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ABSTRACT Oxidative stress (OS) is a major concern
that impacts the overall health of chickens in modern pro-
duction systems. It is characterized by an imbalance
between antioxidant defence mechanisms and the produc-
tion of reactive oxygen species (ROS). This literature
review aims to provide a comprehensive overview of oxida-
tive stress in poultry production, with an emphasis on its
effects on growth performance, immune responses, and
reproductive outcomes. This review highlights the intricate
mechanisms underlying OS and discusses how various fac-
tors, including dietary components, genetic predisposi-
tions, and environmental stressors can exacerbate the
production of ROS. Additionally, the impact of oxidative
stress on the production performance and physiological
systems of poultry is examined. The study also emphasizes
the relationship between oxidative stress and poultry dis-
eases, highlighting how impaired antioxidant defenses
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increase bird’s susceptibility to infections. The review
assesses the existing approaches to reducing oxidative
stress in chickens in response to these challenges. This
includes managing techniques to lower stress in the pro-
duction environment, antioxidant supplements, and nutri-
tional interventions. The effectiveness of naturally
occurring antioxidants, including plant extracts, minerals,
and vitamins to improve poultry resistance to oxidative
damage is also examined. To improve the antioxidant
defenses of poultry under stress conditions, the activation
of cellular homeostatic networks termed vitagenes, such as
Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) is
necessary for the synthesis of protective factors that can
counteract the increased production of ROS and RNS.
Future studies into novel strategies for managing oxidative
stress in chicken production would build on these research
advances and the knowledge gaps identified in this review.
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INTRODUCTION

The agricultural industry has been adversely
impacted by the recent notable rise in the average global
temperature (Barrett et al., 2019; Uyanga et al., 2023),
which has threatened the expansion of the sector. Poul-
try is a crucial sector in livestock industries with the
quickest growth rate, which significantly improved
nutrition and food security, and its products, which are
eggs and meat, are consumed worldwide (Surai, 2016).
One of the primary factors that adversely affect livestock
production is oxidative stress (OS), which has been
exacerbated by climate change (Vandana and Sejian,
2018; Oke et al., 2022, 2024). Chen et al. (2021) revealed
that if global warming worsens, the detrimental effects
of OS will become more evident. As shown in Table 1,
numerous studies have found a connection between oxi-
dant damage and the reduction of growth performance
in birds under heat stress (Kikusato et al., 2021; Oni
et al., 2023; Oni et al., 2024).
Chicken meat has grown to be one of the most famous

animal protein sources due to its high nutritional con-
tent and relative affordability (Petracci et al., 2015;
Kpomasse et al., 2021; Oke et al., 2021a; Kpomasse
et al., 2023a; Akosile et al., 2023a). To meet the ever-
increasing meat demand, fast-growing broiler chickens
are needed in poultry production. Therefore, to bridge
the gap in the meat demand, poultry genes are always
evolving. The selection of broiler chickens for fast
growth has made them more vulnerable to rising tem-
peratures than other poultry species, especially in the
tropics (Oke et al., 2016). The lack of sweat glands, insu-
lating feathers, and substantially higher mass-to-body
surface area ratio also expose them to diverse environ-
mental stressors (Bernabucci, 2019). A mature chicken’s
body temperature typically ranges from 40.6 to 41.7°C
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Table 1. Growth performance as a result of oxidative stress in
poultry.

Reference Oxidative stress on performance

Surai et al. (2019) Lower growth rate
Mashkoor et al. (2023) Higher FCR
Agrawal et al. (2023) Muscle wasting and reduced protein synthesis
Zhang et al. (2018) Reduced body weight
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(Ranjan et al., 2019). The internal body temperature of
the chicken increases when the outside temperature rises
above 24°C, leading to some notable alterations in the
physiology and metabolism of the birds (Cassuce et al.,
2013). Adult chickens feel unperturbed when kept in an
environment with ambient temperatures between 18
and 24°C, whereas chicks need a greater temperature
during their first week of life about 32°C, which gradu-
ally drops as they grow (Scanes, 2015).

Management, microbiological, nutritional, and environ-
mental factors contribute to stress in commercial poultry
production, which has detrimental effects on the produc-
tivity and overall health of the birds (Est�evez, 2015; Alo
et al., 2024). Avian species have become more susceptible
to oxidative stress (OS) due to harsh environmental condi-
tions because of climate change (Gonzalez-Rivas et al.,
2020). The thermoregulatory system of the birds has
become more susceptible to harsh environmental condi-
tions, which could be a deterrent to their production
(Zaboli et al., 2019).

Stressful conditions predispose poultry species to pro-
duce more free radicals while antioxidant enzyme activ-
ity and the ability to scavenge free radicals decline
(Miao et al., 2020). This can increase production costs
and lower their meat quality. In poultry, a marked
decrease in the growth of breast muscle has been
reported in birds raised in hot climates, especially
broilers, due to metabolic changes (Safdar and
Maghami, 2014). The degree of stress affects the level of
production of the birds as well as their effectiveness
(Adu-Asiamah et al., 2021). Additionally, stressful con-
ditions are primarily linked to decreased feed intake,
increased water intake, stunted growth, elevated mortal-
ity, and altered meat quality in chicken production
(Wasti et al., 2020). Cell damage causes an upregulation
of HSP 70 expression, which is necessary for the cells to
survive. Inducing HSP-70 could be a therapeutic target
for a number of stressor-induced injuries. In chickens,
stressful conditions have been connected to cellular OS
and have been revealed to raise ROS production, which
in turn stimulates the expression of HSP70 (Zheng et
al., 2022). In view of the nexus between oxidative stress
and poultry production, it is crucial for the industry to
understand the interplay between them.
Oxidative Stress

Oxidative Stress (OS) can be defined as an imbalance
(in favour of the pro-oxidants) that exists between anti-
oxidants and pro-oxidants. When reactive species (RS)
are present in excess of what animal cells can
accommodate as antioxidants, it leads to OS. As part of
regular metabolism, the body constantly produces reac-
tive oxygen species (ROS). This imbalance at the indi-
vidual or cellular level results in OS (Halliwell and
Whiteman, 2004; Volj�c et al., 2011). "Reactive oxygen/
nitrogen/chlorine species" classifies several radicals and
metabolic products harmful to the well-being of an animal
(Halliwell and Whiteman, 2004). These compounds are
highly reactive and can alter a variety of biologically sig-
nificant macromolecules, like nucleic acids (RNA and
DNA), proteins and lipids. These phenomena induce oxi-
dative damage and OS, which lead to the development of
various metabolic dysfunctions (Halliwell andWhiteman,
2004). ROS are produced more frequently in stressful
environments, and this can result in oxidative damage
and reduced antioxidant capacity (Mishra and Jha,
2019). OS is a crucial problem in the present-day poultry
industry, and it can cause damage to biomacromolecules
and, further dysfunction in cells and even injury to tissues
(Cheng et al., 2017b; Gessner et al., 2017). OS is one of
the main stresses that can adversely affect meat quality
and chicken growth (Figure 1). Some factors related to
the production of broiler breeders, such as spermatogene-
sis, egg production, the quality of stored eggs, and the liv-
ability of hatchlings, can be adversely impacted by OS
(Lin et al., 2006).
Multiple antioxidants are present in living tissues to

counteract oxidants. However, OS is indicated when the
body’s equilibrium between antioxidants and oxidants is
disturbed and oxidants surpass a certain threshold. Liv-
ing cells’ mitochondria produce the majority of oxidants
during cellular metabolism. ROS are generated not only
by cellular metabolic activities but also by some external
sources, such as feed that contains oxidized lipids and
fats (Cadenas and Davies, 2000). The principal source of
ROS is the release of electrons during oxidative phos-
phorylation from the mitochondrial respiratory chain
(Mujahid et al., 2007). Since the electron transport chain
is essential to the muscle’s ability to produce energy,
high environmental temperatures upregulate the genera-
tion of ROS. Decreased protein synthesis, accelerated
muscle aging, and the inactivation of nuclear proteins
are all possible consequences of increased ROS release
(Celi and Gabai, 2015).
Elevated ROS concentrations rise in stressful environ-

mental conditions, causing the chicken physiology to
struggle to maintain thermal homeostasis (Sahin et al.,
2016). Excessive production of ROS can cause poor
nutrient absorption and digestion, which alter the redox
status of the intestinal mucosa and cause the antioxi-
dant system to malfunction, as was previously men-
tioned (Liu et al., 2014). Moreover, OS damages the
mucosa of the intestines, impairs the effectiveness of
digestion and nutrient absorption, and negatively affects
the average growth of animals (Yara et al., 2013). Under
OS, the body produces and releases heat shock proteins
(HSP) in an attempt to protect itself from the harmful
effects of ROS on cells (Archana et al., 2017). OS is often
measured by the concentration of malondialdehyde
(MDA) in the body (Cheng et al., 2017a).



Figure 1. Sources of oxidative stress and discoloration to poultry and poultry meat (Carvalho et al., 2016).
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OS has negative impacts on the quality of the meat in
commercial poultry farming because oxidative reactions
take place at every stage of the processing and produc-
tion of poultry meat, from farm operations to the con-
sumer (Est�evez, 2015). Additionally, research indicates
that, in comparison to other animals, poultry species are
more vulnerable to OS and harsh environmental temper-
atures (Celi and Gabai, 2015; Est�evez, 2015). Birds, such
as broilers, layers, and turkeys, are especially vulnerable
to oxygen deprivation due to breeding and choice of
genes for fast development, greater nutrition utilization,
and increased egg yields (Soleimani et al., 2011).
Reactive Oxygen Species

Reactive Oxygen Species (ROS) are chemically reac-
tive and oxygen-containing molecules that have a num-
ber of advantageous functions in a living organism. The
peroxisomes, plasma membrane, endoplasmic reticulum,
and mitochondria are the main sources of ROS (Ayala
et al., 2014). ROS are naturally produced as a conse-
quence of oxygen metabolism and are crucial for homeo-
stasis and cell signaling. However, during exposure to
stressors, ROS levels can rise significantly, resulting in
damage to cell structures. Excessive ROS can negatively
impact the proteins, RNA, and DNA and may cause the
death of cells (Xie et al., 2019). Some of the known reac-
tive nitrogen species and reactive oxygen species are sin-
glet oxygen (1O2), hydrogen peroxide (H2O2),
hydroxyl radical (�OH) and superoxide anion (O2�),
peroxynitrite anions (ONOO�), nitric oxide (NO)
(Das and Roychoudhury, 2014; Ahmad et al., 2017). At
low levels, ROS are crucial for cellular functions despite
their destructive capacity. They can act assignaling
molecules influencing processes like cell differentiation,
defence against infectious agents, and apoptosis (Checa
and Aran, 2020). However, a skewness between ROS
production and the body’s capacity to detoxify the radi-
cals can lead to pathological conditions (Hern�andez-
García et al., 2010).
Poultry oxidative damage disrupts normal metabolism,

resulting in the formation of anomalies in the meat, like
white striping and wooden breasts (Est�evez, 2015; Car-
valho et al., 2016). Chickens with reduced antioxidant
capacity are more likely to have oxidative reactions in
their meat after they are killed. It causes a pro-oxidant
environment in muscle tissues, which eventually results
in low-quality meat by oxidizing lipids, and proteins dur-
ing the meat processing process, harming the meat’s sen-
sory qualities and nutritional makeup (Shakeri et al.,
2018). Moreover, OS negatively affects the health and
productivity of chickens by negatively affecting their gas-
trointestinal tract, a sensitive organ that is necessary for
healthy digestion and absorption of nutrients because oxi-
dative reactions generate free radicals, which in turn
lower poultry productivity; they may cause damage to
intestinal epithelia (Gonzalez-Rivas et al., 2020).
Sources of OS in Poultry

Micro-organisms There are several ways in which
microorganisms can cause oxidative injury in poultry
(Figure 2). This is typically through the induction of the
body’s natural immune responses, causing the overpro-
duction of ROS, or through the production of ROS as
by-products of their metabolism (Mishra and Jha,
2019). When poultry is infected by a pathogenic micro-
organism, the bird’s immune system responds to clear



Figure 2. Main stressors in poultry production
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the infection (Kogut et al., 2020). As part of this process,
immune cells like macrophages and neutrophils generate
ROS to kill the invading microorganisms, known as the
oxidative burst (Slauch, 2011). While this is generally a
good thing, under certain conditions, ROS production
can exceed the capacity of the bird’s antioxidant sys-
tems, leading to OS (Freitas et al., 2009).

Certain micro-organisms produce ROS as metabolic
by-products. During aerobic respiration, bacteria can
produce superoxide radicals and hydrogen peroxide,
both of which are forms of ROS (Madkour, 2019). Some
avian viral diseases can affect the production of ROS
and increase OS. For instance, the Avian Influenza virus
has been shown to cause OS by altered equilibrium in
antioxidant defenses and ROS production in the host
(Rehman et al., 2018). Microorganisms like bacteria,
fungi, and protozoa are lined in the gastrointestinal tract
of poultry birds, with the highest population at the dis-
tal end of the gastrointestinal tract (Gabriel et al.,
2006). Studies have documented that the relationship
between the internal lining and micro-organisms triggers
OS (Naidoo et al., 2008).
Food Toxins

Food toxins, often referred to as mycotoxins, are toxic
substances produced by certain types of fungi which can
contaminate poultry feed (Da Silva et al., 2018). When
ingested by poultry, these toxins can have several
adverse effects, among which is the creation of OS
(Filazi et al., 2017). Mycotoxins such as aflatoxins,
ochratoxins, and fumonisins can cause a rise in the gen-
eration of ROS, like free radicals and peroxides (Omar,
2013). Normal metabolism and biochemical reactions in
the body already generate some ROS. However, expo-
sure to these toxins significantly increases ROS levels,
overwhelming the birds’ antioxidant defenses (Panda
and Cherian, 2014). Antioxidants are molecules that
can neutralize ROS and prevent them from causing
damage. They are crucial in maintaining the balance
between ROS production and elimination. Mycotoxins
not only increase ROS generation but also inhibit the
action or production of antioxidants, thereby amplifying
the potential for OS (Birben et al., 2012; Liu et al., 2018).
Mycotoxins also contribute to lipid peroxidation, a pro-
cess in which ROS oxidize the fatty acids in cell mem-
branes, causing cell damage and leading to many
diseases. Lipid peroxidation under the influence of myco-
toxins has been documented in several studies in poultry
(Mavrommatis et al., 2021; Guerrini and Tedesco, 2023;
Kulcs�ar et al., 2024; Okasha et al., 2024).
Thermal Challenge and OS

Thermal challenges in poultry refer to the stress that
birds experience when exposed to high ambient tempera-
tures (Lara and Rostagno, 2013). Avian species do not
have sweat glands and, therefore, cannot dissipate excess
heat (Nawab et al., 2018). When exposed to temperatures
beyond their thermoneutral zone (approximately 18−24°
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C for broilers), they can experience heat stress. This heat
stress is particularly of concern in rapidly growing com-
mercial broilers with high metabolic rates (Kumari and
Nath, 2018). Heat stress in poultry leads to various physi-
ological changes, including increased body temperature,
rapid respiration (panting), and alterations in blood
chemistry. Heat stress induces a redox imbalance in
favour of prooxidants over antioxidants, which is one of
the leading causes of systemic OS. One of the primary
concerns is the OS induction (Fisinin and Kavtarashvili,
2015). Under the thermoneutral zones, the body has a
sophisticated system, including enzymes such as GPX
and SOD that neutralize ROS (Yang et al., 2010). How-
ever, during heat stress, the bird’s metabolic rate may
increase, leading to an overproduction of ROS. Addition-
ally, heat stress may disrupt mitochondrial function,
which can further enhance ROS production ((Algothmi
et al., 2023). The OS resulting from heat stress can have
widespread effects on the bird’s health, including excess
ROS and can lead to the peroxidation of lipids, altering
the integrity and function of cell membranes and causing
oxidative modification of proteins and nucleic acids
(Emami et al., 2020). The adaptive and innate immune
responses can be compromised, leading to higher disease
susceptibility. As a result of increased temperature, OS
can adversely affect growth performance, feed consump-
tion, and overall meat quality (Zaboli et al., 2019; Gonza-
lez-Rivas et al., 2020; Valadez-García et al., 2021).
Antioxidant Defense Mechanism in Poultry

Antioxidant Defense Mechanism (ADM) plays a piv-
otal role in poultry to prevent the harmful effects of OS
(Figure 3). These defence mechanisms include a complex
array of nonenzymatic and enzymatic antioxidants,
which work harmoniously to mitigate the damaging
Figure 3. Antioxidant defe
effects of ROS (Panda and Cherian, 2014; Surai et al.,
2019), effectively balancing the formation process in liv-
ing cells with detoxification of ROS in the body to main-
tain the level to avoid OS (He et al., 2017). Cells can
withstand OS by using several antioxidants (Ĵıtc�a et al.,
2022). Excess ROS are damaging to the body; therefore,
once the antioxidant defence mechanism reaches its lim-
ited ability, OS occurs, making polyunsaturated fatty
acid, protein and DNA damage in the body, leading to
detrimental health, low growth and death of the bird
(Rehman et al., 2018). The antioxidant defence mecha-
nism comprises different strategies, as shown in Figure 2.
Antioxidant defence mechanisms attack free radical

production in the body leading to decreased oxygen lev-
els and reduced enzyme activity which produce ROS,
thus letting off iron and copper glued to the protein and
maintaining the capacity of the mitochondria, further
preventing the formation of radicals in the body (Young
and Woodside, 2001). Enzymatic antioxidants include
glutathione peroxidase (GPX), catalase (CAT), super-
oxide dismutase (SOD), peroxiredoxins, thioredoxin
reductase, etc. SOD is involved in the conversion of
superoxide into H2O2, which is then neutralized by CAT
and GPX to water and molecular oxygen, thereby reduc-
ing the levels of harmful ROS (Jeeva et al., 2015). Non-
enzymatic antioxidants, which include glutathione,
ascorbic acid, carotenoids, tocopherol, CoQ, carnitine,
taurine, etc. can scavenge free radicals by giving off a
hydrogen atom or electron. Both antioxidants are
important in counteracting OS (McGraw, 2011; Panda
and Cherian, 2014). The effectiveness of this antioxidant
defense system is critical for the bird’s ability to with-
stand conditions that induce OS (Surai et al., 2019).
Any dysfunction in these antioxidants can disrupt the
balance between ROS production and elimination,
resulting in OS and potential damage to the bird’s cells
(Mishra and Jha, 2019).
nse mechanism in poultry.
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Oxidative Stress and Cell Signaling
Pathways

Oxidative stress plays a crucial role in modulating
various cell signaling pathways, including Mitogen-Acti-
vated Protein Kinases (MAPKs), Nuclear Factor
kappa B (NF-kB), Nuclear Factor Erythroid 2-Related
Factor 2 (Nrf2), and Phosphoinositide 3-Kinase/Pro-
tein Kinase B (PI3K/Akt), SCREB1, CREB,
NOTCH, PPAR-g, TP53, FoxO, AP1, etc. (Wang and
Hai, 2016; Tu et al., 2019; Tonev and Momchilova,
2023). Over 500 distinct genes’ expression has been
linked to the activation of these transcription factors
(Tu et al., 2019). Changes to the antioxidant and ROS-
generating enzymes, which are vital for an animal’s abil-
ity to respond to a variety of stressors, alters the net-
work of antioxidant defense. These pathways influence
key cellular processes, such as apoptosis, inflammation,
and antioxidant defenses. The interplay between oxida-
tive stress and cell signaling has been documented (Iqbal
et al., 2024). Although the effects of oxidative stress
have been extensively studied in poultry, the complex
relationship with cell signaling pathways is poorly
understood. This has, however, received attention in
recent years.

Nrf2 is a master regulator of antioxidant defenses,
maintaining redox equilibrium in cells and tissues by
activating a variety of vitagenes and other protective
molecules (Surai et al., 2019; Surai, 2020). Since super-
oxide is the main radical in the biological system, one of
the main tasks of the first level of antioxidant defence is
to effectively remove it. During OS, Nrf2 enters the
nucleus and joins the MAF transcription factor (Maf)
protein as a heterodimer, then binds to genes dependent
on ARE to produce antioxidant effects (Lacher et al.,
2018). Nrf2 deal with free radicals at their production
sites and initiates the synthesis of the enzymes of the
first line of the antioxidant defence, namely, catalase,
GPx and SOD (Surai, 2016). Pan et al. (2021) observed
that an OS caused by wooden breast myopathy elicited
the activation of Nrf2 to protect chickens. In addition,
Nrf2 directly modifies intermediate metabolism through
metabolic reprogramming and upregulates genes that
produce protective proteins that guide the breakdown
and repair of affected macromolecules during stressful
conditions (Zhou et al., 2014). Moreover, the finding of
Rajput et al. (2018) revealed that AFB1 caused a nota-
ble decrease in the Nrf2 gene’s mRNA and protein
expression. Dietary inclusion of Antrodia cinnamomea
powder at 0.1 to 0.4% for 35 d was shown to increase
Nrf2 expression in the liver (Lee et al., 2018). This sug-
gests that Nrf2 activation is one of the most significant
mechanisms of phytogenics to protect poultry from OS.
Additionally, the findings of Niu et al. (2019) revealed
that chickens that were fed fermented ginkgo biloba leaf
meal at 3.5 g/kg demonstrated enhanced growth perfor-
mance and the small intestine showed an increase in
Nrf2 expression. This suggests that phytogenics could be
beneficial in ameliorating the detrimental impact of OS
on the activities of Nrf2. Moreover, the recent findings of
Gao et al. (2023) revealed the detrimental effect of T-2
toxin on oxidative damage and down-regulation of Nrf2
in broiler chickens. According to (Sun et al., 2020), quer-
cetin alleviated intestinal oxidative stress generated by
LPS in broiler chickens by activating the Nrf2 pathway.
Both quercetin and resveratrol have been shown to acti-
vate the Nrf2 pathway and stimulate the production of
ROS scavengers (Suraweera et al., 2020).
The transcription factors in the NF-kB family are

known to bind to specific DNA sequences called kB sites,
which are found in the enhancer and promoter regions of
different genes. These domains are called Rel-homology
domains (RHDs) (Kopitar-Jerala, 2015). It is known
that NF-kB is found in the cytoplasm of dormant cells,
where it is firmly linked to inhibitory IkB proteins to pre-
vent binding to target sites. It has long been believed
that NF-kB is a classic proinflammatory signaling path-
way that activates the immune system in response to a
variety of stimuli, such as oxidative stress. By causing
apoptosis and aberrant autophagy via the ROS/NF-kB
signaling pathway in the broilers, H2O2-induced OS dra-
matically reduced the quality of the meat. This suggests
a crucial role and potential molecular mechanism for oxi-
dative damage in the broiler thigh muscle (Yan et al.,
2022). It has been proposed that NF-kB plays a key
function in controlling mitochondrial respiration (Tor-
natore et al., 2012). As mitochondria are the primary
generator of ROS, it is possible that NF-kB signaling
controls the production of ROS, aids in detoxification,
and preserves redox equilibrium (Surai et al., 2021).
Existing studies suggest that Nrf2 and NF-kB oppose
each other as a response to OS (Tkach et al., 2014;
Zhang et al., 2019). A growing body of research suggests
that different dietary antioxidants may regulate the
activation of the transcription factors, such as downre-
gulating NF-kB expression while concurrently upregu-
lating Nrf2 expression. Several phytogenic compounds,
primarily polyphenols, have been reported to boost Nrf2
expression/ activity and reduce NF-kB during oxidative
stress. Some of the herbal-derived compounds are chiisa-
noside (Bian et al., 2019), rosmarinic acid, amygdalin
(Tang et al., 2019), alpinetin (Liu et al., 2019), etc.
In thermally stressed birds, expression of NF-kB

varies according to temperature, length of exposure, and
age of the bird. When 25-week-old Roman egg-laying
hens were exposed to thermal challenge (32 § 1°C, 6 h
daily for nine weeks), their serum levels of inflammatory
cytokines (IL-1b, IL-6, and TNF-a) were found to be
higher than those of control, nonstressed birds (Nawab
et al., 2019). However, quails at 20 wk of age showed a
significant decrease in NF-kB mRNA levels and a signifi-
cant increase in liver IL-1b and TLR4 mRNA levels
when they were heat-stressed (34°C for 4 h per day for
20 consecutive days) (Pu et al., 2020). One of the main
nutritional stressors in the poultry industry is mycotox-
ins. The pathogenesis of mycotoxicosis is closely associ-
ated with oxidative stress in poultry production since
these mycotoxins stimulate ribosomal stress that
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initiates several cellular cascades including MAPK and
NF-kB signaling (Shah Alam et al., 2024). As such, feed-
ing chickens a diet contaminated with AFB1 (74 mg/kg)
increased the liver protein expressions of NF-kB p65
(Ma et al., 2015).

The members of MAPK cascades, c-Jun N-terminal
kinase (JNK) and MAPK are triggered by oxidative
stress and regulate intracellular redox state in animals
(Watanabe et al., 2015). Because of its critical function
in both cell survival and death, the MAPK pathway and
OS are intricately connected (Kumar et al., 2021).
Wang et al. (2020) investigated the protective effects of
selenium yeast against cadmium (Cd)-induced necrop-
tosis in chicken livers and found that while Cd could
cause oxidative stress, activate the MAPK pathway,
and cause necroptosis damage in chicken livers, selenium
yeast had protective effects against this type of Cd-
induced injury by down-regulating the MAPK pathway
and inhibiting oxidative stress. Yang et al. (2019)
observed that dietary supplementation with leonurine
hydrochloride led to considerably lower protein expres-
sion levels of phosphorylated p38, ERK, and JNK in the
jejunal mucosa when the broilers were challenged with
lipopolysaccharide. It was suggested that the anti-
inflammatory and antioxidant properties of leonurine
hydrochloride could be linked to the inhibition of proin-
flammatory cytokine and enzyme expression that follows
the suppression of the MAPK and NF-kB signaling
pathways.
Gastrointestinal Tract and OS

The gastrointestinal tract (GIT) is an intricate and
dynamic part of the digestive system essential for both
immunological response and nutrient absorption (Lan et
al., 2005). The lining of the intestine comprises connec-
tive tissues, epithelial cells, and diverse cell populations.
It serves as a site for the digestion of chemical com-
pounds present in feed. The digestive tissues are contin-
uously exposed to a variety of potentially hazardous
substances because they serve as a sort of filter separat-
ing the GIT’s lumen surroundings from its tissues. The
delicate harmony between the components of the
chicken and the GIT can be adversely impacted by a
variety of stressors, including feed toxins, which can ulti-
mately have an effect on the overall performance of poul-
try. The accumulation of ROS in cells and tissues is
caused by a contradiction between the generation of free
radicals and the body’s natural antioxidant defence.

A multitude of stresses related to surroundings, tech-
nology, diet, and biology and organs within are linked to
commercial poultry production and are the cause of mor-
bidity and reduced reproductive and productive perfor-
mance (Surai and Fisinin, 2016). Stressors can
potentially cause a range of changes in the gastrointesti-
nal tract, including modifications to the protective micro-
biota and impaired integrity of the intestinal epithelium
(Dinan and Cryan, 2012). In poultry, OS has a significant
influence on the GIT, resulting in increased intestinal
permeability and poor nutritional absorption (Kim et al.,
2023). This leads to a low immune response and birds
become more susceptible to infections. Extended expo-
sure to OS frequently leads to chronic inflammation,
which further impairs health and growth. Poultry’s intes-
tinal tract is home to a dynamic and complex microbial
ecosystem known as the microbiome, which is influenced
by a multitude of factors (Wei et al., 2013).
Impact of OS on Poultry Productivity

Performance of Poultry Birds In poultry birds, OS
can have a profound impact on various physiological
parameters, including growth performance (Hafez et al.,
2022). According to Etuah et al. (2020), the growth rate
in poultry is a critical parameter for economic efficiency
in poultry production. It is influenced by genetic, nutri-
tional, and environmental factors. OS can negatively
impact the growth rate through cell damage in poultry
birds (Rehman et al., 2018). ROS can be detrimental to
cellular components like DNA proteins and lipids. This
damage can impair cell function and lead to apoptosis or
necrosis, slowing down tissue growth, especially rapidly
dividing ones like muscle (Davies, 2000; Slimen et al.,
2014). OS can influence the immune system of birds. A
compromised immune system requires energy that
would otherwise be used for growth, thus diverting
resources away from growth processes (Monaghan
et al.,2009). Additionally, OS can interfere with hor-
monal balance. Hormones like growth hormones and
thyroid hormones that are critical for growth may be
affected, leading to reduced growth rates (Tar{m, 2011).
Feed intake is another crucial factor for growth perfor-

mance in poultry (Herd and Arthur, 2009). OS can influ-
ence feed intake by affecting the palatability and
digestibility of feed as well as nutrient absorption in the
gut, which can lead to decreased feed intake (Upadhaya
and Kim, 2021). When birds experience OS, they may
divert energy towards antioxidant production and repair
mechanisms rather than towards growth, which can
reduce their appetite (Arnold et al., 2015). OS leads to
diseases like ascites or pulmonary hypertension in birds;
these conditions can significantly reduce feed intake
(Mohsen and Taimor, 2011).
The feed conversion ratio measures the quantity of

feed needed to gain a unit of body weight. It is a critical
measure of efficiency in poultry production (Fry et al.,
2018). The impact of OS can be severe on feed conver-
sion ratio (FCR) due to metabolic disturbances and gut
damage, which make nutrient utilization less efficient
(Celi et al., 2013; Yara et al., 2013). This means that
more feed is required to produce the same amount of
weight gain, leading to a higher FCR. Birds under OS
may require more energy for maintenance functions such
as detoxification and repair (Koivula and Eeva, 2010).
This energy comes at the expense of growth, thus wors-
ening the FCR. Resources may also be allocated to
repairing oxidative damage rather than production,
leading to a higher FCR (McGraw, 2011).
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Meat Quality

In poultry, OS can significantly impact the quality of
meat (Table 2), affecting various aspects of farm produc-
tivity (Fouad et al., 2016). Lipid oxidation is an intricate
process that significantly impacts poultry meat quality,
encompassing flavor, nutritional value, and shelf life
(Domínguez et al., 2019). It is a primary cause of off-fla-
vors and aroma alterations in poultry meat. According
to Ayala et al. (2014), when lipids are exposed to OS,
they break down into more minor compounds, such as
aldehydes, ketones, and hydrocarbons. These com-
pounds are often associated with rancid, metallic, or
fishy odours and tastes, which are unappealing to con-
sumers. The development of these flavors and aromas
results from a complex series of reactions involving the
unsaturated fatty acids present in the meat. The break-
down products from lipid oxidation can be so potent
that they can affect the flavor profile of the meat at defi-
cient concentrations, making it a critical quality control
point for the poultry industry (Domínguez et al., 2019).

The rate of lipid oxidation in poultry meat directly
correlates with its shelf life (Gray et al., 1996). Oxidative
changes can lead to spoilage even before there are visible
signs, such as colour changes or microbial growth (Erco-
lini et al., 2006). This means that poultry products can
become unsellable due to flavor and aroma changes
before they would otherwise be considered spoiled by
appearance. Protein oxidation in poultry meat is a detri-
mental process that has significant implications for the
product’s sensory and visual appeal (Zhang et al., 2013).
The proteins in muscle fibres are responsible for the
meat’s texture, including tenderness and juiciness (Lis-
trat et al., 2016). OS can lead to the oxidation of these
proteins, particularly myofibrillar proteins, which are
crucial for muscle contraction and structure (Steinberg,
2012). When these proteins oxidize, they can cross-link
and form aggregates, making the meat tougher and
decreasing its water-holding capacity. According to
Cheng and Sun (2008), this loss of water-holding capac-
ity means that the meat can become dry and less juicy,
significantly reducing its palatability.

The poultry meat colour is primarily determined by
myoglobin’s content and chemical state, a pigment-pro-
tein that binds oxygen (Fletcher, 1999). OS can alter
the redox state of myoglobin, leading to the formation of
metmyoglobin, which has a dull brownish colour
Table 2. Meat quality as a result of oxidative stress in poultry.

Reference Effect of oxidative stress

He et al., 2019 Increased water holding capacity
Chen et al., 2022 Decreased in meat quality

parameters
(Zhang et al., 2012) Lower redness
Wang et al., 2009) Negatively affected water holding

capacity
(Jongberg et al., 2014) Increased toughness of the skin
Utrera et al. (2014) Texture Hardness increased
(Archile-Contreras and Purslow,
2011)

Texture Hardness increased

(Min and Ahn, 2005) Decreased flavor of the meat
(Suman and Joseph, 2013). This change can make fresh
meat appear older and less fresh than it is, which can be
particularly problematic for final consumers, where
visual appeal is paramount. Consumers often associate
bright red or pink hues with freshness and quality; there-
fore, meat that has undergone protein oxidation may be
perceived as less desirable or spoiled (McMillin, 2008).
Additionally, texture is a key quality trait that consum-
ers use to judge the quality of the meat, and thus, oxida-
tive changes to proteins can lead to a less desirable
product (Nawaz et al., 2022. The connection between
texture and colour alterations due to protein oxidation
is a concern for consumer perception and the overall
quality and value of poultry products. Tougher, discol-
oured meat will likely be rejected by consumers, leading
to increased wastage and economic losses for producers.
Egg Production and Quality

OS plays a significant function in the reproductive
performance of poultry, especially impacting egg pro-
duction and quality (Fouad et al., 2016). The excessive
accumulation of ROS can induce oxidative damage to
various cellular components, with far-reaching conse-
quences for poultry reproduction (Pamplona and Cos-
tantini, 2011). The ova, or egg cells, are particularly
vulnerable to oxidative damage due to their high lipid
content and the presence of polyunsaturated fatty acids
(Dunning et al., 2014). High levels of ROS can lead to
lipid peroxidation, protein denaturation, and DNA dam-
age within the ova (Wang et al., 2018). This oxidative
damage can compromise the integrity and viability of
the ova, resulting in poor egg quality. Eggs may exhibit
various deficiencies such as weak eggshells, which are
more susceptible to breakage and microbial invasion,
poor yolk quality with potential implications for embry-
onic development, and altered egg white consistency
that may affect the egg’s structural integrity and its
functionality for industrial processing (Jin et al., 2022).
Eggshell formation is an intricate process that depends

on the balanced interaction of hormones, minerals, and
proteins (Nys et al., 2022). According to Ermak and
Davies (2002), calcium plays a pivotal role in this process,
and OS has been shown to disrupt calcium metabolism
(Chen et al., 2022). This disruption can lead to subopti-
mal deposition of calcium carbonate in the eggshell
matrix, resulting in thinner or weaker shells (Batres,
2022). Such shells not only compromise the physical pro-
tection of the developing embryo but also affect the pro-
ductivity of the eggs. Moreover, the eggshell’s quality is
an important determinant of the egg’s gas exchange capa-
bilities and its microbial defence; thus, any impairment in
shell quality can have serious repercussions for embryo
survival (McClelland et al., 2023).
Reproduction and Fertility

During lipid peroxidation, oxidative degradation of
lipids causes free radicals to "steal" electrons from the
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lipids in cell membranes, thereby damaging the cells
(Kong and Lin, 2010). This process is particularly detri-
mental to the yolk, which is rich in lipids that provide
essential nutrients for the developing embryo. OS-
induced lipid peroxidation can lead to the formation of
MDA and other toxic byproducts that not only degrade
the nutritional quality of the yolk but may also exert ter-
atogenic effects or cause developmental anomalies in the
embryo (Ahmed and Rahman, 2015). The oxidative sta-
bility of the yolk is, therefore, critical for maintaining its
role as a nutrient reservoir for embryogenesis.

The sperm quality and fertility can be adversely
impacted by OS in poultry, affecting the fundamental
aspects of sperm function and integrity (Khan, 2011).
Reactive oxygen species can induce DNA fragmentation
in spermatozoa, which is a critical factor leading to
reduced fertility rates (Bui et al., 2018). The integrity of
sperm DNA is crucial for correctly transferring genetic
information to the offspring. When ROS levels exceed the
antioxidant defences of the sperm, they can cause breaks
in the DNA strand (Bisht and Dada, 2017). This damage
can result in decreased fertility, increased rates of miscar-
riage, and even the potential transmission of genetic
defects to the progeny (Alahmar, 2019). The stability of
the genetic material within the sperm is, therefore, para-
mount for ensuring successful reproduction and the health
of future generations (Smith and Spadafora, 2005).

Sperm motility is crucial for fertilization as it enables
the sperm to travel through the female reproductive
tract to reach and fertilize the eggs (Suarez and Pacey,
2006). High ROS levels negatively affect this motility;
therefore, OS can lead to a reduction in ATP produc-
tion, which is the energy source for sperm movement
and can also cause damage to the axoneme, the structure
inside the sperm’s tail that is responsible for its whip-like
motion (Zhu et al., 2019). As a result, sperm with poor
motility may not be able to reach the egg, or they may
arrive in a suboptimal state, unable to fertilize the egg
successfully. Furthermore, the sperm membrane plays
an essential role in protecting the cell’s interior and
mediating the fusion with the egg during fertilization
(Glabe et al., 2019). This membrane is rich in polyunsat-
urated fatty acids and is particularly susceptible to oxi-
dative damage through lipid peroxidation. OS can cause
a loss of membrane integrity and fluidity, impairing the
sperm’s ability to interact with the egg’s outer layers
(Saraswat et al., 2012). Moreover, lipid peroxidation can
disrupt membrane receptors and channels, impairing
sperm function and signaling pathways necessary for
successful fertilization (Aitken, 2017).
Table 3. Immune function as a consequence of oxidative stress in pou

Reference Tissue Marker of oxidati

Koinarski et al. (2005) Red blood cell CAT/ MDA/SOD
Georgieva et al. (2006) Red blood cell CAT/ MDA/SOD
Cohen et al. (2007) Blood (serum/plasma micromolecular antioxidants

lents)/ Plasma micromolecu
Serum micromolecular antio

CAT: catalsae; MDA: malondialdehyde; SOD: superoxide dismutase.
Hormonal Balance and OS

Steroids are synthesized from cholesterol and trans-
formed into other steroid hormones (Miller and Auchus,
2011). These steroid hormones, such as estrogen and
progesterone in hens and testosterone in roosters, are
essential for regulating reproductive functions, including
sexual maturation, gametogenesis, and reproductive
cycles (Morohashi et al., 2012). According to Oruç
(2010), OS can interfere with the enzymes responsible
for steroid hormone synthesis. This leads to imbalances
that may manifest as irregularities in egg-laying cycles,
reduced fertility, and suboptimal sexual behavior. For
instance, oxidative damage to the mitochondria, where
steroidogenesis initiates, can result in insufficient pro-
duction of sex hormones, thereby affecting reproductive
efficiency (Chainy and Sahoo, 2020).
Chronic OS is known to elevate levels of corticoste-

rone, the primary stress hormone in birds (Vagasi et al.,
2018). Elevated corticosterone can have a catabolic
effect on the body, diverting energy away from repro-
ductive processes to support the fight-or-flight response
(Gangloff and Greenberg, 2023). It can inhibit gonadal
function, leading to decreased production of sex steroids,
suppressing mating behavior, and declining fertility
(Archibong et al., 2018). Prolonged exposure to high
corticosterone levels due to OS may result in long-term
negative impacts on the reproductive health of poultry
(Hedlund et al., 2019).
Immune Response and OS

Various events might trigger a physiological response
that aims to restore homeostasis and regulate the inter-
nal constant milieu, hence initiating an inflammatory
process (Table 3). The innate and adaptive immune
response pathways are interrelated and work together to
safeguard the organism from pathogens or other stresses
that have the potential to trigger an immune response
(Ciliberti et al., 2020). Antioxidant systems and reactive
oxygen species must be in balance for T cells to function
properly under normal conditions. Changes in or an
accumulation of reactive nitrogen species and extracellu-
lar ROS can modify immunological responses, which can
lead to a systemic inflammatory state mostly caused by
oxidative stress (Colitti et al., 2019). The immune sys-
tem’s ability to function effectively is closely linked to
its oxidative status, which can trigger systemic inflam-
mation, negatively impacting reproductive organs
(Dutta et al., 2021). Practically, the body’s immune
ltry.

ve stress Immunostimulation method Signed Pearson result

Eimeria acervulina oocysts P > 0.05
Eimeria tenella oocysts P < 0.05

(Trolox equiva-
lar antioxidants/
xidants

Lipopolysaccharide P < 0.05
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responses are compromised under OS. For example, ovi-
duct inflammation could lead to impaired egg passage,
abnormal egg formation, or increased susceptibility to
infections that can further disrupt reproductive func-
tions (Weiss et al., 2009). Chronic inflammation medi-
ated by OS may also cause tissue damage and scarring,
which can negatively affect fertility (Dutta et al., 2021).
Behavior and Reproduction

In poultry, OS may affect physiological health and has
significant implications for behavior, a critical indicator
of animal welfare (Altan et al., 2003). For instance, stud-
ies have documented that poultry experiencing OS may
show a reduction in feed intake (Surai, 2016). This
behavior is thought to be a consequence of the energy
deficit created by the body’s attempts to neutralize and
repair the damage caused by ROS. The resulting nega-
tive energy balance can exacerbate the stress condition,
potentially creating a vicious cycle where the bird’s abil-
ity to cope with environmental demands is continually
compromised. OS can also manifest in altered social
interactions within a flock. Birds under OS may become
more aggressive or more withdrawn (Milewski et al.,
2022). This change in social dynamics can be attributed
to the physiological burden of OS, which may affect the
birds’ social cognition and behavior (Hoogenboom et al.,
2012). The competition for resources may become fiercer
if the poultry birds perceive their survival as threatened,
leading to increased aggression or social disruption.

According to Speakman and Garratt (2014), repro-
duction is an energetically costly process that can be
severely affected by OS. Studies have revealed that OS
can lead to reduced reproductive performance in poul-
try, which is evident through decreased mating behav-
iors, poor egg quality, and lower fertility rates
(Alagawany et al., 2017; Ding et al., 2022). The exact
mechanisms may involve oxidative damage to reproduc-
tive tissues or hormones that regulate reproductive
behaviors. Chronic exposure to OS has been linked with
cognitive deficits in poultry, impacting their learning
and memory (Hossain et al., 2016; Mohammed et al.,
2021). This can have practical implications for the birds’
ability to adapt to their environment, learn from past
experiences, and avoid harmful stimuli. Cognitive
impairment due to OS may lead to decreased efficiency
in foraging and altered responses to environmental chal-
lenges (Mahmoudi et al., 2021).
Mitigating Strategies of OS in Poultry

As shown in Table 4, different strategies are used in
alleviating the impacts of oxidative stress in poultry. Dif-
ferent strategies, including environmental approaches
such as controlled housing, management practices, ther-
mal conditioning, genetic options like the use of selected
breeds of chickens and marker-assisted selected breeding;
different dietary approaches and phytogenics with their
mechanism of actions are summarized.
Factors Influencing OS in Poultry

Genetics and Breed-Specific Variations The oxida-
tive status of poultry has been shown to depend on their
genotypes (Surai, 2016). Domestic birds, such as tur-
keys, broilers and layers are more vulnerable to oxida-
tive stress due to genetic selection for quick
development, better feed conversion, and high egg pro-
duction rates (Soleimani et al., 2011). Certain breeds
possess adaptive mechanisms that aid in the mitigation
of oxidative challenges, namely by augmenting the pro-
duction of antioxidant enzymes. Nevertheless, contem-
porary broiler chickens, owing to their expedited growth
and heightened metabolic rate, exhibit a greater suscep-
tibility to oxidative harm (Kochish et al., 2023). Con-
versely, meat-type chickens, characterized by a more
gradual growth trajectory, manifest a diminished sus-
ceptibility to oxidative stress. Furthermore, in compari-
son to broilers, layer hens experience elevated levels of
oxidative stress due to the necessity of allocating resour-
ces not only for growth and maintenance but also for egg
production (Surai et al., 2019).
Environment

Environmental stresses particularly harmful to animal
agriculture include heat stress (Nienaber and Hahn,
2007). Heat stress is caused by the interaction of air-
speed, radiant heat, humidity and ambient temperature;
high environmental temperature has a major detrimen-
tal effect on these factors (Kpomasse et al., 2023a). A
type of environmental stress known as heat stress results
from temperatures and humidity levels rising above an
animal’s threshold for thermotolerance. Poultry birds
are sensitive to external temperatures and have a
restricted range of thermoregulatory thresholds, which
can be stressful. The size and muscular development of
poultry birds have rapidly improved over time due to
genetic selection, but the physiological improvement of
the heat resistance is not commensurate. In the world’s
tropical and dry regions, thermal stress is hazardous and
can cause large economic losses in the livestock industry.
Additionally, intestinal inflammation during thermal
challenge reduces the absorption of nutrients, which in
turn reduces weight gain (Zhao et al., 2017). Elevated
environmental temperature has been recognized to cause
OS, leading to oxidative damage to broiler liver tissues,
further disrupting the metabolism of lipids (Mujahid et
al., 2005; Emami et al., 2020). All of these stresseors lead
to OS (Estevez, 2015). Increased production of prooxi-
dants and OS are caused by high ambient temperature,
which also leads to prooxidant imbalance (Gonzalez-
Rivas et al., 2020).
Nutrition and Dietary Components

Toxins from the environment, including bacterial and
fungal toxins that have been linked to gut health, are
often present in poultry diets and feed ingredients. The
tight junction proteins and the intestinal luminal



Table 4. Different strategies used in alleviating the effects of oxidative stress in poultry.

Strategies Method Mechanisms of action References

Environmental approach
Controlled housing Use of cooling equipment. E.g: fan,

Ventilator, sprinkler system
Reduces the heat load on the body
of the birds

Daghir, 2008

Management Reduced stocking rate Helps to reduce heat buildup and
ammonia concentration in the
pen

Saeed et al., 2018

Thermal conditioning Embryonic thermal conditioning Helps to inhibit the generation of
uncoupled proteins and by
increasing HSP70 synthesis
thereby enhancing the bird’s
adaptive capacity

Oke et al., 2020; Liew et al., 2003,
Loyau et al., 2016; Meteyake et
al., 2020

Genetic approach
By using selected breeds of chicken - naked neck genes the reduced plumage helps in dissi-

pating heat
Patra et al., 2002; Desta, 2021;
Fernandes et al., 2023

Frizzle gene Helps to decrease feather intensity
leading to an increase in the abil-
ity of the birds to dissipate heat
-It also increases heat loss from
the body

Fathi et al., 2019; Wasti et al.,
2020,

Marker-assisted selected breeding Use of candidate gene of HSP90 and HSP70 gene expres-
sion helps to improve the ther-
motolerance of birds

Mahmoud et al., 2003

Dietary approach
Feeding method Feed restriction Restricting feed during high ambi-

ent temperatures helps to reduce
thermal load caused by digestion

Syafwan et al., 2011

Withdrawal of feed It minimizes heat load accumula-
tion caused by metabolic heat
produced during the processes of
digestion, absorption, assimila-
tion, and excretion

Syafwan et al., 2011

Wet feeding Helps to promote water intake
thereby relieving the birds from
heat

Syafwan et al., 2011

Use of selected feedstuffs Supplementation with fat and oil Oils and fats contain high energy
value which helps to promote
feed consumption, reduces heat
load, and improves performance

Attia et al., 2021

Supplementation with dried plum Dried plum helps to increase the
HSP-related gene expression
(HSP90, HSP70, HSF3, and
HSF1) and antioxidant-related
genes (GPX, GPX, and SOD)

Wasti et al., 2021

Amino acids Supply of essential amino acids like
lysine and arginine is advanta-
geous to minimize the impacts of
heat stress.
Also, supplementation with
Methionine reduced muscle oxi-
dation and improve antioxidant
status in thermally-challenged
chickens
Sulfur amino acids supplementa-
tion also helps in reducing
chronic heat stress by increasing
antioxidant production and also
protects the intestinal permeabil-
ity of broiler chickens

Saeed et al., 2018; Zeitz et al.,
2020; Ajayi et al.; 2022; Sarsour
et al., 2022

Use of non-limiting amino acids
and their derivatives (betaine
taurine, L-citrulline and L-thea-
nine,)

They have bioactive compounds
that have properties that make
them act as antioxidants, immu-
nomodulators, anti-stressors, gut
stimulants and anti-inflamma-
tory when fed to heat-stressed
birds

Uyanga et al., 2022

Vitamins Vitamins A, B, D, E, and C are
involved in upregulating immu-
nocompetence and antioxidant
defense in heat- stressed broilers

Niu et al., 2009; Khna et al., 2011;
Calik et al., 2022

(continued)
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Table 4 (Continued)

Strategies Method Mechanisms of action References

Minerals Offering potassium chloride to
heat-stressed birds reduced the
blood pH there by enhancing the
thermotolerance of the birds.
Zinc is a cofactor for several
enzymes and its addition to feed
brings about a decrease in plasma
corticosterone levels
Selenium helped to increase the
heat resistance of heat-stressed
birds
Manganese helps to increase the
secretion of heat shock protein
and also promotes antioxidants
expression
Chromium helps to improve oxi-
dative stability and blood bio-
chemical indices

Ahmad et al., 2008; Toghyani et al
2012; Khan et al., 2014; Habibian
et al 2015

Phytogenics Resveratrol, ginkgo, cinnamon, lic-
orice, moringa, rosemary, thyme,
hot red pepper, sweet worm-
wood, turmeric, black cumin and
ginger

Bioactive agents including querce-
tin resveratrol, and curcumin
have been shown to activate vita-
genes which helps to regulate the
antioxidant defense system effec-
tively.
They help in scavenging free rad-
icals, enhancing the immune sys-
tem, decreasing corticosterone
release, controlling heat shock
response, improving nutrient
digestibility, protecting intesti-
nal health, exerting antimicrobial
effects, decreasing lipid peroxida-
tion, promoting the antioxidant
defense system and regulating
blood biochemical properties.
It should be noted that the phy-
togenic active compounds for
example, polyphenols may con-
tain anti-nutritional factors or
may be poorly absorbed and in
some cases may not be detected
in target tissues.

Nawab et al., 2018, 2019; Madkour
et al., 2022; Oyelola et al., 2024;
Ding et al., 2023, Akosile et al.,
2023b; Kpomasse et al., 2023b;
Oke et al., 2017 ; Onagbesan et
al., 2023; Tokofai et al., 2023;
Oke, 2018; Oke et al., 2021b
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epithelial cells that link 2 adjacent epithelial cells pre-
vent the absorption of toxins from the surrounding envi-
ronment. In addition to changing cellular processes, OS
also alters the function of the digestive barrier. Many
fungi, but primarily moulds, can produce metabolites
known as mycotoxins unique to their strain. When these
toxins (e.g., fumonisin, ochratoxin, zearalenone) come
into contact with the epithelial cells or the GIT, they
cause OS, which has a significant impact on absorption.
In numerous chicken body tissues, prolonged or severe
arsenic exposure causes lipid peroxidation, lowers anti-
oxidant levels, and ultimately causes apoptosis (Zhao et
al., 2017). The intestinal mucosa becomes inflamed and
is destroyed when copper and arsenic are combined
(Wang et al., 2018).
Management Practices

Different management practices can influence the oxi-
dative status of poultry birds (Oke et al., 2021b).
Changes in metabolism elicited by high stocking density
may result in a surplus ROS, which can oxidatively
damage biological molecules (Fang et al., 2002). The
report of Simsek et al. (2009) indicated that high stocking
density reduced the serum GSH-Px but raised the serum
MDA. Similarly, the findings of Jobe et al. (2019)
revealed that elevated stocking density raised the concen-
tration of blood MDA. It has also been shown that high
stocking density raised plasma MDA, GPx activity, and
total antioxidant capacity (Miao et al., 2021). Investiga-
tion on the impacts of rearing systems with the use of per-
forated plastic slate rearing systems, litter rearing
systems and cage rearing systems on broiler chickens
revealed that superoxide dismutase increased cage and
litter rearing systems, and lipid peroxidation decreased in
the birds in litter and cage rearing system (Abo Ghanima
et al., 2020). Additionally, it has been shown that mono-
chromatic blue light attenuated heat stress-induced oxi-
dative stress (Abdo et al., 2017). The authors attributed
this improvement to the decrease in MDA levels, increase
in catalase expression and SOD activity, and enhanced
expression of the HSF1, HSP90 and HSP70 genes. In the
breast and thigh muscles, blue light dramatically
decreased MDA levels while increasing SOD, GPx, and
overall antioxidant capacity activities (Ke et al., 2011).
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Infection and Disease

Infected cells and tissues can become inflamed and
destroyed by pathogenic bacteria (Zahlten et al., 2015).
Unfolded protein response (UPR) and bacterial patho-
gens are related, which suggests that pathogenic bacte-
ria cause OS in the endoplasmic reticulum. This implies
that this is the path for obtaining nutrients from the
host and avoiding internalization or causing irreversible
cell damage (Baruch et al., 2014). Different cells and tis-
sues experience damage and hypoxic conditions due to
OS (O’Neill et al., 2015). Numerous diseases, such as
cancer, and chronic obstructive pulmonary disease ath-
erosclerosis, have been linked to OS. These findings have
uncovered the various ways in which oxidants cause cel-
lular damage (Valko et al., 2007). However, because the
effect of OS on disease pathophysiology varies widely,
there may be a limit to how effective boosting antioxi-
dant defence can be.
Measurement of OS in Poultry Species

Direct Measurement of Reactive Oxygen Species TaggedAPTAR-

APThe primary molecules accountable for the harmful conse-
quences of OS are ROS. Determining the conditions of OS
can thus be done through direct measurement of their cel-
lular levels. Fluorogenic probes are one method of measur-
ing the amounts of ROS within cells (Cohen et al., 2016).
Assessment of Oxidative Damage

ROS levels are difficult to directly measure with high
accuracy and precision because of their short half-life and
quick reactivity with components that regulate redox states.
A practical substitute method for determining OS in clinical
samples is the indirect measurement of ROS by looking at
the oxidative damage these radicals cause to the lipids, pro-
teins, and nucleic acids of the cells (G�asp�ar, 2011).
Protein Damage

One frequently used indicator of the oxidative modifi-
cation of proteins is the protein carbonyl content (PC),
which provides strong evidence of OS in clinical samples.
PCs are produced when ROS molecules oxidize the back-
bones of proteins and amino acid residues, including pro-
line, arginine, lysine, and threonine. The 2,4-
dinitrophenylhydrazine method, which was simplified
by Mesquita et al. (2014), can be used to measure the
oxidized proteins.
Lipid Damage

Lipid peroxidation is a widely used marker for ROS-
induced cellular membrane damage. One of the most
well-studied by-products of polyunsaturated fatty acid
peroxidation in clinical samples is MDA, which is widely
used to evaluate the degree of OS. Thiobarbituric acid
reactive substances (TBARS) can be used to measure
MDA levels (Wo�zniak et al., 2012). However, despite its
popularity, it is noteworthy to state that there is a limi-
tation of non-specificity and comparatively low sensitiv-
ity of this method as several organic compounds
containing carbonyl that are chemically reactive, such
as those originating from oxidized biomolecules other
than lipids, can react with TBA and are therefore classi-
fied as TBARS (Tsikas, 2017).
DNA Damage

OS circumstances can also result in single- or double-
stranded breaks in the DNA. The comet assay, which is
based on the ability of cleaved DNA fragments to
migrate out of the nucleus when an electric field is
applied, can be used to identify these oxidative DNA
lesions. Undamaged DNA migrates more slowly and
stays within the nucleoid. Thus, DNA damage within
cells can be assessed by analyzing the shape of the DNA
“comet” tail and its migration pattern (Lorenzo et al.,
2013). Gas chromatography-mass spectrometry with
selected ion monitoring can also, more broadly, be used
to measure different modified DNA bases in clinical sam-
ples (Dizdaroglu et al., 2001; Jaruga et al., 2008). Utiliz-
ing their stable isotope-labelled analogues as internal
standards, isotope-dilution mass spectrometry is used in
this instance to quantify these products.
Assessment of Antioxidant Status

To balance out the harmful effects of oxidative free
radicals, the body has an antioxidant system. OS may
arise from a disruption in the equilibrium between anti-
oxidants and reactive oxygen species, also known as
redox homeostasis. Increasing the production of free rad-
icals, inactivating antioxidant enzymes, or consuming
too many antioxidants can all upset the balance between
prooxidants and antioxidants. Therefore, the degree of
OS in clinical samples can be examined with the assess-
ment of antioxidant status. Antioxidant components in
diets lower intestinal free radical levels and support
intestinal mucosa maintenance. According to a number
of studies, OS predisposes birds to a variety of pathologi-
cal and welfare situations. Thus, developing a financially
sensible plan to reduce OS is crucial.
Enzymatic and nonenzymatic low molecular com-

pounds comprise the 2 arms of the antioxidant machin-
ery that control redox homeostasis:
Enzymatic Antioxidants

Organisms use enzymatic and nonenzymatic antioxi-
dant systems to protect against ROS and subsequent
damage to membranes and macromolecules. These
important systems are responsible for genomic integrity
and homeostasis. Hydroxyl radical production is inhib-
ited by the enzymatic antioxidant systems that scavenge
free radicals escaping from the machinery that produces
mitochondrial energy. They are:
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Superoxide Dismutase: Superoxide dismutase (SOD)
is a family of antioxidant enzymes that catalyzes the
reduction of superoxide to hydrogen peroxide and molec-
ular oxygen, thereby regulating the levels of reactive
oxygen species (ROS) (Younus, 2018).

Catalase: The antioxidant enzyme catalase is widely
expressed and is in charge of converting hydrogen perox-
ide into oxygen and water (Djordjevic, 2004).

Glutathione Peroxidase: Another antioxidant enzyme
called glutathione peroxidase (GPx) catalyzes the con-
version of lipid peroxides and hydrogen peroxides to
water and the corresponding lipid alcohols by oxidizing
reduced glutathione (GSH) to glutathione disulfide
(GSSG) (Arthur, 2000).
Nonenzymatic Antioxidants

The nonenzymatic system comprises a myriad of anti-
oxidant molecules, including:

Glutathione. Free glutathione can exist in the cell in
both the reduced GSH and oxidized GSSG forms, but
glutathione reductase mainly keeps it in the reduced
form (Lu, 2009). The most prevalent low-molecular-
weight thiol inside cells, GSH is essential for several met-
abolic defence processes, such as eliminating hydroper-
oxide, detoxifying xenobiotics, and scavenging free
radicals (Wu et al., 2004).

Vitamin C: Ascorbic acid, or water-soluble vitamin C,
is mostly present in the cytosol and extracellular fluid,
where it interacts with reactive oxygen species (ROS)
molecules like aqueous peroxyl radicals to prevent oxida-
tive damage (Suntres, 2011; Birben et al., 2012)

Vitamin E: As a lipid-soluble vitamin that scavenges
lipid peroxyl radicals, vitamin E (a-tocopherol) inhibits
the formation of lipid peroxidation chain reactions in
cell membranes (Birben et al., 2012).

Total Antioxidant Capacity: The levels or activities of
each antioxidant have been measured independently in
order to investigate the status of antioxidants. Nonethe-
less, because different antioxidants interact in different
ways, measuring the total impact of antioxidants can be
highly helpful in determining the oxidative state of the
organism. Enzymatic and nonenzymatic antioxidants
work together to form antioxidant defence systems in liv-
ing things, which control the concentrations of these free
radicals (Phaniendra et al., 2015). The primary factor
influencing how cells and bodies adapt to different stress
conditions that are relevant to the commercial world is
SOD, an essential antioxidant (Surai, 2016). Since super-
oxide radicals are the primary free radicals generated by
cells under physiological conditions, SOD is thought to be
the essential component of the cell’s initial line of defence
against oxidants (Surai, 2016).
Protective Effects of Dietary Antioxidants

Dietary antioxidants are essential for safeguarding the
body from OS. Supplementing the diet with nutrients
rich in antioxidants reduces intestinal free radicals and
helps protect the intestine’s mucosal lining. As a result,
creating a budget-friendly, healthy diet that includes
antioxidants is essential for reducing OS. Different anti-
oxidants, such as vitamins C and E, polyphenols, carote-
noids, etc., aid in scavenging harmful free radicals that
can disrupt DNA and cells. Through the enhancement
of the body’s natural defence and the promotion of cellu-
lar health, an antioxidant-rich diet can help lower the
risk of various health problems (Oke et al., 2021b; Calik
et al., 2022; Ding et al., 2023; Oni et al., 2024). As shown
in Table 4, the protective effects of several antioxidants
have been documented. A recent study by Oni et al.
(2024) revealed that supplemental vitamin E and sele-
nium upregulated the antioxidant defence of broiler
chickens during heat stress. The antioxidant defence
ability of vitamins C and E is due to their strong reactiv-
ity as electron (vitamin C) or hydrogen (vitamin E)
donors to free radical oxidants, which avert oxidative
damage to cells and tissues (Zwolak, 2020). Several stud-
ies have documented the roles of different dietary vita-
mins, such as A, B, D, E, and C, in modulating the
antioxidant defence in heat-stressed chickens (Akinyemi
and Adewole, 2021; Calik et al., 2022). Under summer
conditions, dietary supplementation with vitamin C led
to a higher antioxidant defence and a lower mRNA
expression of HSP70 and pro-inflammatory cytokines
(Jang et al., 2014).
In addition, some nutrient and non-nutrient compo-

nents including amino acids, minerals, enzymes, prebiot-
ics, probiotics, synbiotics, pigments, medicinal herbs,
plant extracts, organic acids, essential oils, etc., may
exert antioxidatnt properties once incorporated into
poultry diets. These are considered nutraceuticals given
their nutritional, therapeutic, and pharmaceutical
importance by preventing diseases and exerting immu-
nomodulating properties, thus providing potential
health benefits (Alagawany, et al., 2020). Among others,
phytogenic feed additives have also been receiving atten-
tion as sources of antioxidants to ameliorate the impacts
of OS in recent years. Different phytogenic additives,
such as resveratrol, ginkgo, cinnamon, liquorice, mor-
inga, rosemary, thyme, hot red pepper, sweet worm-
wood, turmeric, black cumin, ginger, etc., have been
reported to be beneficial in improving the antioxidant
status of birds during oxidative stress (Madkour et al.,
2022; Ding et al., 2023; Akosile et al., 2023a, b; Oyelola
et al., 2024). Due to their highly conjugated system,
numerous hydroxyl groups, and aromatic structural fea-
tures, dietary polyphenols, also known as flavonoids, are
effective scavengers of ROS and free radicals (Salisbury
and Bronas, 2015). Their ability to neutralize ROS or
inhibit cellular OS prevents oxidative damage to biomo-
lecules (DNA, lipids, and proteins), reducing tissue
inflammation (Checa and Aran, 2020). A recent study
reported a beneficial antioxidant defence through die-
tary supplementation of polyphenolic antioxidants
(rapeseed, quercetin, and flaxseed oil) in chickens (Sier-
_zant et al., 2023). Altogether, a systematic review of the
literature over the last decades (2000−2020) has con-
firmed the beneficial effects of phytogenic additives on
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oxidative stability, organoleptic characteristics, and
fatty acids profile of poultry, with potent effects similar
to vitamin E, a well-established antioxidant in poultry
nutrition (Pitino et al., 2021).
Challenges and Future Directions

Current Challenges in Studying and Managing Oxi-
dative Stress in Poultry The significant rise in the
average global temperature has been negatively affect-
ing the poultry business, posing a danger to the sector’s
growth (Nyoni et al., 2019). One of the main factors neg-
atively affecting poultry productivity is oxidative stress,
which is being exacerbated by the increase in tempera-
tures (Lara and Rostagno, 2013). As a result of rising
temperatures brought by climate change, there are more
cases of oxidative stress or hyperthermia in poultry. If
global warming persists, this condition may get worse,
making it more challenging to control.

Virus infections in poultry can cause oxidative stress
by aggravating intestinal oxidative stress and tissue
damage in chickens that result from the Newcastle dis-
ease virus, even when vitamin E is supplemented (Aki-
nyemi and Adewole, 2021). This shows how difficult it is
to manage oxidative stress in disease conditions.

Since mycotoxins can lead to oxidative stress among
other problems, there is a need for an ongoing creation
of fresh approaches to mitigate their consequences
(Haque et al., 2020; Desbruslais and Wealleans, 2022).
These difficulties emphasise the necessity of continuing
research work to create efficient measures and strategies
against oxidative stress, which is vital because of its
effects on the overall health and productivity of poultry,
an industry that makes a substantial contribution to
global food security and nutrition.
Potential Areas for Future Research and
Development

There are research areas that could contribute to
improving poultry welfare and productivity by address-
ing the multifaceted challenges of oxidative stress under
the current and future climate scenarios. Future
research and development in the context of oxidative
stress in poultry should include:

Photoperiod Optimization: Investigating the influence
of light sources and photoperiod on broiler chickens’
growth, health, and oxidative stress levels, as different
lighting programs may mitigate stress responses (Jiang
et al., 2023; Wilcox et al., 2023) .

Environmental Stressors: Research on the manage-
ment responses to thermal challenges, particularly how
to best condition and support poultry during periods of
heat stress, which can cause oxidative stress.

Antioxidants Utilization: Further exploration into the
role of vitamins and other antioxidants in counteracting
the oxidative stress and toxicity is needed.

Dietary Strategies: Formulating diets supplemented
with specific nutrients that support vitagenes, a group
of genes crucial for preserving cellular homeostasis dur-
ing stressful conditions, could provide another layer of
defence against oxidative stress.
Mycotoxin Control: Development of more effective

strategies to neutralize or minimize the presence of
mycotoxins in feed, which leads to oxidative stress and
other health issues.
Modified Atmosphere Packaging: For poultry meat

preservation, expanding knowledge on modified atmo-
sphere packaging could improve how oxidative stress
affects meat quality.
Resilience Breeding: Examining the genetics behind

oxidative stress resistance and selecting traits that help
poultry cope better with stressors might create breeds
with enhanced resilience.
Disease Management: Since viral infections can exac-

erbate oxidative stress, studying the interaction between
disease and oxidative stress in poultry and developing
management practices or treatments to mitigate these
effects could be beneficial.
Technology and precision farming are essential for

tackling the challenges associated with oxidative stress
in chickens (Schillings et al., 2021). Data from precision
livestock farming may be used to improve the living con-
ditions for poultry. For instance, reducing the danger of
heat stress which, as was previously mentioned, leads to
oxidative stress can be achieved by using automated sys-
tems with sensor integration to adjust the temperature
within chicken houses. With the use of precision feeding
technology, feed is given to chickens based on their indi-
vidual needs. This might entail keeping an eye on the
amount of nutrients taken in order to reduce oxidative
stress. Furthermore, careful feed design might enhance
the benefits of antioxidants in the diet.
Technologies that continually monitor health indica-

tors, such as heart rate and activity levels, can identify
early symptoms of stress in animals. Examples of these
technologies include remote sensing and wearable sen-
sors. The massive volumes of data produced by precision
agricultural technologies may be processed by machine
learning and big data analytics to anticipate and reduce
stress episodes before they happen. Farmers can prevent
oxidative stress by, for example, examining trends in
environmental data (such as temperature and humidity)
and the responses of birds to these trends. By monitoring
crop conditions and preventing the growth of fungi that
create mycotoxins, precision agriculture technology can
ensure the quality of feed components and lessen oxida-
tive stress brought on by contaminated feed. Improved
natural defences against oxidative stress can be identi-
fied in breeds thanks to advanced genetic methods.
Genomic data may be used to guide selective breeding
programmes that aim to improve stress resistance fea-
tures in chicken populations.
CONCLUSIONS

To conclude, this review has offered a thorough analy-
sis of the complex effects of oxidative stress on poultry



16 OKE ET AL.
production. The complex interactions between oxidative
stress and poultry health have been extensively studied,
from clarifying the underlying pathways to investigating
viable mitigation measures. Researchers must work
together to further our understanding of oxidative stress
since it remains a major threat to the poultry business.
Poultry welfare and production may be increased by
implementing new ideas, such as food changes, antioxi-
dant supplementation, and better management techni-
ques. In order to address the intricacies of oxidative
stress in poultry going forward and provide robust and
sustainable production systems that benefit both pro-
ducers, an all-encompassing and multidisciplinary strat-
egy is required. Enhancing poultry’s antioxidant
defences under stress involves a novel approach that
encompasses restoration of cellular homeostasis
(through Nrf2-related mechanisms such as thioredoxin,
glutathione, heme oxygenase-1, superoxide dismutase or
other mechanisms like HSP, sirtuins, etc.) to reestablish
the internal antioxidant protection and maintain redox
balance.
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