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The increase in ambient temperature associated with climate change has intensified the incidence of heat stress 

in pig production systems, particularly in tropical, subtropical, and semi-arid regions where the temperature-

humidity index often exceeds the animals' thermal comfort zone. Breeding sows are particularly susceptible to 

these conditions due to their limited ability to dissipate heat and the high metabolic demands associated with 

reproduction. Several studies have shown that heat stress can alter physiological and endocrine processes that 

regulate reproductive function, affecting estrus expression, heat detection, fertility rate, conception rate, and 

prolificacy. Furthermore, exposure to high temperatures during critical periods of the reproductive cycle can 

compromise oocyte quality, early embryonic survival, and fetal development. These alterations represent a 

significant challenge to the reproductive efficiency of swine systems located in warm environments. In this 

context, this review analyzes the available scientific evidence on the effects of heat stress on the physiology and 

reproductive performance of sows, as well as the main mitigation strategies aimed at reducing heat stress and 

improving animal welfare and reproductive productivity. 
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Abstract 

 

This literature review aims to analyse the available scientific evidence on the effects of heat stress on the 

physiology and reproductive function of sows, as well as to identify mitigation strategies to improve 

reproductive efficiency in pig production systems located in warm environments. Methodologically, the 

study is based on a comprehensive review of the most relevant scientific literature addressing heat stress 

in sows from a reproductive perspective, integrating findings related to thermoregulation, endocrine 

responses, and reproductive performance. The review compiles and synthesizes recent evidence 

demonstrating that heat stress disrupts key physiological mechanisms, including alterations in the 

hypothalamic-pituitary-gonadal axis, reduced oocyte quality, impaired embryonic survival, and 

decreased fertility and litter size. Additionally, it examines practical mitigation strategies such as 

environmental cooling systems, improved ventilation, and reproductive management adjustments aimed 

at reducing thermal load and enhancing productivity. As a contribution, this work provides a 

comprehensive and updated understanding of the biological and productive implications of heat stress, 

linking fundamental physiology with applied solutions. In conclusion, mitigating heat stress is essential 

to ensure animal welfare, optimize reproductive performance, and promote the sustainability of swine 

production systems under challenging climatic conditions. 
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Objectives  Methodology  Contribution 

   

The objective of this literature review is to 

analyze the available scientific evidence on 

the effects of heat stress on the physiology 

and reproductive performance of sows, as 

well as to identify mitigation strategies 

aimed at improving reproductive efficiency 

in pig production systems located in hot 

environments. 

A literature review was 

conducted on the most 

relevant aspects of heat stress 

in sows for reproductive 

studies. 

 

The review integrates recent 

evidence on heat stress in sows, 

explaining physiological and 

reproductive mechanisms, as well as 

mitigation strategies to improve 

reproductive efficiency and pig 

sustainability. 

 

Heat stress, Sows, Reproductive efficiency, Temperature-humidity index, Fertility 

 

Resumen 

El objetivo de esta revisión de literatura es analizar la evidencia científica disponible sobre los efectos 

del estrés calórico en la fisiología y el funcionamiento reproductivo de las cerdas, así como identificar 

estrategias de mitigación orientadas a mejorar la eficiencia reproductiva en sistemas de producción 

porcina ubicados en ambientes cálidos. Como metodología, se realizó una revisión integral de la literatura 

científica más relevante sobre estrés calórico en cerdas, con énfasis en aspectos fisiológicos, endocrinos 

y reproductivos. La revisión integra evidencia reciente que demuestra que el estrés térmico altera 

mecanismos clave como la termorregulación, el eje hipotálamo-hipófisis-gónadas, la calidad ovocitaria, 

la supervivencia embrionaria y parámetros productivos como fertilidad y tamaño de camada. Asimismo, 

se analizan estrategias de mitigación, incluyendo sistemas de enfriamiento, mejoras en ventilación y 

ajustes en el manejo reproductivo para reducir la carga térmica. Como contribución, este trabajo articula 

el conocimiento básico con aplicaciones prácticas para mejorar la eficiencia reproductiva y la 

sostenibilidad de los sistemas porcinos. En conclusión, el control del estrés calórico es fundamental para 

garantizar el bienestar animal y la productividad en escenarios de cambio climático. 
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Objetivos  Metodología  Contribución 

   

El objetivo de esta revisión de literatura es 

analizar la evidencia científica disponible 

sobre los efectos del estrés calórico en la 

fisiología y funcionamiento reproductivo de 

las cerdas, así como identificar estrategias 

de mitigación destinadas a mejorar la 

eficiencia reproductiva en los sistemas de 

producción porcina ubicados en ambientes 

cálidos. 

Se realizó una revisión de 

literatura sobre los aspectos 

más relevantes del estrés 

calórico en cerdas para el 

estudio reproductivo. 

La revisión integra evidencia 

reciente sobre estrés calórico en 

cerdas, explicando mecanismos 

fisiológicos y reproductivos, así 

como estrategias de mitigación para 

mejorar la eficiencia reproductiva y 

sostenibilidad porcina. 

 

Estrés calórico, Cerdas, Eficiencia reproductiva, Índice temperatura-humedad, Fertilidad. 

 

Introduction 

 

The sustained increase in ambient temperature recorded over recent decades represents one of the main 

challenges for animal production worldwide. This phenomenon has intensified in desert, semi-desert, 

and tropical regions, where high temperatures and relative humidity favor an increase in the temperature-

humidity index (THI), creating environmental conditions that can exceed the thermoneutral zone of 

various domestic species (Liu et al., 2022). In pig production, heat stress (HS) is a particularly relevant 

problem because pigs have a limited capacity to dissipate body heat, mainly due to the poor functionality 

of their sweat glands and the presence of a relatively thick layer of subcutaneous adipose tissue (Romo-

Valdez et al., 2022). As a result, pigs rely heavily on behavioral and respiratory mechanisms to maintain 

their thermal homeostasis. 

 

Prolonged exposure to high temperatures triggers a series of physiological responses aimed at 

maintaining the body's thermal balance, including increased respiratory rate, changes in peripheral 

circulation, and alterations in energy metabolism. These responses, although initially adaptive, can have 

negative effects on the productive and reproductive performance of animals when adverse thermal 

conditions persist for prolonged periods (Lee et al., 2021). In the case of breeding sows, susceptibility to 

HS is particularly high due to the metabolic demands associated with gestation and lactation, as well as 

high endogenous body heat production (Lucy and Safranski, 2017). 

 

Several studies have documented that exposure to high ambient temperatures can significantly 

affect the reproductive efficiency of sows. This phenomenon, known as seasonal infertility, is most 

observed during the warm months of the year and is characterized by reductions in key reproductive 

parameters such as fertility rate, conception rate, and litter size (Akhavizadegan et al., 2025). In this 

context, the following question arises: how do increases in the temperature-humidity index and exposure 

to HS affect the physiological mechanisms that regulate the reproductive efficiency of sows? 

 

Scientific evidence indicates that HS can alter multiple processes related to reproduction. At the 

behavioral level, a decrease in the intensity of estrus and an increase in the proportion of undetected 

estrus have been reported, which makes it difficult to identify estrus in a timely manner and reduces the 

efficiency of artificial insemination programs (Bortolozzo et al., 2024). Likewise, HS can affect ovarian 

function, alter hormone secretion, and compromise critical reproductive processes such as ovulation and 

early embryonic development (Das et al., 2023). These alterations result in reductions in fertility rates 

and embryo survival during the early stages of gestation. 

 

https://doi.org/10.1016/j.jtherbio.2022.103303
https://doi.org/10.21929/abavet2022.37
https://doi.org/10.21929/abavet2022.37
https://doi.org/10.1371/journal.pone.0246063
https://doi.org/10.1002/mrd.22844
https://doi.org/10.1016/B978-0-443-27302-5.00004-8
https://doi.org/10.1016/j.anireprosci.2024.107501
https://doi.org/10.1007/978-981-19-9410-4_23
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In addition, several studies have indicated that exposure to heat during the peri-conception period 

can increase early embryonic mortality and affect maternal recognition of pregnancy, which directly 

impacts conception rates and the number of piglets born per litter (Lunney et al., 2016). 

Complementarily, HS can induce metabolic and cellular alterations that affect oocyte quality and 

embryonic development, thus contributing to the decrease in prolificacy observed in sows exposed to 

high ambient temperatures (Knox, 2019). 

 

From a production perspective, these alterations represent a significant challenge to the 

sustainability of pig production systems, especially in warm regions where high temperatures are 

frequent throughout much of the year. For this reason, in recent years there has been increased interest 

in the development of strategies aimed at mitigating the effects of HS on swine reproduction. These 

strategies include the implementation of cooling systems in swine facilities, improved ventilation, and 

the use of evaporative systems to reduce the heat load in pens (Mykhalko et al., 2023; Ross et al., 2015). 

Likewise, adjustments in reproductive management have been proposed, such as the application of estrus 

synchronization protocols and the optimization of artificial insemination programs, to improve 

reproductive efficiency in hot environments.  

 

In this context, understanding the physiological and reproductive mechanisms through which HS 

affects reproduction in sows is essential for designing management strategies that reduce its impact on 

the productivity of swine systems. Therefore, the objective of this literature review is to analyze the 

available scientific evidence on the effects of HS on the physiology and reproductive performance of 

sows, as well as to identify mitigation strategies aimed at improving animal welfare and reproductive 

efficiency in pig production systems located in hot environments. 

 

1. Physiology of heat stress 

 

The term "stress" is defined as: the action of nervous and emotional stimuli caused by the environment 

(Abbas et al., 2022). Whether in increases or decreases in ambient temperature and the animal's inability 

to compensate to maintain its thermal balance (Francois et al., 2022). Acting on an animal's nervousness, 

metabolism, reproductive, endocrine, circulatory, and digestive systems (gastrointestinal health) (Figure 

1) (Abdel Aziz et al., 2022). Presenting a relationship between the aggressiveness of the environment 

and the animal's response (Aboul-Naga et al., 2022). As a defensive reaction to stress-inducing factors, 

these so-called stress responses can alter the body's homeostasis (Aderao et al., 2023). 

 

Box 1 

 

Figure 1 

Physiology of heat stress 

 

 
 

Adapted from Ross et al. (2017) 
 

 

 

https://doi.org/10.1146/annurev-animal-022114-111025
https://doi.org/10.1093/jas/skz036
https://openurl.ebsco.com/EPDB%3Agcd%3A1%3A25613489/detailv2?sid=ebsco%3Aplink%3Ascholar&id=ebsco%3Agcd%3A163933615&crl=c&link_origin=scholar.google.com
https://doi.org/10.1071/AN15267
https://doi.org/10.3389/fvets.2022.880790
https://doi.org/10.1016/j.biopsych.2021.06.020
https://doi.org/10.1111/rda.14128
https://doi.org/10.3389/fgene.2022.898522
https://doi.org/10.1016/j.jtemb.2022.127105
https://doi.org/10.1002/mrd.22859
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The normal body temperature of pigs ranges between 37.8-38.8ºC (Table 1) (Adjassin et al., 

2022). Temperature at which cellular and biochemical activities work most efficiently (Adur et al., 2022). 

The EC can increase its temperature by up to 2°C (Aguilar-Quinones et al., 2022). It is described as the 

inability to maintain thermal balance in the body (Ahmad et al., 2022). The animal exceeds the upper 

limit of the thermoneutral zone (Gai et al., 2022). Therefore, its normal body temperature begins to alter 

its basal metabolic rate (Ghulam Mohyuddin et al., 2022). 

 

Box 2 

 

Table 1 

Recommended ambient temperatures for different production phases in 

pigs 

 
Production phase Ambient temperature (°C) 

Piglets  30-31 

Development  22-24 

Fattening  16-18 

Pregnant and lactating sows  20-26 

  
Adapted from Zhang et al. (2022) 

  

HS occurs when various environmental factors such as temperature and humidity persist for a 

prolonged period (Franks et al., 2023). The consequences of HS vary depending on the duration and 

intensity of exposure to the conditions that cause it (Hu et al., 2022). 

 

All animals are susceptible to HS (Hu et al., 2022). Pigs have a disadvantage because they 

naturally have few functional sweat glands (Kim et al., 2022). They also have a thick subcutaneous layer 

of adipose tissue, which makes them less efficient at losing heat. They have a fast metabolic rate, higher 

basal metabolic heat production, rapid growth, and high production levels (Ramirez et al., 2022). 

 

Pigs can suffer various consequences from HS, such as: a decrease in fertility of up to 9% during 

the hottest season (summer) (Zheng et al., 2022b), that farrowing occurs up to 1.5 days earlier than 

expected (Zou et al., 2022), progesterone (P4) concentrations in pregnant sows are reduced (Zheng et al., 

2022b), and the composition of the placenta is affected because it synthesizes P4 (Zheng et al., 2022a), 

ovarian function is affected, reflected in anestrus (Liu and Zhao, 2022), longer intervals between weaning 

and estrus, increased embryonic mortality (Lucy and Safranski, 2017), affects farrowing rate and litter 

size, in first-time sows and boars, the onset of puberty is delayed (Zhao et al., 2023), levels of pyrogens 

(cells that trigger fever) increase (Zhang et al., 2022), genetic input is reduced , decreased feed intake, 

reduced nutrient utilization (Fonseca et al., 2019), changes in metabolite and metabolic hormone 

concentrations (during gestation, parturition, and lactation) (Romo-Valdez et al., 2022), reduced growth 

of piglets at birth, lower carcass quality, increased mortality and morbidity, less rigid adipose tissue 

(flabby fat) (Yin et al., 2022).   

 

Some authors mention that sows with a higher number of farrowing’s and a higher number of 

piglets born are more susceptible to HS (Dodd et al., 2022). Pregnant females in the early embryonic 

stages are at greater risk of pregnancy loss than females with more advanced pregnancies (Tang et al., 

2022a). 

 

Boars are also affected, as during periods of high temperatures, ejaculate volume and sperm 

concentration decrease (Tang et al., 2022b). A higher percentage of sperm with abnormalities can also 

be observed (Zhao et al., 2023). Constant or extreme exposure to EC has repercussions on animal welfare, 

productivity, and health, and can even lead to the death of the pig due to multiple organ failure (Ramirez 

et al., 2022). 

 

 

 

 

 

 

https://doi.org/10.1016/j.heliyon.2022.e08971
https://doi.org/10.1016/j.heliyon.2022.e08971
https://doi.org/10.1093/jas/skac129
https://doi.org/10.1007/s11250-022-03152-4
https://doi.org/10.3390/ani12172297
https://doi.org/10.1021/acs.jafc.2c00877
https://doi.org/10.1155/2022/8547379
https://doi.org/10.3390/antiox11091699
https://doi.org/10.1111/jnc.15707
https://doi.org/10.1016/j.psj.2022.101769
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2. Environmental responses  

 

2.1 Thermoregulation and thermoneutral zone  

 

Pigs are homeothermic (Lezama-Garcia et al., 2022). They can maintain their body temperature (Chen 

et al., 2022). This is governed by thermoregulation mechanisms or the thermoneutral zone (Deb et al., 

2022). Pigs' anatomical and physiological characteristics make them susceptible to HS, as they are 

warm-blooded animals (Ramirez et al., 2022). Under very high temperature conditions, pigs maintain 

their homeothermy by decreasing metabolic heat production (Domingues et al., 2022). Increasing heat 

loss through physiological mechanisms such as (Figure 2): vasodilation, evaporation, conduction, 

convection, and radiation (Liao et al., 2023). Heat loss through chemical reactions related to the body's 

heat production (Liu and Zhao, 2022). 

 

Box 3 

 

Figure 2 

Physiological mechanisms to heat loss in pigs  

 

 
 

Personal Adaptation 
 

Radiation is the loss of heat through infrared or heat rays (Yasoob et al., 2022). It can vary with 

the animal's body surface area. Conduction is the loss of heat caused by the temperature difference 

between the animal and its environment (Yablonskaya et al., 2022). Convection is heat transfer through 

contact with a fluid (Tokunaga et al., 2022). Pigs can disperse less than 50% of their heat production 

through respiratory evaporation (Lezama-Garcia et al., 2022). 

 

The thermoneutral zone (TNZ) is defined as the minimum rate of heat production (Ghaffari, 

2022). A normal rectal temperature, minimum physiological cost, and maximum productivity (Ferraz et 

al., 2022). The TNZ is between the lower and upper critical temperatures (Thornton et al., 2022). The 

upper critical temperature is the temperature at which the animal must increase heat loss to maintain its 

thermal balance (Tadesse et al., 2022). The TNZ of each animal may vary depending on its age, species, 

breed, sex, dry matter intake, diet composition, environment, and behavior (Flowers, 2022). 

 

 The center responsible for thermoregulation and thermal sensations is the hypothalamus (Roth, 

2022). Blood is the medium through which heat is distributed evenly throughout the body (Abdel-

Moneim et al., 2022). When blood passes through the body at a very high or low temperature, nervous 

mechanisms are activated to lose or conserve heat (Carabano et al., 2022). There are also mechanisms 

to regulate the amount of blood circulating in the body (Chikkagoudara et al., 2022). Modifications in 

physiological processes to maintain thermal balance alter the productive and reproductive behavior of 

animals (Gujar et al., 2022). 
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2.2 Ambient temperature and relative humidity  

 

When the ambient temperature (AT) is below 32 °C, relative humidity (RH) (Emiliani et al., 2023), is 

not important, but if the temperature is above 32 ºC, relative humidity decreases the water vapor pressure 

gradient between the evaporation surface of the respiratory system and the air, thereby decreasing the 

capacity for latent heat loss (Govindasamy et al., 2022; Landi et al., 2023). 

 

The sweat glands of pigs are not stimulated by HS, which means that pigs cannot lose heat 

through sweating (Gupta et al., 2022). The water content in the air is called relative humidity. Pigs have 

a wide range of adaptations to humidity levels (Capela et al., 2022). However, an environment with high 

humidity can promote the transmission of pathogens (Liu et al., 2022). The recommended RH percentage 

is 50-70% (Tables 2, and 3) (Choudhury et al., 2022).  

 

Box 4 

 

Table 2 

Optimal relative humidity (%) by production stage in pigs 
 

Production stage Relative humidity (%) 

Piglets  60-65 

Fattening (35-60 kg) 50 

Fattening (60-110 kg) 50-75 

Breeding sows (empty/pregnant) 65-75 

Breeding sows (lactating) 60 

  

Adapted from Aguilar et al. (2007) 

 

Box 5 
 

Table 3 

Percentage of heat loss through different mechanisms and ambient 

temperature 
 

Heat loss mechanism 
Percentage of heat lost at 

24°C ambient temperature 

Percentage of heat lost at 

34ºC ambient 

temperature 

Radiation 25 10 

Conduction 15 5 

Convection 30 15 

Evaporation 30 15 

   

Adapted from Hut et al. (2022) 

 

2.3 Temperature-humidity index  

 

HS occurs when the organism is unable to regulate its internal temperature (Wallage et al., 2022). Various 

factors combine, such as high relative humidity and high ambient temperature (Vittorazzi et al., 2022). 

This hinders sweat evaporation and therefore thermoregulation (Toghdory et al., 2022). To find this 

relationship, the THI (Figure 3) is used, which predicts when such stress will occur (Theusme et al., 

2022). 

 

3. Physiological responses  

 

3.1 Respiratory rate  

 

The frequency of respiratory movements increases to accelerate the rate of evaporation and therefore 

heat loss (Dado-Senn et al., 2023). This process occurs after vasodilation and sweating (Fontoura et al., 

2022). The greater the volume of air that can be inhaled, heated, and moistened, the greater the resulting 

heat loss (Zhou et al., 2022). In addition, an increase in respiratory rate is usually seen when the 

temperature is above 29 °C.  

https://doi.org/10.1016/j.acuroe.2022.08.002
https://doi.org/10.3389/fvets.2022.1034635
https://doi.org/10.3168/jds.2021-21551
https://doi.org/10.3390/ani13010107
https://doi.org/10.3390/ani12080975
https://doi.org/10.1590/1984-3143-AR2022-0034
https://doi.org/10.1002/hep4.2058
https://www.aida-itea.org/aida-itea/files/jornadas/2007/comunicaciones/2007_SGEG_23.pdf
https://doi.org/10.3168/jds.2021-21756
https://doi.org/10.1007/s00484-021-02108-x
https://doi.org/10.3168/jds.2022-22078
https://doi.org/10.3390/ani12182484
https://doi.org/10.1007/s00484-022-02377-0
https://doi.org/10.1007/s00484-022-02377-0
https://doi.org/10.3168/jds.2022-22237
https://doi.org/10.3168/jds.2022-21820
https://doi.org/10.3168/jds.2022-21820
https://doi.org/10.3168/jds.2021-21164
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Elevated respiratory rate is an indicator of excessive heat load (Stewart et al., 2022). It has been 

reported that respiration can increase by 3 to 4 breaths per minute (bpm) more than normal for every 

degree that the temperature increases (Roth, 2022). Respiration is the primary mechanism of heat loss 

through evaporation, and an increase in air temperature leads to an increase in respiratory rate (Brandt 

et al., 2024).  

 

Box 6 

 

Figure 3 

Physiology of heat stress 

 

 
 

Adapted from Wiersma (1990) 
 

Pigs reduce their activity above 19 °C and modify their behavior to lose body heat through 

conduction, stretching their bodies and lying on their sides. In young sows weighing 60 kg, the inflection 

point for respiratory rate was determined to be 21–23 °C; for rectal temperature, 25–27 °C; and for 

voluntary feed intake, 23–26 °C (Huynh et al., 2007). However, in another study with heavier castrated 

pigs (83 kg), it was observed that respiratory rate increased at >18 °C; feed intake decreased at 28–32 

°C, and water intake increased at 32 °C. 
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Box 7 

 

Figure 4 

Respiration rate responses of sows under heat stress and thermoneutral conditions 

during gestation (above) and peripartum (below) 

 

 

 
 

Adapted from Lucy et al. (2012) 
 

Respiratory rate helps dissipate heat during gestation, but not as much after farrowing. In fact, 

during gestation, respiratory rate increased in sows subjected to heat stress (Figure 4, above); indeed, 

maternal heat load correlates with fetal growth and increased metabolic demand. Under thermoneutral 

conditions, respiratory rate remains constant, meaning that breaths per minute increase according to the 

heat load. On the other hand, respiratory rate remained similar (Figure 4, below) among treatments from 

the day of farrowing (d 0) to the postpartum period (d 20), suggesting that once sows enter thermoneutral 

conditions at farrowing, the previous gestational heat load no longer produces a strong residual 

ventilatory effect. Therefore, respiratory rate is an excellent indicator of continuous heat stress during 

pregnancy, but not necessarily of persistent postnatal thermoregulatory dysfunction. 

 

3.2 Rectal temperature  

 

This is a physiological constant that helps us determine the animal's health status (Bah et al., 2022). This 

temperature is based on the balance between body heat load and heat release, in relation to ambient 

temperature and heat production (Kawano et al., 2022). Pigs have a normal rectal temperature of 38–39 

°C, and when the air temperature is lower than their body temperature, pigs can dissipate heat through 

convection, conduction, and evaporation (Sipos et al., 2013). 

 

Heat production in healthy animals is the combination of their metabolic rate, the thermal effect 

of feeding, and physical activity (Manica et al., 2022). Brandt et al. (2022) mentions that pigs can 

maintain their temperature in balance if the ambient temperature remains within an appropriate range. 
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The specific temperatures at which animals exhibit responses may vary depending on sex, 

genotype, and environmental conditions, but they provide insights into how management practices can 

help mitigate HS. For example, the effects on sow fertility under HS conditions (33 °C) between 150 and 

180 days of age were associated with low levels of follicle-stimulating hormone (FSH) and luteinizing 

hormone (LH) and a reduced number of small follicles (Kim et al., 2022). This delays the onset of puberty 

in young sows and could explain anestrus and ovulation failure in summer (Knox, 2019). Sows under 

HS experience an increase in rectal temperature of 0.5 to 1.0 °C (Parois et al., 2018).  

 

Interestingly, a recent study reported that young sows housed at 35 °C showed no reductions in 

feed intake, weight gain, or fertility, while water intake increased significantly. Thus, HS-tolerant young 

sows maintained their body temperature 0.27 °C below that of susceptible young sows (Byrd et al., 2025). 

In contrast, in much older pregnant and lactating sows (30 °C), rectal temperature (39.5–40.0 °C) and 

respiratory rate (75 breaths/minute) increased, but there were no effects on fertility, farrowing, or 

weaning (Knox, 2019). Exposure of pigs to HS conditions in experimental settings, or through prolonged 

exposure to direct sunlight in hot summer climates, resulted in linear increases in respiratory rate and 

rectal temperatures up to a core temperature of 41.6 °C, at which point symptoms of HS became evident 

(Gourdine et al., 2021). Although the studies were not designed to assess reproductive impact, they do 

raise the question of whether the rise to very high internal temperatures damages tissues and organ 

function. Although the answer is unclear, an in vitro model of porcine follicle culture at 41.0 °C showed 

that the cells remained viable, but that proliferation and steroid production were impaired. 

 

Box 8 

 

Figure 5 

Rectal temperature responses of sows under heat stress and thermoneutral 

conditions during gestation (above) and peripartum (below) 

 

 

 
Adapted from Lucy et al. (2012) 
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Rectal temperature is an excellent indicator of heat stress during gestation. Sows under HS 

maintain a consistently higher rectal temperature than sows under TN conditions throughout gestation 

(Figure 5, above), indicating sustained hyperthermia and incomplete dissipation of metabolic and 

environmental heat. Conversely, during the peripartum period (Figure 5, below), both groups 

experienced a marked increase in rectal temperature after farrowing (d 0). This pattern suggests that 

farrowing itself imposes a new thermobiological state, likely linked to inflammatory and metabolic 

adjustments. Thus, gestational heat stress chronically elevates maternal core temperature, while the 

postpartum increase appears to reflect a further physiological readjustment of body temperature, rather 

than conserving the low prenatal heat load. 

 

3.3 Skin temperatures  

 

This physiological constant is the first to increase when animals are subjected to HS (Shu et al., 2022). 

This is because blood is diverted to the peripheral circulation (Abidin et al., 2022). In pregnant sows, 

maximum vasodilation can be observed at mid-gestation, making it more difficult to regulate their 

temperature after this time (Brandt et al., 2022). Temperatures in different parts of the skin serve as 

indicators of heat loss; when combined with rectal and ambient temperatures or THI, a thermal 

circulation index can be calculated as an indicator of blood flow to the skin to facilitate heat loss 

(Renaudeau et al., 2011).  

 

This is because blood flow to the reproductive organs is also reduced as flow to areas where heat 

can be dissipated is increased (Zhou et al., 2022). 

 

Box 9 

 

Figure 6 

Scapula temperature responses of sows under heat stress and thermoneutral 

conditions during gestation (above) and peripartum (below). 

 

 

 
 

Adapted from Lucy et al. (2012) 
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Scapula temperature reflects peripheral thermoregulatory adjustments and provides information 

on blood flow redistribution under HS (Gómez-Prado et al., 2022). Scapula temperature increases 

markedly in sows subjected to heat stress during gestation (Figure 6, above), consistent with peripheral 

vasodilation as a mechanism to increase heat loss through the skin by radiation. This response appears to 

stabilize by day 50 of gestation, suggesting that maximum peripheral heat dissipation has been reached. 

Around farrowing and during early lactation (Figure 6, below), scapula temperature increased similarly 

in both groups, indicating that peripheral thermal responses are more closely associated with the 

physiological transition to lactation than with prior gestational treatment. Consequently, scapula 

temperature is useful for identifying maternal peripheral adaptation to HS during pregnancy, but after 

farrowing, it appears to reflect a broader thermophysiological adjustment shared by both heat-stressed 

and thermoneutral sows. 

 

4. Reproductive responses  

 

4.1 Reproductive consequences of gestational heat stress in sows 

 

The HS reduces fertility in sows, a phenomenon that typically manifests during seasonal infertility (De 

Rensis et al., 2017; Love et al., 1993). Increased ambient temperature reduces farrowing rates and is 

thought to delay the onset of puberty (Prunier and Messias, 1997). Furthermore, during the summer, both 

male and female pigs exhibit delayed puberty, prolonged intervals between weaning and estrus, 

pregnancy losses, reduced farrowing rates, and smaller litters (De Rensis et al., 2017). Tolerance to 

extreme heat and the exacerbation of heat-induced infertility appear to vary among different genetic lines 

(Figure 4). For example, Bloemhof et al. (2008) demonstrated that sows selected for a higher farrowing 

rate were more sensitive to HS (i.e., reduced litter size and total number of piglets born) and that the 

farrowing rate per first insemination was compromised compared to lines not selected for a higher 

farrowing rate. It is not well understood exactly how heat affects female fertility, although it most likely 

involves impaired production of gametes and embryos capable of development.  

 

The HS has been associated with reduced developmental competence and the induction of 

apoptosis in porcine embryos fertilized in vitro and activated by parthenogenesis (Isom et al., 2007). 

Although the heat shock protein (HSP) pathway is constitutively expressed in ovarian somatic cells, a 

change in its abundance is observed only in the oocyte in response to HS throughout the ovary 

(Pennarossa et al., 2012), suggesting that regulation in response to hyperthermia may occur within the 

porcine oocyte. 

 

Among the reproductive parameters affected by HS (Zeng et al., 2023), is the delay in the onset 

of puberty (Stewart et al., 2022), due to the animal reducing its food intake, resulting in a level of 

malnutrition that prevents it from completing its physiological development correctly (Rodrigues et al., 

2022). 

  

Another important problem is the absence or delay in follicular development and ovulation 

(Zeitoun et al., 2022), due to an effect that inhibits glucocorticoid function and gonadal steroid secretion 

(Zhou et al., 2022). The HS directly affects the hypothalamic-pituitary-gonadal axis (HPG) (Yang et al., 

2022), causing an imbalance in hormone production (Vilela et al., 2022). This is because blood flow to 

the reproductive organs is also reduced as flow to areas where heat can be dissipated is increased (Ubuka, 

2023). 
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Box 10  
 

Figure 7 

The effects of gestation heat stress on the pregnant sow and her in utero heat 

stress (IUHS) 
 

 
 

Adapted from Lucy and Safranski (2017) 
 

Gestational HS has effects on pregnant and lactating sows and their offspring exposed to in utero 

heat stress (IUHS). In Figure 4, maternal heat load is associated with increased rectal temperature, 

respiratory rate, and skin temperatures, as well as decreased P4 synthesis, shorter gestation, and lower 

birth weight (Lucy and Safranski, 2017). IUHS refers to prenatal thermal hostility that induces effects on 

thermoregulation, body composition, and reproductive performance in piglets. Therefore, the IUHS 

provides a useful framework for understanding how gestational HS can compromise productivity beyond 

immediate pregnancy and extend its impact to the postnatal period and even the pig's future reproductive 

life. 

 

4.2 Maternal recognition of pregnancy under heat stress  

 

The success of maternal recognition of pregnancy in sows depends on precise synchrony between the 

embryo and maternal physiology at the beginning of gestation. Around day 12 post-mating, elongated 

porcine embryos secrete abundant amounts of estrogen, a signal that prevents luteolytic secretion of 

PGF₂α into the maternal circulation and allows the corpus luteum to be maintained (Bazer, 2013). Any 

factor that interferes with this early dialogue can lead to failure of maternal recognition and early 

pregnancy loss.  

 

The HS is one such factor: it has been documented that sows exposed to heat in the period close 

to conception experience early pregnancy disruptions, evidenced by an increase in irregular returns to 

estrus and a decrease in the farrowing rate in sows bred in summer (Chandra et al., 2025). This indicates 

that gestation is often interrupted within a few days or weeks, rather than a failure of fertilization.  

 

Physiologically, heat can affect the uterine and hormonal environment critical for pregnancy 

recognition. Studies suggest that elevated temperatures around implantation can reduce the secretion or 

effective action of embryonic estrogen, or cause an imbalance between P4 and maternal estrogens that 

compromises the recognition signal (Lucy and Safranski, 2017). The same authors reported that poor 

embryo survival under high temperatures is associated with an imbalance in the concentrations of P4 and 

circulating estradiol in the sow.  
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The P4, produced by the corpus luteum, is essential in the first few weeks to prepare the 

endometrium and sustain the embryos; however, HS can decrease luteal P4 levels or uterine sensitivity 

to this hormone, compromising implantation. Similarly, stressed embryos may produce less estrogen or 

fail to elongate sufficiently to distribute the signal throughout the uterus (Das et al., 2023). In addition, 

it has been proposed that heat causes oxidative damage to oocytes and early embryos, compromising 

their viability (Pearce et al., 2013).  

 

Maternal temperatures above ~29 °C can induce oxidative stress in the oocyte-cumulus complex 

and in the oviductal/uterine environment, resulting in lower-quality embryos and higher embryonic 

mortality before day 30 of gestation (Bloemhof et al., 2013). Consequently, sows suffering from HS more 

frequently present irregularities in their post-mating cycles (untimely returns to estrus) attributable to 

early embryonic losses due to failure of maternal recognition of pregnancy. In summary, HS interferes 

with the embryo-uterus-ovary endocrine axis during the critical period of gestational recognition, 

increasing the likelihood of premature luteolysis and termination of early pregnancy (Byrd et al., 2025). 

 

4.3 Effects of heat on the placenta, uterus, fetus, and postnatal development  

 

The impact of HS on swine reproduction spans several anatomical levels. At the level of the pregnant 

uterus, heat can compromise endometrial function and uterine blood flow, as mentioned (Pearce et al., 

2013). A decrease in endometrial function due to HS could produce abnormal amounts of prostaglandins 

or cytokines, affecting both early embryonic survival and placental growth (Lian et al., 2022). The 

placenta, as a maternal-fetal exchange organ, undergoes morphological and functional changes under 

heat: in addition to the increased mass and decreased efficiency already described, adaptations such as 

placentomes with larger surface areas but lower vascular density and changes in the composition of 

chorioallantoic membranes that could limit nutrient transport have been observed (Zhao et al., 2020).  

 

These changes reflect an attempt by the placenta to adapt to the hostile environment, although 

they are insufficient to fully compensate for fetal needs. In the embryo/fetus, HE can induce cell death 

in early stages (increasing retained or mummified embryos) and, in later stages, reduce the proliferation 

of muscle and bone cells. For example, it has been documented that gestational heat exposure decreases 

fetal muscle fiber formation (myogenesis) during the mid-gestation period (Johnson et al., 2015), which 

has implications for postnatal skeletal muscle growth potential.  

 

Similarly, developing organs such as the intestine and endocrine system may be affected: pigs 

born to sows under CE are reported to have less developed intestines and altered endocrine function 

compared to pigs from thermoneutral gestations (Lucy and Safranski, 2017). The consequences of these 

intrauterine alterations manifest themselves in the postnatal development of the offspring. A consistent 

effect is reduced birth weight and neonatal vigor: litters gestated in summer tend to have lighter piglets, 

some with intrauterine growth retardation, leading to lower neonatal viability and higher mortality in 

heat-complicated births (De Rensis et al., 2017).  

 

Even piglets born apparently healthy to hyperthermic mothers show physiological adaptations 

that can be harmful. For example, these piglets have been found to have a higher proportion of adipose 

tissue and lower lean muscle mass at growth, evidencing a change in nutrient partitioning programmed 

in utero (Boddicker et al., 2014). This is related to hyperinsulinemia, as elevated insulin promotes 

lipogenesis at the expense of muscle growth. In addition, offspring of sows under CE exhibit an 

exaggerated response to stress after birth: studies have found that, when faced with common stressful 

stimuli (handling, weaning, transport), these animals release more cortisol than their peers not exposed 

to prenatal heat, indicating a hypersensitive HPG axis (Johnson et al., 2020). This hypersensitivity to 

stress may predispose them to behavioral or immunological disorders.  

 

Speaking of the immune system, recent evidence suggests that fetal heat programming also affects 

the immunocompetence of offspring. Piglets born to sows pregnant under heat showed exacerbated 

inflammatory responses; in one study, when simulating a bacterial challenge, these piglets had 

significantly higher levels of proinflammatory cytokines and cortisol compared to piglets from sows in 

a cool environment (Campos et al., 2017). This exaggerated inflammatory response means that animals 

may become more susceptible to damage from infections or immune stress, as a hyperactivated immune 

reaction can lead to high fever, tissue damage from inflammation, and reduced efficiency in fighting 

pathogens.  
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Furthermore, effects of fetal programming by heat on the reproductive capacity of offspring have 

been reported. In particular, males (boars) gestated under hot conditions exhibited lower sperm 

production, a higher incidence of sperm abnormalities (tail defects), and reduced testicle size at puberty 

(Pinart and Puigmulé, 2013).  

 

Females born to sows exposed to heat may experience subtle reductions in performance 

throughout their reproductive lives, such as slightly smaller litters or lower milk production when they 

become mothers (Lucy and Safranski, 2017). These negative effects on offspring—slower growth, 

increased body fat, heightened stress response, and potential reproductive losses—highlight the insidious 

nature of HS-induced fetal programming. Taken together, all of this evidence supported by the scientific 

literature indicates that exposing pregnant sows to heat causes multiscale harm: it compromises uterine 

and placental function, alters metabolic pathways (hormonal signaling, neuroendocrine axes, glucose and 

lipid metabolism), and causes cellular/molecular changes (oxidative stress, inflammation, epigenetic 

modifications) that affect the embryo/fetus and the born individual throughout its life (Chai et al., 2025).  

 

It is worth mentioning that many of these findings in sows are consistent with observations in 

ruminants under HS (e.g., reduced uteroplacental flow in cattle, compromised antiluteolytic signaling in 

dairy cows, and deleterious effects on offspring), suggesting the existence of conserved physiological 

principles across species, albeit with particularities in each case (Ramirez et al., 2022). 

 

4.4 Fetal programming under heat conditions: cellular and molecular mechanisms 

 

The term fetal programming refer to all the stimuli received by the fetus or embryo during its intrauterine 

life (Amat et al., 2022), from implantation (Cattaneo et al., 2022) through fetal development, which may 

have lasting consequences into adulthood (Ghaffari, 2022). During the prenatal period, an individual’s 

genome is programmed to express different genes in specific tissues and at specific times during their 

life (Laporta et al., 2022).  

 

Once pregnancy is established, exposure of the sow and her fetuses to chronic HS continues to 

have profound implications for fetal development (fetal programming). High temperatures during 

gestation affect placental physiology, the availability of nutrients and oxygen to the fetus, and the 

hormonal signals that shape fetal tissue growth and differentiation (Das et al., 2023). One consistent 

finding is heat-induced placental insufficiency. Controlled studies have shown that sows exposed to 

elevated temperatures during mid-gestation (e.g., 27.7–32.7 °C from days 40 to 60) develop abnormally 

enlarged placentas that are less efficient at nourishing the fetus (Zhao et al., 2020).  

 

Under hot conditions, the placenta increases in weight (~22% heavier), possibly as a 

compensatory mechanism, but the fetal weight/placental weight ratio decreases, indicating reduced 

efficiency of the placenta to support fetal growth. A decrease in the expression of glucose transporters 

such as GLUT-3 in the placenta under HS has been observed, which would limit energy supply to the 

fetus (Pearce et al., 2013). Likewise, uteroplacental blood flow may be reduced under high temperatures, 

as has been documented in cattle and extrapolated to sows (Renaudeau et al., 2011). Reduced uterine 

perfusion leads to relative hypoxia and poor nutrient supply to the fetus, contributing to intrauterine 

growth restriction (IUGR) and poor organ development.  

 

Although direct experimental evidence of IUGR caused by heat has been difficult to obtain in 

pigs due to the complexity of isolating the effect of HS, a reduction in birth weight of piglets from sows 

pregnant in summer has been consistently reported (Lucy and Safranski, 2017). This suggests that the 

fetuses experienced some degree of deprivation during hot gestation. In fact, by analogy with studies in 

sheep and cows, it is presumed that maternal hyperthermia compromises placental functionality (lower 

nutrient/gas exchange) and, therefore, fetal growth.  

  

At the cellular and molecular level, fetal programming under HS involves multiple pathways. The 

aforementioned oxidative stress can damage developing fetal cells or placental trophoblast cells, 

activating apoptosis or senescence pathways that limit the growth of critical fetal tissues (Johnson et al., 

2015). Similarly, a maternal inflammatory environment can cross the uteroplacental interface: it has been 

proposed that proinflammatory cytokines produced by the mother or placenta in response to heat (e.g., 

IL-6, TNF-α) alter placental signaling, affecting processes such as placental vascularization and amino 

acid transport (Thornton, 2024).  
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Another key factor is the alteration of hormonal and metabolic signaling. For example, HS during 

early gestation has been associated with insulin resistance in sows (Pearce et al., 2013), which can lead 

to transient maternal hyperglycemia followed by hypoglycemia and compensatory hyperketonemia. Such 

energy imbalances impact glucose availability to the fetus and may induce changes in fetal metabolic 

gene expression.  

 

An increase in postnatal circulating insulin has been observed in piglets born to sows under heat, 

indicating possible changes in insulin sensitivity or pancreatic function programmed during intrauterine 

life (Johnson et al., 2015). Activation of the fetal HPG axis is another mechanism: fetuses exposed to 

elevated maternal cortisol or directly to elevated temperatures may experience accelerated maturation or 

dysfunction of their own stress axis.  

 

For example, piglets from heat-exposed pregnancies have been reported to have higher cortisol 

levels immediately after birth (Johnson et al., 2020), reflecting an adjustment of the endocrine set point 

during fetal life. Additionally, studies in other species and laboratory models suggest that fetal HS can 

induce epigenetic modifications that persist after birth, affecting the expression of genes related to energy 

metabolism, muscle growth, and immune response (Jianfang et al., 2025). In fact, epigenetic 

modifications serve to observe changes in gene expression that are not due to alterations in the DNA 

sequence; therefore, DNA methylation is a crucial epigenetic process involving the addition of a methyl 

group (CH3) to a cytosine base in a DNA sequence. 

 

In sows, although research on HS-specific epigenetics is in its infancy, epigenetic programming 

is a recognized component of fetal programming (Wang et al., 2008). This epigenetic modulation could 

partly explain why the negative effects of heat during gestation can transcend to the offspring 

(transgenerational effects). 

 

5. Analytes and hormonal responses  

 

5.1 Glucose  

 

Glucose is the main source of energy in animals (Gurbuz and Ogut, 2020). The main source of glucose 

for pigs is starch (Pan et al., 2020). Glucose is found and transported in the blood; in pigs, the normal 

concentration is 70-100 milligrams (mg) per 100 ml of blood (Fang et al., 2022). 

 

|Animals subjected to HS can be observed to eliminate glucose from their bodies more quickly 

(Almohawes and Alruhaimi, 2020). Insulin sensitivity has been shown to be higher in pigs in the growth 

phase because the animals require more glucose to maintain their thermal balance (Fan et al., 2020).  

 

Glucose levels drop because the immune system requires large amounts of glucose and this 

system is stimulated in the presence of HS (Yang et al., 2020). When pigs are subjected to HS and there 

is a decrease in feed intake, there is a chain of reactions that alters insulin production, which controls 

glucose levels (Serviento et al., 2020). 
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Box 11 

 

Figure 8 

Serum glucose concentrations of sows under heat stress and thermoneutral 

conditions during gestation, lactation, and weaning 

 

 
 

Adapted from Safranski et al. (2013) 
 

In general, blood glucose levels showed the same pattern in both groups of sows (Figure 8). 

However, in TN sows, these levels decreased initially, increased towards the end of gestation, and then 

steadily decreased from lactation to weaning. On the other hand, HS sows showed no changes in glucose 

levels during the first 60 days of gestation, but did experience an increase towards the end, which 

continued to rise and remain elevated at the beginning and middle of lactation, respectively. This leads 

to persistent metabolic alterations, such as a refractory effect to the period of thermal exposure. In fact, 

high glucose levels do not necessarily indicate insulin resistance; on the contrary, it is important to report 

blood insulin and NEFA levels because they indicate the following: 1. Transient metabolic alteration 

and adaptation during lactation. 2. Changes in nutrient distribution and endocrine regulation. 3. Influence 

on lactation efficiency and subsequent reproductive recovery (Cánovas et al., 2024). However, during 

late gestation in sows under normal conditions, blood glucose levels increase substantially as part of 

fetal programming (Theil et al., 2022). This increase is driven by metabolic needs: high fetal growth, 

mammary gland development, preparation for lactation, and hormonal changes, including leptin, which 

increase nutrient availability for the fetuses. However, in sows under HS, blood glucose levels also tend 

to increase (hyperglycemia) as part of the metabolic stress response, where reduced feed intake is known 

to occur. This is primarily due to activation of the HPA axis, which releases cortisol, promoting hepatic 

gluconeogenesis to supply emergency energy related to hyperthermia in pigs (Huau et al., 2024; Li et 

al., 2025; Luo et al., 2025). 

 

5.2 Triglycerides  

 

These are a group of important lipids present in the blood (Marins et al., 2020), When blood glucose 

levels are altered, this affects triglyceride levels because when there is a glucose deficiency, triglycerides 

are used as an energy source, causing a negative energy balance (Sarandol et al., 2020). Most 

triglycerides leave the hepatocyte to be used as an energy source, so in the long term, liver problems can 

develop if the animal is subjected to chronic HS (Peng et al., 2021).  

 

5.3 Cholesterol  

 

Both cholesterol and glucose are strongly related to energy metabolism (Kaseda et al., 2020). It also 

participates in organs such as the adrenal glands, gonads, and liver as a precursor to steroid hormones 

(glucocorticoids, mineralocorticoids, and sex hormones), bile acids (glucocolic and taurocholic), and 

vitamin D. It is used by connective, muscle, nerve, and epithelial tissue to form cell membranes 

(Romoser et al., 2022).  

50

55

60

65

70

75

80

G
lu

co
se

, 
m

g
/d

L

HS TN

https://scholar.google.com/scholar?hl=es&as_sdt=0%2C5&q=Metabolic+and+hormonal+profile+of+first+parity+sows+exposed+to+a+controlled+heat+stress+during+gestation.+the+Proceeding+of+the+9th+International+Conference+on+Pig+Reproduction%2C+Olsztyn%2C+Poland%3A+173&btnG=
https://doi.org/10.1016/j.theriogenology.2024.10.002
https://doi.org/10.1093/jas/skac176
https://doi.org/10.1186/s12864-024-09999-1
https://doi.org/10.3390/ani15233412
https://doi.org/10.3390/ani15233412
https://doi.org/10.1016/j.jtherbio.2025.104319
https://doi.org/10.3168/jds.2020-18380
https://doi.org/10.4149/BLL_2020_036
https://doi.org/10.1111/asj.13543
https://doi.org/10.1016/j.phrs.2020.104633
https://doi.org/10.1093/jas/skac007


126 

 

 

The levels of this metabolite can vary depending on the age, breed, sex, environmental 

conditions, physiological status, and diet of the animals (Faheem et al., 2021). It has been shown that 

levels are related to environmental adaptability through the alteration of metabolic activity (Kaseda et 

al., 2020). Under HS conditions, cholesterol levels decrease (Pu et al., 2020). 

 

5.4 Progesterone  

 

The P4 is a hormone that helps maintain pregnancy (Kawano et al., 2022). When a pregnant sow 

undergoes HS, her levels of this hormone are reduced (Ake et al., 2023). During the luteal phase of the 

cycle, P4 production is altered (Chikkagoudara et al., 2022).  

 

This can prevent the formation of the corpus luteum and cause early luteolysis through the 

induction of prostaglandin F2α (Giersch et al., 2022). Overall, there is an increase in lipopolysaccharides, 

which alters the receptivity of P4 in the uterus, which can also be reflected in the development and 

survival of the embryo (Pantoja et al., 2023). 

 

Young sows exposed to 35 °C exhibited altered concentrations and patterns of P4, estradiol (E2), 

and glucocorticoids (Lucy and Safranski, 2017). In fact, HS directly activates the hypothalamic-

pituitary-adrenal axis (HPA), stimulating the adrenal gland to release glucocorticoids (cortisol) and 

mineralocorticoids (aldosterone) into the bloodstream. However, if these levels increase, this triggers a 

cascade of effects on the HPG axis and gonadotropin-releasing hormone (GnRH), FSH, LH, E2, and P4, 

which in turn affects follicular development, oocyte maturation, the induction of estrus, ovulation, and 

pregnancy (Ross et al., 2017). 

 

Box 12 

 

Figure 9 

Serum progesterone concentrations of sows under heat stress and thermoneutral 

conditions during gestation, lactation, and weaning. 

 

 
 

Adapted from Knight and Kukoly (1990) 
 

The behavior of serum P4 levels in HS and TN animals at the beginning and during gestation is 

very similar (Figure 9). However, after adjustment of the number of corpora lutea and P4 synthesis, HS 

sows begin to show a decrease in P4 levels from day 30 onwards, compared to TN sows, where there is 

a slight drop 60 days later. A marked decrease is then observed at the beginning of lactation, followed 

by a recovery after weaning. The most relevant biological characteristic is that sows subjected to HS 

tend to have lower P4 concentrations during the second half of gestation, especially towards the end of 

pregnancy, suggesting that gestational HS may compromise the endocrine support necessary for 

maintaining pregnancy. However, despite the combined efforts of the placenta, corpora lutea, and 

adrenal glands, which synthesize serum P4 during gestation, there is deficient steroidogenesis.  
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Therefore, under HS conditions, alterations in luteal function may occur and decrease P4 levels, 

resulting in decreased embryonic or fetal survival, gestation time, birth weight, and reproductive 

efficiency in pigs and other mammals (Blitek et al., 2016; Correa-Calderon et al., 2021). 

 

5.5 Thyroxine and triiodothyronine 

 

These two thyroid hormones are essential for the proper functioning of the body (Zeitoun et al., 2022). 

They participate in multiple biochemical reactions and influence muscle tissue (Stewart et al., 2022). 

They are extremely relevant for determining metabolic and nutritional status (Rodriguez et al., 2022). 

 

Various studies have found that HS can reduce the secretion of these hormones (Sengupta and 

Kumar, 2022). In very high ambient temperatures, the body reduces the production of these hormones 

as a strategy to decrease food consumption and thus reduce metabolic heat production (Devi et al., 2021).  

 

When the animal's body temperature rises, thermal receptors are stimulated and tyrosine-

inhibiting factors are released, which reduces the production of thyroid-stimulating hormone (Correa-

Calderon et al., 2021). This can lead to malnutrition, developmental delays, anemia, anestrus, among 

other conditions (Rodriguez et al., 2022). 

 

6. Strategies for mitigating heat stress 

 

6.1 Nutrient management 

 

The HS poses a major challenge in pig herds, as a decrease in feed intake leads to problems with 

metabolism and animal welfare across various stages of production, including weaning, growth, 

development, reproduction, gestation, and lactation (Katiyar et al., 2025). Therefore, the primary 

nutritional strategy is to reduce the metabolic heat load. A low-calorie diet can alleviate the effects of HS 

(Zhang et al., 2020). Therefore, adjusting the energy content of diets can reduce the caloric load and 

improve physiological responses in pigs exposed to HS. Oxidative stress occurs due to an imbalance 

between the production of reactive oxygen species (ROS) and antioxidant capacity, and the 

administration of antioxidant supplements during HS has been used as a strategy to mitigate oxidative 

damage (Cottrell et al., 2015). Then, HS can cause intestinal permeability. Therefore, dietary strategies 

to reduce intestinal hyperpermeability include antioxidants (selenium, vitamin E, vitamin C, etc.), 

specific amino acids (e.g., glutamine, betaine), and minerals (e.g., zinc). In addition, functional molecules 

such as chromium and vitamin C possess immunomodulatory effects that could mitigate the negative 

effects of HS and reduce production losses during HS in pigs (Katiyar et al., 2025).  

 

On the other hand, low-calorie diets are achieved primarily by increasing the fat content of the 

diet and reducing the amount of protein or fiber (Mayorga et al., 2018). Digestion, absorption, and 

assimilation of dietary fat generate the least amount of heat compared to other nutrients. The fermentation 

of fiber in the digestive tract generates heat, and excess protein in the diet is also associated with increased 

heat production; therefore, minimizing fermentable diets and adjusting protein content during the 

summer helps reduce HS in pigs (Patience et al., 2015). 

 

6.2 Genetic management 

 

Various studies have examined adaptation and the negative effects of HS on livestock production, 

focusing primarily on environmental modifications and dietary changes without regard to economic and 

environmental costs (Avendaño et al., 2012; Cottrell et al., 2015; Mayorga et al., 2018; Renaudeau et al., 

2011). Currently, genetic management is focused on HS-tolerant genotypes, which includes the 

possibility of implementing other mitigation strategies in production units (Gourdine et al., 2021). This 

ensures that new livestock can produce and reproduce in heat-hostile environments. 

 

In fact, heat susceptibility is a heritable trait in pigs; therefore, genetics could offer a strategy for 

improving production performance during the summer (Katiyar et al., 2025). Currently, heat-tolerant 

pigs have been identified in specific regions with extreme climates; however, these pigs have been poorly 

characterized (Thornton et al., 2021). Despite this, much research remains to be done on the genetic 

aspects of heat tolerance, especially since genetic management is an area where results are seen over the 

long term. 
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A study conducted during the lactation period of Creole sows (>24.5 °C) and Large White sows 

(around 24.5 °C) under critical THI conditions revealed that physiological responses—such as rectal 

temperature, skin temperature at various sites, and respiratory rate—were higher in Large White sows 

than in Creole sows (Gourdine et al., 2007). Under these conditions, growing pigs exhibited the same 

adverse effects of HS in the Large White breed as in Creole pigs under chronic HS conditions 

(Renaudeau, 2005). Finally, it has been reported that daily feed intake (DFI) in Creole and Large White 

pigs under HS conditions is similar, but feeding behavior differed, with Creole pigs exhibiting less 

frequent but higher DFI due to a lower feeding rate (Renaudeau et al., 2006). Therefore, feeding behavior 

can likely be used as an indicator of thermoregulation in pigs (Cross et al., 2018). 

 

6.3 Environmental management 

 

Several studies indicate differences between heat dissipation mechanisms and physiological responses in 

animals (Table 4). Environmental modifications, such as evaporative cooling systems, sprinkler and fan-

based cooling systems, conduction systems (cooling floor), and/or continuous dripping at the snout, 

appear to provide efficient relief from the negative effects of high humidity, resulting in increased daily 

feeding efficiency (DFI) and overall well-being. The use of fans without an integrated hydraulic sprinkler 

system, relying solely on air velocity, can improve convective heat loss, provided that relative humidity 

(RH) is low and the facility design considers cooling to benefit from their use; however, if the facilities 

are inherently hot, heat dissipation is usually minimal or nonexistent (Godyń et al., 2020; Johnson et al., 

2020). It is important to remember that pigs, due to their inefficiency in dissipating body heat through 

evaporation, naturally tend to stay in cool, damp areas within the pen. Currently, the combination of 

systems such as floors cooled with chilled drinking water or localized air conditioning systems improves 

sow comfort and reduces physiological responses during hot periods, depending on the production stage 

(Cabezón et al., 2017; Perin et al., 2015; Roth, 2022).  

 

Box 13 
 

Table 4 

Strategies for mitigating heat stress in sows: physiological and productive effects. 

 
Cooling 

system / 

Strategy 

Heat transfer 

mechanism 

Key references Species / 

stage 

Variables 

evaluated 

Main effects Level of 

evidence 

Limitations 

Increased 

ventilation rate 

Convection / 

evaporation 

Quiniou and Noblet 

(1999); Williams et al. 

(2013) 

Lactating 

sows 

Rectal temperature, 

feed intake, 

performance 

Reduced heat load, 

improved thermal 

comfort 

Moderate 

(indirect 

evidence) 

Limited effect 

when 

ventilation is 

already high 

Increased air 

velocity (tunnel 

ventilation) 

Convection Bjerg et al. (2018) Growing 

pigs 

(extrapolated 

to sows) 

Effective 

temperature 

Improved heat 

dissipation 

Low Lack of direct 

evidence in 

sows 

Directed 

airflow toward 
animals 

Convection 

(targeted) 

Heard et al. (1986) Lactating 

sows 

Respiration rate Improved localized 

cooling 

Low Limited 

quantitative 
data 

Snout cooling Convection + 

localized 

cooling 

Heard et al. (1986); 

McGlone et al. (1988); 

Perin et al. (2015) 

Lactating 

sows 

Feed intake, piglet 

growth, rectal 

temperature 

↓ respiration rate, ↑ 

feed intake, ↑ piglet 

growth 

High Installation 

complexity and 

cost 

Air 

conditioning 

Ambient 

temperature 

reduction 

— General Ambient 

temperature 

High theoretical 

cooling capacity 

Low (limited 

field use) 

High energy 

cost 

Evaporative 

cooling 

Evaporation Kiefer et al. (2012) Lactating 

sows 

Feed intake, litter 

weight 

↑ feed intake, ↑ 

litter growth 

Moderate Reduced 

efficiency at 

high humidity 

Floor cooling Conduction Van Wagenberg et al. 

(2006); Cabezón et al. 

(2017); Maskal et al. 
(2018) 

Lactating 

sows 

Respiration rate, 

rectal temperature, 

feed intake 

↓ respiration rate, ↓ 

body temperature, 

↑ intake, ↑ litter 
growth 

High Installation 

requirements 

Radiative 

cooling 

Radiation Pang et al. (2011) Sows Surface 

temperature, 

respiration rate 

Reduced thermal 

load 

Low Technical 

complexity 

Drip cooling Evaporation 

(direct skin 

wetting) 

Murphy et al. (1987); 

Dong et al. (2001); 

McGlone et al. (1988) 

Lactating 

sows 

Respiration rate, 

body temperature, 

feed intake 

↓ respiration rate, ↓ 

temperature, ↑ 

intake, ↑ litter 

weight 

High Water 

management 

required 

Water 

sprinkling 

Evaporation — General Not specified Potential cooling 

effect 

Low (poorly 

documented) 

Lack of 

scientific 

validation 

Increased 
insulation 

Radiation / 
conduction 

control 

— Housing 
systems 

Indoor temperature Reduced heat gain 
from environment 

Low Limited effect 
in modern 

facilities 

        

Adapted from Bjerg et al. (2019) 
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Summer temperatures can easily exceed 25 °C, reaching highs of 40 °C in the afternoon and 

remaining high for hours. Maximum temperatures inside the facilities are influenced by their design and 

cooling systems and affect how pigs respond to HS (Mayorga et al., 2018). Both humidity levels and 

temperatures can be higher in certain locations during the summer and affect the pig’s ability to cool 

itself. Outdoor humidity in summer often exceeds 50% for hours throughout the day in northern Mexico, 

suggesting that the THI might be a better measure for linking the environment to reduced fertility in pigs 

(Avendaño et al., 2012). Finally, although no cooling system is 100% effective, successful heat 

mitigation must consider various factors in an additive manner, such as genetic crossbreeding, nutritional 

management, and cool facilities that improve the productive and reproductive efficiency of sows. 

 

Conclusions 

 

Heat stress has negative effects on the reproductive performance and efficiency of sows in various arid 

and tropical regions of the world. Sows are highly vulnerable to ambient heat, and dissipating it is 

physiologically challenging. Decreases in reproductive responses such as estrus expression rate, fertility 

rate, farrowing rate, conception rate, and prolificacy rate have been reported. Heat stress also affects 

ovarian activity, follicular development, embryonic survival, maternal recognition of pregnancy, 

progesterone and glucose synthesis. Gestational heat stress compromise’s placental function, fetal 

development, and postnatal performance. Heat stress mitigation strategies in sows should integrate 

environmental, nutritional, genetic, and reproductive management, aimed at improving thermal comfort, 

animal welfare, and productivity. Deep physiological, endocrine, and molecular understanding is key to 

designing innovative and sustainable strategies that optimize sow reproductive efficiency in the face of 

heat stress. 
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HS  Heat stress 

THI   Temperature-Humidity Index 

P4  Progesterone 

GnRH  Gonadotropin-releasing hormone 

FSH  Follicle-stimulating hormone 
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LH  Luteinizing hormone 

E2  Estradiol 

HPG  Hypothalamic-pituitary-gonadal axis 

HPA  Hypothalamic-pituitary-adrenal axis 

TNZ  Thermoneutral zone 

bpm  Breaths per minute 

IUGR   Intrauterine growth restriction 

IUHS  Intrauterine heat stress 
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