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a b s t r a c t

Healthy chickens are necessary to meet the ever-increasing demand for poultry meat. Birds are subjected
to numerous stressful conditions under commercial rearing systems, including variations in the envi-
ronmental temperature. However, it is difficult to counter the effects of global warming on the livestock
industry. High environmental temperature is a stressful condition that has detrimental effects on growth
and production performance, resulting in decreased feed intake, retarded growth, compromised gut
health, enhanced oxidative stress, and altered immune responses. Traditional approaches include
nutritional modification and housing management to mitigate the harmful effects of hot environments.
Currently, broiler chickens are more susceptible to heat stress (HS) than layer chickens because of their
high muscle mass and metabolic rate. In this review, we explored the possibility of in ovo manipulation
to combat HS in broiler chickens. Given their short lifespan from hatching to market age, embryonic life
is thought to be one of the critical periods for achieving these objectives. Chicken embryos can be
modulated through either temperature treatment or nourishment to improve thermal tolerance during
the rearing phase. We first provided a brief overview of the harmful effects of HS on poultry. An in-depth
evaluation was then presented for in ovo feeding and thermal manipulation as emerging strategies to
combat the negative effects of HS. Finally, we evaluated a combination of the two methods using the
available data. Taken together, these investigations suggest that embryonic manipulation has the po-
tential to confer heat resistance in chickens.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Commercially grown chickens are exposed to several stressful
conditions that affect production performance and ultimately cause
economic losses (Saeed et al., 2019). Increased ambient tempera-
ture is an environmental stressor that influences the production
capacity of chickens (Al-Saffar et al., 2002; Awad et al., 2020;
iation of Animal Science and
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Quinteiro-Filho et al., 2010). Owing to global warming, the poultry
industry is more likely to face extreme temperatures in the future
due to extreme weather variations. With elevated ambient tem-
peratures, heat stress (HS) can lead to significant economic losses
due to reduced growth rate, feed intake, egg production, meat
quality, and enhanced mortality (Mashaly et al., 2004; Quinteiro-
Filho et al., 2010).

The capacity of chickens to withstand high ambient tempera-
tures is low due to the absence of sweat glands compelling them to
depend onpanting to keep themselves cool (Ensminger et al.,1990).
With high metabolic rates, these negative factors make chickens
more susceptible to high temperatures. Various strategies have
been employed in attempt to alleviate the effects of HS in poultry,
including traditional approaches such as feed supplementation
(Niu et al., 2009) but their usefulness is limited. Traditional ap-
proaches to mitigating the adverse effects of HS to some extents
have already been well documented (Goel et al., 2021c; Shlomo,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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2000) and are beyond the scope of this review. This means that it is
essential to adopt new strategies to overcome the negative effects
of HS. The current review explores the possibility of improving
thermotolerance in commercial chickens by adopting strategies
such as in ovo supplementation, embryonic thermal manipulation,
and a combination of both strategies.

As the market age continues to decrease with progress in ge-
netic and nutritional understanding, broilers spend 30% to 40% of
their life span inside the egg (Hulet et al., 2007). Thus, the impor-
tance of the embryonic life stage has significantly increased. Any-
thing that can promote the reprogramming of the developing
embryo may have the ability to transform the life of chickens. In
light of the above information, manipulation during embryonic
development has also been attempted over the last few decades.
Thermal manipulation (TM) during incubation has been shown to
mitigate the effects of HS (Al-Zghoul et al., 2019a; Barri et al., 2011;
Loyau et al., 2015; Piestun et al., 2009). Another technique com-
prises in ovo feeding, by which substances such as nutrients are
administered to the eggs of chickens (Das et al., 2021; Kadam et al.,
2013; Retes et al., 2018; Uni et al., 2004, 2005) to improve their
performance and immunity (Goel et al., 2016, 2017). Extensive
work has been conducted to supplement nutrients inside the eggs
during embryogenesis in chickens (Das et al., 2021; Kadam et al.,
2013; Retes et al., 2018; Uni et al., 2004, 2005). Recently, in ovo
supplementation was tested to mitigate the effects of HS in
chickens (Han et al., 2017, 2018; Ncho et al., 2021a, 2021b).

The objective of this review was to explore the possibility of in
ovo manipulation to improve the thermotolerance of broiler
chickens. To this end, we first briefly overview the harmful effects
of HS in poultry and then provide an in-depth evaluation of in ovo
feeding and thermal manipulation as emerging strategies to com-
bat the negative effects of heat stress. Finally, a combination of the
two methods was assessed using available data.

2. Detrimental impact of high ambient temperature on
chickens

To perform optimally at their ideal capacity, birdsmust maintain
homeostasis with a thermal balance between themselves and their
environment. Thermo-balance is an equilibrium between ambient
heat and heat produced by living organisms, and should always be
in the thermoneutral range of any given species for optimal pro-
duction. Chickens perform best in the thermoneutral zone, which
ranges between 18 and 22 �C (Daghir, 2009). Disturbance in
thermo-balance leads to HS, adversely affecting bird performance
via behavioral, biochemical, and physiological adaptations. To
maintain normal body temperature under HS conditions, birds
exhibit panting behavior to cool off (Ensminger et al., 1990).
However, panting has detrimental effects on performance during
the rearing phase.

Modern poultry genotypes, which result from extreme selec-
tion, produce more body heat because of their higher metabolic
activity (Deeb et al., 2002). The simplest way to evaluate this is
through rectal temperature. For example, acute HS of 32.0 �C for 6 h
on the 33rd day of age resulted in enhanced rectal temperature in
chickens (Lin et al., 2006). Several studies have reported a reduction
in feed intake, body weight, and feed conversion ratio in chickens
exposed to HS (Awad et al., 2020; Niu et al., 2009; Quinteiro-Filho
et al., 2010, 2012). Furthermore, panting behavior and enhanced
energy loss have been observed under such conditions (Ensminger
et al., 1990; Kang et al., 2020; Sohail et al., 2012). Thus, an increase
in temperature during growth is unfavorable for birds and may
cause economic losses to the industry. These effects can therefore
be attributed to behavioral, metabolic, and physiological alterations
under high ambient temperatures. To enhance the present
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understanding of this sensitive issue, it is important to determine
the detrimental effects of high ambient temperatures in chickens.

For optimum functioning of the living system, the essential
nutrients are digested, absorbed by the intestine, and transported
to other tissues. Epithelial permeability and mucosal surface area
are responsible for nutrient absorption (Ferrer et al., 2003). The gut
microbiota also play an important role and can be modified by
nutrient supplementation. For instance, supplementation with a
fiber-rich diet for threeweeks enhanced the abundance of fibrolytic
bacterial genera on the 28th day of broiler age (Goel et al., 2021b).
The single-cell epithelial layer lining the gut lumen forms an
important barrier between the internal and external environments
of birds and plays a major role in the digestion and absorption of
nutrients. The intestinal barrier, which is responsible for gut
integrity, consists of tight junctions and is negatively affected by
high ambient temperatures (Goo et al., 2019; Lambert, 2009).
Extensive damage to the epithelial surface caused by HS increases
the intestinal permeability associated with massive generalized
sloughing and affects the morphological parameters of the
duodenal, jejunal, and ileal mucosa (Santos et al., 2015). As the
transfer of nutrients occurs through the intestinal epithelial
membrane, nutrient uptake is altered by themodified expression of
nutrient transporter genes under HS (Habashy et al., 2017a, 2017b).
The same was true for pathogens in the gut under HS conditions.
Acute heat stress increases pathogenic permeability through an
enhanced Shannon diversity index (Goel et al., 2021a), thus
impairing intestinal integrity, which can have negative effects, such
as infection and mortality (Alhenaky et al., 2017).

Heat shock proteins (HSP) are associated with regulatory
mechanisms of HS. The expression of HSP genes increases when
birds are exposed to HS (Wang et al., 1998). Breeds with higher
expression of the HSP70 gene suffered less during HS compared to
commercial lines, suggesting a protective role of the HSP70 gene in
chicken (Cedraz et al., 2017).

Oxidative stress is another concern because of the production of
reactive oxygen species (ROS) under HS. The activity of antioxidant
enzymes increases under HS (Yang et al., 2010). Therefore, it is
critical to control ROS production during HS. The assessment of
oxidative stress through antioxidant enzymes can prove to be an
effective method for predicting cellular stress levels in chickens,
but the interpretation of antioxidant enzyme activity should be
performed with the caution.

The chicken immune system is well developed and activated to
protect against adverse environmental conditions. Several studies
have evaluated the effects of HS on the immune response through
different immunological aspects in chickens (Mashaly et al., 2004;
Puthpongsiriporn et al., 2001; Zhang et al., 2014; Zulkifli et al.,
2000). For instance, the lymphoid organ weight (thymus, bursa,
and spleen) was decreased when broiler chickens were exposed to
36.0 �C for six days from 37th to the 42nd day of age (Quinteiro-
Filho et al., 2010). Furthermore, the white blood cell count and
serum antibody titer were decreased when commercial laying hens
were kept at 35.0 �C continuously for 5 weeks from the 31st to 35th
week of age (Mashaly et al., 2004).

3. Embryonic manipulation to afford thermotolerance

Variations in the incubation temperature affected the perfor-
mance of chicks after hatching. The optimum incubation temper-
ature is defined as the temperature required to achieve maximum
hatching potential (Hulet et al., 2007). Incubation temperature
disparity can act as a stressor for the developing embryo. The
commercial poultry industry demands high-yield, fast-growing
broilers. Today's fast-growing broilers have a relatively shorter
market age than in the past. Thus, in terms of total lifespan, it has
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increased the fraction of the embryonic life span, creating enor-
mous pressure on the embryo, which consequently lowers hatch-
ability and chick quality (Hulet et al., 2007). A slight inflection in the
incubation temperature acts as a stress on the developing embryo,
which modulates overall development by altering embryo size,
organ development, skeletal growth, and hatchability (Salahi et al.,
2012; Yalcin et al., 2003). However, a careful TM can result in
thermal conditioning (Al-Zghoul et al., 2013, 2019c; Goel et al.,
2022; Vinoth et al., 2018). Furthermore, in ovo feeding has shown
promising results in improving the immune status of chickens
during the rearing phase (Goel et al., 2016). Supplementing a va-
riety of nutrients using the in ovo approach can also render
adaptability to HS (Slawinska et al., 2019). To cope with the after-
effects of environmental stress, embryonic manipulation has
recently been attempted using TM or nutrient supplementation.

3.1. Thermal manipulation

3.1.1. Effect on hatchability
Modulation of the incubation temperature has been attempted

in the last few decades. However, the results have been inconsis-
tent. Hatchability is an important element for evaluating the
sensitivity of embryos to TM (Fig. 1). The evaluation of hatching
parameters is required before determining the HS-alleviating ef-
fects of TM. Hatchability was improved when eggs were acclima-
tized at 39 �C from the 16th to 18th day of incubation (Yahav et al.,
2004). In contrast, hatchability was either reduced or unaffected
when eggs were incubated at 39.6 or 39 �C from the 10th to 18th
day for 6 or 18 h daily (Narinç et al., 2016; Saleh et al., 2020). The
exposure time and duration of TM could pose as themain attributes
that resulted in the observed inconsistency.

Embryonic age: The selection of embryonic age for TM should be
carefully performed, as it has a direct impact on hatching rates.
However, opinions differ among the research groups. Narinç et al.
(2016) proposed the idea that long-term TM could reduce hatch-
ability. In confirmation, an experiment was conducted in which
Fig. 1. The relationship of hatchability with thermal manipulation (TM) during incu-
bation. The blue line indicates normal incubation conditions while the red line in-
dicates TM during incubation. The hatchability was reduced when TMwas done during
early incubation (Narinç et al., 2016) or done twice during the incubation period (Collin
et al., 2007). Long-term continuous TM also resulted in decreasing hatchability
(Piestun et al., 2008).
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hatchability decreased when eggs were incubated at 39.6 �C during
late incubation (10th to 18th day) in comparison to early incubation
(0 to 8th day) (Narinç et al., 2016). In contrast, no variations were
reported in hatchability when eggs were incubated at 39.0 �C for
18 h daily for the same period (Al-Zghoul et al., 2019a). This in-
dicates that temperature plays a more important role than expo-
sure time. In correlation, a decrease in the hatchability was
reportedwhen eggs were exposed to either 39.5 or 40.0 �C from the
12th to 18th day for 18 h daily in comparison to 37.8, 38.5, and
39.0 �C respectively (Al-Zghoul and El-Bahr, 2019).

Single vs. multiple TM: Dual TM, even for a shorter period is
more harmful to the developing embryo. This is evident from a
study in which the eggs incubated for 3 h daily at 39.5 �C from the
8th to 10th day and from the 16th to 18th day had reduced
hatchability (75.5%), compared with the control (88.2%) (Collin
et al., 2007). Furthermore, it is important to monitor the type of
thermal exposure during incubation. Continuous thermal exposure
has a more drastic effect on hatchability than cyclic exposure. For
instance, when incubated at 39.5 �C from the 7th to 16th day, eggs
that were continuously exposed for 24 h daily had lower hatch-
ability (50.6%) in comparison to eggs exposed to heat for 12 h daily
(79.4%) for the same period (Piestun et al., 2008). Thus, it can be
postulated that temperature modulation during incubation is an
important physiological factor that can sometimes act as a stressor,
but this can be overcome by careful selection of embryonic age,
temperature, duration, and type of exposure.

Incubation temperatures: It was found that the hatchability was
reduced from 91% to 87% when the incubation temperature was
decreased from 37.8 to 36.6 �C (Joseph et al., 2006). In contrast, no
changes were observed in the hatchability and performance of
chicks produced from the eggs incubated at higher temperatures of
approximately 39.5 �C (Barri et al., 2011). This implies that chicken
embryos are more sensitive to lower temperatures than to higher
ones. The complex nature of the embryo responds differently to
changing environmental conditions at specific temperatures and
times. Furthermore, not affecting hatchability performance at
higher temperatures during incubation can be viewed as a window
of opportunity to create thermotolerance in chicks.

3.1.2. Effects on chick quality
Chick weight at hatching is the major parameter that de-

termines the quality of the chick. The viability of an effective TM
depends on the hatchling quality. Genetic selection and breeder
nutrition are major factors. The amount of residual yolk is impor-
tant for nurturing the embryo to the last stage of incubation but has
decreased over the last few decades (van der Wagt et al., 2020).
Thus, it is essential to maintain high-quality chicks that can survive
the transition period from hatchery to farm. Furthermore, body
weight at hatching comprises a vital factor in determining the final
chicken weight at slaughter; therefore, it is essential to ascertain
the quality of chicks through hatchling weight (Sklan et al., 2003b).
In contrast, no relationship has been found between hatchling
weight and slaughter weight in male broilers (Molenaar et al.,
2008). Although chick length could be a better indicator
(Molenaar et al., 2008), it has been suggested as a crude parameter
for measuring chick quality (Deeming, 2005). Therefore, the chick
weight is still a popular parameter that indicates chick quality.
Similarly, the effects of TM on body weight are somewhat contro-
versial depending on studies, inwhich incubation temperatures are
above or below the standard. When eggs were incubated at 39.5 �C
either from the 8th to 10th day, 16th to 18th day, or both for 3 h
daily, TM did not affect the body weight at the hatch (Collin et al.,
2007). This indicates that embryonic TM has no adverse effects
on body weight or chick quality. On the contrary, a recent study
found that eggs incubated at 38.5 and 40.0 �C from the 12th to 18th
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day for 18 h daily had higher body weight at hatching in compar-
ison to the control (37.8 �C) (Al-Zghoul and El-Bahr, 2019). When
eggs were incubated at 39.5 �C from the 7th to 16th embryonic day
for 12 h daily, hatching weight was reduced (Zaboli et al., 2017).
This indicated a lower tolerance capacity of the embryo in the early
stages of development before the 10th day of incubation. The role of
the hypothalamicepituitaryethyroid axis in thermal programming
is expected to be established during the last phase of incubation
(Jenkins et al., 2004; Morita et al., 2016). In conclusion, mid- or late-
term incubation might be more effective in improving hatchling
quality than the early incubation period.

3.1.3. Modulation of rectal temperature
Conditioning before hatching may help improve the heat

resistance of chickens by lowering rectal temperature. Rectal
temperature is considered an effective indicator of heat resistance
(De Basilio et al., 2003). Thermal manipulation may improve ther-
motolerance acquisition by lowering the cloacal temperature in
broiler chickens exposed to acute HS, making themmore adaptable
to changing environmental temperatures (Al-Zghoul et al., 2019c).
The effectiveness of TM can be assessed by evaluating rectal tem-
perature in newly hatched chicks. Recent studies have found that
rectal temperature decreases after embryonic TM. For instance, TM
at 39.5 �C for 3 h daily during the early (8th to 10th day) or late
(16th to 18th day) incubation period reduced rectal temperature in
chickens by approximately 0.3 �C (Collin et al., 2007). To demon-
strate the stability of TM, the reduction in body temperature at
hatching should be maintained consistently until the age of
slaughter. The heat-manipulated group with an incubation tem-
perature of 39.0 �C for 18 h daily from the 10th to 18th day had
continuously lower rectal temperatures during most of the rearing
period until the 35th day after hatching in Hubbard and Cobb
chickens (Al-Zghoul et al., 2019b). It is obvious that the rectal
temperature is elevated by HS, but chicks produced from heat-
manipulated eggs should possess a lower temperature to reduce
the aftereffects of HS. Thus, maintaining lower rectal temperatures
consistently in thermally manipulated Hubbard and Cobb chicks
during acute HS conditions, compared to controls, confirms its role
in suppressing the deleterious effects of HS in chickens. In addition,
a higher increase in rectal temperature was recorded in the control
group than in the TM group under chronic HS conditions (Al-
Zghoul et al., 2019a). Lower rectal temperatures indicated a
decrease in the metabolic rate of the chickens. Thermal manipu-
lation during incubation may be involved in reducing the effect of
HS by acclimatizing to environmental conditions andmodifying the
thermoregulatory threshold response. However, the exact mecha-
nism underlying this phenomenon remains unclear.

3.1.4. Effects on gut functions
Digestion and absorption comprise important processes for the

availability of nutrients to different tissues. The small intestine is
the initial site of nutrient absorption, but exposure to stressful
conditions may influence the morphological parameters of the
duodenal, jejunal, and ileal mucosa (Santos et al., 2015). Body
weight is directly correlated with feed intake, and HS exposure
tends to decrease feed intake and daily weight gain (Awad et al.,
2020; Nawab et al., 2018; Quinteiro-Filho et al., 2010). Deprived
feed intake may lead to a reduced supply of energy and nutrients
such as carbohydrates, amino acids, and fatty acids. In addition to
nutrient transport, the gastrointestinal tract prevents the intro-
duction of harmful substances into the body. Enterocytes, mucus,
and tight junctions are the major components of the intestinal
barrier and ensure its integrity (Lambert, 2009). Heat stress results
in intestinal barrier dysfunction by reducing the expression of
genes involved in tight junctions (Goo et al., 2019). The uptake of
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endotoxins is also increased by leaks in the intestines, which can
cause inflammation. A study conducted on thermal conditioning
(36.0 ± 1 �C) for 24 h on the 3rd day of age reported higher villus
volume on the 6th and 7th days of age in chicks (Uni et al., 2001). To
date, no information is available regarding the effect of TM on gut
integrity and the cause of hypophagia under HS conditions in
chickens, which can be of interest to future studies.

Carbohydrate absorption: The absorption of carbohydrates oc-
curs from the intestinal lumen to maintain a constant energy
supply (Sklan et al., 2003a). Several transporters are responsible for
controlling carbohydrate movement in chickens. These transporter
proteins are encoded by the SLC2 family. The transportation of
fructose alone occurs through glucose transporter 5 (GLUT-5), while
the transportation of glucose, galactose, and fructose is channelized
through GLUT-2 across the membranes (Uldry et al., 2004). Naþ-
dependent uptake of glucose and galactose occurs through
sodiumeglucose-linked transporter-1 (SGLT-1) (Wright and Turk,
2004). Thermal manipulation did not adversely affect carbohy-
drate uptake after hatching. Interestingly, no significant variations
were reported in the expression of the SGLT-1 and GLUT-5 genes at
the time of hatching when eggs were exposed to 39.6 �C from the
13th to 21st embryonic day (Barri et al., 2011). In general, cortico-
sterone levels increase under HS conditions. The release of corti-
costerone under HS conditions leads to the enhancement of glucose
transport gene expression such as SGLT-1, in the cell membrane
(Garriga et al., 2006). However, the expression of the GLUT-2 and
SGLT-1 genes was highest on the 1st day of HS and decreased slowly
in the TM group when chicks were exposed to chronic HS at 35 �C
from the 28th to 35th day (Al-Zghoul et al., 2019a). The decreasing
trend in SGLT-1 and GLUT-2 gene expression could be attributed to
the reduction in stress markers such as corticosterone production
under HS conditions, thus indicating the acquisition of thermotol-
erance in the TM group.

Amino acid absorption: Aspartate and glutamate have been
elucidated as the primary fuels for enterocytes, and their transport
takes place through the excitatory amino acid transporter-3
(EAAT3) (Kanai et al., 2004; Newsholme et al., 2003). The expres-
sion of the EAAT3 and PepT1 genes was upregulated in quails 10
days after hatching, when eggs were incubated at 38.5 and 39.5 �C
in comparison to the control (37.5 �C) (Rashid et al., 2016). Chicks
obtained from thermally manipulated embryos during incubation
may have responded well to the availability of feed after hatching
and may be correlated with improved gut health with intact
enterocytes due to enhanced aspartate and glutamate absorption.
Villus height and crypt depth were indicators of mucosal devel-
opment. When embryos were incubated at standard (37.4 �C) or
high (39.6 �C) temperatures from 13 to 21 days of incubation, villus
height and crypt depth were increased with enhanced expression
of the PepT1 gene 4 days after hatching (Barri et al., 2011). The
higher absorption of nutrients from the yolk sac and externally
available feed is most likely the reason for the improved gut health.
The effect of HS on modulating the expression of nutrient trans-
porter genes has already been described (Habashy et al., 2017a,
2017b) and digresses from the topic of present interest. However, to
describe the role of embryonic TM, it is essential to evaluate the
regulation of relevant nutrient transporter gene expression during
or after HS, which should be addressed in future studies.

Fatty acid absorption: It is critical to maintain the fatty acid
balance inside the body. The uptake of long-chain fatty acids from
intestinal digesta occurs through fatty acid-binding proteins (FABP)
(Prows et al., 1995). Heat stress accepts electrons from unsaturated
fatty acids and produces free radicals, which can increase lipid
peroxidation. This is evident from studies where the expression of
FABP1 was decreased after 12 days of HS in broilers (Habashy et al.,
2017b). However, the enhanced fatty acid uptake may diminish the
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negative effects of HS. Notably, the expression of fatty acid trans-
porter genes was increased in the TM group (39 �C) against the
control (37.8 �C) during HS at 35 �C for 7 days (Al-Zghoul et al.,
2019a). This could be due to the effective binding of FABP to fatty
acid metabolites generated by oxidation (Ek-Von Mentzer et al.,
2001). Moreover, the probability of TM inactivating lipid peroxi-
dation and preventing cell damage by oxidative degradation of
lipids under HS exists.
3.1.5. Effects of heat-stress markers
HSP gene family: The HSP gene family has been used as a marker

to detect HS in chickens. However, there are contradictory obser-
vations regarding HSP gene expression in chickens. Although an
early study showed reduced expression of HSP genes under HS
conditions in chickens (Yahav et al., 1997), subsequent studies have
been contradictory (Cedraz et al., 2017;Wang et al., 1998). Thus, the
role of HSP in embryonic TM remains unclear. To address this, eggs
were incubated at 38.8 �C for either 6 or 18 h a day from the 10th to
18th day, and found that the expression of the HSP70 gene was
upregulated at various embryonic stages (Al-Zghoul et al., 2013).
This suggests that the higher expression of HSP genes during the
incubation period will help the embryos develop thermotolerance
during the growing stages (Fig. 2). The next questionwas to identify
the role of TM during the rearing phase under HS. Thermal expo-
sure of eggs to 40.5 �C for 3 h on the 5th to 17th days of incubation
decreased the expression of HSP genes when birds were exposed to
35 �C at 15 to 42 days of age. Later on, the authors explained that
the reduced expression of HSP genes under HS in the TM group was
beneficial for chickens (Vinoth et al., 2018) and this was in accor-
dance with Yahav et al. (1997) and Rajkumar et al. (2015) wherein it
was observed that thermal conditioning during early age-induced
thermotolerance was due to enhanced adaptation, with the
outcome of a lower degree of HSP expression. In contrast, Al-Zghoul
et al. (2013, 2018) reported a higher expression of HSP genes when
chickens were exposed to 41.0 �C for 6 h during different growing
stages in thermally manipulated embryos. The authors suggested
that the higher expression of HSP genes in chicks subjected to HS
after TM treatment during incubation was due to the acquisition of
thermotolerance. However, further studies are required to
Fig. 2. Mid or late-term thermal manipulation induces heat shock proteins (HSP) and
cytokines during embryogenesis which helps the chicken to tolerate high ambient
temperatures by decreasing reactive oxygen species (ROS) generation and antioxidant
enzyme activity during the rearing phase. The diagram is drawn based on the articles
(Al-Zghoul et al., 2013, 2019c; Saleh et al., 2020).
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elucidate the exact mechanism underlying the acquisition of
thermotolerance.

Oxidative stress and antioxidant enzymes: ROS production un-
der high ambient temperature conditions comprises a major source
of oxidative stress in chickens. Antioxidant enzymes prevent ROS
production and can be used to determine stress intensity. During
HS, the total antioxidant activity and gene expression of antioxidant
enzymes increased (Kikusato et al., 2015; Yang et al., 2010),
implying that a decrease in antioxidant activity could be used as an
indicator of reduced oxidative stress and HS intensity. In a recent
study, TM was shown to reduce the total antioxidant capacity and
the expression of antioxidant enzyme-related genes such as nico-
tinamide adenine dinucleotide phosphate oxidase 4, superoxide
dismutase, and catalase in HS chickens (Al-Zghoul et al., 2019c;
Saleh et al., 2020). Therefore, it can be concluded that TM during
incubation assists in the development of thermotolerance in chicks
by reducing the oxidative stress levels in heat-exposed chickens
(Fig. 2). Despite the essential role of antioxidant enzymes, studies
on TM and HS in chickens are scarce. The role of TM during incu-
bation in regulating antioxidant enzymes when birds are subjected
to HS remains unclear and requires further investigation.

Immunomodulation: Immunity is evaluated to determine the
defensive role of TM in HS. The expression of cytokines and toll-like
receptors (TLR) is enhanced under HS (He et al., 2019; Varasteh
et al., 2015). Duck embryos that were kept at a 0.5 �C higher tem-
perature during the 1st to 21st days of incubation had higher
expression of inflammatory cytokines on the 25th day of incubation
(Shanmugasundaram et al., 2018), which could be related to HSP
induction. Higher expression may help prepare chicks to withstand
higher cellular concentrations of these genes in the presence of HS.
In this regard, it was shown that higher expression of genes related
to the induction pathway (HSP70, IL-6, IL-1b, TNF-a, NFkB50, TLR2,
and TLR4) was reported in the TM group when chicks were exposed
to acute HS at 40.0 �C for 7 h on the 28th day (Al-Zghoul et al.,
2019b). Thus, it is assumed that the protective action of TM could
be mediated through the enhanced expression of HSP and IL-6
genes in poultry under HS.

3.2. In ovo feeding

Extensive genetic selection and advances in feed technology
continue to improve modern commercial chickens, allowing them
to reach the market in approximately a month. Currently, much of
the life of broilers lies within the frame of embryos (Hulet et al.,
2007). This puts immense pressure on embryos to be viable and
healthy. Due to the fixed nutritional supplements during laying, the
perinatal period becomes critical, during which chicks can exposed
to stressors, including nutrient deficiency. In ovo enrichment has
been proposed to nourish the developing embryo and has the po-
tential to increase development and immunity resistance in
chickens (Goel et al., 2016, 2017). Many studies have explored
various aspects of in ovo feeding and have been extensively
reviewed previously (Das et al., 2021; Kadam et al., 2013). However,
the use of in ovo feeding to develop heat tolerance is still in
progress.

3.2.1. Nutrient supplementation
Initially, the need for in ovo supplementation was observed to

obtain healthier chicks at hatching and sustain the energy demands
required to transport chicks to distant locations in the early stages
of life (Shinde et al., 2018). Healthy chicks at hatching may show
characteristics of improved performance, immunity, and heat
tolerance. For example, during in ovo feeding, carbohydrates
improve immunity in chickens (Bhanja et al., 2015). However, the
latter study did not evaluate heat tolerance and thus requires
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further investigation. Vitamins also play important roles in
embryogenesis. In ovo, feeding chickens with various vitamins has
the potential to improve growth and immunity (Goel et al., 2013).
Vitamin C is a water-soluble vitamin used to mitigate heat stress by
improving production performance through antioxidant modula-
tion in chickens (Gouda et al., 2020). Recently, in ovo feeding of
both water- and fat-soluble vitamins has been tested to modify
nutrient uptake and antioxidant capacity in chickens. In ovo
feeding of vitamin C (3 mg/egg) on the 15th day of incubation
improved the antioxidant activity and immune function in chickens
(Zhu et al., 2019). Vitamin C also plays a role in neurotransmitter
modulation. Previous studies have suggested that vitamin C miti-
gates stress by regulating blood flow through the conversion of the
neurotransmitter dopamine to norepinephrine (Harrison et al.,
2009). However, further studies are warranted to explain the role
of in ovo feeding of vitamin C in modulating neurotransmitters.
Vitamin E has also been used tomitigate heat stress in chickens as it
can protect epithelial membranes from peroxidation under heat
stress (Oh et al., 2005). The role of vitamin E in combating heat
stress in chickens bymodulating immunity and antioxidant activity
has already been elucidated (Habibian et al., 2014; Jiang et al.,
2013). In ovo, vitamin E supplementation has been shown to
improve chick quality, intestinal development, antioxidants at
hatching, and immunity in heat-stressed chickens (Araújo et al.,
2019; Heidari et al., 2021). The basic phenomenon for mitigating
the adverse effects of heat stress by supplementing in ovo vitamins
(vitamins C and E) might be by protecting the cells from oxidative
stress through improved antioxidant status (Fig. 3). The role of
these vitamins in improving immune tolerance cannot be ruled out.

Amino acid requirements are critical for the development of
chicken embryos. The benefits of in ovo amino acid supplementa-
tion in improving growth and immunity have already been
documented (Bhanja et al., 2014; Gao et al., 2017). The concentra-
tion of free amino acids changes in different organs when chickens
are exposed to heat stress (Chowdhury et al., 2014; Ito et al., 2014).
Thus, exogenous supplementation with these amino acids may be
beneficial under oxidative stress conditions. Recently, researchers
have attempted to alleviate heat stress in chickens through the in
ovo feeding of amino acids. A study conducted on in ovo feeding of
L-leucine on the 7th embryonic day helped the chicken recover
from chronic heat stress bymodifying antioxidant levels (Han et al.,
2022). Gamma-aminobutyric acid (GABA) is another amino acid
that acts as an inhibitory neurotransmitter and thus has attracted
the attention of researchers for its utility under stress conditions.
Previous studies have suggested that dietary supplementationwith
GABA is beneficial for ameliorating the harmful effects of heat
stress in chickens (Al Wakeel et al., 2017; Choi, 2019; El-Naggar
et al., 2019). Recently, in ovo GABA feeding has been attempted to
Fig. 3. In ovo supplementation improves performance at hatch and reduces antioxidant
manipulation during embryogenesis increased hatchability and had higher antioxidant enzym
exposed to heat stress during the rearing phase showed lower antioxidant enzyme activity du
examples of in ovo injected materials. ROS ¼ reactive oxygen species.
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minimize the aftereffects of heat stress in chickens. Supplementa-
tion of GABA on the 17.5th day of incubation enhanced post-hatch
heat tolerance by increasing antioxidant-related genes and
decreasing the HSP-70 genewhen birds were exposed to 38.0 �C for
3 h on the 10th day of age (Ncho et al., 2021b). Furthermore, in ovo
GABA supplementation increased average daily gain and total
antioxidant capacity while reducing ACC gene expression and
corticosterone levels in broilers exposed to 33.0 �C for 6 h daily
from the 28th to 31st day of age (Ncho et al., 2021a).

Trace minerals, such as zinc and selenium have been used to
mitigate the adverse effects of heat stress in chickens (Calik et al.,
2022; Gul et al., 2021; Sahin et al., 2003). During in ovo feeding,
trace minerals can improve performance parameters, immune
tolerance, and meat quality of chickens (Goel et al., 2016; Kim et al.,
2022). However, they are rarely used in the direct context of heat
stress after in ovo feeding. One of the studies evaluated the effect of
in ovo feeding of nano-selenium and nano-zinc that was completed
on the hatch day and concluded that these nano-minerals can
alleviate oxidative stress by modifying antioxidants at hatching
when the temperature of incubationwas increased by 1.1 to 38.9 �C
from the 19th to 21st day of embryogenesis (Shokraneh et al.,
2020). Future studies are warranted in terms of in ovo feeding of
trace minerals to correlate their roles under heat stress conditions.

3.2.2. Bioactive substances
There is a recent trend towards the use of prebiotics, probiotics,

and synbiotics in poultry feeds. The use of such products as feed
additives has been extensively explored. However, their use as feed
additives is not the focus of the present study and has been pre-
sented elsewhere. The use of these products for embryonic feeding
could be effective in improving gut health and reducing the
destructive effects of stress in chickens. In general, probiotic
products comprise favorable bacteria that colonize the gut either
alone or in combination, whereas prebiotic products act as a sub-
strate for the colonization of favorable bacteria to promote the
utilization of nutrients more efficiently. Synbiotics comprise a
combination of probiotics and prebiotics that have a synergistic
effect on gut health. Due to the high vascularity of the chorioal-
lantoic membrane, it is expected that probiotic substances will be
able to migrate to the intestine after in ovo supplementation. The
presence of microbiota in the gut of the embryo is limited, and its
supplementation during incubation may augment the growth of
beneficial bacteria to improve the gut health of chickens after
hatching. This is evident from previous studies, where in ovo
supplementation of probiotics augmented the growth of beneficial
bacteria and reduced the colonization of pathogenic bacteria in the
intestine of chicks (Majidi-Mosleh et al., 2017). The colonization of
beneficial and pathogenic microbes in the gut is directly related to
production when birds are exposed to heat stress during the rearing phase. In ovo
e activity and immune responses (Zhu et al., 2019). In ovo manipulated embryos when
e to reduction in ROS generation in chickens (Slawinska et al., 2019). In parentheses are
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the growth performance of chickens. Body weight was found to be
higher in chicks on the 34th day of age when eggs were injected
with prebiotics or synbiotics on the 12th day of incubation
(Pruszynska-Oszmalek et al., 2015). Improvements in gut-mediated
growth performance may also be beneficial under challenging
conditions. However, limited information is available on the effect
of in ovo probiotic and synbiotic supplementation on the growth
performance of chickens reared under HS conditions. Few studies
have evaluated the effects of probiotic and prebiotic products on
the antioxidant status of HS chickens and reported their beneficial
effects. The reason behind this could be related to the reduced
blood supply in tissues due to excessive deposition of fibrin in veins
under HS, which causes intestinal hypoxia, ultimately resulting in
oxidative stress (Leon et al., 2010). Another reason for this could be
enhanced intestinal permeability due to tight junction dysfunction
arising from extensive epithelial surface damage under HS (Goo
et al., 2019; Lambert, 2009; Santos et al., 2015). In ovo feeding of
prebiotics, such as galactooligosaccharides (GOS), has been
explored comparatively in additional studies to evaluate its effects
on performance, welfare, immunity, antioxidants, and meat quality
in chickens. Evidently, in ovo feeding of GOS on the 12th day of
incubation reduced antioxidant enzyme expression in chicks when
theywere subjected to HS at 30.0 �C for 8.5 h on the 32nd day of age
(Slawinska et al., 2019). In this case, GOS supplementation during
embryogenesis may act as a microbiome stimulator and protective
agent to maintain intestinal integrity, decreasing the production of
ROS, which is the most harmful sequel of HS. In another study, in
ovo feeding of GOS on the 12th day of incubation did not affect the
performance and meat quality of slow-growing broilers and
showed higher resilience to enhanced temperatures (Tavaniello
et al., 2022). Meat quality cannot be ignored because it is a good
source of animal protein used for human consumption. In ovo
feeding with GOS (3.5 mg/egg) can restore the nutritional value of
meat bymaintaining the fatty acid content of meat in heat-exposed
chickens (Tavaniello et al., 2020).

The role of in ovo probiotic and prebiotic supplementation in
immunity modulation cannot be ruled out. In general, the reduc-
tion in pathogenic penetration owing to intact intestinal integrity
could be one of the major causes of improved immunity in in ovo
probiotic-supplemented chicks. The role of genes related to TLR,
along with their enhanced expression due to direct correlationwith
pathogen penetration, has already been explained previously (Goel
et al., 2021c). The downregulation of genes related to TLRs during
early age after in ovo supplementation with probiotics on the 18th
day of incubation confirmed its beneficial effects (Pender et al.,
2017). However, the role of interferons and interleukins after in
ovo supplementation with probiotics and prebiotics remains
unclear.

Pender et al. reported that in ovo supplementation with pro-
biotics (a mixture of Lactobacillus acidophilus, Lactobacillus casei,
Enterococcus faecium, and Bifidobacterium bifidum) on the 18th day
of incubationwas associatedwith the downregulation of interferon-
g, IL-4, and IL-13 genes in the ileum and cecal tonsils (Pender et al.,
2017). In contrast, Alizadeh et al. reported that the expression of
interferons and IL-13 genes was not affected when eggs were
injected with probiotics (multi-strain lactobacilli mixture) on the
18th day of incubation (Alizadeh et al., 2020). The differences in the
results could be attributed to the strain and dosage of probiotics
used in these studies. Furthermore, it is critical to identify the effect
of gut microbiota modifying products during stress conditions as
heat tends tomodify immune responses in chickens. A recent study
suggested that in ovo prebiotic (GOS) supplementation on the 12th
day of incubation tends to restore the enhanced gene expression of
interleukins such as IL-2 and IL-4, to normal, which was otherwise
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increased due to HS (Slawinska et al., 2019). The HS mitigating ef-
fects of in ovo GOS feeding could be due to its ability to modulate
the stress- and immune-related molecular pathways in slow-
growing broilers (Pietrzak et al., 2020). Future studies are
required to confirm the role of in ovo microbiota modifying prod-
ucts on interferons and interleukins in chickens.

3.3. Temperature manipulation and in ovo feeding

Incubation temperature is critical and any variation during
different incubation phases can modify nutrient absorption during
embryonic development. This is confirmed by studies demon-
strating a decrease in the availability of free amino acids such as
leucine, phenylalanine, and lysine in embryonic brain and liver
tissues when eggs were incubated at 38.6 �C for 6 h daily from the
10th to 18th day of incubation (Han et al., 2017). Embryonic sup-
plementation can help to meet the requirements for limiting nu-
trients during incubation. In ovo feeding is the only method used to
modify the nutritional status of eggs after laying. Limited infor-
mation regarding in ovo supplementation and thermal manipula-
tion is available to mitigate the effects of HS in chickens. Several
amino acids, such as leucine and methionine, have been investi-
gated in TM before and after hatching. In ovo feeding of L-Leu at the
7th day of incubation reduced plasma T4 levels at hatching and
improved thermotolerance by reducing the rectal temperature of
10th day chicks exposed to HS for 2 h (Han et al., 2019). Further-
more, Leu altered its metabolism in embryonic brain and liver tis-
sues, stimulated O2 consumption, heat production, and lipid
metabolism during embryogenesis, increased daily body temper-
ature at hatching, increased food intake, and body weight gain, and
improved the thermal tolerance of broiler chicks to HS (Han et al.,
2017, 2018). In a recent study, in ovo feeding was performed on
thermally manipulated embryos and it was found that TM and in
ovo GABA feeding independently improved body weight at hatch-
ing, while TM regulated the expression of heat shock protein- and
antioxidant-related genes in broilers (Goel et al., 2022). In another
study, the hepatic expression of HSP genes and antioxidant-related
genes was modified in cyclic heat-stressed broilers when embryos
were thermallymanipulated at 39.6 �C for 6 h daily from the 10th to
18th day and supplemented with in ovo GABA on 17.5th day of
incubation (Ncho et al., 2022a). The importance of rectal temper-
ature in heat-stressed chickens has been explained previously. A
recent study suggested that rectal temperature decreases at the end
of the cyclic heat stress stage, and the combination of thermal
manipulation with in ovo GABA supplementation reduces the
adverse effects of cyclic heat stress by enhancing the survival rates
in broiler chickens (Ncho et al., 2022b). In ovo feeding of methio-
nine on the 18th day of incubation of heat-exposed eggs resulted in
enhanced GSH-Px, IGF-I, and TLR4 gene expression, thyroid hor-
mone levels, antioxidant indices, reduced HSP70 and HSP90 gene
expression, corticosterone concentrations, and lipid profile, and
improved jejunal histomorphology in newly hatched chicks (Elnesr
et al., 2019; Elwan et al., 2019). In another study, in ovo feeding of
cysteine alone or in combinationwith lysine improved hatchability
and growth performance of broilers when embryos were thermally
manipulated at 39.6 �C for 6 h daily from the 10th to 18th day of
incubation (Ajayi et al., 2022). These studies suggest that feeding
amino acids in ovo can be used to overcome embryonic thermal
stress by modifying the oxidative, antioxidant, immune, and
metabolic pathways in chickens (Fig. 4). Thus, the role of phyto-
genic additives in overcoming stress cannot be ignored. During in
ovo feeding, black cumin extract improved hatchability, perfor-
mance, and antioxidant status of broilers when embryos were
thermally manipulated at 39.6 �C for 6 h daily from the 10th to 18th



Fig. 4. In ovo feeding to thermally manipulated embryos increases toll-like receptors
and growth hormone release and decreases the gene expression of heat shock proteins
(HSP) in hatchlings. The diagram is drawn based on the articles (Elnesr et al., 2019;
Elwan et al., 2019). Embryonic thermal manipulation during mid-term incubation and
in ovo supplementation during late-term incubation may enhance hatching perfor-
mance and reduce oxidative stress parameters in hatchlings. Such chickens are more
resistant to heat stress as they possess lower oxidation and stress parameters during
rearing conditions. In parentheses are examples of thermal manipulation or in ovo
injection.
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day of incubation (Oke et al., 2021). In conclusion, in ovo feeding is
attractive and could comprise a future technology that challenges
global warming for poultry production.

4. Conclusion

With the continuous improvement in genetic makeup, the
productivity and feed efficiency of commercial chickens have
greatly improved. Global warming has adversely affected the per-
formance of modern poultry. Manipulation of embryos could be the
future for creating heat-resistant chickens reared under high
ambient temperatures. Recent methods used for embryonic mod-
ulation are useful for mitigating the detrimental effects of HS.
Thermal manipulation during incubation helps attain heat toler-
ance by modifying chicken quality, rectal temperature, oxidative
stress, and immune regulation. The lack of knowledge regarding
the role of TM in terms of gut integrity, pathogen penetration, and
hypophagia during HS requires further investigation. In ovo sup-
plementation modifies nutrient uptake, metabolism, and antioxi-
dant capacity to generate thermotolerance in chickens. In ovo,
leucine feeding has been reported to increase prenatal metabolic
rates and lipid metabolism (Han et al., 2018). Chicks produced after
in ovo feeding with amino acids are expected to have lower body
temperature along with higher body weight and feed intake during
their early growth phase. Its efficacy during the later stages of HS
still needs to be explored and requires further investigation.
Furthermore, the expression of HS genes in response to HS needs to
be elucidated as contradictory observations often occur. The cor-
relation between pre- and post-hatch implementation requires
further precision to enhance its accuracy towards the variability of
results present in the different phases of incubation. To date, only a
few prebiotics, probiotics, and amino acids have been explored.
Additional work is required to fine-tune embryonic modulation for
commercial application on farms.
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