challenged with subclinical necrotic enteritis. 2. Intestinal permeability,
microbiota, and short-chain fatty acid production. Anim. Prod. Sci. 2022, 62, 1250–1265. [CrossRef]

125. Alzarah, M.I.; Alaqil, A.A.; Abbas, A.O.; Nassar, F.S.; Mehaisen, G.M.K.; Gouda, G.F.; Abd El-Atty, H.K.; Moustafa, E.S. Inclusion
of Citrullus colocynthis seed extract into diets induced a hypolipidemic effect and improved layer performance. Agriculture 2021,
11, 808. [CrossRef]

126. Abbas, A.O.; Alaqil, A.A.; Kamel, N.N.; Moustafa, E.S. Citrullus colocynthis seed ameliorates layer performance and immune
response under acute oxidative stress induced by paraquat injection. Animals 2022, 12, 945. [CrossRef] [PubMed]

127. Ma, Y.; Liu, T.; Chen, S.; Shen, H.; Wang, J. Dietary supplementation with L-citrulline improves amino acid composition and
broiler performance and modulates gut microbiota. Front. Microbiol. 2025, 16, 1551012. [CrossRef] [PubMed]

128. Bhuiyan, M.I.H.; Ahmed, M.J.; Mamun, M.; Islam, K.; Chalise, R.; Bhandari, P.; Alam, K.E.; Kaderi, I.J.; Alam, M.J.; Hossain, D.;
et al. Impact of L-citrulline on meat production and quality: A study on its effects on meat attributes and nutritional composition.
Poult. Sci. 2025, 104, 106039. [CrossRef] [PubMed]

129. Yadav, N.K.; Patel, A.B.; Kashyap, S.; Deepti, M.; Savaliya, B.D.; Singh, Y.R.; Sahu, A. Phytase as a functional feed additive in
aquaculture: Growth promotion, nutrient utilization, and environmental mitigation. Aquac. Int. 2025, 33, 588. [CrossRef]

130. Valente Junior, D.T.; Genova, J.L.; Kim, S.W.; Saraiva, A.; Rocha, G.C. Carbohydrases and phytase in poultry and pig nutrition: A
review beyond the nutrients and energy matrix. Animals 2024, 14, 226. [CrossRef] [PubMed]

https://doi.org/10.3390/agriculture16141563

https://doi.org/10.1017/s0007114516001793
https://www.ncbi.nlm.nih.gov/pubmed/27197843
https://www.ncbi.nlm.nih.gov/pubmed/27496089
https://doi.org/10.3389/fanim.2022.875572
https://doi.org/10.2141/jpsa.0150014
https://doi.org/10.1016/j.jtherbio.2017.07.007
https://www.ncbi.nlm.nih.gov/pubmed/29037378
https://doi.org/10.1096/fasebj.22.1_supplement.869.23
https://www.ncbi.nlm.nih.gov/pubmed/27827806
https://doi.org/10.2174/18715222113139990008
https://www.ncbi.nlm.nih.gov/pubmed/26005507
https://doi.org/10.1016/j.heliyon.2025.e42649
https://www.ncbi.nlm.nih.gov/pubmed/40040998
https://doi.org/10.1079/wps19960022
https://doi.org/10.1017/s0043933915002755
https://doi.org/10.3382/ps.2007-00499
https://www.ncbi.nlm.nih.gov/pubmed/18931175
https://doi.org/10.3945/jn.108.102020
https://www.ncbi.nlm.nih.gov/pubmed/19225132
https://doi.org/10.3389/fmicb.2026.1742321
https://www.ncbi.nlm.nih.gov/pubmed/42466125
https://doi.org/10.1071/an21394
https://doi.org/10.3390/agriculture11090808
https://doi.org/10.3390/ani12080945
https://www.ncbi.nlm.nih.gov/pubmed/36496899
https://doi.org/10.3389/fmicb.2025.1551012
https://www.ncbi.nlm.nih.gov/pubmed/41614138
https://doi.org/10.1016/j.psj.2025.106039
https://www.ncbi.nlm.nih.gov/pubmed/41207166
https://doi.org/10.1007/s10499-025-02278-0
https://doi.org/10.3390/ani14020226
https://www.ncbi.nlm.nih.gov/pubmed/38254395
https://doi.org/10.3390/agriculture16141563


Agriculture 2026, 16, 1563 25 of 27

131. Kim, E.; Morgan, N.K.; Moss, A.F.; Li, L.; Ader, P.; Choct, M. The flow of non-starch polysaccharides along the gastrointestinal
tract of broiler chickens fed either a wheat- or maize-based diet. Anim. Nutr. 2022, 9, 138–142. [CrossRef] [PubMed]

132. Wu, Y.B.; Ravindran, V.; Hendriks, W.H. Influence of exogenous enzyme supplementation on energy utilisation and nutrient
digestibility of cereals for broilers. J. Sci. Food Agric. 2004, 84, 1817–1822. [CrossRef]

133. Juanpere, J.; Pérez-Vendrell, A.M.; Angulo, E.; Brufau, J. Assessment of potential interactions between phytase and glycosidase
enzyme supplementation on nutrient digestibility in broilers. Poult. Sci. 2005, 84, 571–580. [CrossRef] [PubMed]

134. Bedford, M.R.; Apajalahti, J.H. The role of feed enzymes in maintaining poultry intestinal health. J. Sci. Food Agric. 2022, 102,
1759–1770. [PubMed]

135. Humer, E.; Schwarz, C.; Schedle, K. Phytate in pig and poultry nutrition. J. Anim. Physiol. Anim. Nutr. 2015, 99, 605–625.
136. Alagawany, M.; Elnesr, S.S.; Farag, M.R. The role of exogenous enzymes in promoting growth and improving nutrient digestibility

in poultry. Iran. J. Vet. Res. 2018, 19, 157–164. [PubMed]
137. Raza, A.; Bashir, S.; Tabassum, R. An update on carbohydrases: Growth performance and intestinal health of poultry. Heliyon

2019, 5, e01437. [CrossRef] [PubMed]
138. Fan, P.; Liu, P.; Song, P.; Chen, X.; Ma, X. Moderate dietary protein restriction alters the composition of gut microbiota and

improves ileal barrier function in adult pig model. Sci. Rep. 2017, 7, 43412. [CrossRef] [PubMed]
139. Nusairat, B.; Joardar, D.; Obeidat, B.; Majeed, S. Impact of corn particle size, phytate content of soybean meal, and phytase

inclusion in feed on broiler growth performance, phosphorus digestibility, and bone health. Cogent Food Agric. 2025, 11, 2448603.
[CrossRef]

140. Kulathunga, J.; Islam, S. Wheat arabinoxylans: Insight into structure–function relationships. Carbohydr. Polym. 2025, 348, 122933.
[CrossRef] [PubMed]

141. Scott, B.M.; Koh, K.; Rix, G.D. Structural and functional profile of phytases across the domains of life. Curr. Res. Struct. Biol. 2024,
7, 100139. [CrossRef] [PubMed]

142. He, L.; Wu, L.; Xu, Z.; Li, T.; Yao, K.; Cui, Z.; Yin, Y.; Wu, G. Low-protein diets affect ileal amino acid digestibility and gene
expression of digestive enzymes in growing and finishing pigs. Amino Acids 2016, 48, 21–30. [CrossRef] [PubMed]

143. Keshavarz, K.; Austic, R.E. The use of low-protein, low-phosphorus, amino acid- and phytase-supplemented diets on laying hen
performance and nitrogen and phosphorus excretion. Poult. Sci. 2004, 83, 75–83. [CrossRef] [PubMed]

144. Casartelli, E.M.; Junqueira, O.M.; de Laurentiz, A.C.; Filardi, R.S.; de Lucas Júnior, J.; Araújo, L.F. Effect of phytase in laying hen
diets with different phosphorus sources. Braz. J. Poult. Sci. 2005, 7, 93–98. [CrossRef]

145. Sobolewska, S.; Orda, J.; Budny-Walczak, A. Differential influence of phytase supplementation on the balance of phosphorus and
other elements in laying hens’ feed. Econ. Environ. Stud. 2015, 15, 461–468.

146. Yildiz, T.; Ceylan, N.; Atik, Z.; Karademir, E.; Ertekin, B. Effect of xylanase enzyme addition on performance, egg quality and
intestinal viscosity in laying hens fed dried distillers grains with solubles. Kafkas Univ. Vet. Fak. Derg. 2018, 24, 273–280.

147. Shalash, S.M.M.; El-Wafa, S.A.; Hassan, R.A.; Ramadan, N.A.; Mohamed, M.S.; El-Gabry, H.E. Evaluation of distillers dried grains
with solubles as feed ingredient in laying hen diets. Int. J. Poult. Sci. 2010, 9, 537–545. [CrossRef]

148. Mathlouthi, N.; Larbier, M.; Mohamed, M.A.; Lessire, M. Performance of laying hens fed wheat, wheat–barley or wheat–barley–
wheat bran based diets supplemented with xylanase. Can. J. Anim. Sci. 2002, 82, 193–199. [CrossRef]

149. Abudabos, A.M. Effect of enzyme supplementation and wheat middlings as an alternative to corn on laying hens performance.
Ital. J. Anim. Sci. 2011, 10, e57. [CrossRef]

150. Kashani, S.; Mohebbifar, A.; Habibian, M.; Torki, M. Effects of phytase supplementation of low-protein diets on performance, egg
quality traits and blood biochemical parameters of laying hens. Annu. Res. Rev. Biol. 2014, 4, 684–698. [CrossRef]

151. Hahn-Didde, D.; Purdum, S.E. The effects of an enzyme complex in moderate and low nutrient-dense diets with dried distillers
grains with solubles in laying hens. J. Appl. Poult. Res. 2014, 23, 23–33. [CrossRef]

152. Mathlouthi, N.; Mohamed, M.A.; Larbier, M. Effect of enzyme preparation containing xylanase and β-glucanase on performance
of laying hens fed wheat/barley- or maize/soybean meal-based diets. Br. Poult. Sci. 2003, 44, 60–66. [CrossRef] [PubMed]

153. Bigge, A.E.; Purdum, S.; Hanford, K. Effect of xylanase on the performance of laying hens fed a low energy corn and soybean diet.
Poult. Sci. 2018, 97, 3183–3187. [CrossRef] [PubMed]

154. Mirzaie, S.; Zaghari, M.; Aminzadeh, S.; Shivazad, M.; Mateos, G.G. Effects of wheat inclusion and xylanase supplementation of
the diet on productive performance, nutrient retention, and endogenous intestinal enzyme activity of laying hens. Poult. Sci.
2012, 91, 413–425. [CrossRef] [PubMed]

155. Nawab, A.; Dao, T.H.; Sukirno, S.; Bruerton, K.; Kim, E.; Crowley, T.M.; Moss, A.F. Investigating the effects of enzyme inclusion
rates in reduced protein diets to improve nutrient digestibility in laying hens. Animals 2026, 16, 1713. [CrossRef] [PubMed]

156. Summers, J.D. Reducing nitrogen excretion of the laying hen by feeding lower crude protein diets. Poult. Sci. 1993, 72, 1473–1478.
[CrossRef] [PubMed]

157. Novak, C.L.; Yakout, H.M.; Remus, J. Response to varying dietary energy and protein with or without enzyme supplementation
on Leghorn performance and economics. 2. Laying period. J. Appl. Poult. Res. 2008, 17, 17–33. [CrossRef]

https://doi.org/10.3390/agriculture16141563

https://doi.org/10.1016/j.aninu.2021.11.004
https://www.ncbi.nlm.nih.gov/pubmed/35600558
https://doi.org/10.1002/jsfa.1892
https://doi.org/10.1093/ps/84.4.571
https://www.ncbi.nlm.nih.gov/pubmed/15844813
https://www.ncbi.nlm.nih.gov/pubmed/34802157
https://www.ncbi.nlm.nih.gov/pubmed/30349560
https://doi.org/10.1016/j.heliyon.2019.e01437
https://www.ncbi.nlm.nih.gov/pubmed/31008387
https://doi.org/10.1038/srep43412
https://www.ncbi.nlm.nih.gov/pubmed/28252026
https://doi.org/10.1080/23311932.2024.2448603
https://doi.org/10.1016/j.carbpol.2024.122933
https://www.ncbi.nlm.nih.gov/pubmed/39567151
https://doi.org/10.1016/j.crstbi.2024.100139
https://www.ncbi.nlm.nih.gov/pubmed/38562944
https://doi.org/10.1111/are.13203
https://www.ncbi.nlm.nih.gov/pubmed/26210756
https://doi.org/10.1093/ps/83.1.75
https://www.ncbi.nlm.nih.gov/pubmed/14761087
https://doi.org/10.1590/s1516-635x2005000200005
https://doi.org/10.3923/ijps.2010.537.545
https://doi.org/10.4141/a01-047
https://doi.org/10.4081/ijas.2011.e57
https://doi.org/10.9734/arrb/2014/4444
https://doi.org/10.3382/japr.2013-00764
https://doi.org/10.1080/0007166031000085374
https://www.ncbi.nlm.nih.gov/pubmed/12737227
https://doi.org/10.3382/ps/pey200
https://www.ncbi.nlm.nih.gov/pubmed/29917128
https://doi.org/10.3382/ps.2011-01686
https://www.ncbi.nlm.nih.gov/pubmed/22252355
https://doi.org/10.3390/ani16111713
https://www.ncbi.nlm.nih.gov/pubmed/42278147
https://doi.org/10.3382/ps.0721473
https://www.ncbi.nlm.nih.gov/pubmed/8378220
https://doi.org/10.3382/japr.2006-00126
https://doi.org/10.3390/agriculture16141563


Agriculture 2026, 16, 1563 26 of 27

158. Liu, M.; Geng, S.; Wang, Q.; Mi, J.; Zhao, L.; Zhang, J.; Ji, C.; Wang, H.; Ma, Q.; Huang, S. Using low-protein diet in egg production
for win-win of productivity and environmental benefits should be prudent: Evidence from pilot test. Sci. Total Environ. 2024,
912, 169148. [CrossRef] [PubMed]

159. Luise, D.; Bosi, P.; Corrent, E.; Simongiovanni, A.; Lambert, W.; Trevisi, P.; Chalvon Demersay, T. Effects of a low-protein diet on
intestinal health of piglets: A meta-analysis. Journées Rech. Porc. 2021, 53, 393–398.

160. Salahi, A.; Shahir, M.H.; Attia, Y.A.; Fahmy, K.N.E.; Bovera, F.; Tufarelli, V. Impact of low-protein diets on broiler nutrition,
production sustainability, gene expression, meat quality and greenhouse gas emissions. J. Appl. Anim. Res. 2025, 53, 2473419.
[CrossRef]

161. Chrystal, P.V.; Moss, A.F.; Khoddami, A.; Naranjo, V.D.; Selle, P.H.; Liu, S.Y. Impacts of reduced-crude protein diets on key
parameters in male broiler chickens offered maize-based diets. Poult. Sci. 2020, 99, 505–516. [CrossRef] [PubMed]

162. Francesch, M.; Brufau, J. Nutritional factors affecting excreta/litter moisture and quality. Worlds Poult. Sci. J. 2004, 60, 64–75.
[CrossRef]

163. Corzo, A.; Fritts, C.A.; Kidd, M.T.; Kerr, B.J. Response of broiler chicks to essential and non-essential amino acid supplementation
of low crude protein diets. Anim. Feed Sci. Technol. 2005, 118, 319–327. [CrossRef]

164. Collett, S.R. Nutrition and wet litter problems in poultry. Anim. Feed Sci. Technol. 2012, 173, 65–75. [CrossRef]
165. Keshavarz, K. The effect of different levels of nonphytate phosphorus with and without phytase on the performance of four

strains of laying hens. Poult. Sci. 2003, 82, 71–91. [CrossRef] [PubMed]
166. Eltahan, H.M.; Cho, S.; Rana, M.M.; Saleh, A.A.; Elkomy, A.E.; Wadaan, M.A.M.; Alagawany, M.; Kim, I.H. Dietary exogenous

phytase improves egg quality, reproductive hormones, and prolongs the lifetime of aging Hy-Line Brown laying hens fed
nonphytate phosphorus. Poult. Sci. 2023, 102, 102895. [CrossRef] [PubMed]

167. Lima, G.S.; Cavalcante, D.T.; Guerra, R.R.; Vilar da Silva, J.H.; de Brito, A.B.; Gomes, G.A.; Lima, M.R.; de Assunção, M.A.V.; do
Nascimento, C.H.; de Lima, A.V.; et al. Dosing of bacterial phytase (EC 3.1.3.26) in laying hens’ diets. Animals 2024, 14, 3219.
[CrossRef] [PubMed]

168. Lázaro, R.; García, M.; Araníbar, M.J.; Mateos, G.G. Effect of enzyme addition to wheat-, barley- and rye-based diets on nutrient
digestibility and performance of laying hens. Br. Poult. Sci. 2003, 44, 256–265. [CrossRef] [PubMed]

169. Silversides, F.G.; Scott, T.A.; Korver, D.R.; Afsharmanesh, M.; Hruby, M. A study on the interaction of xylanase and phytase
enzymes in wheat-based diets fed to commercial white and brown egg-laying hens. Poult. Sci. 2006, 85, 297–305. [CrossRef]
[PubMed]

170. Yörük, M.A.; Gü, M.; Hayirli, A.; Karaoglu, M. Multi-enzyme supplementation to peak producing hens fed corn–soybean
meal-based diets. Int. J. Poult. Sci. 2006, 5, 374–380.

171. Bobeck, E.A.; Nachtrieb, N.A.; Batal, A.B.; Persia, M.E. Effects of xylanase supplementation of corn–soybean meal–dried distiller’s
grain diets on performance, metabolizable energy, and body composition in first-cycle laying hens. J. Appl. Poult. Res. 2014, 23,
174–180. [CrossRef]

172. Lei, X.J.; Lee, K.Y.; Kim, I.H. Performance, egg quality, nutrient digestibility, and excreta microbiota shedding in laying hens fed
corn–soybean meal–wheat-based diets supplemented with xylanase. Poult. Sci. 2018, 97, 2071–2077. [CrossRef] [PubMed]

173. De Lima, M.R.; Costa, F.G.P.; Vieira, D.V.G.; Cardoso, A.S.; Lima, G.S.; Cavalcante, D.T.; Pinheiro, S.G.; Ceccantini, M.L.; Yavuz,
B.B.; Bezerra, R.M.; et al. Xylanase, glucanase, and phytase in the diet of light laying hens. J. Appl. Poult. Res. 2019, 28, 1150–1155.
[CrossRef]

174. Van Hoeck, V.; Somers, I.; Abdelqader, A.; Wealleans, A.L.; Van de Craen, S.; Morisset, D. Xylanase impact beyond performance:
A microbiome approach in laying hens. PLoS ONE 2021, 16, e0257681. [CrossRef] [PubMed]

175. Juan, J.J.; Martin, E.A.; Mingala, C.N.; Wigley, P.; Allison, H.E.; Williams, N.J.; San Andres, J.V. Effect of multicarbohydrase–
phytase complex supplementation on egg production performance, egg quality, and economics of laying hens. Cogent Food Agric.
2024, 10, 2398122. [CrossRef]

176. Tajudeen, H.; Mun, J.Y.; Hosseindoust, A.; Choi, S.D.; Park, S.A.; Silvestre, P.N.; Lee, S.S.; Lokhande, A.; Ingale, S.; Kim, J.S.
Multienzyme preparation containing a blend of carbohydrases and phytase on performance of laying hens fed corn–soybean
meal diet. Can. J. Anim. Sci. 2025, 105, 1–11. [CrossRef]

177. Khan, S.; Naz, S.; Sultan, A.; Alhidary, M.; Abdelrahman, R.; Khan, N.; Khan, M.; Ahmad, S. Worm meal: A potential source of
alternative protein in poultry feed. Worlds Poult. Sci. J. 2016, 72, 93–102. [CrossRef]

178. McGill, J.; Moss, A.; Swick, R.; Jackson, D.; Todd, M. The future protein decade: Perspectives on global pressure to agriculture.
Anim. Prod. Sci. 2019, 59, 1951–1956. [CrossRef]

179. Chrystal, P.V.; Greenhalgh, S.; Selle, P.H.; Liu, S.Y. Facilitating the acceptance of tangibly reduced-crude protein diets for
chicken-meat production. Anim. Nutr. 2020, 6, 247–257. [CrossRef] [PubMed]

180. Ospina-Rojas, I.C.; Murakami, A.E.; Eyng, C.; Nunes, R.V.; Duarte, C.R.A.; Vargas, M.D. Commercially available amino acid
supplementation of low-protein diets for broiler chickens with different ratios of digestible glycine+serine:lysine. Poult. Sci. 2012,
91, 3148–3155. [CrossRef] [PubMed]

https://doi.org/10.3390/agriculture16141563

https://doi.org/10.1016/j.scitotenv.2023.169148
https://www.ncbi.nlm.nih.gov/pubmed/38092206
https://doi.org/10.1080/09712119.2025.2473419
https://doi.org/10.3382/ps/pez573
https://www.ncbi.nlm.nih.gov/pubmed/32416837
https://doi.org/10.1079/wps20035
https://doi.org/10.1016/j.anifeedsci.2004.11.007
https://doi.org/10.1016/j.anifeedsci.2011.12.013
https://doi.org/10.1093/ps/82.1.71
https://www.ncbi.nlm.nih.gov/pubmed/12580248
https://doi.org/10.1016/j.psj.2023.102895
https://www.ncbi.nlm.nih.gov/pubmed/37441904
https://doi.org/10.3390/ani14223219
https://www.ncbi.nlm.nih.gov/pubmed/39595272
https://doi.org/10.1080/0007166031000085616
https://www.ncbi.nlm.nih.gov/pubmed/12828211
https://doi.org/10.1093/ps/85.2.297
https://www.ncbi.nlm.nih.gov/pubmed/16523630
https://doi.org/10.3382/japr.2013-00841
https://doi.org/10.3382/ps/pey041
https://www.ncbi.nlm.nih.gov/pubmed/29509938
https://doi.org/10.3382/japr/pfz081
https://doi.org/10.1371/journal.pone.0257681
https://www.ncbi.nlm.nih.gov/pubmed/34543338
https://doi.org/10.1080/23311932.2024.2398122
https://doi.org/10.1139/cjas-2025-0038
https://doi.org/10.1017/s0043933915002627
https://doi.org/10.1071/an19308
https://doi.org/10.1016/j.aninu.2020.06.001
https://www.ncbi.nlm.nih.gov/pubmed/33005758
https://doi.org/10.3382/ps.2012-02470
https://www.ncbi.nlm.nih.gov/pubmed/23155025
https://doi.org/10.3390/agriculture16141563


Agriculture 2026, 16, 1563 27 of 27

181. Kidd, M.T.; Maynard, C.W.; Mullenix, G.J. Progress of amino acid nutrition for diet protein reduction in poultry. J. Anim. Sci.
Biotechnol. 2021, 12, 45. [CrossRef] [PubMed]

182. Greenhalgh, S.; Chrystal, P.V.; Selle, P.H.; Liu, S.Y. Reduced-crude protein diets in chicken-meat production: Justification for an
imperative. Worlds Poult. Sci. J. 2020, 76, 537–548. [CrossRef]

183. Swick, R.A.; Creswell, D.C. Economics of low protein broiler diets: A formulation exercise. In Proceedings of the 30th Australian
Poultry Science Symposium, Sydney, Australia, 17–20 February 2019.

184. Jiang, S.; Cui, L.; Shi, C.; Ke, X.; Luo, J.; Hou, J. Effects of dietary energy and calcium levels on performance, eggshell quality and
bone metabolism in hens. Vet. J. 2013, 198, 252–258. [CrossRef] [PubMed]

185. Meluzzi, A.; Sirri, F.; Tallarico, N.; Franchini, A. Nitrogen retention and performance of brown laying hens on diets with different
protein content and constant concentration of amino acids and energy. Br. Poult. Sci. 2001, 42, 213–217. [CrossRef] [PubMed]

186. Knight, C.D.; Wuelling, C.W.; Atwell, C.A.; Dibner, J.J. Effect of intermittent periods of high environmental temperature on broiler
performance responses to sources of methionine activity. Poult. Sci. 1994, 73, 627–639. [CrossRef] [PubMed]

187. Balnave, D.; Brake, J. Reevaluation of the classical dietary arginine:lysine interaction for modern poultry diets: A review. Worlds
Poult. Sci. J. 2002, 58, 275–289. [CrossRef]

188. Kim, C.-H.; Kang, H.-K. Effects of energy and protein levels on laying performance, egg quality, blood parameters, blood
biochemistry, and apparent total tract digestibility in laying hens in an aviary system. Animals 2022, 12, 3513. [CrossRef]
[PubMed]

189. Xin, Q.; Ma, N.; Jiao, H.; Wang, X.; Li, H.; Zhou, Y.; Zhao, J.; Lin, H. Dietary energy and protein levels during the prelay period on
production performance, egg quality, and hypothalamus–pituitary–ovary axis gene expression in aged laying hens. Front. Physiol.
2022, 13, 887381. [CrossRef] [PubMed]

190. Wu, G.; Bryant, M.M.; Voitle, R.A.; Roland, D.A. Effect of dietary energy on performance and egg composition of Bovans White
and Dekalb White hens during phase I. Poult. Sci. 2005, 84, 1610–1615. [CrossRef] [PubMed]

191. Novak, C.; Yakout, H.; Scheideler, S. The combined effects of dietary lysine and total sulfur amino acid level on egg production
parameters and egg components in Dekalb Delta laying hens. Poult. Sci. 2004, 83, 977–984. [CrossRef] [PubMed]

192. Hassan, M.R.; Choe, H.S.; Jeong, Y.D.; Hwangbo, J.; Ryu, K.S. Effect of dietary energy and protein on the performance, egg quality,
bone mineral density, blood properties and yolk fatty acid composition of organic laying hens. Ital. J. Anim. Sci. 2013, 12, e10.
[CrossRef]

193. Kumar, D.; Raginski, C.; Schwean-Lardner, K.; Classen, H.L. Assessing the performance response of laying hens to intake levels
of digestible balanced protein from 27 to 66 weeks of age. Can. J. Anim. Sci. 2018, 98, 801–808. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/agriculture16141563

https://doi.org/10.1186/s40104-021-00568-0
https://www.ncbi.nlm.nih.gov/pubmed/33814010
https://doi.org/10.1080/00439339.2020.1789024
https://doi.org/10.1016/j.tvjl.2013.07.017
https://www.ncbi.nlm.nih.gov/pubmed/24054908
https://doi.org/10.1080/00071660120048474
https://www.ncbi.nlm.nih.gov/pubmed/11421331
https://doi.org/10.3382/ps.0730627
https://www.ncbi.nlm.nih.gov/pubmed/8047505
https://doi.org/10.1079/wps20020021
https://doi.org/10.3390/ani12243513
https://www.ncbi.nlm.nih.gov/pubmed/36552432
https://doi.org/10.3389/fphys.2022.887381
https://www.ncbi.nlm.nih.gov/pubmed/36117681
https://doi.org/10.1093/ps/84.10.1610
https://www.ncbi.nlm.nih.gov/pubmed/16335131
https://doi.org/10.1093/ps/83.6.977
https://www.ncbi.nlm.nih.gov/pubmed/15206625
https://doi.org/10.4081/ijas.2013.e10
https://doi.org/10.1139/cjas-2017-0132
https://doi.org/10.3390/agriculture16141563

	Introduction 
	Review Methods 
	Dietary Arginine 
	Arginine Supplementation 
	Dietary Arginine Within Reduced Protein Diets 

	Significance of Guanidinoacetic Acid and Its Role as an Alternative Arginine Supplement 
	Significance of Citrulline and Its Role as an Alternative Arginine Supplement 
	Enzyme Supplementation (Phytase, Xylanase, and -Glucanase) 
	Energy–Protein Optimization with Balanced Amino Acids in Reduced Protein Diets 
	Conclusions 
	References

