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ABSTRACT

Interest in nutritional techniques that enhance nutrient absorption while lowering environmental effects has
increased due to the growing demand for sustainable poultry production. Low-protein diets (LPDs) have drawn
a lot of interest as a way to reduce nitrogen excretion and feed costs without sacrificing productivity. Reducing
dietary crude protein levels, however, may restrict the availability of amino acids, hinder the use of nutrients,
and, if improperly balanced, have detrimental effects on gastrointestinal function. In this regard, exogenous
proteases have become important feed enzymes that can improve the efficiency of amino acid consumption
in chickens and improve protein digestion. With a focus on the processes underpinning enhanced amino acid
efficiency and gastrointestinal function, this study highlights the state of the art addressing the role of protease
supplementation in enhancing low-protein diets. By improving the digestion of dietary proteins, proteases
decrease the transit of undigested protein to the lower gastrointestinal tract and increase the release and ab-
sorption of amino acids. Better nitrogen retention, increased nutritional digestibility, and more effective feed
use are all facilitated by these benefits. Additionally, by promoting villus formation, preserving barrier integrity,
and regulating microbial activity within the gut ecosystem, protease supplementation affects intestinal physiol-
ogy. These reactions encourage a better intestinal environment for the absorption of nutrients and the general
health of the digestive system. Recent research shows that adding exogenous proteases to low-protein feeding
programs can maintain growth performance and production efficiency while lowering ammonia emissions and
nitrogen losses. When taken as a whole, these results demonstrate the potential of proteases as a key element
of precision nutrition techniques meant to enhance the sustainability of chicken production from an economic
and environmental standpoint. Future studies should concentrate on improving the use of enzymes through

developments in microbiome science, digestive physiology, and precision feed formulation.

Introduction

As the principal source of amino acids needed for growth, tissue de-
velopment, maintenance, and productive performance, protein is one of
the most important and expensive parts of poultry diets (Taylor-Bowden
et al., 2024). In order to provide a sufficient supply of critical amino acids,
conventional chicken feeding plans have historically depended on rather
high crude protein levels (Alabi and Adedokun, 2025). However, because
a significant amount of ingested protein is not retained by the bird and
is subsequently expelled, increasing dietary protein concentrations fre-
quently leads to inefficient nitrogen consumption (Musigwa et al., 2024).
This inefficiency raises feed costs and adds to environmental issues re-
lated to manure management and nitrogen emissions (Such et al., 2021).

Low-protein diets (LPDs), which aim to improve nutrient utilization
while lowering reliance on protein-rich feed ingredients, have emerged
as a potential nutritional strategy in response to these issues (Woyengo
et al., 2023). Nutritionists can now lower dietary crude protein levels while
preserving a balanced amino acid profile thanks to developments in feed
formulation and the availability of crystalline amino acids (Kidd et al.,
2021). Without sacrificing productive efficiency, well designed LPDs can
reduce feed costs, reduce nitrogen excretion, and enhance the sustain-
ability of poultry production systems (Nanto-Hara et al., 2026).

Despite these benefits, there are certain drawbacks to using LPDs
(Bhusal et al., 2026). When the supply of digestible amino acids is in-
sufficient, reductions in dietary crude protein may affect nitrogen me-
tabolism, amino acid availability, and nutrient use efficiency (Chen et al.,
2026). Inadequate protein digestion can also increase the quantity of un-

digested substrates that enter the lower gastrointestinal system, which
may have an impact on intestinal integrity, microbial activity, and general
gut function (Adedokun and Olojede, 2019). These difficulties show that
additional nutritional strategies are required in reduced-protein feeding
programs in order to improve nutrient digestibility and sustain gastroin-
testinal health (Pan and Yu, 2014).

Exogenous proteases are one of the many feed additives that have
drawn a lot of interest as a way to enhance the use of protein in chick-
en diets (da Nobrega et al, 2025). These enzymes boost the availability
of amino acids, improve the breakdown of dietary proteins, and lessen
nutrient losses brought on by inadequate digestion (Wahid et al.,, 2025).
Beyond their effects on protein degradation, proteases may also alter
intestinal architecture, microbial ecology, and nutrient absorption pro-
cesses, ultimately contributing to increased digestive efficiency and gut
functionality (Gibril et al., 2025). Because of this, protease supplementa-
tion is now a crucial part of precision nutrition plans meant to optimize
the benefits of low-protein diets (Zafar et al., 2025).

A thorough grasp of the mechanisms connecting protease activity,
amino acid efficiency, and gut function is still crucial for maximizing their
use in poultry production, despite the fact that many studies have ex-
amined the individual effects of low-protein diets and exogenous pro-
teases. Thus, the purpose of this study is to summarize what is currently
known about the function of exogenous proteases in low-protein feed-
ing systems, with a focus on how they affect intestinal health, growth
performance, protein and amino acid use, and environmental sustain-
ability. This study aimed to offer mechanistic insights and suggest future
research areas for the creation of more effective and sustainable feeding
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regimens by incorporating recent developments in poultry nutrition and
digestive physiology.

Low-protein diets in poultry production

Low-protein diets have become an increasingly important nutritional
strategy in modern poultry production due to their potential to improve
nutrient utilization efficiency, reduce feed costs, and minimize environ-
mental impacts. The successful implementation of this approach relies
on precise amino acid supplementation and a thorough understanding
of the nutritional and physiological consequences associated with dietary
protein reduction.

Nutritional principles and formulation of low-protein diets

In chicken production, LPDs have become a strategic nutritional
technique to increase the efficiency of protein use while lowering feed
costs and nitrogen emissions into the environment (Li et al, 2025). In
order to create LPDs, dietary crude protein concentrations are lowered
below standard levels without sacrificing the availability of digestible
amino acids needed for growth, maintenance, and production (Zhang et
al., 2025a). This strategy is predicated on the understanding that birds
require particular amino acids rather than just crude protein (Shen et al,
2026).

The perfect protein concept, which provides essential amino acids
in amounts that closely correspond to the bird's physiological needs, is
vital to the successful application of LPDs (Anggriawan et al.,, 2026). Nu-
tritionists can now lower dietary protein levels while preserving a suit-
able amino acid balance thanks to developments in feed formulation and
the improved availability of crystalline amino acids (Adhikari et al., 2025).
Supplementing with synthetic sources of lysine, methionine, threonine,
tryptophan, valine, and other limiting amino acids reduces amino acid
shortages that could hinder growth performance and helps make up for
the decrease in protein-rich feed ingredients (Maynard et al., 2022).

Despite these benefits, reducing dietary crude protein may change
how nitrogen is metabolized and decrease the availability of bioactive
nitrogen-containing molecules and non-essential amino acids (Siegert
et al,, 2025). If amino acid requirements are not properly met, excessive
protein reduction can potentially affect intestinal function, metabolic
efficiency, and nutrient digestibility (Naeem, 2026). As a result, precise
ingredient identification, the formulation of digestible amino acids, and
a thorough comprehension of nutrient interactions throughout the gas-
trointestinal tract are critical to the efficacy of LPDs (Bryden and Li, 2010).

Low-protein feeding techniques are a crucial tool for maximizing nu-
trient consumption while promoting productive performance and envi-
ronmental stewardship as poultry nutrition continues to advance toward
higher precision and sustainability (Nassar, 2026).

Benefits and challenges of low-protein diets

The potential economic, environmental, and nutritional advantages
of low-protein diets have drawn a lot of attention in the field of poul-
try nutrition (Matton et al, 2025). Low-protein formulations can save
feed costs and increase nutrient use efficiency by minimizing the use of
high-protein feed ingredients, especially soybean meal (Son et al., 2024).
The profitability of chicken production systems is still impacted by chang-
es in the price and availability of conventional protein sources, making
this tactic more and more important (Osei-Akoto et al., 2026).

From an environmental standpoint, cutting back on dietary crude
protein reduces nitrogen consumption, which in turn reduces nitrogen
excretion in manure (Nanto-Hara et al,, 2026). Ammonia emissions and
environmental pollution are caused by the metabolism and excretion of
excess dietary protein that is not used for productive purposes (Swelum
et al, 2021). Thus, increasing dietary protein levels while satisfying amino

acid requirements might enhance the efficiency of nitrogen consumption
and promote more environmentally friendly methods of raising chickens
(Alabi and Adedokun, 2025).

Despite these benefits, low-protein diets are still difficult to execute
successfully (Kareem et al, 2025). Even when key limiting amino acids
are given in crystalline form, excessive reductions in crude protein may
restrict the supply of some essential and non-essential amino acids (Kidd
et al, 2021). Protein synthesis, food metabolism, and tissue development
can all be hampered by insufficient amino acid availability, which eventu-
ally lowers growth performance, feed efficiency, and carcass quality (Qaid
and Al-Garadi, 2021). Additionally, intestinal physiology and nutrient ab-
sorption processes may be affected by low-protein diets, especially in
cases of amino acid shortages or imbalances (Salahi et al., 2025).

Therefore, accurate formulation techniques that take into consider-
ation the birds' physiological needs, component variability, and digest-
ible amino acid requirements are essential for the success of low-pro-
tein feeding regimens (Pesti and Choct, 2023). Advances in feed enzyme
technology, notably the use of exogenous proteases, have opened new
chances to circumvent some of these restrictions by raising protein di-
gestibility and improving amino acid availability in reduced-protein diets
(Ghavipanjeh et al,, 2026).

Protease as a nutritional tool in poultry feeding

Exogenous proteases have gained significant attention in poultry nu-
trition due to their ability to enhance protein utilization and improve the
nutritional value of feed ingredients. By complementing endogenous di-
gestive enzymes, proteases facilitate more efficient protein digestion and
contribute to improved amino acid availability, making them particularly
valuable in low-protein feeding strategies.

Characteristics and sources of exogenous proteases

Because they can promote nutrient utilization and protein decom-
position, exogenous proteases are among the most often used feed en-
zymes in chicken nutrition (da Nobrega et al., 2025). These enzymes ac-
celerate the breakdown of peptide bonds in dietary proteins, producing
free amino acids and smaller peptides that the bird can absorb and use
more easily (Youssef, 2025). Numerous parameters, including as substrate
selectivity, catalytic activity, pH stability, temperature tolerance, and resil-
ience to gastrointestinal conditions, affect how effective exogenous pro-
teases are (Zakria et al., 2025).

Proteases are often divided into serine, cysteine, aspartic, and metal-
loproteases according to their catalytic processes (Verma et al, 2016).
Because of their wide substrate range and high hydrolytic activity, ser-
ine proteases are most frequently used in feed applications (Zheng et
al,, 2023). Proteases can also be classified as acidic, neutral, or alkaline
enzymes based on their ideal pH levels, indicating which parts of the gas-
trointestinal tract they are best suited for (Zafar et al,, 2025). Therefore,
the ability of a certain protease to continue to function under the physio-
logical conditions encountered during digestion is intimately linked to its
selection (Park et al., 2020).

Microbial fermentation is the primary method used to create com-
mercial feed proteases due to its effectiveness, scalability, and affordabil-
ity (Katu et al, 2025a). Because they can create extracellular proteases
with great stability and activity, bacterial species—especially those in the
genus Bacillus—are used extensively (Phan et al., 2025). Fungal microor-
ganisms, such as Aspergillus and Trichoderma species, are prized for their
varied enzymatic profiles and are significant producers of proteolytic en-
zymes (Zhang et al., 2025b). The production of genetically modified mi-
crobial strains that can produce proteases with higher catalytic qualities
and tolerance to feed processing conditions has been made possible by
advances in biotechnology (Meng et al., 2025).

Next-generation proteases that target certain food proteins and en-
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hance amino acid release have been developed in response to the in-
creased interest in precision nutrition (Keohavong, 2026). These devel-
opments have extended the use of exogenous proteases beyond basic
protein hydrolysis, establishing these enzymes as crucial instruments for
enhancing nutrient efficiency, promoting gut health, and enabling the
effective application of low-protein feeding techniques in contemporary
poultry production systems (da Silva et al., 2021).

Mechanisms of protein hydrolysis by exogenous proteases

The ability of exogenous proteases to catalyze the degradation of di-
etary proteins into smaller, more digestible components is the main fac-
tor contributing to their nutritional efficacy (Duque-Ramirez et al., 2023).
After ingestion, these enzymes break down complex protein structures
that endogenous enzymes might not be able to fully digest by cleaving
peptide bonds in protein substrates (Ajomiwe et al.,, 2024). Protein frac-
tions that are difficult to digest are made more accessible by this addi-
tional proteolytic activity, especially those linked to dietary ingredients
produced from plants (Tejeda and Kim, 2021).

Large polypeptides are broken down into oligopeptides, dipeptides,
and free amino acids as protein hydrolysis advances, all of which are ef-
fectively absorbed via the intestinal epithelium (Jeong et al., 2024). Protein
accretion and productive performance are supported by the increased
availability of absorbable nitrogenous substances, which enhance amino
acid digestibility and utilization (Perera and Ravindran, 2025). In the distal
gastrointestinal tract, where excessive protein fermentation can produce
unwanted compounds that harm intestinal health, enhanced protein
breakdown may also lessen the flow of undigested protein (Ducatelle et
al., 2023).

Exogenous proteases can change the structural properties of some
feed components and lessen the antinutritional effects of proteinaceous
chemicals in addition to enhancing nutrient release (Gilbert et al., 2018).
Protease inhibitors and storage proteins found in some plant-based
products impede digestion by reducing the activity of natural enzymes or
limiting the availability of nutrients (Yan et al,, 2025). Exogenous proteas-
es may partially break down these substances through targeted hydroly-
sis, increasing protein availability and promoting more effective digestion
processes (Rada et al., 2016).

By reducing the buildup of undigested protein substrates that are
available for microbial fermentation, the hydrolytic action of proteases
may further promote a more advantageous intestinal environment (Amer
et al, 2021). This action can assist proper nutrient absorption and pre-
serve digestive efficiency, especially in diets designed with lower quan-
tities of crude protein (Song et al., 2023). As a result, the mechanism of
protein hydrolysis goes beyond straightforward protein degradation and
includes a number of physiological and biochemical reactions that to-
gether improve fowl gastrointestinal function and amino acid consump-
tion (Kareem et al., 2025). The mechanism by which exogenous proteases
enhance protein hydrolysis and reduce undigested protein flow is illus-
trated in Figure 1.

Protease-mediated improvement of amino acid
efficiency

Improving amino acid efficiency is a primary objective of modern
poultry nutrition, particularly in low-protein feeding systems where nutri-
ent utilization must be optimized. Through enhanced protein hydrolysis
and increased nutrient availability, exogenous proteases play a crucial
role in maximizing amino acid digestibility, improving nitrogen utilization,
and supporting more efficient dietary amino acid balance. Table 1 sum-
marizes the principal mechanisms through which exogenous proteases
enhance amino acid efficiency in poultry fed low-protein diets.
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Figure 1. Mechanism of exogenous protease action on dietary protein hydrolysis in low-pro-
tein poultry diets.

Enhancement of protein and amino acid digestibility

One of the main goals of enzyme supplementation in poultry nutri-
tion is to increase the digestibility of dietary protein (Bedford and Apa-
jalahti, 2022). It has been demonstrated that adding exogenous proteas-
es improves the hydrolysis of protein fractions that indigenous digestive
enzymes are unable to fully break down (Alagawany et al, 2018). This
increases the amount of absorbable peptides and amino acids that are
available in the gastrointestinal system (Taylor-Bowden et al., 2024). This
effect is especially significant in low-protein diets, when maintaining
growth performance and production efficiency requires making the most
of available nutrients (Shen et al., 2026).

lleal digestibility, which measures the percentage of nutrients ab-
sorbed prior to reaching the hindgut, is a frequently used biomarker of
protein consumption (Bryan et al, 2019). Reduced nutritional losses and
less undigested protein entering the lower digestive system are linked to
improved ileal digestibility, which is linked to a more effective conversion
of dietary protein into metabolically accessible amino acids (Macelline et
al., 2021). Protease supplementation has been shown in numerous trials
to improve the ileal digestibility of crude protein and specific amino acids,
indicating increased nutrient recovery from feed constituents and higher
digestive efficiency (Poudel et al., 2024).

Protease supplementation improves the availability of critical amino
acids needed for tissue growth, maintenance, and productive functions in
addition to improving total protein digestion (Park et al., 2020). In poultry
diets, amino acids including lysine, methionine, threonine, and valine are
often regarded as limiting nutrients, especially when crude protein levels
are decreased (Adhikari et al., 2025). Exogenous proteases help maintain
a more balanced supply of amino acids and facilitate the effective use of
resources for protein synthesis and metabolic processes by increasing
the release of these amino acids from dietary proteins (Pefiuela-Sierra et
al., 2024).

Additionally, increased digestibility of amino acids may lessen the
requirement for excessive dietary protein inclusion, enabling dietitians to
create more precise diets without sacrificing nutrient sufficiency (Bryden
and Li, 2010). By guaranteeing a steady supply of amino acid substrates
for cellular growth and physiological processes, increased nutrient avail-
ability can also promote intestine development and metabolic efficiency
(Shahid et al., 2026). Therefore, one of the main ways that exogenous
proteases facilitate the effective application of low-protein feeding tech-
niques in chicken production is by increasing protein digestibility and
amino acid availability (Ndazigaruye et al., 2019).

Nitrogen utilization and reduction of nutrient losses

Because it directly affects productive performance, feed efficiency,
and environmental sustainability, efficient nitrogen utilization is a crucial
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goal in chicken nutrition (Gao et al., 2025). Due to inadequate protein di-
gestion and poor amino acid absorption, a significant amount of dietary
nitrogen may be unused in conventional feeding regimens (Nahm, 2007).
The following excretion of this wasted nitrogen is a cause of environ-
mental worry as well as a nutritional loss (Brink et al., 2022). Therefore,
increasing the total efficiency of poultry production requires nutritional
techniques that improve nitrogen retention (Pesti and Choct, 2023).

By enhancing the degree of protein degradation and promoting the
release of absorbable amino acids within the gastrointestinal system, ex-
ogenous proteases aid in better nitrogen use (da Nobrega et al., 2025). A
higher percentage of dietary nitrogen can be absorbed into bodily tissues
and productive outputs instead of being excreted thanks to improved
digestion (Heo et al, 2023). This enhancement is especially crucial for
low-protein diets, as maintaining a sufficient nutritional supply while low-
ering dietary crude protein levels requires optimizing the biological value
of available nitrogen (Igbal et al,, 2025).

Another significant effect of protease supplementation is the de-
crease in undigested protein entering the lower gastrointestinal system
(Qiu et al., 2023). Microbial fermentation of protein portions that evade
digestion can produce metabolites such amines, ammonia, and other
nitrogenous substances (Yu et al,, 2025). Overproduction of these me-
tabolites can reduce the effectiveness of digestion and lead to nutrition-
al waste (Atuahene et al,, 2025). Exogenous proteases improve nutrient
recovery and utilization by increasing protein degradation in the upper
digestive tract, which lowers the amount of leftover protein accessible for
microbial catabolism (Duque-Ramirez et al., 2023).

Significant environmental effects result from improved nitrogen re-
tention (Cook et al., 2011). Reduced nitrogen excretion helps to enhance
air quality and lessen the environmental impact of intensive chicken
production by reducing the amount of ammonia released from poultry
manure (Bist et al, 2023). Therefore, exogenous proteases' capacity to
improve nitrogen utilization and reduce nutrient losses promotes sus-
tainable production practices and economic efficiency, especially in feed-

ing regimens that lower dietary protein concentrations (Goswami et al,
2026).

Interactions between exogenous proteases and synthetic amino acids

The extensive use of synthetic amino acids, which allow exact ma-
nipulation of amino acid profiles while lowering reliance on high-protein
feed sources, has contributed to the growing adoption of low-protein
diets in poultry nutrition (Barekatain et al., 2023). However, the effective
digestion and utilization of protein-bound amino acids included in feed
ingredients is just as important to the nutritional effectiveness of this
strategy as the supplementation of limiting amino acids (Adhikari et al.,
2025). In this situation, synthetic amino acids and exogenous proteases
can work in tandem to maximize nutritional availability and raise total
amino acid efficiency (Wealleans et al., 2024).

By improving the release of amino acids from dietary proteins, pro-
tease supplementation expands the pool of digestible amino acids that
can be absorbed (Szczurek and Swiqtkiewicz, 2020). Birds are able to use
dietary protein more efficiently thanks to this enhanced nutrient release,
which helps minimize differences between formulated and biologically
accessible amino acid concentrations (Alagawany et al., 2020). Therefore,
a more balanced supply of amino acids throughout the digestive process
can boost protein synthesis and productive performance when proteases
and synthetic amino acids are used together (Beski et al., 2015).

The interaction between these nutritional methods is particularly es-
sential in diets with reduced crude protein levels, when amino acid im-
balances are more likely to arise (Alabi and Adedokun, 2025). Reductions
in amino acids derived from intact proteins may not be entirely com-
pensated for by synthetic amino acids, despite the fact that they suc-
cessfully address deficits of major limiting amino acids including lysine,
methionine, threonine, and tryptophan (Cordero et al,, 2025). Proteases
can assist maintain a more complete amino acid profile for metabolic
processes and tissue accretion by increasing the availability of both es-

Table 1. Mechanisms by which exogenous proteases improve amino acid efficiency in low-protein poultry diets.

Practical implications in

Mechanism Primary action of exogenous protease Nutritional consequences L Representative references
low-protein diets
. Hydrolyzes complex. dietary proteins Increased crude protein Improves nutrient supply to. Bedford and Apajalahti (2022);
Enhanced protein hy- into absorbable peptides and free digestibility and amino acid support growth and productive Alagawany et al. (2018); Tay-
drolysis amino acids beyond the capacity of £ ¥ performance under reduced lor-Bowden et al. (2024); Shen

endogenous enzymes

availability

crude protein diets

et al. (2026)

Improved ileal amino
acid digestibility

Promotes amino acid digestion and
absorption before nutrients reach the
hindgut

Greater recovery of digestible
amino acids with reduced
nutrient losses

Enhances digestive efficiency
and maximizes utilization of
dietary protein

Bryan et al. (2019); Macelline
et al. (2021); Poudel et al.
(2024)

Greater availability of
limiting amino acids

Enhances release of lysine, methi-
onine, threonine, valine and other
essential amino acids from dietary
proteins

Improved amino acid balance
for protein synthesis, tissue
accretion, and metabolic
functions

Helps maintain productive
performance despite reduced
dietary crude protein

Park et al. (2020); Adhikari et
al. (2025); Pefiuela-Sierra et al.
(2024); Bryden and Li (2010);
Ndazigaruye et al. (2019)

Improved nitrogen

Increases incorporation of absorbed
nitrogen into productive tissues

Higher nitrogen retention and

Improves feed efficiency and
biological utilization of dietary

Gao et al. (2025); da Nobrega
et al. (2025); Heo et al. (2023);

utilization through enhanced protein digestion reduced nitrogen excretion protein Igbal et al. (2025)
Increases protein degradation in the . . . . . )
Reduced undigested pro- upper gastrointestinal tract, leaving Reduced production of unde-  Supports intestinal health while Qiu et al. (2023); Yu et al.

tein entering the hindgut

less substrate for microbial fermen-
tation

sirable nitrogenous metabolites
and improved nutrient recovery

minimizing digestive nutrient
losses

(2025); Atuahene ef al. (2025);
Duque-Ramirez et al. (2023)

Reduced ammonia
emission through lower
nitrogen excretion

Improves nitrogen retention, thereby
decreasing nitrogen excreted in
manure

Lower ammonia generation
and environmental nitrogen
losses

Contributes to environmentally
sustainable poultry production

Cook et al. (2011); Bist et al.
(2023); Goswami et al. (2026)

Synergistic interaction
with synthetic amino
acids

Enhances digestibility of pro-
tein-bound amino acids while com-
plementing supplemented crystalline
amino acids

More balanced amino acid sup-
ply throughout digestion and
improved protein synthesis

Facilitates precision formu-
lation of reduced-protein
diets with optimal amino acid
balance

Barekatain et al. (2023); Weal-
leans et al. (2024); Szczurek
and Swiatkiewicz (2020); Beski
et al. (2015)

Improved amino acid
utilization efficiency

Optimizes utilization of both
essential and non-essential amino
acids while reducing amino acid
catabolism

Enhanced metabolic efficiency,
nitrogen retention, and protein
accretion

Supports optimal performance
with lower dietary protein in-
clusion and greater formulation
flexibility

Alabi and Adedokun (2025);
Cordero et al. (2025); Liu et al.
(2024); Lambert et al. (2023)
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sential and non-essential amino acids through boosting the digestibility
of feed proteins (Park et al., 2020).

Moreover, increased protein breakdown might increase the effec-
tiveness of supplemental amino acid utilization (Liu et al., 2024). A more
balanced supply of digestible amino acids minimizes catabolic losses and
enhances nitrogen retention by lowering the possibility of excesses or
deficits of specific amino acids (Alabi and Adedokun, 2025). Nutritionists
can accomplish performance goals while further lowering dietary protein
concentrations thanks to this complementing impact, which can facilitate
more accurate diet formulation (Lambert et al,, 2023). The complemen-
tary effects of exogenous proteases and synthetic amino acids on amino
acid efficiency are summarized in Figure 2.

Low-protein poultry
diet formulation

B . Synthetic
[ Q Exogenous protease ] [ o Oi 7) amino acids ]
¥ 12
Correction of

Cor-2 =
S 722 prtein hydrolyss

90 Greater release of
®o0 30 protein-bound
%09

amino acids

limiting amino acids
Lysine, methionine,
threonine, tryptophan,
valine

]

Better amino
acid balance

@W® |
®® |

(4%

¥
Improved digestible A
aminoacid supply T @, i &
¥

+ Improved protein synthesis

Higher nitrogen retention
*
Reduced amino acid catabolism
*

Lower nitrogen excretion

and feed efficiency

Maintained growth performance ]

Figure 2. Complementary roles of exogenous proteases and synthetic amino acids in im-
proving amino acid efficiency in poultry.

Effects of protease on gut function and intestinal
health

In addition to enhancing protein digestibility, exogenous proteases
can influence various aspects of gastrointestinal function that are closely
associated with nutrient utilization and overall bird health. Their effects
on intestinal morphology, microbial ecology, and nutrient absorption
mechanisms highlight the broader role of proteases in maintaining gut
integrity and supporting digestive efficiency in poultry. Table 2 summa-
rizes the multifaceted effects of exogenous proteases on gut function and
intestinal health in poultry.

Effects of exogenous proteases on intestinal morphology and barrier func-
tion

Intestinal integrity is a major factor in determining the health and
production of chickens since the gastrointestinal tract is essential for food
digestion, absorption, and host defense (Azizi et al, 2026). Exogenous
proteases have been shown to affect intestinal shape and barrier function
in addition to their well-established effects on protein digestion (Zheng
et al, 2023). Particularly in birds fed low-protein diets, improvements
in gut structure can improve the effectiveness of nutrient use and help
maintain a stable intestinal environment (Ndazigaruye et al., 2019).

An increase in villus height is one of the most commonly documented
morphological reactions to protease supplementation (Nath et al., 2025).
Taller villi are typically linked to a larger absorptive area and improved
digestive capacity. Intestinal villi serve as the main absorptive surface for

Table 2. Effects of exogenous proteases on gut function and intestinal health in poultry.

Gut health Mechanism of action of exogenous Physiological cffects Impllca?lons for poultry Representative references
component proteases production
. Enhgnced protein 41gest10n réduces Increased villus height and improved Improves nutrient utilization Nath et al. (2025); Wang et al.
Intestinal luminal accumulation of undigest- . . L and supports growth perfor- .
morphology ed protein and supports epithelial villus architecture, resulting in greater mance, particularly under (2025); Duangnumsawang et al.
absorptive surface area P (2021); Adabi et al. (2025)
development low-protein diets

. Reduced intestinal stress decreases  Lower crypt depth and improved vil-  More dietary nutrients are allo- Ga\yel et al. (202.5); HOSSﬁll.l and
Crypt architec- epithelial turnover and crypt cell lus-to-crypt ratio, indicating enhanced cated to growth and production Amin (2026); Wickramasuriya et
ture P vp vp ’ & & P al. (2022); Onbasilar et al. (2026);

proliferation

intestinal homeostasis

rather than tissue repair

Kim et al. (2021)

Intestinal barri-
er function

Reduced accumulation of undigest-
ed protein limits harmful microbial

fermentation and preserves mucosal
integrity

Improved maintenance of tight junc-
tions and intestinal barrier function

Strengthens defense against
pathogens while maintaining
efficient nutrient absorption

Wang et al. (2020); Caputi (2026);
Zafar et al. (2025); Emami et al.
(2019)

Protein fermen-
tation in the
distal intestine

Increased protein hydrolysis reduces
the amount of undigested protein
reaching the distal intestine

Reduced production of ammonia,
biogenic amines, indoles, phenols, and
other harmful fermentation products

Creates a healthier intestinal
environment and improves
digestive efficiency

Apajalahti and Vienola (2016);
Duque-Ramirez ef al. (2023);
Aruwa et al. (2021)

Gut microbiota
composition

Altered luminal nutrient availability
reduces substrates for proteolytic
bacteria while favoring beneficial
microbial populations

Improved microbial balance and great-
er gastrointestinal homeostasis

Supports digestive efficiency
and long-term gut health

Yadav and Jha (2019); Bindari and
Gerber (2022); Khasanah ef al.
(2024); Aminullah et al. (2026);
Naeem and Bourassa (2025);
Grigore et al. (2025)

Microbial
metabolism

Reduced availability of fermentable
protein substrates limits production
of harmful microbial metabolites

Lower epithelial stress and improved
intestinal metabolic environment

Promotes intestinal stability,
mucosal integrity, and produc-
tive performance

Shahid ef al. (2026); Katu ef al.
(2025b); Azizi et al. (2026); Son
et al. (2024)

Nutrient ab-
sorption

Increased availability of absorbable
peptides and amino acids enhances
epithelial uptake

Improved recovery of digestible nutri-
ents and metabolic efficiency

Maximizes utilization of di-
etary nutrients in reduced-pro-
tein feeding systems

Musigwa et al. (2021); Sadr et al.
(2025); Ababor et al. (2023); Abd
El-Hack et al. (2022)

Amino acid
transport mech-
anisms

Greater supply of digestion products
enhances transporter-mediated up-
take of amino acids and peptides

More efficient amino acid transport
and reduced competition among trans-
port systems

Improves utilization of dietary
amino acids for growth and
metabolism

Gilbert et al. (2007); Tay-
lor-Bowden et al. (2024); Park et
al. (2020)

Overall gut
functionality

Integrated improvements in intes-
tinal morphology, barrier integrity,
microbial ecology, and nutrient
absorption

Enhanced digestive capacity, intestinal
homeostasis, and metabolic efficiency

Supports sustained productive
performance and adaptation to
low-protein feeding strategies

Wealleans et al. (2024); Adedokun
and Olojede (2019); Jha and
Mishra (2021); Oni and Oke
(2025); Selle et al. (2023); Geta-
hun and Yemane (2025)
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nutrition intake (Wang et al., 2025). The formation of epithelial cells and
the preservation of a healthy villus architecture may be supported by bet-
ter protein digestion and decreased exposure to undigested substrates
(Duangnumsawang et al., 2021). As a result, birds fed diets treated with
protease frequently have more advantageous intestinal structures that
promote effective nutrient absorption (Adabi et al., 2025).

Another crucial measure of intestinal health and epithelial turnover is
crypt depth (Gawet et al,, 2025). Proliferative cells found in the intestinal
crypts are in charge of replacing damaged enterocytes and regenerating
the epithelial lining (Hossain and Amin, 2026). Increased tissue turnover
or intestinal stress are major causes of excessive crypt deepening, which
may divert nutrients from useful processes (Wickramasuriya et al., 2022).
A more balanced villus-to-crypt ratio has been linked to protease supple-
mentation, indicating decreased epithelial stress and enhanced intestinal
homeostasis (Onbasilar et al,, 2026). These modifications might make it
possible to allocate a larger percentage of dietary nutrients to processes
related to growth and production rather than tissue repair (Kim et al,
2021).

Exogenous proteases may help maintain the integrity of the intestinal
barrier in addition to morphological changes (Wang et al.,, 2020). The in-
testinal barrier serves as a selective interface that limits the translocation
of pathogens, poisons, and hazardous microbial metabolites while allow-
ing nutritional absorption (Caputi, 2026). Proteases can prevent excessive
microbial fermentation and the synthesis of substances that could jeop-
ardize epithelial integrity by decreasing the buildup of undigested pro-
tein in the gastrointestinal tract (Zafar et al,, 2025). The intestinal barrier's
protective role may be strengthened by a better luminal environment
that supports the preservation of tight junctions and mucosal structure
(Emami et al., 2019).

Gut microbiota modulation

The intestinal microbiota is a dynamic and complex microbial com-
munity that is essential to gastrointestinal homeostasis, immunological
control, and food metabolism (Yadav and Jha, 2019). One of the main
factors affecting the organization of microbial communities is dietary
composition, and variations in protein consumption can have a signifi-
cant impact on microbial activity in the gastrointestinal tract (Bindari and
Gerber, 2022). Therefore, the composition and metabolic processes of
the gut microbiota may be indirectly influenced by nutritional techniques
that enhance protein digestion, such as the use of exogenous proteases
(Khasanah et al., 2024).

The decrease in undigested protein entering the distal colon is linked
to a significant percentage of the effects of protease supplementation
on microbial ecology (Onbasilar et al., 2026). Metabolites such ammo-
nia, biogenic amines, indoles, phenols, and branched-chain fatty acids
are produced when food proteins in the upper gastrointestinal system
evade enzyme digestion and become substrates for microbial fermen-
tation (Apajalahti and Vienola, 2016). Overabundance of these substanc-
es can damage gut health and foster the growth of unwanted bacteria
populations (Aruwa et al, 2021). Exogenous proteases inhibit excessive
proteolytic fermentation in the hindgut by increasing protein hydrolysis
and amino acid absorption, which lowers the availability of fermentable
protein residues (Duque-Ramirez et al., 2023).

Microbial population dynamics may then be impacted by changes
in the intestinal lumen's nutrition availability (Aminullah et al., 2026). By
reducing the selection advantage of proteolytic bacteria and promoting
microorganisms linked to intestinal health and digestive efficiency, re-
duced protein fermentation may encourage a more balanced microbial
environment (Naeem and Bourassa, 2025). Protease supplementation has
often been associated with changes toward a more stable and advan-
tageous microbial community structure, despite the fact that microbial
responses can vary depending on meal content, bird age, and environ-
mental conditions (Grigore et al., 2025).

Improvements in gut health may also result from regulation of mi-
crobial metabolism in addition to compositional changes (Shahid et al.,
2026). Reducing potentially hazardous fermentation products can assist
maintain a more suitable intestinal environment for nutrition absorption
and reduce epithelial stress (Katu et al, 2025b). Additionally, a healthy
microbial environment may promote mucosal integrity and aid in the
preservation of regular immunological and digestive processes (Azizi et
al., 2026). These effects are especially important in low-protein feeding
regimes, because maintaining productive performance depends on intes-
tinal stability and effective nutrition utilization (Son et al,, 2024).

Nutrient absorption and transport mechanisms

In order to maximize the productive value of poultry diets and guar-
antee that digested nutrients are efficiently used for growth, mainte-
nance, and physiological functions, efficient nutrient absorption is crucial
(Musigwa et al., 2021). Exogenous proteases have an impact on processes
related to nutrient absorption and transport inside the intestinal epitheli-
um, even though their primary function is to improve protein breakdown
(Sadr et al., 2025). Enhanced intestinal lumen nutrient availability can af-
fect absorptive efficiency and make it easier for the body to use amino
acids from food proteins (Ababor et al., 2023).

After proteolytic digestion, proteins are broken down into free amino
acids and tiny peptides, which are then taken up by enterocytes' api-
cal membrane-based transport mechanisms (Gilbert et al, 2007). These
transporters ensure that a variety of amino acids and peptide fractions
are taken up and transferred from the intestinal lumen into epithelial
cells, where they are subsequently distributed throughout the body (Tay-
lor-Bowden et al., 2024). Protease supplementation improves the avail-
ability of absorbable substrates by enhanced protein degradation, which
may improve the effectiveness of transporter-mediated nutrient uptake
and lessen competition between amino acids for absorption sites (Park
et al, 2020).

Proteases' beneficial impacts on intestinal architecture and luminal
conditions further bolster the advantages of better nutrient absorption
(Wealleans et al., 2024). Greater interaction between nutrients and ab-
sorptive cells is made possible by a well-developed absorptive surface,
which is defined by advantageous villus architecture and epithelial in-
tegrity (Adedokun and Olojede, 2019). Concurrently, the reduction of
undigested protein residues in the gastrointestinal tract may reduce the
build-up of metabolites formed from fermentation that may obstruct
regular absorption processes (Jha and Mishra, 2021). A more conducive
environment for nutrition absorption and metabolic use is produced by
these combined actions (Oni and Oke, 2025).

Because the dietary supply of amino acids is more accurately
matched to physiological requirements in low-protein feeding regimes,
effective absorption becomes especially crucial (Selle et al., 2023). Main-
taining productive performance in such circumstances depends on opti-
mizing the recovery of digestible nutrients (Getahun and Yemane, 2025).
Exogenous proteases can improve the bird's ability to absorb and use
food nutrients by boosting the availability of absorbable amino acids
and maintaining intestinal function (Abd El-Hack et al, 2022). Figure 3
illustrates the main effects of exogenous proteases on gut function and
intestinal health in poultry.

Effects on growth performance and production
efficiency

Among the most crucial metrics for assessing the nutritional efficacy
of dietary changes in chicken production are growth performance and
production efficiency (Cao et al,, 2024). Due to its potential to enhance
nutrient utilization and boost productive performance, especially in
low-protein feeding regimes, the application of exogenous proteases has
garnered significant interest (Duque-Ramirez et al,, 2023). Proteases can
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improve the efficiency with which dietary resources are transformed into
bodily tissues and productive outputs by improving protein digestibility
and amino acid availability (Aderibigbe et al., 2020).
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Figure 3. Effects of exogenous proteases on gut function and intestinal health in poultry fed
low-protein diets.

An improvement in body weight increase is one of the main reactions
linked to protease supplementation (Tajudeen et al., 2022). The availabil-
ity of amino acids needed for muscle growth, tissue accumulation, and
metabolic processes is increased by increased hydrolysis of dietary pro-
teins (Alabi and Adedokun, 2025). In low-protein diets, when effective
use of available amino acids is necessary to maintain normal growth, im-
proved nutrient accessibility may be particularly advantageous (Wang et
al,, 2024). Consequently, birds eating protease-supplemented meals usu-
ally display growth performance equivalent to or exceeding that achieved
with traditional protein levels (Qiu et al,, 2023).

Another important metric that shows how well nutrients are used
is the feed conversion ratio (FCR) (Ramankevich et al, 2025). A higher
percentage of swallowed feed can be used for productive processes be-
cause to improved digestibility, which also lowers nutrient losses (Suyama
and Gewehr, 2026). Exogenous proteases can improve feed efficiency and
lower the amount of feed needed to reach a particular level of weight
gain by promoting the release and absorption of amino acids from di-
etary proteins (Bedford and Apajalahti, 2022). In commercial poultry
farms, where feed costs account for the majority of production costs,
these advancements are very beneficial (Nassar, 2026).

Protease supplementation may affect carcass traits in addition to
growth performance (Wealleans et al., 2024). Improvements in protein
utilization can facilitate more effective muscle accretion, and adequate
amino acid availability is essential for lean tissue deposition and carcass
growth (Kenchaiwong et al., 2026). Therefore, enhanced production out-
comes and positive carcass output may result from increased nutrition-
al efficiency, especially when dietary crude protein levels are decreased
without sacrificing amino acid balance (Navidshad et al., 2024).

Protease supplementation's productive advantages frequently result
in financial gains (Pefiuela-Sierra et al., 2024). Feed formulation costs can
be decreased while maintaining desired performance levels through in-
creased nutrient utilization, decreased dietary protein requirements, and
improved feed efficiency (Belkhanchi et al., 2023). Additionally, there are
more chances for cost optimization because costly protein-rich foods
can be partially substituted without negatively impacting growth or car-
cass characteristics (Vlaicu et al,, 2024). In contemporary poultry systems,
where profitability depends on attaining high levels of production effi-
ciency while minimizing resource inputs, these financial advantages are
becoming more and more significant (Marmelstein et al., 2024).

Environmental and sustainability implications

Concerns about the environmental effects of intensive production
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systems, especially those related to nutrient waste and emissions, have
grown as the demand for poultry products has increased (Gérny et al.,
2023). Among these issues, nitrogen pollution continues to be a signif-
icant problem since it contaminates the air, land, and water (Boakye-
Yiadom et al., 2024). As a result, nutritional techniques that improve the
efficiency of nutrient consumption are now crucial to the sustainable pro-
duction of poultry (Nassar, 2026). In this regard, using low-protein diets
in conjunction with exogenous proteases presents a viable strategy for
lowering the environmental impact of chicken operations without sacri-
ficing productivity (Ndazigaruye et al.,, 2019).

A sizable amount of the nitrogen that poultry eat is not stored for
development or production and is instead expelled as manure (Ball et al.,
2024). In addition to representing a loss of important nutrients, exces-
sive nitrogen excretion raises the possibility of environmental contam-
ination through nitrogen leaching, volatilization, and buildup in nearby
ecosystems (Zamani et al., 2026). Exogenous proteases increase nitrogen
retention in the animal by increasing amino acid utilization and protein
digestibility, which lowers the quantity of nitrogen discharged into the
environment (Leinonen and Williams, 2015). In low-protein feeding re-
gimes, where improving the effectiveness of dietary nitrogen usage is a
main goal, this enhancement becomes especially pertinent (de Rauglau-
dre et al, 2023).

Reduced nitrogen excretion is closely connected with lower ammonia
emissions from poultry litter (Brink et al., 2022). Ammonia is known to be
a significant environmental contaminant and is produced by the microbi-
al breakdown of nitrogenous substances in manure (Swelum et al., 2021).
In poultry plants, high ammonia concentrations can have a detrimental
impact on worker health and bird welfare as well as air quality and eco-
system acidification (do Amaral Vercellino et al,, 2025). By reducing the
amount of nitrogen available for microbial conversion into ammonia, im-
proved nutrient utilization brought about by protease supplementation
lowers emission levels and promotes a healthier production environment
(Nahm, 2007).

The use of proteases in low-protein diets promotes better sustain-
able feed utilization in addition to its impact on nitrogen management
(Oketch et al.,, 2025). Reduced reliance on protein-rich feed ingredients,
which are frequently linked to significant resource requirements during
production, processing, and shipping, is made possible by improved nu-
trient digestibility (Klasing et al, 2025). By increasing productivity while
reducing resource inputs and waste production, increasing the efficiency
with which nutrients are taken from available feed resources is consistent
with the principles of sustainable livestock production (Hamouda et al.,
2025).

Future production systems are anticipated to heavily rely on nutri-
tional interventions that increase nutrient efficiency as environmental
regulations and sustainability goals gain importance in the chicken indus-
try (Osei-Akoto et al., 2026). An effective way to strike a balance between
environmental responsibility and productive performance is to incorpo-
rate exogenous proteases into low-protein dietary plans (Ndazigaruye
et al, 2019). Protease supplementation helps create more ecologically
robust and sustainable chicken production systems by decreasing nitro-
gen losses, ammonia emissions, and resource-use efficiency (Amer et al.,
2021).

Current limitations and future perspectives

Exogenous proteases have been shown to be beneficial in low-pro-
tein poultry diets, however there are still a number of issues with their
continuous use and optimization in industrial production settings (Cao et
al., 2024). One of the main obstacles is still the variability in the biological
reactions to protease supplementation, since the degree of improvement
in intestinal health, growth performance, and nutrient digestibility can
vary greatly between trials (Park et al., 2020). These discrepancies are fre-
quently explained by variations in the birds' physiological states, man-
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agement techniques, feed composition, and enzyme properties (Ebrahimi
et al, 2026).

The type of feed ingredients utilized in diet formulation has a sig-
nificant impact on the effectiveness of exogenous proteases (Hong et
al., 2025). The amino acid content, structural complexity, and enzymatic
hydrolysis susceptibility of protein sources differ significantly (Naeem,
2026). Compared to highly digestible protein sources, ingredients with
large concentrations of heat-damaged proteins, fiber-associated protein
fractions, or antinutritional factors may react differently to protease sup-
plementation (Bryan and Classen, 2020). As a result, it is not always possi-
ble to extrapolate the nutritional value produced by a particular protease
across feeding regimes, underscoring the necessity of ingredient-specific
assessment and enzyme characterisation (Oxenboll et al., 2011).

Variations in protease reactions are also influenced by bird-related
factors (Zafar et al, 2025). Nutrient requirements and digestive capac-
ity can be influenced by physiological stage, age, health, growth pace,
and genetic background (Zhang et al,, 2023). The ability of contemporary
poultry strains to use nutrients generated through enzymatic hydrolysis
may be impacted by their unique metabolic and nutritional traits (Cowi-
eson et al., 2006). Therefore, to maximize enzyme application across var-
ious production systems, a more thorough understanding of host-en-
zyme interactions is required (Gao et al., 2025).

New possibilities for enhancing the use of exogenous proteases have
been made possible by recent developments in precision nutrition (Za-
velinski et al., 2024). Nutritionists can more precisely alter dietary pro-
tein and amino acid amounts by taking into consideration the nutrient
contributions produced by enzyme activity through the incorporation of
enzyme matrix values into feed formulation (Alabi and Adedokun, 2025).
However, because diet composition, ingredient quality, and environmen-
tal factors can all affect enzyme performance, establishing trustworthy
matrix values is still difficult (Zaefarian et al., 2021). To improve formula-
tion precision, future studies should concentrate on improving prediction
models that incorporate physiological and dietary factors with enzyme
reactions (Cao et al., 2024).

New developments in systems science and molecular biology pres-
ent new paths for the advancement of protease research (Lindberg et
al., 2021). Omics-based methods, such as transcriptomics, proteomics,
metabolomics, and genomes, offer potent instruments for examining the
molecular processes behind enzyme-mediated enhancements in intesti-
nal function and nutrient utilization (Zhou et al., 2025). The identification
of metabolic pathways, regulatory networks, and host responses related
to protease supplementation can be made easier by these technologies
(Zheng et al,, 2021). Our knowledge of how exogenous enzymes affect
microbial ecology and microbial-derived metabolites in the gastrointesti-
nal tract is also being enhanced by developments in microbiome research
(Kogut, 2019). Integrating microbiome investigations with nutritional and
physiological assessments may uncover unique mechanisms through
which proteases contribute to digestive efficiency and gut health (Oni
and Oke, 2025).

Therefore, multidisciplinary approaches combining nutrition, micro-
biology, physiology, and molecular sciences should be used in future
study instead of standard performance evaluations (Ghaleghafi et al.,
2025). These initiatives will support the ongoing development of sus-
tainable low-protein feeding systems and precision poultry nutrition by
helping to create more focused and efficient enzyme strategies (Vlaicu
et al, 2024).

Conclusion

In chicken production, the use of exogenous proteases has be-
come a successful nutritional method for improving the effectiveness of
low-protein diets. Proteases enhance nutrition utilization and assist the
maintenance of productive performance under low crude protein condi-

tions by encouraging the breakdown of dietary proteins and increasing
the availability of digestible amino acids. These outcomes lead to better
overall feed utilization, less nutrient losses, and more effective nitrogen
retention.

Beyond their involvement in protein digestion, exogenous proteases
exert positive effects on gastrointestinal function through numerous in-
terrelated processes. Increased protein breakdown limits excessive pro-
tein fermentation and creates a more favorable intestinal environment
by lowering the buildup of undigested substrates in the intestinal tract.
Enhancements in nutritional absorption, intestinal shape, barrier integrity,
and microbial balance further promote digestive efficiency and help to
preserve gut health.

The concepts of sustainable poultry nutrition are also consistent with
the incorporation of proteases into low-protein feeding programs. The
environmental effects of intensive poultry production, especially ammo-
nia emissions and nutrient waste, can be lessened via better amino acid
usage and less nitrogen excretion. Simultaneously, improved feed effi-
ciency and a possible decrease in dietary protein inclusion provide finan-
cial benefits that sustain commercial poultry systems over the long run.
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