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Abstract

Cattle are susceptible to various stresses in current agricultural systems, including environmental
challenges and management-related factors. Understanding the mechanisms underlying stress responses is
critical to ensure animal welfare and improve their overall productivity and well-being. Ongoing scientific
research focuses on the complex regulatory pathways associated with stress responses in cattle. Despite
the extensive research in this field, comprehensive reviews integrating current knowledge with recent
advances are lacking. In this comprehensive review, we explore the intricate regulatory systems
underlying stress responses in cattle and provide a comprehensive overview of these regulatory
mechanisms and physiological responses of cattle under stress conditions: The physiological responses to
stress stimuli can differ and involve both positive and negative feedback mechanisms regulating stress
reactions in cattle, leading to hormonal responses and altered immune function. This review highlights the
effects of stress on cattle well-being, which includes physiological and hormonal regulation, health, and
immune function. Moreover, the effects of environmental conditions, stocking density, and management
of stress responses in the cattle have been discussed. Furthermore, this review thoroughly examines the
stress response-associated molecular pathways and signaling processes, including the activation of the
hypothalamic-pituitary-adrenal axis, cortisol production, and cellular inflammatory responses. This
review provides crucial insights into potential interventions and propose effective management strategies
to mitigate the impact of stress on cattle health and productivity by elucidating the regulatory mechanisms
underlying stress responses. An in-depth knowledge of stress regulation in cattle can improve the animal

management practices and promote cattle health.

Keywords: Cattle, stress responses, animal welfare, management practices, hypothalamic-pituitary-

adrenal axis, environmental factors.
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Introduction

Cattle farming, associated with the supply of meat, milk, and other essential products for human
consumption, plays a vital role in the global agricultural economy [1]. However, cattle welfare is often
overlooked, resulting in elevated stress levels that compromise cattle health, behavior, and overall well-
being in modern systems. Understanding and managing stress responses in cattle are crucial for ensuring
their well-being and optimizing the quality and efficiency of production [2]. Elucidating the complex
regulatory processes underlying stress responses in cattle is critical for improving animal welfare and
productivity [2, 3]. Despite the extensive research in this field, a comprehensive review integrating
current knowledge with recent advances is needed to elucidate the complexities of stress regulation in
cattle.

Hence, we aimed to review the regulatory mechanisms involved in stress responses in cattle to
provide insights into the complex nature of stress. Furthermore, we examined the molecular mechanisms
underlying the stress responses in cattle, including activation of the hypothalamus-pituitary-adrenal
(HPA) axis [4-6], inflammatory responses [7], and cortisol production [8-10], to elucidate the
physiological adaptations to stressors and offer insights into potential therapeutic approaches and

management strategies for mitigating the adverse effects of stress on cattle welfare and production.

Stress perception and HPA axis activation

Stress responses in cattle begin when environmental or internal challenges are recognized by the central
nervous system. Factors such as heat exposure, transportation, handling, social instability, or nutritional
imbalance are processed through neural pathways that ultimately activate endocrine stress signaling
systems. Among these, the hypothalamic—pituitary—adrenal (HPA) axis functions as one of the primary
regulatory pathways coordinating physiological adaptation to stress.

Within the hypothalamus, the paraventricular nucleus (PVN) responds rapidly to stress-related

stimuli by releasing corticotropin-releasing hormone (CRH) together with arginine vasopressin (AVP)

4
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[6,11,12]. Although CRH is considered the principal initiator of HPA axis activation, AVP enhances
pituitary sensitivity to CRH and amplifies downstream hormonal responses. These hypothalamic signals
stimulate corticotroph cells in the anterior pituitary, resulting in secretion of adrenocorticotropic hormone
(ACTH) into the circulation [13]. ACTH subsequently targets the adrenal cortex, particularly the zona
fasciculata, where glucocorticoid synthesis is induced and cortisol is released as the major stress-
associated glucocorticoid in cattle [10,14].

This hypothalamic—pituitary—adrenal (HPA) axis represents the central endocrine pathway
regulating stress responses and plays a critical role in maintaining physiological stability during exposure
to stressors.

Elevated cortisol concentrations trigger broad physiological adjustments aimed at maintaining
metabolic stability during stress exposure. One of its major functions is the redistribution of energy
resources. Cortisol stimulates hepatic gluconeogenesis, promotes lipolysis, and accelerates protein
catabolism, thereby increasing the availability of glucose and other metabolic substrates required to cope
with increased physiological demand [15]. At the same time, cortisol strongly influences immune
regulation. Increased glucocorticoid activity suppresses the production of pro-inflammatory cytokines
such as IL-1, IL-2, IL-6, and TNF while also reducing the activity and proliferation of immune cells
including lymphocytes, macrophages, neutrophils, and mast cells [16-18]. Many of these
immunosuppressive effects occur through glucocorticoid receptor-mediated inhibition of transcriptional
regulators such as nuclear factor kappa B (NF-xB), leading to reduced expression of inflammatory genes
[18,19].

Stress perception also activates the sympathetic—adrenomedullary (SAM) system, which acts
more rapidly than the HPA axis. Activation of sympathetic pathways stimulates the release of epinephrine
and norepinephrine from the adrenal medulla [20]. These catecholamines increase heart rate, alter blood
flow distribution, and rapidly mobilize glucose, supporting immediate physiological responses during
acute stress situations. In general, the SAM system is associated with rapid short-term adaptation,

whereas the HPA axis contributes more strongly to prolonged endocrine regulation.
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To avoid excessive hormonal activation, the HPA axis is regulated through negative feedback
mechanisms. Circulating cortisol binds to glucocorticoid receptors located in the hypothalamus, pituitary
gland, and hippocampus, suppressing additional CRH and ACTH secretion [19,21]. Other
neuroregulatory pathways, including y-aminobutyric acid (GABA)-mediated signaling, opioid peptides,
and benzodiazepine-associated pathways, also participate in modulation of HPA axis activity [22].

Under chronic or repeated stress conditions, however, these regulatory systems may become
disrupted. Sustained cortisol exposure has been associated with altered metabolism, impaired immune
responsiveness, and increased disease susceptibility, ultimately reducing both animal welfare and
production efficiency [23]. For this reason, understanding the mechanisms underlying stress perception
and HPA axis activation remains important for developing effective management strategies aimed at

improving stress resilience in cattle.

Neuroendocrine-immune crosstalk

Although the HPA axis is primarily recognized as an endocrine stress-response pathway, its activity is
also closely connected to immune regulation. Stress-related hormonal changes influence immune cell
function, inflammatory signaling, and disease susceptibility, indicating that neuroendocrine and immune
systems operate through continuous bidirectional communication rather than as independent pathways. A
schematic overview of HPA axis activation and its interaction with immune responses in cattle is
presented in Figure 1.

Stress exposure activates the HPA axis and increases circulating glucocorticoid concentrations,
particularly cortisol, which plays a major role in immune modulation [24,25]. Cortisol acts through
intracellular glucocorticoid receptors that are widely expressed in immune cells, including lymphocytes,
macrophages, neutrophils, and mast cells. After receptor binding, the cortisol-glucocorticoid receptor
complex translocates to the nucleus and alters transcriptional activity associated with inflammatory
responses. One important mechanism involves suppression of nuclear factor kappa B (NF-«kB) signaling,

which subsequently reduces the expression of pro-inflammatory cytokines such as IL-1, IL-2, IL-3, IL-6,
6



110  TNF, and interferon gamma [16-18]. Prolonged glucocorticoid exposure also suppresses lymphocyte
111  proliferation, antigen presentation, and immune cell activation, leading to reduced immune

112 responsiveness during chronic stress conditions [26—-28].

113 Changes in cytokine balance further contribute to stress-associated immune dysregulation. Under
114 normal conditions, pro-inflammatory and anti-inflammatory pathways remain relatively balanced;

115  however, persistent stress can disturb this equilibrium and shift immune function toward either excessive
116  suppression or chronic low-grade inflammation [24,29]. Long-term activation of inflammatory pathways
117  has been associated with tissue damage, impaired recovery capacity, and increased susceptibility to

118 infectious disease [30-32].

119 Communication between the immune and neuroendocrine systems is not unidirectional.

120  Cytokines released during inflammation can also influence endocrine stress signaling. For example, IL-1
121  and TNF-a can stimulate the hypothalamus and enhance corticotropin-releasing hormone (CRH)

122  secretion, thereby activating the HPA axis [24]. This reciprocal signaling network allows immune activity
123  todirectly affect neuroendocrine responses during physiological stress or infection.

124 At the cellular level, stress affects both innate and adaptive immunity. Innate immune responses
125 involve rapid, non-specific defense mechanisms mediated largely by neutrophils and macrophages,

126  whereas adaptive immunity depends on antigen-specific responses involving T and B lymphocytes [26—
127  28]. Chronic stress has been associated with reduced lymphocyte proliferation, altered antibody

128  production, and impaired natural killer (NK) cell activity. Stress hormones can additionally influence
129  immune cell trafficking, apoptosis, and bone marrow proliferation, collectively altering immune

130  competence over time.

131 These interactions are closely linked to the concept of allostasis, which refers to physiological
132  adaptation aimed at maintaining stability during environmental or biological challenges. Acute stress
133  responses may temporarily enhance immune surveillance and support short-term adaptation. In contrast,
134  prolonged activation of neuroendocrine pathways contributes to allostatic load, a condition characterized

135 by cumulative physiological strain, dysregulated inflammation, and increased disease risk [29].
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Overall, neuroendocrine—immune crosstalk represents an important regulatory network involved
in maintaining physiological balance in cattle. Disruption of this system under chronic stress conditions
can negatively affect immune function, animal health, and production performance. Therefore, a better
understanding of these interactions may help improve stress management strategies and support the

development of more resilient cattle production systems.

Acute vs. chronic stress

Because neuroendocrine and immune systems are closely interconnected, the physiological consequences
of stress depend not only on the type of stressor but also on how long and how frequently the animal is
exposed to it. In cattle, stress responses are generally categorized as either acute or chronic, and these two
conditions differ substantially in their biological significance and long-term outcomes [28,30].

Acute stress is typically considered a short-term adaptive response that helps animals cope with
immediate challenges such as handling, transportation, restraint, or sudden environmental changes.
During acute stress exposure, rapid activation of both the HPA axis and the sympathetic—adrenomedullary
(SAM) system leads to transient increases in cortisol and catecholamine concentrations [34—36]. These
endocrine responses promote rapid physiological adjustments, including increased glucose mobilization,
elevated cardiovascular activity, and heightened behavioral alertness. In most situations, once the stressor
is removed, negative feedback mechanisms within the HPA axis restore hormonal balance and
physiological homeostasis relatively quickly [37].

In contrast, chronic stress develops when animals experience prolonged or repeated exposure to
stressors without sufficient recovery time [38]. Under these conditions, persistent activation of
neuroendocrine pathways can disrupt normal regulatory processes and lead to sustained elevation of
cortisol concentrations. Chronic hypercortisolemia has been associated with widespread physiological
disturbances involving metabolism, endocrine function, and immune regulation [8].

Long-term glucocorticoid exposure can negatively affect immune competence through multiple

mechanisms. Sustained cortisol signaling suppresses lymphocyte proliferation, impairs natural killer (NK)
8
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cell activity, and alters cytokine production pattern [26—28]. As a result, chronically stressed cattle may
become more susceptible to infectious disease and exhibit reduced overall disease resistance. In addition
to immunosuppression, chronic stress is frequently linked to persistent low-grade inflammation caused by
dysregulated cytokine activity, which may contribute to tissue damage and metabolic imbalance over time
[30-32].

Behavioral and productive performance are also affected during chronic stress conditions. Cattle
exposed to prolonged stress often show reduced feed intake, altered feeding behavior, lower growth
performance, and impaired reproductive efficiency [8]. These effects are particularly important in
livestock production systems because they directly influence both animal welfare and economic
productivity.

Differences between acute and chronic stress can also be evaluated using physiological
biomarkers. Acute stress is commonly associated with temporary increases in circulating cortisol
concentrations, whereas chronic stress is more effectively assessed using long-term indicators such as hair
cortisol accumulation and heat shock protein (HSP).expression in hair follicles [6,39,40]. These
biomarkers are increasingly used to estimate cumulative stress exposure and long-term physiological
adaptation in cattle.

From a biological perspective, acute stress responses are generally adaptive and support short-
term survival, whereas chronic stress represents a maladaptive state associated with allostatic overload.
Whether stress responses remain adaptive or progress toward physiological dysfunction depends largely
on stress duration, intensity, and the animal’s ability to recover. Therefore, distinguishing acute from
chronic stress is important for understanding stress-associated pathology and for developing management

strategies aimed at improving resilience and welfare in cattle production systems.

Factors influencing stress responses in cattle

Stress responses in cattle are not determined by a single factor but instead result from complex

interactions among environmental conditions, genetic background, and management practices. These
9
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factors influence not only the severity of stress exposure but also the animal’s capacity to adapt and
recover. Consequently, variability in stress responsiveness among cattle is often shaped by both intrinsic
and extrinsic conditions.

Environmental conditions are among the most important contributors to stress in cattle production
systems. Temperature, humidity, ventilation, noise, and access to feed and water all directly influence
physiological stability and animal comfort [8,31]. Among environmental stressors, heat stress remains
one of the most critical challenges, particularly in regions characterized by high ambient temperature and
humidity. Excessive thermal load disrupts thermoregulatory balance and alters endocrine and metabolic
activity, frequently leading to reduced feed intake and impaired immune function. Heat stress can also
decrease production efficiency by limiting nutrient utilization and increasing maintenance energy
requirements.

Housing conditions additionally influence stress severity. Poor ventilation, inadequate hygiene,
and overcrowding may worsen stress by increasing pathogen exposure and limiting the animal’s ability to
maintain normal behavioral patterns. High stocking density often increases social competition for feed,
water, and resting space, resulting in behavioral disturbances and elevated physiological stress indicators
[26,30]. In many cases, environmental stressors occur simultaneously, further amplifying their
physiological impact.

Genetic background also contributes substantially to differences in stress tolerance among cattle.
Breed, genotype, and individual temperament can influence how animals perceive and physiologically
respond to stressors [41,42]. Some cattle populations exhibit greater thermotolerance and maintain more
stable physiological function during environmental stress exposure. Particular attention has been given to
HSPs, especially HSP70, because of their role in protecting cellular integrity during thermal stress
[39,40]. These molecular chaperones help prevent protein denaturation and assist in protein refolding
under adverse conditions. Variability in HSP expression and stress-related genetic polymorphisms has
been associated with differences in heat tolerance, immune stability, and productive performance [43,44].
Such findings suggest that genetic selection for stress resilience could become increasingly important in

future breeding strategies.
10
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Management practices further influence how cattle experience and respond to stress. Daily
handling, feeding schedules, housing systems, and stocking density all contribute to overall stress load
[45]. Consistent feeding routines and low-stress handling techniques can reduce unnecessary activation of
stress pathways, whereas abrupt environmental changes, rough handling, or irregular feeding patterns
may intensify physiological stress responses. Intensive production systems with limited space and high
animal density have also been associated with altered behavior, increased aggression, and compromised
immune function [46,47].

Importantly, these factors rarely operate independently. Environmental challenges such as heat
stress may have greater physiological consequences in animals with lower genetic tolerance or under poor
management conditions. Similarly, appropriate housing and nutritional management may partially
alleviate the impact of environmental stressors even in susceptible animals. Therefore, improving stress
resilience in cattle requires an integrated approach that combines environmental management, genetic

selection, and welfare-oriented production practices.

Implications for productivity

These influencing factors ultimately determine how stress manifests at both physiological and production
levels. Understanding their combined effects is therefore important when evaluating the impact of stress
on cattle productivity. Stress can substantially affect productivity through changes in metabolism,
immune function, feed intake, and overall physiological performance. The integrated pathways linking
stress-induced neuroendocrine, immune, and metabolic alterations to reduced productivity in cattle are
summarized in Figure 2.

Prolonged or severe stress exposure disrupts physiological homeostasis and has been associated
with lower growth performance, impaired reproductive efficiency, and decreased production outcomes
[3,48,49]. One of the most common consequences of stress is reduced dry matter intake (DMI), which

directly decreases nutrient availability for maintenance, growth, and production. This response is

11
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particularly evident during heat stress, when cattle often exhibit altered feeding behavior and decreased
appetite, resulting in negative energy balance and reduced productivity [50].

At the metabolic level, activation of the HPA axis and increased cortisol secretion influence
nutrient partitioning and energy metabolism. Elevated cortisol promotes gluconeogenesis and protein
catabolism while also modifying lipid metabolism, ultimately affecting nutrient utilization efficiency.
Stress-related endocrine alterations may additionally increase insulin secretion during heat stress
conditions, producing anti-lipolytic effects that restrict mobilization of stored fat as an energy source [51].
Consequently, cattle may become increasingly dependent on dietary energy intake despite reductions in
feed consumption.

Nutritional management therefore becomes an important component of stress mitigation. Under
heat stress conditions, increasing dietary nutrient density may help compensate for reduced DMI and
support adequate intake of energy and protein. Protein supply is especially important because it supports
tissue maintenance, growth, and metabolic activity. However, when feed intake declines substantially,
insufficient protein intake can contribute to negative nitrogen balance and reduced productive
performance [52]. Increasing crude protein (CP) concentrations has been reported to partially offset
reductions in DMI and improve growth and milk production, although excessive supplementation may
reduce nitrogen utilization efficiency and increase nitrogen excretion [53].

The balance between rumen degradable protein (RDP) and rumen undegradable protein (RUP)
also influences productivity under stress conditions. Changes in the RDP-to-RUP ratio can alter rumen
microbial activity, nutrient digestion, and overall production performance. For instance, reduced RDP
availability has been associated with lower DMI and decreased milk yield, emphasizing the importance of
optimizing protein fractions in stress-related nutritional management [54]. In addition, soluble protein
proportions can affect nitrogen utilization efficiency and productive outcomes, indicating that both
protein quantity and protein quality should be considered during diet formulation.

Energy supplementation strategies are also commonly used to support productivity during stress
exposure. Dietary fat supplementation can increase energy density without substantially increasing heat

production, making it potentially beneficial during heat stress conditions. However, responses to
12
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supplemental energy may differ between dairy and beef cattle because of differences in metabolic demand
and nutrient utilization pathways [55-58]. Furthermore, endocrine alterations associated with stress,
including elevated insulin concentrations, may limit adipose tissue mobilization, further increasing
dependence on dietary energy supply [59].

In addition to metabolic and nutritional effects, stress-induced immunosuppression can negatively
influence productivity by increasing susceptibility to disease and infection. Reduced immune competence
may increase morbidity and decrease growth efficiency, ultimately contributing to production losses.
Behavioral changes associated with stress, including reduced feeding activity and altered social
interactions, may further aggravate these negative effects.

Overall, stress influences cattle productivity through complex interactions. among endocrine
regulation, metabolism, immunity, and nutrition. Therefore, effective mitigation strategies should
integrate nutritional management, environmental modification, and improved husbandry practices to

maintain both productivity and animal welfare under stressful conditions.

Future directions

Given the substantial effects of stress on productivity and animal welfare, there is increasing interest in
developing more effective approaches for monitoring, predicting, and mitigating stress responses in cattle.
This has highlighted the importance of future research directions and continued technological
advancement in this field. Improving current understanding of stress physiology in cattle will likely
require integration of emerging technologies, interdisciplinary research approaches, and more
standardized evaluation systems.

Recent technological developments have made it possible to monitor stress-associated
physiological and behavioral changes with greater precision and in real time. Wearable sensors, biometric
monitoring devices, and remote sensing systems can continuously measure parameters such as body
temperature, heart rate variability, activity patterns, and feeding behavior [60,61]. When combined with

advanced analytical approaches, including machine learning algorithms, these data streams may help
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identify stress triggers, predict stress responses, and support early intervention strategies within precision
livestock farming systems.

Advances in molecular biology and omics technologies are also contributing to improved
understanding of stress resilience at the genetic and cellular levels. Genomic and transcriptomic analyses
have facilitated identification of genetic markers associated with thermotolerance and adaptation to stress,
supporting breeding strategies aimed at improving resilience in cattle populations [42,62]. In particular,
studies involving heat shock proteins and genes related to HPA axis regulation have provided valuable
insight into the biological mechanisms underlying variation in stress responsiveness among individuals.

Despite these advances, important knowledge gaps remain in cattle stress research. The long-term
consequences of chronic stress on animal health, productivity, and welfare are still not fully understood,
especially under varying environmental and management conditions. In addition, differences in
methodology and the lack of standardized biomarkers limit comparisons among studies and reduce the
practical application of current findings. Although biomarkers such as cortisol concentrations in hair,
blood, or saliva and heat shock protein expression are widely used, additional validation is needed to
improve their reliability and sensitivity under different production conditions [6,39,40].

Another important area for future research involves integrating environmental, physiological, and
behavioral information into comprehensive models of stress responses. Multidisciplinary approaches that
combine animal physiology, immunology, genetics, and data science may help clarify the complex
regulatory interactions underlying stress adaptation. Such approaches could also contribute to the
development of predictive models capable of supporting management decisions and improving animal
welfare outcomes.

From a practical standpoint, translating scientific findings into effective management strategies
and policy frameworks remains challenging. Greater collaboration among researchers, veterinarians,
industry stakeholders, and policymakers will be necessary to improve communication between research
and field application. Development of evidence-based guidelines tailored to specific production systems
and environmental conditions may further improve implementation of stress mitigation practices in cattle

farming. In addition, investment in infrastructure, training of livestock handlers, and adoption of low-
14
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stress management practices are likely to play important roles in improving both welfare and production
efficiency.

Overall, future cattle stress research should continue integrating technological innovation with
biological understanding while addressing existing knowledge gaps and improving practical application
of research findings. Such efforts will be important for supporting sustainable livestock production
systems that prioritize both animal welfare and long-term productivity under increasingly challenging

environmental conditions.

Conclusion

Stress responses in cattle involve complex interactions among neuroendocrine, immune, and
metabolic systems. Among these pathways, activation of the hypothalamic—pituitary—adrenal (HPA) axis
plays a major role in coordinating physiological adaptation to stressful conditions, while associated
changes in immune and metabolic function largely determine the consequences for animal health and
productive performance.

When stress exposure becomes prolonged or poorly managed, negative physiological effects
become increasingly evident. Chronic stress has been associated with impaired immune responsiveness,
metabolic imbalance, reduced feed intake, and declines in growth and reproductive performance.
Collectively, these alterations can compromise both animal welfare and the efficiency of cattle production
systems. Consequently, effective stress management is important not only from a welfare perspective but
also for maintaining long-term productivity and sustainability.

Reducing the adverse effects of stress requires an integrated approach that considers
environmental conditions, genetic background, and management practices simultaneously. Improvements
in housing conditions, handling procedures, nutritional management, and selection for stress-resilient
traits may collectively improve the ability of cattle to adapt to challenging conditions. In addition,
emerging technologies such as precision monitoring systems and data-driven management tools may

provide new opportunities for earlier stress detection and more effective intervention strategies.
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Although substantial progress has been made in understanding stress physiology in cattle, several
important knowledge gaps still remain. In particular, additional research is needed to better understand the
long-term biological consequences of chronic stress and to establish reliable, standardized biomarkers that
can be applied across different production systems. Addressing these limitations will require continued
collaboration among researchers, veterinarians, and industry stakeholders together with the development
of evidence-based management guidelines.

Overall, improving stress management in cattle will depend on combining mechanistic
understanding with practical application. Continued progress in this field will be important for supporting
resilient and sustainable cattle production systems while improving both animal welfare and production

efficiency under increasingly challenging environmental conditions.
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Figure 1. Schematic representation of stress-induced HPA axis activation and neuroendocrine
immune crosstalk in cattle.

Schematic representation of stress-induced activation of the hypothalamic—pituitary—adrenal (HPA) axis
and its interaction with the immune system in cattle. Exposure to stressors activates the hypothalamus,
leading to the release of corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP), which
stimulate the anterior pituitary to secrete adrenocorticotropic hormone (ACTH). ACTH subsequently
induces cortisol secretion from the adrenal cortex. Cortisol modulates metabolic processes and exerts
immunoregulatory effects through glucocorticoid receptor-mediated pathways, including suppression of
pro-inflammatory cytokine production (e.g., IL-1, IL-6, TNF-a)) and inhibition of immune cell activity. In
parallel, activation of the sympathetic—adrenomedullary (SAM) system results in-catecholamine release,
contributing to rapid stress responses. Bidirectional communication between the immune and
neuroendocrine systems is illustrated by cytokine-mediated stimulation of the HPA axis. Chronic activation

of these pathways may lead to immune dysregulation and increased disease susceptibility.

26



o M YR %

Disease /
Pain

Heat stress Transport

Handling / Social stress
Weaning (Stocking density,
Mixing)

Stressors

f;,f?

Environmental
(extreme weather)

v

(

Stress response

(Activation of HPA axis and SAM system) J

+ ™

Neuroendocrine changes

« 1 CRH, AVP, ACTH
« t Cortisol
+« 1 Catecholamines

v

Immune alterations
| Lymphocyte proliferation
| NK cell activity

Altered cytokine balance
(1 IL-1, IL-8, TNF-a)

v

Metabolic disturbances
1 Gluconeogenesis
T Protein catabolism
Altered lipid metabolism
Insulin resistance

W + 1 Disease susceptibility » Dxidative stress
v v v
Fa ) -~
Reduced feed intake Nutrient utilization Health and welfare | | Reproductive
and rumen function impairment compromise impairment

« | Dry matter intake

= Altered rumen maotility
and fermentation
(t acidosis risk)

+ | Protein synthesis

« | Energy efficiency

« Decreased nutrient
absorption

+ Increased morbidity
+ Poor immune defense

+ Behavioral changes
(restlessness, inactivity)

| Altered estrous cycle
+ | Conception rate

* Early embryonic loss

Economic impact
= Lowee production efficiency
+ Increased treatment cost
« Reduced profitability
L

<+

Decreased productivity
1 Average daily gain
1 Milk yield and milk quality
J Reproductive performance
| Carcass quality

v

Mitigation strategies

| —

+ Improve housing environment (ventilation, ceoling, bedding)
+ Low-stress handling and proper stocking density
+ Nutritional management (balanced proteinfenergy, buffers, antioxidants)
+ Health management and preventive programs
+ Genetic selection for stress resilience

+ Monitoring and early detection (biomarkers, sensors, behavior)

f

Animal welfare impact W

+ Chronic stress
+ Pain and discomfort |

|+ Reduced well-being

b #

HPA, hypothalamic—pituitary—adrenal; SAM, sympathetic—adrenocmedullary, CRH, corticotropin-releasing hormone;

571
572

27

AVP, arginine vasopressin; ACTH, adrenocorticotropic hormone; NI, natural killer.

Figure 2. Pathways linking stress to reduced productivity in cattle.
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Integrated pathways linking stress responses to reduced productivity in cattle. Exposure to environmental,
physiological, or management-related stressors activates neuroendocrine responses, primarily through the
HPA axis and associated cortisol secretion. Elevated cortisol levels alter nutrient partitioning by promoting
gluconeogenesis and protein catabolism, while stress-induced hormonal changes, including increased
insulin levels, can limit lipid mobilization. These metabolic alterations, combined with reduced dry matter
intake (DMI) and impaired immune function, contribute to decreased growth performance, reduced milk
production, and compromised reproductive efficiency. Nutritional and management interventions,
including optimization of dietary energy and protein supply, can mitigate these effects; however, prolonged

stress exposure ultimately results in decreased productivity and animal welfare.
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