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The welfare of broiler chickens has become a major concern in modern poultry production because 

intensive rearing conditions expose birds to numerous physiological and environmental stressors. 

Heat stress, rapid growth, high stocking density and increased metabolic demands can impair homeo-

stasis, resulting in endocrine disturbances, oxidative stress, intestinal dysfunction and reduced im-

mune competence. As a result, nutritional strategies that enhance physiological resilience of broiler 

chickens have received increasing attention. Zinc is an essential trace mineral involved in antioxidant 

defence, immune regulation and cellular metabolism. Recent research indicates that adequate dietary 

zinc supplementation may improve the ability of broilers to cope with stressful production conditions 

by mitigating oxidative stress, supporting intestinal health and cellular defence mechanisms. This 

review summarises current knowledge regarding the effects of dietary zinc on major physiological 

biomarkers associated with broiler welfare. Particular attention is given to corticosterone and seroto-

nin as indicators of the neuroendocrine stress response, malondialdehyde and superoxide dismutase as 

markers of oxidative status, and heat shock protein 70 (HSP-70) as an indicator of cellular adaptation 

to stress. Furthermore, the relationships between these biomarkers and practical welfare outcomes are 

discussed. Experimental studies indicate that dietary zinc supplementation at levels of 30–90 mg/kg 

can reduce MDA concentrations and increase SOD activity in heat-stressed broiler chickens, although 

the extent of these effects varies depending on the zinc source, supplementation level and duration of 

exposure. For example, supplementation with 40 or 60 mg/kg ZnO nanoparticles reduced serum 

corticosterone concentrations in heat-stressed broiler chickens compared with supplementation at 100 

mg/kg. Future studies combining molecular biomarkers with behavioural, physiological and produc-

tive indicators will provide a more comprehensive understanding of the role of zinc in improving 

broiler welfare. 
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INTRODUCTION 

The global poultry industry has undergone 

remarkable genetic and technological ad-

vances over the last decades, leading to 

substantial improvements in growth rate, 

feed conversion efficiency and carcass 

yield. Modern commercial broiler geno-

types achieve market weight within five to 

six weeks while maintaining high feed 

efficiency as a result of continuous ad-

vances in genetic selection, nutrition and 

management practices (Nicol et al., 2024; 

Riber & Wurtz, 2024). Although these 

improvements have substantially en-

hanced production efficiency, they have 

also increased the physiological demands 

associated with rapid growth, making 

broiler chickens more vulnerable to envi-

ronmental, nutritional and metabolic 

stressors (Kwon et al., 2024a; Riber & 

Wurtz, 2024). 

The intensive genetic selection for rap-

id growth has been accompanied by an 

increased prevalence of welfare-related 

disorders, including skeletal abnormali-

ties, locomotor impairment, contact der-

matitis, cardiovascular dysfunction, breast 

muscle myopathies and reduced tolerance 

to thermal stress (Petracci et al., 2019; 

Barbut et al., 2024; Kwon et al., 2024b). 

Consequently, the assessment of broiler 

welfare has expanded beyond traditional 

measures of productive performance to 

include behavioural observations, physio-

logical responses, biochemical indicators 

and molecular biomarkers. This integrated 

approach provides a more accurate evalu-

ation of the animal’s physiological status 

and its capacity to cope with production-

related challenges (Campbell et al., 2023; 

Riber & Wurtz, 2024). 

Among the environmental factors af-

fecting broiler welfare, heat stress has 

emerged as one of the most significant 

challenges facing the global poultry indus-

try. Climate change, increasing ambient 

temperatures and more frequent heat 

waves emphasised the impact of thermal 

stress on poultry production systems. Ex-

posure to excessive environmental tem-

peratures disrupts thermoregulatory 

mechanisms, reduces feed intake, impairs 

nutrient utilisation and increases metabol-

ic disturbances, while compromising 

growth performance, health and welfare 

(Onagbesan et al., 2023; Kim et al., 

2025). At the cellular level, excessive heat 

promotes the generation of reactive oxy-

gen species (ROS), leading to oxidative 

stress, mitochondrial dysfunction and ac-

tivation of inflammatory pathways. As a 

consequence, birds exhibit impaired 

growth performance, poorer feed efficien-

cy, increased mortality and deterioration 

of meat quality, all of which negatively 

affect both productivity and animal wel-

fare (Onagbesan et al., 2023; Aryal et al., 

2025). 

Oxidative stress is widely recognised 

as a main biological mechanism underly-

ing the adverse effects of environmental 

stressors on physiological function in 

broiler chickens. Under normal condi-

tions, reactive oxygen species are contin-

uously generated during cellular metabo-

lism and are efficiently neutralised by 

endogenous antioxidant systems (Surai, 

2016). However, when ROS production 

exceeds the antioxidant capacity of the 

organism, oxidative damage occurs, af-

fecting lipids, proteins and nucleic acids. 

Lipid peroxidation, typically evaluated by 

malondialdehyde (MDA) concentrations, 

is a well-established indicator of oxidative 

damage, whereas antioxidant enzymes, 
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including superoxide dismutase (SOD), 

catalase (CAT) and glutathione peroxi-

dase (GPx), play a central role in protect-

ing cells against oxidative injury (Oke et 

al., 2024; Aryal et al., 2025). Because 

oxidative imbalance occurs before the 

appearance of stress, these biomarkers 

have become valuable tools for evaluating 

the physiological welfare status of broiler 

chickens. The magnitude of these re-

sponses has been demonstrated experi-

mentally. For example, chronic exposure 

of broiler chickens to 34 °C for 8 h per 

day reduced brain serotonin and antioxi-

dant enzyme activities and was accompa-

nied by impaired energy metabolism, de-

pletion of hepatic ATP and reduced hepat-

ic CoQ10 levels compared with birds 

maintained under thermoneutral condi-

tions (Ahmed-Farid et al., 2021). 

In addition to oxidative stress, activa-

tion of the neuroendocrine stress response 

constitutes a major physiological adapta-

tion to adverse environmental conditions 

in broiler chickens. Corticosterone, the 

principal glucocorticoid hormone in birds, 

is widely recognised as a reliable indicator 

of hypothalamic-pituitary-adrenal (HPA) 

axis activation (Scanes, 2016; Riber & 

Wurtz, 2024). Short-term elevations in 

corticosterone play an important role in 

the physiological adaptation to acute 

stress. However, prolonged activation of 

the neuroendocrine stress response may 

compromise immune competence, impair 

intestinal barrier function, alter nutrient 

utilisation and adversely affect growth 

performance (Kim et al., 2025). In recent 

years, serotonin has been increasingly 

recognised as an important mediator of 

stress adaptation because of its role in 

regulating behaviour, feed intake, stress 

responsiveness and bidirectional commu-

nication along the gut-brain axis. Alt-

hough the relationship between dietary 

zinc supplementation and the serotonergic 

system remains incompletely understood, 

recent findings indicate that intestinal in-

tegrity, gut microbiota and serotonin me-

tabolism are closely interconnected and 

together may influence stress adaptation 

in poultry (Jadhav et al., 2022; Lyte et al., 

2025). 

At the cellular level, heat shock pro-

teins, particularly heat shock protein 70 

(HSP-70), became established biomarkers 

of cellular adaptation to environmental 

stress. HSP-70 acts as a molecular chap-

erone that protects proteins against dena-

turation, promotes proper protein folding 

and helps maintain cellular homeostasis 

during exposure to adverse conditions 

(Gouda et al., 2024). Changes in HSP-70 

expression therefore reflect the degree of 

cellular stress experienced by the organ-

ism and provide valuable information re-

garding the effectiveness of adaptive re-

sponses. The combined assessment of 

HSP-70, corticosterone, malondialdehyde 

(MDA) and superoxide dismutase (SOD) 

provides an integrated evaluation of the 

physiological and cellular responses asso-

ciated with stress adaptation and welfare 

in broiler chickens. 

Because stress responses in broiler 

chickens are regulated by multiple physio-

logical mechanisms, nutritional strategies 

have become an important tool for im-

proving resilienceunder commercial pro-

duction conditions. Zinc is recognised as 

one of the most biologically important 

trace minerals in poultry nutrition because 

of its diverse physiological functions and 

its central role in maintaining cellular ho-

meostasis (Prasad, 2014). As a catalytic, 

structural and regulatory cofactor, zinc is 

involved in more than 300 enzymatic re-

actions that regulate protein synthesis, 

nucleic acid metabolism, immune compe-

tence, antioxidant defence, epithelial bar-
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rier function and intracellular signalling 

pathways (Naz et al., 2016; Adam et al., 

2024; Lilburn, 2024; Aryal et al., 2025). 

Furthermore, zinc is an essential structural 

component of the antioxidant enzyme 

Cu/Zn-superoxide dismutase (Cu/Zn-

SOD) and contributes to membrane stabi-

lisation, regulation of inflammatory re-

sponses and maintenance of redox homeo-

stasis (Prasad, 2014; Adam et al., 2024; 

Aryal et al., 2025). 

Recent research has demonstrated that 

the physiological effects of dietary zinc 

depend not only on its concentration in the 

diet but also on its chemical form, which 

influences intestinal absorption, bioavail-

ability and subsequent biological respons-

es. Compared with conventional inorganic 

zinc salts, organic zinc complexes and 

nano-zinc formulations exhibit greater 

bioavailability as a result of more efficient 

intestinal absorption and improved tissue 

utilisation (Hidayat et al., 2024; Saber & 

Alian, 2025). These characteristics en-

hance the biological availability of zinc at 

the cellular level and are associated with 

improvements in antioxidant defence, 

intestinal barrier function, immune com-

petence and productive performance. A 

meta-analysis by Hidayat et al. (2024) 

showed that zinc nanoparticles were more 

efficiently utilised than conventional zinc 

sources in broiler chickens. The average 

dietary level of zinc nanoparticles was 

79.44 mg/kg, compared with 242.76 

mg/kg for conventional zinc, while pro-

ducing similar or, for some parameters, 

significantly better responses. Yusof et al. 

(2023) reported that dietary ZnO nanopar-

ticles at levels of 10–100 mg/kg did not 

adversely affect growth performance or 

health in broiler chickens and resulted in 

greater zinc retention and lower faecal 

zinc excretion than conventional ZnO. At 

100 mg/kg, ZnO nanoparticles also signif-

icantly reduced intestinal Enterococcus 

spp. and E. coli counts without affecting 

beneficial lactic acid bacteria, indicating 

improved zinc bioavailability together 

with selective antibacterial activity. Under 

conditions of heat stress or disease, such 

zinc sources have also been shown to sup-

port intestinal morphology, reduce oxida-

tive damage and improve meat quality 

more effectively than conventional inor-

ganic forms (Khan et al., 2024; Nasiri et 

al., 2025; Xie et al., 2025). These findings 

indicate that zinc contributes to broiler 

health and welfare through physiological 

functions that extend well beyond its es-

tablished role in growth and development. 

Although numerous studies have in-

vestigated the effects of dietary zinc sup-

plementation in broiler chickens, the avai-

lable evidence remains incomplete be-

cause most studies focus on individual 

biomarkers or productive responses rather 

than integrating the multiple biological 

pathways involved in welfare regulation. 

Consequently, the interactions among neu-

roendocrine, oxidative and cellular bio-

markers have received limited attention. A 

comprehensive synthesis of these comple-

mentary biomarkers may provide a more 

integrated understanding of the mecha-

nisms through which zinc enhances physio-

logical resilience and supports welfare in 

intensive broiler production systems. 

This review synthesises current evi-

dence on the role of dietary zinc as a nu-

tritional strategy for improving welfare in 

broiler chickens. Particular attention is 

given to neuroendocrine biomarkers 

(corticosterone and serotonin), oxidative 

stress indicators (malondialdehyde and 

superoxide dismutase), cellular defence 

mechanisms involving HSP-70, and the 

relationships between these biomarkers 

and practical indicators of welfare under 

commercial production conditions. 
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BIOLOGICAL ROLE OF ZINC AS A 

"NODE" BETWEEN WELFARE AND 

CELLULAR RESILIENCE 

Zinc influences multiple interconnected 

physiological processes that collectively 

determine the adaptive capacity of broiler 

chickens to cope with production-related 

challenges. By modulating intracellular 

signalling pathways, antioxidant defence, 

immune homeostasis and epithelial barrier 

function, zinc regulates the cellular re-

sponses required for effective adaptation 

to stress.  Together, these mechanisms 

highlight the central role of zinc in linking 

cellular adaptation with animal welfare in 

broiler chickens (Adam et al., 2024; Lil-

burn, 2024). 

At the cellular level, zinc functions not 

only as an essential micronutrient but also 

as an intracellular signalling mediator 

capable of regulating a wide range of 

stress-responsive pathways. Fluctuations 

in intracellular zinc concentrations influ-

ence multiple signalling mechanisms in-

volved in gene expression, enzyme activi-

ty and cellular adaptation to stress. 

Through these regulatory functions, zinc 

contributes to the coordination of antioxi-

dant defence, inflammatory responses and 

tissue repair (Prasad, 2014; Adam et al., 

2024). 

The nuclear factor erythroid 2-related 

factor 2 (Nrf2) is one of the principal 

mechanisms protecting cells against oxi-

dative damage. In the absence of oxidative 

stress, Nrf2 remains bound to Kelch-like 

ECH-associated protein 1 (Keap1) in the 

cytoplasm, which prevents its transloca-

tion into the nucleus. When cellular redox 

homeostasis is disrupted, Nrf2 dissociates 

from Keap1 and translocates into the nu-

cleus, where it binds to antioxidant re-

sponse elements (AREs) (Ma, 2013; 

Cuadrado et al., 2019; Baird & Yamamo-

to, 2020). This interaction induces the 

transcription of numerous cytoprotective 

genes encoding antioxidant enzymes, in-

cluding superoxide dismutase (SOD), 

glutathione peroxidase (GPx), catalase 

(CAT), heme oxygenase-1 (HO-1) and 

NAD(P)H quinone oxidoreductase-1 

(NQO1) (Cuadrado et al., 2019; Baird & 

Yamamoto, 2020). Experimental studies 

in broiler chickens have shown that die-

tary zinc supplementation enhances Nrf2 

activation, resulting in increased expres-

sion of antioxidant enzymes, improved 

redox homeostasis and reduced oxidative 

damage under heat stress conditions. 

Broilers receiving highly bioavailable 

organic zinc sources exhibit increased 

activities of SOD, CAT and glutathione-

related enzymes, accompanied by lower 

MDA concentrations and improved intes-

tinal barrier integrity (Adam et al., 2024; 

Hu et al., 2024; Khan et al., 2024; Xie et 

al., 2025). 

Inflammatory signalling is another im-

portant biological process regulated by 

zinc. A central role in this response is 

played by nuclear factor-κB (NF-κB), a 

transcription factor that controls the ex-

pression of numerous genes involved in 

inflammation, immune function and cell 

survival. Adequate zinc concentrations 

contribute to maintaining balanced NF-κB 

activity by limiting IκB kinase (IKK) acti-

vation, preserving the inhibitory protein 

IκB and promoting the expression of the 

zinc finger protein A20 – a crucial cellular 

regulator that acts as a primary defender 

against inflammation and cell death (Pra-

sad, 2014). Through these coordinated 

mechanisms, zinc reduces the excessive 

production of pro-inflammatory cytokines, 

including tumour necrosis factor-α (TNF-

α), interleukin-1β (IL-1β) and interleukin-

6 (IL-6). This regulatory effect is im-

portant in broiler chickens exposed to heat 

stress, intestinal dysbiosis or infectious 
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diseases, where excessive activation of 

NF-κB has been associated with impaired 

intestinal barrier function, oxidative stress 

and compromised welfare (Surai et al., 

2021; Adam et al., 2024; Khan et al., 

2024). 

Another signalling pathway influenced 

by zinc is the mitogen-activated protein 

kinase (MAPK) cascade, which coordi-

nates cellular responses to oxidative 

stress, inflammation and tissue injury. The 

MAPK family, including extracellular 

signal-regulated kinase (ERK), c-Jun N-

terminal kinase (JNK) and p38 MAPK, 

regulates fundamental biological process-

es such as cell proliferation, differentia-

tion, apoptosis and tissue regeneration 

(Pearson et al., 2001). Experimental evi-

dence suggests that adequate zinc availa-

bility contributes to balanced MAPK acti-

vation, promoting cell survival and tissue 

repair while limiting oxidative stress, 

apoptosis, and inflammatory responses 

(Huang et al., 2024). This regulatory ef-

fect is particularly important in rapidly 

renewing tissues such as the intestinal 

epithelium, where the maintenance of epi-

thelial integrity is essential for efficient 

nutrient absorption, immune competence 

and physiological resilience. By support-

ing appropriate MAPK signalling, zinc 

enhances cellular adaptation and reduces 

tissue damage associated with heat stress 

and other production-related stressors 

(Adam et al., 2024). 

An important component of zinc-

dependent cellular protection is the ex-

pression of metallothioneins (MTs), a 

family of cysteine-rich proteins with a 

central role in intracellular zinc homeosta-

sis and antioxidant defence. By regulating 

intracellular zinc and scavenging reactive 

oxygen species, MTs preserve protein 

structure, membrane integrity and ge-

nomic stability during oxidative stress. In 

addition, MTs modulate redox-dependent 

signalling pathways, including Nrf2 and 

NF-κB, thereby coordinating antioxidant 

and inflammatory responses and promot-

ing cellular stress adaptation (Prasad, 

2014; Maret, 2019; Adam et al., 2024). 

The coordinated interaction among 

Nrf2, NF-κB, MAPK and MTs enables 

broiler chickens to maintain cellular ho-

meostasis under heat stress, oxidative 

challenge and inflammatory conditions. 

Collectively, these molecular mechanisms 

explain how dietary zinc enhances physio-

logical resilience and supports animal 

welfare. 

Maintenance of intestinal barrier integ-

rity represents an important mechanism 

through which zinc supports physiological 

adaptability in broiler chickens. The intes-

tinal epithelium is continuously exposed 

to dietary components, microorganisms, 

as well as environmental stressors. Zinc 

contributes to maintaining the intestinal 

mucosal barrier by regulating the expres-

sion of tight junction proteins, including 

occludin, claudins and zonula occludens 

(ZO) proteins, thereby reducing intestinal 

permeability and limiting the translocation 

of bacterial endotoxins into the systemic 

circulation (Alizadeh et al., 2022). 

Preservation of barrier integrity helps 

maintain intestinal homeostasis, supports 

efficient nutrient absorption and reduces 

systemic inflammatory responses, particu-

larly under commercial production condi-

tions (Abd El-Hack et al., 2017; Khan et 

al., 2024; Nasiri et al., 2025). 

The evidence presented above indi-

cates that zinc influences several biologi-

cal processes that collectively determine 

the capacity of broiler chickens to adapt to 

production-related stressors. By regulating 

antioxidant, inflammatory and cellular 

defence mechanisms while preserving 

intestinal barrier function, zinc supports 
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physiological homeostasis under oxidative 

stress and inflammation. These coordinat-

ed responses provide an explanation for 

the beneficial effects of dietary zinc sup-

plementation on physiological resilience 

and animal welfare. 

CELLULAR STRESS RESPONSES 

AND THEIR RELATIONSHIP TO 

WELFARE ASSESSMENT IN 

BROILER CHICKENS 

The HSP-70 is known as a sensitive indi-

cator of cellular adaptation to stress in 

poultry. Its expression increases rapidly in 

response to heat stress, oxidative damage 

and inflammation, reflecting activation of 

endogenous mechanisms that maintain 

protein homeostasis (Balakrishnan et al., 

2023; Gouda et al., 2024). As a molecular 

chaperone, HSP-70 assists in the folding 

of newly synthesised proteins, promotes 

the refolding of damaged proteins and 

prevents the formation of irreversible pro-

tein aggregates, thereby maintaining nor-

mal cellular function under adverse condi-

tions. In rapidly growing broiler chickens, 

where high metabolic activity increases 

the risk of protein misfolding and cellular 

damage, HSP-70 plays an important role 

in preserving tissue integrity and support-

ing cell survival (Gouda et al., 2024). 

Heat stress, oxidative imbalance and 

inflammatory stimuli promote the accu-

mulation of misfolded proteins and subse-

quent activation of heat shock factor-1 

(HSF-1), the major transcription factor 

responsible for regulating HSP-70 expres-

sion (Morimoto, 2011). The resulting in-

crease in HSP-70 synthesis enhances cel-

lular defence by promoting protein refold-

ing, preserving mitochondrial function 

and limiting apoptosis under stressful 

conditions (Ramiah et al., 2020; Gouda et 

al., 2024). Because these adaptive mecha-

nisms are activated before structural tissue 

damage becomes evident, HSP-70 is con-

sidered a sensitive early indicator of cellu-

lar stress and adaptive capacity in broiler 

chickens (Adam et al., 2024; Gouda et al., 

2024). In addition to its role in antioxidant 

defence, zinc appears to influence the 

cellular heat shock response. Ramiah et 

al. (2020) demonstrated that dietary zinc 

supplementation modified the expression 

of HSP-70 and HSP-90 in heat-stressed 

broiler chickens, indicating that zinc par-

ticipates in the regulation of cellular de-

fence mechanisms involved in protein 

stability and recovery following thermal 

stress. Similar findings have been de-

scribed during embryonic heat stress, 

where changes in HSP-70 and HSP-90 

expression were associated with modula-

tion of the neuroendocrine stress response, 

emphasising the close interaction among 

cellular, oxidative and neuroendocrine 

adaptive mechanisms (KHasti et al., 

2025). These observations suggest that the 

biological role of zinc extends beyond 

antioxidant protection by influencing the 

molecular responses that enable cells to 

adapt to stressful conditions. 

The biological significance of HSP-70 

depends strongly on the physiological 

context in which it is evaluated. Increased 

HSP-70 expression reflects activation of 

endogenous cytoprotective mechanisms 

that help cells maintain protein quality and 

survive adverse conditions, but it may also 

indicate a considerable cellular stress load 

rather than an improved physiological 

condition (Kregel, 2002; Gouda et al., 

2024). In contrast, a weak or delayed 

HSP-70 response may indicate a reduced 

capacity to maintain proteostasis and re-

cover from cellular injury, thereby in-

creasing susceptibility to oxidative dam-

age and apoptosis (Ramiah et al., 2020; 

Gouda et al., 2024). Consequently, HSP-
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70 is most informative when interpreted 

together with physiological biomarkers, 

such as corticosterone, malondialdehyde 

(MDA) and superoxide dismutase (SOD), 

as well as animal-based welfare indica-

tors. This integrated approach provides a 

more reliable assessment of physiological 

resilience and the welfare status of broiler 

chickens (Kregel, 2002; Gouda et al., 

2024). 

Assessment of individual biomarkers 

provides valuable information on specific 

physiological processes; however, no sin-

gle indicator is sufficient to characterise 

the biological responses associated with 

impaired poultry welfare. Corticosterone 

reflects activation of the neuroendocrine 

stress response, whereas serotonin is asso-

ciated with behavioural regulation and 

adaptive capacity (Matsunami et al., 

2012; Olivier, 2015; Scanes, 2016). MDA 

and SOD provide information on oxida-

tive damage and antioxidant defence, 

while HSP-70 reflects the cellular capaci-

ty to maintain protein homeostasis during 

stress (Kregel, 2002; Gouda et al., 2024). 

Considered together, these biomarkers 

offer a more complete understanding of 

the physiological processes in broiler 

chickens exposed to environmental and 

production-related stressors. 

The relevance of integrated biomarker 

assessment becomes more apparent when 

physiological responses are evaluated 

alongside animal-based welfare indicators. 

Previous studies conducted in laying hens 

also demonstrated that dietary zinc sup-

plementation reduced corticosterone con-

centrations while improving behavioural 

welfare indicators, supporting the im-

portance of combining physiological and 

ethological parameters in welfare assess-

ment (Bozakova et al., 2013). Under 

commercial broiler production, impaired 

welfare is reflected not only by changes in 

stress and oxidative biomarkers but also 

by clinical outcomes such as  footpad 

dermatitis, reduced locomotion, skeletal 

abnormalities, breast muscle myopathies, 

intestinal dysfunction, increased mortality 

and reduced tolerance to heat stress 

(Kwon et al., 2024b; Riber & Wurtz, 

2024). Several studies have reported that 

reduced oxidative stress is associated with 

improved footpad condition, a lower inci-

dence of wooden breast (WB) and spa-

ghetti meat (SM), better intestinal health 

and enhanced meat quality (De Grande et 

al., 2020; Kuter et al., 2023; Hu et al., 

2024). For example, Onbaşılar et al. 

(2025) reported that supplementation with 

a zinc amino acid complex decreased the 

severity of breast muscle myopathies, im-

proved footpad health, enhanced oxidative 

status and increased meat protein content. 

These findings emphasise that physiologi-

cal biomarkers complement animal-based 

welfare indicators by providing insight 

into changes in health and welfare of 

broiler chickens to different nutritional 

strategies. 

ZINC AND NEUROENDOCRINE 

MARKERS OF STRESS 

Corticosterone 

Commercial broiler production exposes 

birds to multiple environmental and man-

agement-related stressors, such as trans-

portation, handling, heat stress, high 

stocking density and housing conditions. 

Exposure to these stressors activates the 

hypothalamic-pituitary-adrenal (HPA) 

axis, resulting in the release of cortico-

sterone (CORT), the major glucocorticoid 

hormone in birds (Scanes, 2016; Riber & 

Wurtz, 2024; Kim et al., 2025). While 

short-term elevations in corticosterone are 

essential for coping with acute stress, pro-

longed increases are associated with com-
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promised immune function, intestinal bar-

rier dysfunction, nutrient partitioning 

changes, increased oxidative stress and 

reduced growth performance (Quinteiro-

Filho et al., 2017; Kwon et al., 2024a; 

Kim et al., 2025). As a consequence, 

chronic stress adversely affects growth 

rate, feed efficiency and disease re-

sistance, highlighting the importance of 

minimising stress under commercial pro-

duction conditions (Saeed et al., 2019). 

The biological effects of CORT depend 

largely on its circulating concentration, 

the duration of exposure and the nature of 

the stressor, highlighting its role as an 

adaptive hormone during acute stress and 

a mediator of pathological changes under 

chronic stress (Lewis, 2023).  

The influence of dietary zinc on 

corticosterone regulation is most evident 

under conditions of heat stress, where 

activation of the HPA axis is associated 

with oxidative damage, intestinal dysfunc-

tion and inflammation (Khan et al., 2024; 

Kim et al., 2025). Current findings indi-

cate that zinc does not directly suppress 

corticosterone secretion but instead influ-

ences the physiological processes respon-

sible for HPA axis activation. By improv-

ing antioxidant capacity, preserving intes-

tinal barrier function and reducing in-

flammatory responses, zinc lowers the 

physiological stress burden, contributing 

to lower circulating corticosterone con-

centrations (Adam et al., 2024; Nasiri et 

al., 2025). Therefore, decreases in 

corticosterone following zinc supplemen-

tation are more likely to reflect improved 

physiological adaptation to stress than 

direct endocrine regulation. Experimental 

studies in broiler chickens support this 

proposed mechanism. Similar observa-

tions have been reported in laying hens, 

where dietary zinc supplementation re-

duced plasma corticosterone concentra-

tions, decreased aggressive behaviour and 

increased comfort behaviours such as 

preening and dust bathing, indicating im-

proved welfare under thermal stress 

(Bozakova et al., 2017). Under heat stress 

conditions, Ramiah et al. (2019) found 

lower serum corticosterone concentrations 

in broilers receiving 40 and 60 mg/kg 

ZnO nanoparticles (6.56 and 3.44 ng/mL, 

respectively) than in those supplemented 

with 100 mg/kg ZnO nanoparticles  (10.74 

ng/mL; P<0.001), suggesting that the 

stress response to nano-zinc may depend 

on the supplementation level. Similar ef-

fects have been described for highly bioa-

vailable organic zinc sources, which im-

prove antioxidant defence, maintain intes-

tinal integrity and are associated with 

lower physiological indicators of stress 

(Khan et al., 2024; Nasiri et al., 2025). 

These findings show that the beneficial 

effects of zinc supplementation on 

corticosterone are closely associated with 

improved oxidative balance and intestinal 

health, rather than with direct effects on 

adrenal hormone secretion. 

Similar observations have also been 

obtained in previous studies conducted by 

our research group in laying hens exposed 

to heat stress. Dietary supplementation 

with zinc in combination with vitamin C 

reduced plasma corticosterone concentra-

tions, improved both oxidative status and 

ethological indicators, including increased 

comfort behaviours and reduced aggres-

sion. These findings suggest that improv-

ing oxidative status through nutritional 

supplementation may contribute to better 

physiological adaptation and welfare dur-

ing heat stress (Bozakova, 2020). 

Although corticosterone is a well-

established indicator of HPA axis activa-

tion, it is more informative when consid-

ered alongside biomarkers of oxidative 

stress and cellular adaptation. Simultane-
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ous evaluation of corticosterone with 

malondialdehyde (MDA), superoxide 

dismutase (SOD) and heat shock protein 

70 (HSP-70) provides a more complete 

understanding of the physiological re-

sponses of broiler chickens to environ-

mental stressors. 

Serotonin 

Serotonin (5-hydroxytryptamine, 5-HT) is 

a biogenic amine involved in a wide range 

of physiological and behavioural process-

es. Although its biological functions have 

been extensively studied in mammals, 

considerably less information is available 

regarding the serotonergic system in poul-

try, particularly its tissue distribution and 

physiological significance (Olivier, 2015; 

Lyte et al., 2022). Unlike corticosterone, 

which primarily reflects activation of the 

HPA axis, serotonin participates in multi-

ple physiological processes involving the 

central nervous system, gastrointestinal 

tract and peripheral tissues. In addition to 

its role as a neurotransmitter, serotonin 

regulates feed intake, behaviour, stress 

response, gastrointestinal motility, im-

mune function and bidirectional signal 

communication of the gut-brain axis 

(Matsunami et al., 2012; Jadhav et al., 

2022; Lyte et al., 2025). Approximately 

90–95% of the total body serotonin is 

synthesised by enterochromaffin cells in 

the gastrointestinal tract, with only about 

5% localised in the central nervous sys-

tem, highlighting the close relationship 

between intestinal homeostasis and neuro-

endocrine regulation (Jadhav et al., 2022; 

Lyte et al., 2022). 

Serotonin synthesis is regulated by 

multiple endogenous and environmental 

factors, including gene transcription, 

neurotrophic peptides, steroid hormones 

and pharmacological agents (Lesch & 

Waider, 2012). In chickens, it is also in-

fluenced by nutritional factors, particular-

ly diet composition, and has been shown 

to decline under stressful conditions 

(Bacqué-Cazenave et al., 2020; Fujita et 

al., 2023). Changes in serotonin concen-

trations have been associated with the 

development of abnormal behaviours such 

as feather pecking, one of the major wel-

fare problems in commercial poultry pro-

duction that may progress to severe feath-

er damage and cannibalism (Huang et al., 

2023). 

Heat stress affects serotonergic signal-

ling in both the central nervous system 

and the gastrointestinal tract, reflecting 

the close functional relationship between 

gut microbiota, central and enteric nerv-

ous systems. Ahmed-Farid et al. (2021) 

reported that chronic heat stress reduced 

brain serotonin concentrations in broiler 

chickens, accompanied by impaired anti-

oxidant status and disturbances in energy 

metabolism. Thermal stress also changes 

the composition of the intestinal 

microbiota and the production of short-

chain fatty acids, both of which play a role 

in regulating serotonin synthesis and sig-

nalling along the gut-brain axis (Cao et 

al., 2021; Jadhav et al., 2022). These 

findings suggest that  serotonergic signal-

ling is closely influenced by the metabol-

ic, oxidative and intestinal disturbances 

induced by heat stress. 

Compared with corticosterone, con-

siderably less is known about the relation-

ship between dietary zinc supplementation 

and serotonergic regulation in broiler 

chickens. Current findings suggest that 

any effect of zinc on the serotonergic sys-

tem is mostly indirect and mediated 

through improvements in intestinal physi-

ology. By maintaining the integrity of the 

intestinal barrier, supporting microbial 

homeostasis and redox balance, reducing 

oxidative and inflammatory stress, zinc 
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may help preserve the conditions for nor-

mal serotonin synthesis and signalling 

along the gut-brain axis rather than acting 

directly on serotonin production (Jadhav 

et al., 2022; Lyte et al., 2025). Conse-

quently, improvements in intestinal health 

associated with adequate zinc intake may 

indirectly contribute to more stable sero-

tonergic function during exposure to envi-

ronmental stressors. 

At present, serotonin should be re-

garded as a complementary rather than a 

primary biomarker for evaluating the ef-

fects of dietary zinc supplementation in 

broiler chickens. Although its involvement 

in the gut-brain axis and stress adaptation 

is well recognised, the direct relationship 

between dietary zinc supplementation and 

serotonergic regulation remains insuffi-

ciently characterised. Further studies fo-

cusing on neuroendocrine, intestinal and 

oxidative biomarkers are needed to clarify 

the role of serotonin in assessing the phys-

iological and welfare-related effects of 

dietary zinc supplementation in poultry. 

ZINC AND OXIDATIVE STRESS 

BIOMARKERS  

Malondialdehyde 

Malondialdehyde (MDA) is a major end 

product of lipid peroxidation, formed dur-

ing the oxidative breakdown of polyun-

saturated fatty acids in cell membranes. 

MDA forms adducts with proteins, nucleic 

acids and other cellular macromolecules, 

thereby contributing to structural and 

functional cellular damage. In broiler 

chickens, increased MDA concentrations 

show an imbalance between the produc-

tion of reactive oxygen species (ROS) and 

the capacity of antioxidant defence mech-

anisms, particularly under oxidative stress 

and other stressful conditions (Oke et al., 

2024). Because lipid peroxidation ad-

versely affects intestinal integrity, immune 

responses and growth performance, MDA 

is frequently used to evaluate the effec-

tiveness of antioxidant supplements and 

nutritional interventions. Hu et al. (2024) 

reported that organic zinc supplementa-

tion reduced serum MDA concentrations 

from 4.19 to 2.33 nmol/mL at 74 days and 

from 3.45 to 2.96 nmol/mL at 88 days in 

heat-stressed broilers. Serum SOD activity 

increased from 40.71 to 64.78 U/mL and 

from 54.10 to 77.19 U/mL at 74 and 88 

days, respectively, although the effect of 

zinc source on SOD activity was signifi-

cant only at 88 days (P<0.001). Similar 

results have been reported by Adam et al. 

(2024), who showed that organic zinc im-

proved redox homeostasis and modulated 

the expression of oxidative-related genes in 

the ileum of heat-stressed broiler chickens. 

In addition, Ramiah et al. (2019) found that 

supplementation with zinc oxide nanoparti-

cles reduced the negative effects of heat 

stress by enhancing the antioxidant defence 

system and reducing lipid peroxidation. 

Nasiri et al. (2025) reported that dietary 

zinc levels of 80 and 120 mg/kg increased 

total antioxidant capacity, SOD and cata-

lase activities, while reducing MDA con-

centrations compared with 40 mg/kg 

(P<0.05). The highest SOD activity (180 

U/mL) was observed at 120 mg/kg. How-

ever, neither the zinc source nor its inter-

action with the supplementation level sig-

nificantly affected these antioxidant pa-

rameters. These findings suggest that un-

der the study conditions, dietary zinc level 

had a greater influence on antioxidant 

status than the zinc source. 

The significance of reduced MDA 

concentrations extends beyond the as-

sessment of oxidative damage. Lower 

lipid peroxidation reflects better preserva-

tion of cell membranes and reduced oxi-

dative damage, which supports gut barrier 
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integrity and systemic immunity.  There-

fore, reduced MDA concentrations fol-

lowing dietary zinc supplementation pro-

vide evidence of improved physiological 

resilience and animal welfare under mod-

ern livestock farming. 

Superoxide dismutase 

Current concepts of cellular antioxidant 

defence emphasise the importance of 

maintaining cellular redox homeostasis 

and cell signalling. Superoxide dismutase 

(SOD) constitutes the first enzymatic level 

of defence by catalysing the conversion of 

superoxide radicals into less reactive mol-

ecules, thereby limiting the oxidative 

damage (Surai, 2016). Since its discovery 

by McCord and Fridovich in 1969, SOD 

is recognised as one of the key enzymatic 

components of the cellular antioxidant 

defence system. Subsequent studies identi-

fied several SOD isoforms with distinct 

intracellular localisation and biological 

functions, highlighting the central role of 

this enzyme in maintaining cellular redox 

homeostasis (McCord & Fridovich, 1969; 

Surai, 2016). In addition to its structural 

role in Cu/Zn-superoxide dismutase, zinc 

enhances the antioxidant capacity of poul-

try by increasing the activity of zinc 

metalloenzymes and regulating the gene 

expression involved in antioxidant de-

fence through effects on DNA and chro-

matin structure (McClure, 2008). 

In poultry production, zinc supplemen-

tation is typically achieved through inor-

ganic or organic compounds, although 

nano-zinc formulations have recently 

emerged as an alternative because of their 

high bioavailability. Compared with con-

ventional zinc (organic and inorganic) 

sources, nano-Zn sources are associated 

with better growth performance, improved 

feed efficiency and higher nutrient utiliza-

tion (Saber & Alian, 2025). Organic zinc 

also reduces antagonistic interactions with 

other dietary minerals, thereby improving 

zinc absorption and reducing farm pollu-

tion (Abd El-Hack et al., 2017). Increased 

SOD activity in broiler chickens has been 

associated with dietary zinc supplementa-

tion, particularly when highly bioavailable 

organic zinc sources, zinc chelates or 

nano-zinc formulations are used. For ex-

ample, Nasiri et al. (2025) reported signif-

icant increases in SOD activity following 

supplementation with advanced zinc che-

lates, while Hu et al. (2024) observed 

similar findings in heat-stressed broilers 

receiving organic zinc. A meta-analysis by 

Hidayat et al. (2024) confirmed that zinc 

nanoparticles enhance antioxidant re-

sponses in broiler chickens. All these 

studies demonstrate that zinc supplemen-

tation not only increases antioxidant en-

zyme activity but also improves the ability 

of broiler chickens to maintain redox ho-

meostasis under stressful conditions. 

The combined assessment of SOD and 

MDA concentrations provides a more 

comprehensive evaluation of the antioxi-

dant effects of dietary zinc than either 

biomarker alone. Increased SOD activity 

together with reduced MDA concentra-

tions indicates more effective maintenance 

of homeostasis, an effective protection 

against lipid peroxidation and improved 

cellular redox balance under stress-related 

conditions in poultry production. 

Overall, the effects of dietary zinc on 

stress and oxidative biomarkers vary con-

siderably among studies, depending on the 

zinc source, supplementation level, dura-

tion of feeding and experimental condi-

tions. The main experimental studies eva-

luating the effects of different zinc sources 

and supplementation levels on CORT, 

MDA, SOD and HSP-70, as well as relat-

ed welfare and production outcomes in 

broilers, are summarised in Table 1. 
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POTENTIAL LIMITATIONS AND 

ENVIRONMENTAL CONCERNS  

OF ZINC SUPPLEMENTATION 

Although zinc supplementation has sever-

al beneficial effects in broiler chickens, 

increasing dietary Zn above physiological 

requirements does not necessarily provide 

additional benefits. Excessive Zn intake 

may affect the absorption and metabolism 

of other essential minerals, particularly 

copper and iron. Competition between Zn 

and Cu may occur during intestinal ab-

sorption and tissue utilisation, while high 

dietary concentrations of these trace ele-

ments can alter their deposition and excre-

tion (Skrivan et al., 2005). Therefore, the 

mineral composition of the entire diet, 

rather than the Zn concentration alone, 

should be considered when selecting an 

appropriate supplementation level. This is 

particularly relevant when relatively high 

levels of inorganic Zn are used. 

Zinc availability also depends on the 

composition of the basal diet. Phytate, 

which occurs at relatively high levels in 

plant-based feed ingredients, can form 

poorly soluble complexes with Zn and 

other divalent cations in the gastrointesti-

nal tract, thereby reducing their availabil-

ity. The extent of this interaction depends 

on dietary phytate concentration, Zn 

source and phytase activity. Supplementa-

tion with microbial phytase can partly 

overcome this limitation by hydrolysing 

phytate and releasing bound minerals, 

including Zn (Schlegel et al., 2013). This 

effect was demonstrated by Philippi et al. 

(2023), who found that phytase supple-

mentation increased Zn concentrations in 

bone, blood serum and liver of broiler 

chickens. Moreover, in phytase-supple-

mented diets, increasing Zn supplementa-

tion from 30 to 90 mg/kg provided no 

additional benefit, suggesting that high Zn 

supplementation levels may not be neces-

sary when phytase is included in the diet. 

These findings show that dietary Zn re-

quirements should be considered in rela-

tion to both phytate content and phytase 

supplementation. Another concern is the 

amount of unabsorbed Zn excreted with 

poultry manure. Zinc retention in chickens 

is relatively low, and dietary concentra-

tions exceeding physiological require-

ments can significantlly increase Zn ex-

cretion without improving productive per-

formance. Dozier III et al. (2003), for 

example, reported that reducing supple-

mental Zn from 120 to 40 mg/kg de-

creased Zn excretion by approximately 

50%, without affecting body weight, feed 

conversion or mortality in young broilers. 

Similar findings indicate that Zn excretion 

closely follows dietary Zn intake and that 

unnecessary supplementation may in-

crease the mineral load of poultry manure 

(Burrell et al., 2004). 

Repeated application of poultry ma-

nure with a high Zn content may gradually 

increase Zn concentrations in agricultural 

soils. Unlike organic nutrients, Zn is not 

degraded and may accumulate, with pos-

sible effects on soil microorganisms, 

plants and surrounding ecosystems. Skri-

van et al. (2005) found that Zn concentra-

tions in herbage were related to the 

amount supplied to soil through poultry 

excreta and noted that Zn was more per-

sistent in soil than Fe and Cu. These find-

ings underline the need to balance the 

physiological benefits of Zn supplementa-

tion against mineral excretion and envi-

ronmental load. 

CONCLUSION 

The biological role of zinc in broiler 

chickens extends well beyond its tradi-

tional function as an essential trace miner-

al required for promoting growth, impro-
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ving feed conversion rate, enhancing anti-

oxidant activity and supporting immune 

function. Zinc supports physiological re-

silience through its effects on antioxidant 

defence, neuroendocrine regulation, intes-

tinal barrier integrity, immune homeosta-

sis and cellular adaptation to stress. These 

protective mechanisms involve modula-

tion of redox-sensitive signalling path-

ways, including Nrf2, NF-κB and MAPK, 

together with zinc-dependent proteins 

such as metallothioneins and Cu/Zn-

superoxide dismutase. Through these 

mechanisms, zinc contributes to the 

maintenance of cellular homeostasis and 

enhances the ability of broiler chickens to 

cope with production-related stressors. 

The strongest evidence supports the bene-

ficial effects of dietary zinc on 

corticosterone, malondialdehyde (MDA), 

superoxide dismutase (SOD) and heat 

shock protein 70 (HSP-70), particularly in 

broiler chickens exposed to heat stress. In 

contrast, although serotonin represents a 

promising biomarker linking intestinal 

physiology with neuroendocrine regula-

tion through the gut-brain axis, current 

evidence supports mainly an indirect rela-

tionship between zinc supplementation 

and serotonergic signalling. Highly bioa-

vailable organic and nano-zinc formula-

tions represent a valuable nutritional strat-

egy for improving stress resilience and 

supporting welfare in broiler chickens. 

Future research should examine the rela-

tionship between neuroendocrine, oxida-

tive, intestinal and cellular biomarkers and 

animal-based welfare indicators to explain 

the mechanisms through which zinc im-

proves physiological adaptability and to 

establish strategies for its application in 

commercial broiler production. 
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