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Abstract Reproductive fitness may be regarded as the most important criteria for
studying or evaluating animal adaptation. Body systems activated by stress are
considered to influence reproduction by altering the activities of the hypothalamus,
pituitary gland, or gonads. Activation of stress pathways may directly affect the
activity of Gonadotropin-releasing hormone (GnRH) neurons within the hypo-
thalamus or higher neural centers which in turn affects the synthesis or secretion of
GnRH into the hypophysial portal blood. It is also possible that stress directly
influences the responsiveness of gonadotrophin cells in the anterior pituitary gland
via the action of GnRH. A further potential action of stress is to alter the feedback
actions of sex steroids in the hypothalamus or pituitary and inhibin in the anterior
pituitary gland. Reproduction processes in animals may be impacted during heat
exposure and glucocorticoids are paramount in mediating the inhibitory effects of
stress on reproduction. Glucocorticoids are capable of enhancing the negative
feedback effects of estradiol and reducing the stimulation of GnRH receptor
expression by estrogen. Glucocorticoids may also exert direct inhibitory effects on
gonadal steroid secretion and sensitivity of target tissues to sex steroids. Heat
stress (HS) influences estrous incidences and embryo production. The birth
weights of lambs of heat stressed ewes are generally lower than the unstressed
animals. This could be attributed to the fact that HS may cause a temporal
impairment of placental size and function, resulting in a transient reduction in fetal
growth rate. Secretion of the hormones regulating reproductive tract function may
also be altered by HS. Further, HS can inhibit 3-beta-hydroxysteroid dehydroge-
nase (3b HSD) thereby minimizing progesterone secretion from luteal cells.
Aromatase is an enzyme that converts androgens into estrogens and is present in

S. M. K. Naqvi (&) � D. Kumar � R. Kr. Paul � V. Sejian
Division of Physiology and Biochemistry, Central Sheep and Wool Research Institute,
Avikanagar, Jaipur, Rajasthan 304501, India
e-mail: naqvismk@yahoo.co.in

V. Sejian et al. (eds.), Environmental Stress and Amelioration
in Livestock Production, DOI: 10.1007/978-3-642-29205-7_5,
� Springer-Verlag Berlin Heidelberg 2012

97



the granulosa cells. By inhibiting the expression of this enzyme, HS may induce
follicular atresia and consequently anestrus. Effects of steroid hormones on
reproductive tract tissue could be reduced during exposure to HS due to increased
synthesis of heat shock proteins (HSPs)—HSP 70 and HSP 90. Increased synthesis
of HSP might alter assembly, transport, or binding activities of steroid receptors.
Further, increased magnitude of these stresses will increase secretion of prosta-
glandin and reduce the secretion of interferon tau which affects the maternal
recognition of pregnancy. In male, HS adversely affects spermatogenesis by
inhibiting the proliferation of spermatocytes. This chapter will address the effect of
environmental stresses on livestock reproduction.
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5.1 Introduction

Environmental stress is not limited to climatic factors but extends to nutrition,
housing, and any stimuli that demand a response from the animal to adapt to new
circumstances. Low energy and low or excessive protein levels in the diet are
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detrimental to reproduction. Likewise, high ambient temperatures, radiation, and
humidity alter the intricate balance of endocrine profiles, leading to lower intensity
of estrus behavior, anestrus, poor semen quality, embryonic death, and infertility.
Various chemical substances present in the environment may lead to infertility in
animals. Polluted soil, water, and air are major sources through which animals are
exposed to xenobiotics. Substances such as pesticide, dioxins, and organic solvents
which alter hormonal balance (endocrine disruptors) cause major damage to
livestock reproduction. However, other inherent (genetic) and environmental (feed,
climate, geographical location, diseases, etc.) factors also affect the reproductive
efficiency of animals. In ruminants, for example sheep, the reproductive efficiency
is determined by factors such as age of puberty, interlambing period, ovulation
rate, estrus incidences, fertilization, embryo implantation, pregnancy, parturition,
lactation, and mothering ability (Snowder 2008). A greater variability in various
genotypes of animal has been reported for each factor (Safari et al. 2005).

Reproductive efficiency of animals generally improves the production and
economic efficiency of any farm animal production system (Dickerson 1970).
Animal farming has a great significance in human activities. Globally, livestock
account for 40% of the world’s agricultural gross domestic product (GDP) and
generating employment for more than 1.3 billion people (FAO 2008, 2009). It also
contributes significantly to the livelihood of people (about 1.0 billion) living
below poverty level worldwide. Heat stress (HS) is known to have adverse impact
on reproductive functions in animals. Disruption of follicular development, oocyte
maturation, fertilization, embryogenesis and development, placental and fetus
growth in female animals are major events caused by HS. These deleterious effects
are manifested due to rise in the body temperature that could not be mitigated by
inefficient thermolytic mechanism.

In order to maintain body function in steady state, homeotherms are required to
maintain body temperature within a narrow range. Deviation from the set level of
body temperature under stressful hot environment leads to interference with
physiological events and consequently negative impacts on animal productivity.
The maintenance of homeotherms is dependent upon the energy flow from animal
to environment and vice versa. Effective ambient temperature (EAT) is a major
environmental factor controlling the energy flow. Due to the fact that various
factors influence the EAT viz. dry bulb temperature, wet bulb temperature,
humidity, wind speed, heat radiation, contact surfaces, etc., no satisfactory mea-
sures have been developed so far to quantify EAT and hence ambient temperature
is the most commonly used indicator. Sheep possess thick insulating boundary on
the body and only about 10% of solar radiation received by fleeced sheep reaches
to the skin. The exogenous (solar) heat load of the shorn sheep standing in sun may
be about 5–6 times greater than its internal heat production (resting metabolic
heat). Consequently, adaptation and mitigation of detrimental effects of extreme
climates have played a major role in combating the climatic impact in livestock
production (Khalifa 2003). Among the environmental variables affecting animals,
HS and nutritional stress seem to be the more intriguing factors making animal
production of many world areas difficult (Shelton 2000; Koubková et al. 2002).
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Animals can adapt to the hot climate; nevertheless, the response mechanisms are
helpful for survival but are detrimental to productive and reproductive perfor-
mance. Hence, attempt will be made in this chapter to particularly address the
effect of HS and nutrition stress on reproduction in livestock.

Animals live in complex environments in which they are constantly confronted
with short- and long-term changes due to a wide range of factors such as environ-
mental temperature, photoperiod, geographical location, nutrition, and socio-sexual
signals. Environment plays an important role in influencing the reproductive
performance of farm animals. Fertility of farm animals is affected by high ambient
temperature, excess humidity, severe cold, and lesser access to drinking water. HS,
due to high ambient temperature accompanied with excess humidity during summer
months, causes infertility in most of the farm species. Dairy cattle are particularly
susceptible to HS because of higher metabolic heat produced during milk production.
Furthermore, high yielding cows are most sensitive to HS. Nutrition modulates
reproductive functions in many species including sheep (Naqvi and Rai 1991).
Failure to rebreed due to decline in average sheep flock fertility results in more serves
per successful conception, extended lambing intervals, and increased culling (Naqvi
et al. 2002). Genetics, management, and nutrition have all contributed to this decline
in fertility. Nutritional deficiencies and imbalances are frequently implicated as an
important cause of infertility in sheep (Naqvi et al. 2011).

5.2 Probable Mechanisms of Stress Affecting Reproduction

Figure 5.1 describes different possible mechanisms by which stress affects
reproduction in livestock. These possible mechanisms are outlined below:

• The principal biological mechanism by which HS impacts on livestock repro-
duction is partly explained by reduced feed intake, and also includes altered
endocrine status, reduction in rumination and nutrient absorption, and increased
maintenance requirements resulting in a net decrease in nutrient/energy avail-
ability for reproduction

• Stress (heat, nutritional, pH, immunological, physiological, etc.) prevents the basic
cell function by causing improper folding of proteins. To cope with this, expressions
of HSPs like HSP70 are stimulated/upregulated. The basic function of HSPs is to
help in ‘proper folding’ of proteins so that the three-dimensional structure of the
protein is not compromised and thus maintaining its normal function. Further, the
cell diverts its entire transcriptional and translational machinery to synthesize
proteins that are required for maintaining ‘house keeping functions’ such as
cellular respiration, ATP synthesis, excretion of protons (H+ ions) at the expense of
other functions of the cell, e.g., testosterone production. To combat stress, the
Adrenocorticotropic hormone (ACTH)–Cortisol axis is activated and cortisol and
other glucocorticoids are produced to enhance stress tolerance.
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• Glucocorticoids are anti-inflammatory. They prevent the expression of cyclo-
oxygenase-2 (cox2) and lipoxygenase which gives rise to prostaglandins and
leukotrienes, respectively. Luteinizing hormone (LH) surge induces cox2 expres-
sion and PGE2 production. PGE2 is essential for ovulation but may be inhibited by
glucocorticoids.

• The growing fetus is under stress due to space and nutrient constraint. This fetal
stress activates ACTH-Cortisol axis. The fetal cortisol enters maternal circula-
tion and activates the expression of 17 alpha-hydroxylase enzyme in the pla-
centa. This enzyme converts progesterone into estrogen. Declining progesterone
levels with concomitant increase in estrogen levels induce parturition. Injection
of glucocorticoids (dexa, beta, prednisone, triamcenalone, etc.) any time after
first month of pregnancy induces abortion in sheep and goat. Glucocorticoids
prevent the ‘maturation of placentome’. Therefore, if parturition is induced with
steroids, retained fetal membranes are common sequel.

• Cortisol ‘stabilizes’ the lysosomal membrane and thereby prevents the release of
vasoactive substances (such as histamine, serotonin, heparin, substance P,

Fig. 5.1 Different mechanisms with which stress affects reproduction in livestock. Stress
stimulus on hypothalamus produces CRH which in turn acts on anterior pituitary to release
ACTH. ACTH atimulates cortisol release from adrenal cortex. Cortisol is the principal
glucocorticoid which inhibits reproductive function by acting on animal cell, ovary, reproductive
track in female and testis in male. Corticotrophin releasing hormone (CRH); Adrenocorticotropic
hormone (ACTH), Cycloxigenase 2 (COX2); Prostaglandin E2 (PGE2)
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proteolytic enzymes) and subsequently prevents inflammatory response. Most of the
common reproductive events such as ovulation, luteolysis, implantation, parturition,
and involution of the uterus are ‘physiological inflammation’. You may expect an
adverse effect on these events. Reproduction is basically a ‘luxurious phenomenon’
and appropriate when the animal is in just perfect homeostasis. In case of severe
stress, reproduction is typically the first physiological event to let go by the body.

• In female animals, stress can inhibit 3b HSD and minimize progesterone secretion
from luteal cells. Aromatase, an enzyme present in the granulosa cells, may be
inhibited to induce follicular atresia and anestrus. In male animals, stress adversely
affects spermatogenesis perhaps by inhibiting the proliferation of spermatocytes.
At cellular level, testosterone is converted into dihydrotestosterone (bioactive
form of testosterone) by 5 alpha reductase and stress may adversely affect the
expression of this enzyme.

5.3 Environmental Stresses and Female Reproduction

5.3.1 Effect on Superovulation

The reproductive efficiency of sheep is known to be adversely affected by
hyperthermia (Thwaites 1971; Sawyer 1979). HS is also known to influence the
superovulation response in sheep (Gordon 1997) and cattle (Hansen et al. 2001;
Alfujairi et al. 1993; Gordon et al. 1987; Monty and Racowsky 1987) in a multiple
ovulation and embryo transfer programme. Ewes exposed to HS produced rela-
tively poor quality embryos when compared to ewes that were not exposed to HS.
The results indicate that HS could adversely affect the quality of the embryos in
Bharat Merino sheep reared in semi-arid tropics (Naqvi et al. 2004). The effect of
HS on superovulation has been reported to vary in cattle. Monty and Racowsky
(1987) reported no influence on superovulation response in Holstein cows, while
adverse effects were observed by other workers (Gordon et al. 1987; Alfujairi et al.
1993). Alfujairi et al. (1993) reported a negative effect of hot summer on ovulation
rate, total ova/embryos, and quality of embryos in cows. Similarly, Gordon et al.
(1987) registered a highly significant difference in values recorded for Holstein
cows treated for superovulation during midsummer and winter/spring.

5.3.2 Estrus Intensity and Duration

HS influence on estrus incidences is a well-established fact (Naqvi et al. 2004;
Tabbaa et al. 2008). In general, duration and intensity of estrus in animals are
reduced due to HS (Younas et al. 1993; Gwazdauskas et al. 1981). Exposure of
Rambouillet cross ewes to severe HS from day 12 of the estrous cycle can extend
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the length of the cycle significantly (Dutt 1963). In addition, HS can influence the
onset of estrus (Sejian et al. 2011). Exposure of ewes to high ambient temperatures
1.5–6 days prior to estrus has been reported to reduce estrus occurrence in ewes
(Sawyer 1979). An alteration in the pulsatile release of LH and decrease in
estrogen secretion is a potential reason for the delay of onset of estrus in ewes after
exposure to HS. The normal GnRH release patterns (frequency and amplitude of
LH pulses secreted from the pituitary) are reduced by exposure to HS (Dobson and
Smith 2000). This results in abnormal ovarian functions and hence causes a delay
in the LH surge. Furthermore, HS alters follicular development and dominance
which leads to a decrease in estrogen secretion. Badinga et al. (1993) found
follicular dominance to be altered in cows that were heat stressed during the first
8 days of the estrous cycle. However, Gangawar et al. (1965) also reported the
duration of estrus to average 20 h in cows housed under cool conditions, compared
to 11 and 14 h for cows reared in a hot psychrometric chamber and summer
season, respectively. The intensity of estrus was also greater under cool than hot
environmental conditions. The estrus response, fertilization rate, and neonatal
survival may also decrease with HS (Mohamed 1974). The reduced estrus per-
centage and duration in livestock during summer months could be related to the
high plasma progesterone concentration due to HS. Presumably, the longer estrus
cycles were due to a slower rate of follicular maturation after corpus luteum (CL)
regression. This statement agrees with Stewart and Oldham (1986), who reported
that nutritional effect on ovulation rate seems to be more due to mechanisms that
are confined to final stages of folliculogenesis rather than change in secretion of
GnRH, LH, and follicle-stimulating hormone (FSH).

5.3.3 Sexual Behavior

HS reduces the normal manifestation of different sexual behaviors, which leads to
decrease in productive potential of animals. The variation in sexual behavior
pattern occurs in ewes during estrus, i.e., perceptivity (active search of ram) and
receptivity (acceptance of mating attempts by ram) (Banks 1964). However, in
Merino sheep sexual behavior occurs in the form of circling, tail fanning, head
turning, standing, and approaching ram (Lynch et al. 1992).

5.3.4 Oocyte Maturation

Oocyte maturation process is a complex event and involves nuclear, cytoplasmic,
and molecular maturation (Ferreira et al. 2009). Oocyte maturation, in vivo, begins
with the resumption of meiotic process which is facilitated by cumulus cells.
Calcium ions present in cumulus of oocyte brings about this nonhormone-
mediated meiotic induction (Webb et al. 2002).
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A sizeable population of livestock species in tropical and subtropical regions
of the world are exposed to elevated ambient temperature and thus experience
hyperthermia. HS, at the time of oocyte maturation (near estrus/breeding), is
most susceptible to hyperthermic condition and lead to reduction in infertility
(Cavestany et al. 1985; Putney et al. 1989). The magnitude of the effect of HS
on fertility is dependent on the intensity and duration of HS on the animals
(Cavestany et al. 1985; Barati et al. 2008). Ozawa et al. (2005) reported that
HS in goats reduced circulating concentrations of estradiol and lowered
follicular estradiol concentration, aromatase activity and LH receptor level, and
delayed ovulation. Elevated temperature condition during in vitro culture of
follicular cells of cattle reduced the steroid production (Bridges et al. 2005).
Estradiol secretion in response to GnRH diminished in goats exposed to HS
(Kanai et al. 1995). Figure 5.2 describes the direct and indirect effects of HS
(green arrows) on ovarian follicles, oocyte, and granulosa cells.

5.3.5 Nuclear Damage

Many research findings suggested that the exposure of oocytes to elevated temper-
ature induced DNA damage in oocytes prior to fertilization. Exposure of oocytes to

Fig. 5.2 Direct (hyperthermia) and indirect (negative energy balance associated with reduced
dry matter intake) effects of HS (green arrows) on ovarian follicles, oocyte, and granulosa cells.
Insulin-like growth factor-1 (IGF1), non-esterified fatty acids (NEFA). Metabolic parameters are
altered in blood (red text) and have been reflected in the follicular fluid (white text) (Source
Shehab-El-Deen 2011)
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elevated temperature (41.8�C) for 12 h reduces their ability to complete nuclear
maturation and development after fertilization. Similarly, Roth and Hansen (2004)
and Ju and Tseng (2004) reported that elevated temperature during maturation cul-
ture of oocytes induced DNA fragmentation and cytoskeleton disruption. When
Porcine oocytes are exposed to temperatures 41.0 or 38.5�C (sham control) for 0, 0.5,
1.0, or 1.5 h, followed by culture for 44 h, meiotic competence was compromised.
However, nuclear maturation can be improved with the use of antioxidants in heat
stressed oocytes (Lawrence et al. 2004; Maya-Soriano et al. 2010).

5.3.6 Molecular Changes

Heat exposure of animals may alter the biochemical composition of follicles which
indirectly affects the developmental competence of oocyte and quality of granulosa
cells. Molecular changes occurring during oocyte meiotic maturation affect

Fig. 5.3 Effects of HS on the organization of the oocyte at the cellular level (Source: Shehab-
El-Deen 2011). Left an unstressed oocyte, right oocyte under heat stress. Heat stress leads to
damage of the cytoskeleton and as such to poor alignment of the chromosomes (brown filaments).
Organelles such as the Golgi and the endoplasmic reticulum (blue) become fragmented and
disassemble. The number and integrity of mitochondria (dark blue) decreases. The synthesis of
HSPs decreases (purple). Also, there are changes in the membrane morphology, aggregation of
membrane proteins, and an increase in membrane fluidity. Together, all these effects stop cell
growth and lead to cell-cycle arrest
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developmental competence of later stage embryos. Later stage embryos derived
from the oocytes exposed to HS do not have optimum development competence as
compared to that of non-stressed oocytes (Edwards et al. 2009). Shehab-el-Deen
(2011) has demonstrated that exposure of high yielding dairy cows to summer HS
early postpartum reduces the diameter of dominant follicle and alters its
biochemical concentrations of glucose, IGF-1, NEFA, urea, and total cholesterol in
the follicular fluid. Figure 5.3 describes the effects of HS on the organization of the
oocyte at the cellular level.

Furthermore, protein synthesis in heat stressed oocytes is compromised
(Edwards and Hansen 1996). Rodriguez and Farin (2004) have described that
mRNA and proteins get accumulated in the oocyte during maturation and these are
used during process of fertilization and early cleavage of embryos. Oocytes are
incapable of synthesizing proteins during maturation and ovulation because they
are transcriptionally inactive after reaching a diameter of about 110 lm in the
tertiary follicle (Hyttel et al. 1997) or soon after GVBD (Rodman and Bachvarova
1976). Edwards and Hansen (1997) have demonstrated that exposure of oocyte to
HS does not increase concentration of HSP 70 in cattle. As is evident, HSPs play
an important role in protection of cells against HS through refolding the damaged
proteins and stabilizing rRNA as a protection mechanism (Duncan and Hershey
1989). But the inability of maturing oocyte to respond to HS and express HSP 70
render them vulnerable except getting some protection by utilization of maternal
RNA pools previously accumulated during oocyte growth for protein synthesis
(Wassarman and Letourneau 1976). Further, HS conditions could have deleterious
effects on oocyte growth, protein synthesis, and formation of transcripts required
for subsequent embryonic development. The consequence of HS on the maturing
oocyte can ultimately lead to a reduction in the capacity of an oocyte to be
fertilized and to develop into a blastocyst.

5.3.7 Fertilization and Embryo Development

Lenz et al. (1983) and Edwards and Hansen (1996) performed in vitro maturation
(IVM) and reported reduced maturation rate when bovine oocytes are exposed to
41�C. Subsequently, they also reported reduction in fertilization rate following in
vitro fertilization (IVF) at 41�C. Rivera and Hansen (2001) showed that bovine
oocytes fertilized at 41�C for 8 h had lower cleavage rates than did oocytes
fertilized at 38.5�C in vitro. However, incubation at 40�C during IVF had no effect
on cleavage rate and tended to increase the rate of oocytes forming blastocysts
compared with oocytes fertilized at 38.5�C. This study mimicked rectal temper-
atures recorded during very hot mid-summer days in southeast Queensland,
Australia. Sugiyama et al. (2007) recorded poor fertilization rates compared to the
control group confirming that not only do high ambient temperature during IVF
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impairs fertilization, but also that on exposure to a maximum of 41�C for only 4 h
is sufficient to adversely affect the outcome of IVF. Al-Katanani et al. (2002)
collected oocytes from cows during the summer and reported that they have a
reduced ability to develop to the blastocyst stage after IVF.

Most study suggests that early cleavages of embryos are sensitive to the
exposure to elevated temperature (Putney et al. 1989). The adverse impact of HS
declines as the embryo develops from 2-cell stage to morula and/or blastocyst
(Ealy et al. 1993). The crossbred ewes (Bharat Merino) exposed to HS (40�C and
58.4% RH) of 6 h/d (10.00–16.00 h) for 4 weeks, yielded relatively poor quality
embryos (Naqvi et al. 2004). In their study, the fertilization rate of the ewes was
not affected by HS. Exposing Holstein cows to elevated ambient temperature
(42�C for 10 h) during the periovulatory period increased the incidence of retarded
and/or abnormal embryos (Putney et al. 1989). Similarly, Dutt (1963) reported that
elevated ambient temperature 24 h prior to fertilization has no effect on the
fertilization rate but increases the incidences of embryonic abnormalities. Similar
results have been found in mice by Baumangartner and Chrisman (1987), who
indicated that HS prior to ovulation did not interfere with oocyte fertilization but
resulted in extensive developmental embryonic retardation.

The mechanism through which HS exerts influence on early embryos is not fully
understood. Some evidence suggests increased production of reactive oxygen
species (ROS) during preimplantation embryos following exposure to HS. Sakatani
et al. (2004, 2008) reported increased production of ROS in cattle preimplantation
embryos in response to elevated culture temperature. With the use of antioxidant, the
negative effect of HS on the developing bovine embryos could be alleviated
(Sakatani et al. 2008), but such effect was not reported by de Castroe Paula and
Hansen (2008). Impaired function of oocytes and embryos were seen when they were
exposed to heat during different stages of oocyte maturation and early embryo
development in both in vivo and in vitro systems (Edwards et al. 2001; Naqvi et al.
2004). Naqvi et al. (2004) reported no affect on fertilization rate but found abnormal
embryos from the Bharat Merino ewes exposed to HS during follicular phase.
Further, Ealy et al. (1993) found that HS on day 1 after breeding decreased sub-
sequent embryonic development. They further reported that HS on days 3, 5, or 7
after breeding, did not affect embryonic development. Therefore, the period of
embryonic sensitivity to HS begins early during the development of the follicle and
continues until about 1 day after breeding. Other studies based on in vitro culture
system in cattle reported that the HS effect on embryo is stage dependent and zygote
being most sensitive than the morula or blastocyst to high temperatures (Ealy et al.
1993; Edwards et al. 2001).

Exposure of bovine embryos to in vitro HS induces a range of effects including
increased apoptosis (Paula-Lopes and Hansen 2002), increased expression of
HSPs by porcine embryos (Bernardini et al. 2004), disruption of microtubule, and
microfilaments (Rivera et al. 2004).

5 Environmental Stresses and Livestock Reproduction 107



HS at and immediately after the time of breeding results in lower conception
rates. Heat stressed dairy cows tend to have a decrease in dry matter intake thus
reducing the amount of energy in their diet. In order to maintain pregnancy, it is
critical to sustain a healthy diet (Al-Katanani et al. 2002). Further, Du Preez et al.
(1991) developed three regression models relating conception rate (CR) and mean
monthly temperature-humidity index (THI) and reported that CR decreased with
increasing THI during summer season. Chronic HS leads to delayed ovulation, low
CR, as well as to a higher rate of abortions (Ben and Bouraoui 2009). Figure 5.4
represents the schematic description of the possible mechanisms generated by HS
which may affect reproduction in the lactating dairy cow.

HS reduces the length and intensity of estrus behavior, modifies endocrine function,
alters the oviductal and uterine environments, interrupts early embryonic development,
and ultimately, lowers the conception rates of dairy cattle (Hansen 2009; Wolfenson
2009). Collier et al. (2006) reported a 10% reduction in CR when cows were mated
during summer months. Similarly, HS can cause reduction in CR in sheep and goats,
and sheep embryo is most susceptible (Thwaites 1971).

Fig. 5.4 A schematic description of the possible mechanisms with which HS may affect
reproduction in the lactating dairy cow. HS can act in more than one way to reduce fertility in
lactating dairy cows. HS can reduce dry matter intake and indirectly inhibit GnRH and LH
secretion from the hypothalamo-pituitary system (dashed red lines). It is not clear if HS can
directly affect the hypothalamo-pituitary system (dashed blue line) to reduce GnRH and LH
secretion. HS can directly compromise the uterine environment (solid lines) to cause embryo loss
and infertility (Source Shehab-El-Deen 2011)
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5.4 Mechanisms of Nutritional Stress
in Livestock Reproduction

Figure 5.5 describes the mechanism with which nutritional stress affects repro-
duction. Nutrient deficiency decreases the blood leptin concentration. This acts on
the appetite control center in the brain and increases NPY which acts on the
hypothalamus to decrease GnRH secretion. This decreased GnRH simultaneously
leads to lower LH and FSH secretion from anterior pituitary. This in turn affects all
the reproductive organs that control specific events of reproduction.

5.5 Effect of Nutritional Stress on Livestock Reproduction

Nutritional stress is an important environmental factor that influences ruminant
fertility directly because it supplies specific nutrients required for oocyte
development, ovulation, fertilization, embryo survival, and the establishment of
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Fig. 5.5 Mechanism of nutritional stress affecting livestock reproduction. Deprived nutrition
reduces blood leptin concentration. This stimulates the hypothalamus to reduce secretion of
GnRH. This leads to reduced secretion of FSH and LH in the anterior pituitary. This leads to
reduced sex steroids production in the reproductive tract and affects all the reproductive processes
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pregnancy. Impact of nutritional stress on the circulating concentrations of the
reproductive hormones and other nutrient-sensitive metabolites required for the
physiological function has been highlighted (Robinson et al. 2006). Undernutrition
delays the onset of sexual maturation and negatively affects sexual behavior. Food
availability is the most important factor that influences mammalian reproduction
because undernutrition slows down development of ovarian follicles and reduces
lifetime reproductive performance in livestock (Rae et al. 2001). Changes in
dietary intake promote variations in concentrations of metabolic [insulin, leptin,
and IGF1] and reproductive hormones and consequently affect the developing
ovarian follicle and/or the composition of reproductive tract secretions which
provides histiotrophic nutrition to early embryos.

HS and feed scarcity often occur simultaneously and are the major predisposing
factors that cause low livestock productivity in tropical environment. Undernutrition of
donor ewes results in lower body weight (BW) and body condition score (BCS) with a
negative effect on oocyte quality such as low rates of cleavage. Further, low BCS
affects hormone production, fertilization, and early embryonic development (Boland
et al. 2001; Armstrong et al. 2003; Boland and Lonergan 2005; Sejian et al. 2010).

While reviewing the relationship between nutrition and reproduction, Scaramuzzi
et al. (2006) reported that energy balance (positive or negative) is regulated by a
series of complex interaction of metabolites and hormones. Feed restriction and
negative energy balance have been shown to alter follicular growth characteristics
in cattle (Murphy et al. 1991) and sheep (Yaakub et al. 1997) and ultimately, estrus
response. Restricted feeding (30% of ad lib intake) can significantly reduce the
duration of estrus (15 vs 26 h) and increase the estrus interval (31.5 vs 18.6 days) in
Malpura sheep (Maurya et al. 2004). The underlying mechanism for suppressed
intensity of estrus and estrus duration has not been elucidated (Rhind 1992).
However, it has been postulated that ovarian responses are influenced by the
availability of nutrients, e.g., glucose and amino acids (Downing et al. 1995).

Optimal reproductive rates are essential for profitable sheep production
(Vinoles et al. 2005). It has been postulated that nutrition is one of the main factors
affecting ovulation rate and sexual activity in sheep (Forcada and Abecia 2006;
Naqvi et al. 2011). Undernutrition during late pregnancy or in early postnatal life
can irreversibly reduce the lambing rates of ewes (Gunn et al. 1995). Nutritional
status has also been correlated with embryo survival in ewes and marked as key
factor influencing efficiency in animal reproduction technology (Armstrong et al.
2003; Webb et al. 2004).

There are reports indicating the level of feeding affecting oocyte quality in ewes
(Robinson et al. 2002). Ewes fed 50% of their maintenance requirements for two
weeks had reduced expression of glucose transporter 3 (SLC2A3), sodium/glucose
co-transporter 1 (SLC5A1), and Naþ/Kþ ATPase mRNA in oocytes, while expres-
sion of PTGS2, HAS2, and the leptin receptor in granulosa cells was increased
(Pisani et al. 2008). Reduced expression of SLC2A3 is potentially relevant in the
light of its significant role in post-implantation embryonic development (Schmidt
et al. 2009).
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Inadequate nutrition prior to calving results in emaciation of cows which delays
the onset of estrual activity post calving. This delay influences the percent of cows
available for breeding during the breeding season, thus reducing overall concep-
tion rates (Robinson et al. 2006; O’Callaghan et al. 2000). Lawson and Cahill
(1983) postulated that variations in the physiological range of peripheral proges-
terone concentration due to management factors such as nutrition may induce
asynchrony between the embryo and uterus resulting in failure of establishing
pregnancy. Further, undernutrition in ewes before and after mating can increase
embryonic mortality which consequently reduces the lambing rate (Rhind et al.
1989; Abecia et al. 2006).

5.6 Effect of Heat and Nutritional Stress on the Circulating
Reproductive Hormones

Reproductive endocrinology plays a key role in livestock productivity during
extreme climatic conditions. Endocrine responses to stress work toward sup-
pressing productive functions such as growth and reproduction while favoring
maintenance and survival (Rivest and Rivier 1995; Lindsay 1996). Heat and
nutritional stress may cause infertility in farm animals. Notably, stress response
involves the release of ACTH by the posterior pituitary gland and release of
cortisol by the adrenal cortex (Minton 1994; Aoyama et al. 2003). High cortisol
concentration in the system inhibits the pituitary response to GnRH (Dobson et al.
2001). However, cortisol decreases gonadal activity by reducing pulse frequency
and amplitude of the LH released by the gonadotrophs (Dobson et al. 2001; Breen
and Karsch 2004). The reduction of LH pulses in the luteal phase may induce
follicular atresia. Suppression of LH release patterns during the follicular phase
delays or inhibits the preovulatory LH surge and consequently disrupts the oocyte
maturation and embryo quality (Mihm et al. 1994).

The association between HS and increased secretion of cortisol, the principal
glucocorticoid hormone in small ruminants, is well documented (Ali and Hayder
2008; Sejian et al. 2008). Further, it is recognized that reproduction processes
are influenced during heat exposure (Tilbrook et al. 2002; Naqvi et al. 2004;
Kornmatitsuk et al. 2008). From these studies, it is pertinent to conclude that
glucocorticoids are paramount in mediating the inhibitory effects of stress on
reproduction. In support to this notion, various studies have shown that adminis-
tration of natural or synthetic glucocorticoids can inhibit the secretion of the
gonadotrophins in sheep (Juniewicz et al. 1987; Tilbrook et al. 2000). Further,
glucocorticoids are capable of enhancing the negative feedback effects of estradiol
and reducing the stimulation of GnRH receptor expression by estrogen (Adams et al.
1999; Daley et al. 1999). Glucocorticoids may also exert direct inhibitory effects on
gonadal steroid secretion and sensitivity of target tissues to sex steroids (Magiakou
et al. 1997). Inadequate nutrition delays or prevents the onset of puberty, interferes
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with normal cyclicity in the female, and results in hypogonadism (Sejian et al. 2010).
This in turn affects all other reproductive processes.

Most reproductive responses to environmental factors are coordinated at brain
level, where all external and internal inputs ultimately converge into a final
common pathway that controls the secretion of GnRH. In turn, this hormone
controls the secretion of gonadotrophins, the pituitary hormone, that determines
the activity of reproductive axis. The effects of HS on LH concentration in
peripheral blood plasma are inconsistent. Some studies report unchanged con-
centrations (Gwazdauskas et al. 1975; Howell et al. 1994). There are several
researchers who reported increased plasma LH concentrations (Roman-Ponce et al.
1981) while others reported decreased concentrations (Gilad et al. 1993; Lee 1993)
following HS. Plasma inhibin concentrations in summer are lower in heat stressed
cows (Wolfenson et al. 1993) and in cyclic buffaloes, in India (Palta et al. 1997),
perhaps reflecting reduced folliculogenesis since a significant proportion of plasma
inhibin comes from small- and medium-sized follicles. Inhibin is an important
factor in the regulation of FSH secretion (Findlay 1993; Kaneko et al. 1993).
A clear inverse relationship between plasma FSH and immunoreactive inhibin
concentrations was found throughout the oestrous cycle (Kaneko et al. 1997).
The small amount of published information suggests that FSH is increased by HS
and this may be due to decreased plasma inhibin production by compromised
follicles.

Plasma estradiol concentrations are reduced by HS in dairy cows (Wilson et al.
1998), an effect that is consistent with decreased concentrations of LH. The mech-
anisms by which HS alters the concentrations of circulating reproductive hormones
are not known. Some effects of HS may involve ACTH. HS can cause increased
cortisol secretion (Elvinger et al. 1992; Sejian et al. 2011), and ACTH has been
reported to block estradiol-induced sexual behavior (Hein and Allrich 1992).
Decrease of estradiol concentration in the follicular fluid is more likely to occur after
exposure to long-term, chronic (summer) HS than to acute HS. The effect of HS on
plasma progesterone concentration is controversial. Wilson et al. (1998) found that
HS had no effect on the plasma progesterone concentrations but that luteolysis was
delayed. Several other studies have reported increased (Trout et al. 1998; Sejian et al.
2011), decreased (Younas et al. 1993; Ronchi et al. 2001) or unchanged (Guzeloglu
et al. 2001) blood concentrations of this hormone during summer HS in dairy cows.
These differences probably arise because of uncontrolled changes in other factors
that affect blood progesterone concentrations.

It is generally accepted that nutrition modulates reproductive endocrine function
in many species including sheep (Lindsay et al. 1993; Polkowska 1996). Kiyma
et al. (2004) reported that serum concentrations of estradiol were lower in
undernourished ewes. Similar results were reported in other species (Morin 1986;
Otukongyong et al. 2000). Decreased concentration of estrogen may result from
diminished ovarian follicular development caused by suppressed peripheral
concentration of gonadotrophins (Gougeon 1996). Adams et al. (1994) contradicted
this finding that undernourished ewes had lower plasma estradiol 17-b concentra-
tion. They established that food restriction is clearly associated with higher plasma

112 S. M. K. Naqvi et al.



concentration of estradiol 17-b concentration in ewes. Bell et al. (1989) reported
that chronic HS exposure reduced plasma progesterone concentration in ewes. But
Sejian et al. (2011) contradicted the above findings in which heat exposure
significantly increased the plasma progesterone concentration. The level of nutri-
tion and peripheral progesterone concentrations are inversely related (Parr 1992;
Lozano et al. 1998) in ewes. This inverse relationship between the level of feed
intake and plasma progesterone concentration was attributed to difference in
metabolic clearance rate of progesterone (Parr et al. 1993). This view was further
strengthened by the finding of Forcada and Albecia (2006) which states that dif-
ference in the rate of clearance rather than differences in secretion levels can
explain the apparent inverse relationship between nutrition and peripheral
progesterone concentrations in ewes. Plasma progesterone concentrations are
determined by the differences between the rate of luteal production and the rate of
hepatic metabolism. Both are affected by changes in dry matter intake. The
increased plasma progesterone concentration in undernourished animals might be
due to the limited extravascular pool in such animals with low body fat content
(Lamond et al. 1972; Sejian et al. 2011). The reduced plasma progesterone
concentration in the ad libitum fed ewes could be attributed to a consequence of
higher metabolism of steroid by the liver (Parr et al. 1982).

5.7 Environmental Stresses and Male Reproduction

5.7.1 Scrotal and Testicular Morphology

Scrotal circumference and testicular consistency, tone, size, and weight are
excellent indicators of sperm production capacity and spermatogenic functions. HS
reduces these testicular measurements due to the degeneration of the germinal
epithelium and partial atrophy in semniferous tubules. Mikelsen et al. (1981)
recorded lowest scrotal circumference values during summer and the highest in
autumn in rams. However, Hafez et al. (1955) reported that testes size of farm
animals is not affected by seasonal changes. However, exposure to cold induces
morphological, histopathological, and biochemical effects in rat testes (Blanco
et al. 2007; El-Shahat et al. 2009).

5.7.2 Spermatogenesis

The testes of most mammalian species are located extra abdominally in the scrotum
and function at a temperature that is a few degrees lower than normal body
temperature. In addition, there is an intricate thermoregulatory system in the testis
involving countercurrent exchange of heat from warm blood entering the testis and
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cool blood draining from the testis through an arterio-venous plexus called the
pampiniform plexus. The degree of cooling is further controlled by two muscles: the
tunica dartos in the scrotum that regulates scrotal surface area and the cremaster
muscle that controls the position of the scrotum relative to the body. The lower
intratesticular temperature is necessary for spermatogenesis and any disruption to
thermoregulatory system of testis may cause problems in spermatogenesis. It can be
observed when a local heat source is applied to the testis, the scrotum is insulated, the
testes are internalized (i.e., cryptorchidism induced) or body temperature is raised
because of fever or hot environment (Setchell 1998).

Exposure of testis to high temperature impairs spermatogenesis by elimination of
spermatogonial germ cells in the seminiferous tubules and degeneration of sertoli
and leydig cells. The heat damage in the testes is thought to be due to hypoxia causing
oxidative stress and consequently germ cell apoptosis and DNA strand breaks
(Perez-Crespo et al. 2008; Paul et al. 2008, 2009) mainly in pachytene spermatocytes
and round spermatids (Lue et al. 2002). Spermatogonia are relatively resistant to heat
compared to spermatocytes and spermatids, because of the fact that the number of
spermatogonia remains unchanged and the morphological characteristics are less
sensitive to heat exposure (Yin et al. 1997; Lue et al. 2000). Additionally, the testis is
able to be repopulated with germ cells following a relative brief or mild temperature
exposure (Lue et al. 1999; Yin et al. 1997).

Spermatogenic defects of HS are associated with decreased cytoplasmatic HSP60
immunoreactivity in spermatogonia (Werner et al. 1997). This decreased cytoplasmic
HSP60 may negatively affect the mitotic proliferation of spermatogonia because
of the fact that HSP60 is necessary for normal functioning of mitochondria. Normal
spermatogonia proliferation continues to be drastically reduced for weeks even after
the end of the heat treatment. The effects of heat on the spermatogonia seem to be
dependent on the method, temperature, duration of heat application, and the livestock
species. Exposure of rat testes to 43�C for 15 min causes only a slight increase
of ‘‘undetermined’’ tubules 2, 8, and 26 days after heat exposure, whereas rats
acclimatized to an environment of 35�C for 3 months showed 20% of severely affected
tubular cross- sections. In llama, 38.2% of the tubular cross-sections showed ‘‘no
stage’’ directly after the heat period, indicating that the llama is less able to stabilize an
optimal temperature within the testes in elevated ambient heat conditions compared
to the rat (Schwalm et al. 2007).

5.7.3 Seminal Attributes

Semen characteristics are not immediately affected by changes in testicular
temperature because damaged spermatogenic cells do not enter ejaculates for some
time after HS. In the bull, for example, where spermatogenesis takes about
61 days, alterations in semen occur about two weeks after HS and do not return to
normal until up to eight weeks following the end of HS.
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HS has a negative effect on semen attributes, such as sperm concentration,
sperm motility, sperm viability, sperm morphology, and acrosome integrity. The
seasonal infertility may be due, at least in part, to a combination of these
parameters. Lower semen quality has been reported in bulls exposed to ambient
temperatures over 27�C for as little as 6 h per day for several weeks. At 30�C
semen quality was affected in 5 weeks, whereas at 38�C lower quality was
observed in 2 weeks. In a study by Voglera et al. (1993) in bulls, the sperm
motility starts declining on day 12 and reach lowest on day 15 after scrotal
insulation for 48 h. Morphological changes first appear on day 12 and progress to
peak on day 18 in a chronological sequence, i.e., tailless, (Days12–15); diadem,
(Day 18); pyriform and nuclear vacuoles, (Day 21); knobbed acrosome, (Day 27);
and Dag defect, (Day 30). Spermatozoa that appeared before 12 days of insulation
were presumed to be in the epididymis or rete testes during scrotal insulation and
the spermatozoa appeared after 12 days of insulation were presumed to be in
spermatogenesis during scrotal insulation.

In rabbits, Marai et al. (2002) have reported that the HS did not have significant
effect on reaction time, semen pH, sperm motility, percentages of dead sperm,
sperm abnormalities, and acrosomal damage; however, ejaculate volume, sperm
concentration, and total sperm output were significantly lower under HS. In
seminal plasma, effects of HS were not significant on total protein, globulin, total
lipid, cholesterol, creatinine, and alkaline phosphatase, while seminal plasma
albumin, acid phosphatase were significantly lower, and GPT and GOT were
significantly higher in HS conditions.

5.7.4 Sperm Capacitation and Fertilization

A satisfactory level of rams’ fertility may be retained throughout the whole year, but in
many instances, fertility is depressed when mating occurs during the hot months of the
year (Hafez 1987). A high percentage of rams could be sterile during the summer time,
especially under conditions of high humidity. Conception failure in ewes mated to heat
stressed ram was related to a failure to fertilize than to embryonic mortality (Curtis
1983). Fertility of the rams is related to several phenomena: the ability to mate, sexual
desire, sperm production and viability, and fertilizing capacity of ejaculated sperm,
which are influenced by elevated ambient temperatures, as well as nutritional level.

The seasonal infertility may be due to early occurrence of the acrosome reaction
in response to stimulus, possibly resulting from a decrease in acrosomal stabilizing
proteins in the seminal plasma during summer (Murase et al. 2007). These changes
may be modulated by heat/humidity stress and/or photoperiod-regulated testos-
terone. The decrease in seminal plasma and intracellular ion (Ca, Na+ and Cl-)
concentrations due to high temperatures can also contribute to decreasing male
fertility (Karaca et al. 2002).

There are a number of reports in the literature that suggest males exposed to HS
can produce sperm which do not produce normal offspring in unexposed females.
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Sperm produced by mice which had been exposed to a hot environment, bind to
ova normally but are less able to fertilize in vivo and in vitro, even when motile
sperms are selected by a swim-up procedure, and many of the resultant embryos do
not develop normally.

In two different studies involving male mice exposed in a microclimate chamber to
36�C for 24 h Zhu and Setchell (2004) and Zhu et al. (2004) reported that there were no
changes in the proportion of eggs showing two polar bodies if the mice were mated after
subjecting them to HS on 7 or 35 days. However, the proportion of zygotes progressing
to 2-cell stage by 34–39 h after mating was reduced when mating occurred 21 or
35 days after subjecting them to HS. Likewise, the proportion progressing to 4-cell or
morulae by 61–65 h was reduced when mating occurred 7 or 21 days after HS. The
proportion reaching blastocyst stage by 85–90 h after mating was reduced when mating
occurred 7 or 21 days after HS, and the proportion of expanded blastocysts was reduced
by mating on day 35. The proportion of abnormal embryos at 61–65 h and 85–90 h was
increased by mating at 21 days post heat. When embryos were collected 25–28 h after
human chorionic gonadotrophin (hCG) from mated superovulated females and cultured
in vitro, development to 2-cell stage after 24 h of culture was normal with mating on day
3 or day 42, but reduced for days 7, 14, 21, 28, and 35; the 4-cell or morulae after 48 h
culture, the 8-cell or blastocysts after 72 h, and blastocysts after 96 or 120 h culture
were reduced with mating on the same days post heat. The percentage of abnormal
embryos was increased after 48, 72, or 96 h of culture with mating on days 14–35, and
the proportion of degenerating embryos after 72, 96, or 120 h culture was increased with
mating on days 7–28, 7–35, and 3–35 post heat, respectively.

In another study, involving male mice exposed to 35�C for two periods of 12 h
on consecutive days (Yaeram et al. 2006), the proportion of ova reaching 2-cell
stage by 24 h after mating with superovulated females had fallen slightly when
mating occurred 7 days post heat and appreciably with mating after 10 or 14 days.
Using IVF, it was found that the same number of motile sperm from the epidi-
dymis of males heated 7, 10, or 14 days earlier were less effective in terms of the
proportion of ova fertilized, with no effect 3 days after heating. Even when motile
sperm were separated from immotile sperm in the sample by a swim-up procedure,
a similar result was obtained. This was not due to a reduction in the number of
sperm binding to the zona pellucida, but there were reductions in the proportion of
ova with sperm in the perivitelline space and in the cytoplasm of the eggs.

In a different study, bulls were subjected to scrotal insulation for 48 h and semen
samples were collected and cryopreserved 2 or 3 weeks later. Following IVF with
swim-up sperm from these samples, there were decreased rates of sperm penetration,
pronuclear formation (Walters et al. 2006), embryo cleavage, development, and
blastocyst formation (Walters et al. 2005). The same bulls produced embryos with
increased caspase activity after 8 days in culture, but there was no effect on apop-
tosis, as judged by percentage of cells positive in the TUNEL procedure. Paul et al.
(2008) reported that IVF with sperm recovered from male mice in which the scrotum
was heated to 42�C resulted in embryos with reduced ability to complete develop-
ment. In addition, females mated to males exposed to scrotal heating had conceptuses
with smaller fetal and placental weights compared with controls.
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Data are equivocal as to whether ejaculated spermatozoa can be damaged by heat
shock when deposited in the reproductive tract of a hyperthermic female. Culture of
bull spermatozoa at 40�C did not alter fertilizing capability or the competence of the
resultant embryos to develop to the blastocyst stage (Hendricks and Hansen 2009).
In addition, they reported that ejaculated bull and stallion spermatozoa do not undergo
apoptosis when cultured at temperatures characteristic of physiological hyperthermia.
Nonetheless, there may be epigenetic changes in embryonic development associated
with damage to the sperm in the reproductive tract. Insemination of rabbit done with
sperm exposed to elevated temperature in vitro (Burfening and Ulberg 1968) or in the
female reproductive tract (Howarth et al. 1965) resulted in reduced preimplantation as
well as post-implantation survival. There is also evidence that X and Y spermatozoa
are affected differentially by elevated temperature. The sex ratio of embryos was
skewed toward female when female mice were bred to males experiencing scrotal heat
treatment on the day of mating (Perez-Crespo et al. 2008). In contrast, incubation
of sperm at 40�C for 4 h when compared with 38.5�C tended to reduce the proportion
of embryos that were female following IVF (Hendricks and Hansen 2009).

5.7.5 Testosterone Concentration

Testes testosterone content fell from 1.1 to 0.4 lg/gm and spermatic vein plasma
content from 8.2 to 1.9 lg/dl, when rams were exposed for 14 days to an average
environmental temperature of 30�C (Curtis 1983). The lowest serum testosterone level
was recorded during hot environmental conditions in Ossimi rams (El-Darawany 1999).
Exposure of the intact rat to increased environmental temperatures is accompanied
by decreased capacity of the testes to synthesize testosterone and consequently reduced
serum testosterone concentration (Chap and Bedrack 1983). However, in developing
ram lambs, direct exposure to high ambient temperature has no significant effect on
testosterone production during non-breeding season (Rasooli et al. 2010). Short day-
light stimulates the secretion of testosterone, FSH and LH in rams, while long daylight
inhibits their secretion. Rams sexual activities peak occurs during the autumn breeding
season and coincides with a sharp rise in plasma testosterone level. Then it declines
in late winter, spring, and summer (Jainuden and Hafez 1987).

5.7.6 Expression Profile of Male Reproductive Genes During
Heat Stress

It is widely accepted that changes in gene expression and in the activity of
expressed proteins are an integral part of the cellular response to HS. Although the
HSPs are perhaps the best-studied examples of genes whose expression is affected
by heat shock, it has become apparent in recent years that HS also leads to
induction of a substantial number of genes not traditionally considered to be HSPs.
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Some of these genes are affected by a wide variety of stressors and probably
represent a non-specific cellular response to stress, whereas others may eventually
be found to be specific to certain types of stress.

The cellular response to HS characteristically includes an increase in thermotoler-
ance (i.e., the ability to survive subsequent to more severe heat stresses) that is
temporarily associated with increased expression of HSPs. Heat-induced changes in
gene expression occur both during hyperthermia as well as after return to normothermia.

5.7.7 Heat Shock Protein Genes

HSPs were originally identified as proteins whose expression was markedly increased
by heat shock (Lindquist 1986). Several HSPs are expressed even in unstressed cells
and play important functions in normal cell physiology. The intensity and duration
of the heat stimulus needed for HSP expression vary considerably from tissue to tissue.
A typical in vitro exposure involves heating mammalian cells to 42–45�C for
20–60 min and then reverting to normothermic temperatures (37�C). Induction of HSP
expression typically starts within minutes after the initiation of HS, with peak
expression occurring up to several hours later. Importantly, several experiments have
found that, during the period of hyperthermia and shortly thereafter, HSPs become the
predominant proteins synthesized by cells (Lindquist 1986). Interestingly, most HSP
genes lack introns (Lindquist 1986), which may facilitate their rapid expression and
which may also help explain how they can be expressed in the presence of stressors
(such as heat) that can interfere with RNA splicing.

Heat shock factors (HSFs) are transcription factors that regulate HSP expression
through interaction with a specific DNA sequence in the promoter [the heat shock
element (HSE)]. The HSE is a stretch of DNA, located in the promoter region of
susceptible genes containing multiple sequential copies (adjacent and inverse) of the
consensus pentanucleotide sequence 50-nGAAn-30 (Morimoto 1998) and has been
found in both HSPs and in a number of other genes. Three HSFs have been identified
in mammalian systems: HSF-1, HSF-2, and HSF-4 (Morimoto 1998). HSF-1
(Morimoto 1998) and HSF-2 (Mathew et al. 2001) are involved in the acute response
to heat shock. HSF-2 also has a major function in controlling expression of genes
important for embryonic development and maintenance of sperm production (Wang
et al. 2003).

Before heat-induced activation, HSF-1 exists as a monomer localized to the
cytoplasm. The initial stimulus for activation of HSF-1 appears to take place after
exposure of hydrophobic domains of denatured proteins to HS. HSPs preferentially
bind to denatured proteins, and hence activation of HSF-1 may occur as a result of
competitive release of this transcription factor from HSPs when the concentration
of denatured cytoplasmic proteins increases as a result of heat shock (Morimoto
1998). After activation by HS, HSF-1 is found primarily in the nucleus in trimeric
form, concentrated (in human cell lines) in granules (Sarge et al. 1993). It is this
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activated, trimeric form of HSF-1 that binds to the HSE and is involved in
increased HSP gene transcription during HS (Sarge et al. 1993).

Evidence has also indicated that HS induces tagging of HSF-1 with SUMO-1,
a ubiquitin-like protein that is used by the cell to mark proteins for transport into
different cellular compartments and to alter their activities (Hong et al. 2001).
Importantly, in these experiments, HSF-1, in vitro, was incapable of binding DNA
unless it had first acquired a SUMO-1 tag at lysine 298.

In addition to positive regulation of the HSE through HSF-1, evidence also
exists for negative regulation of this promoter element in mice by means of a
constitutively expressed protein known as the HSE binding factor (HSE-BF) (Liu
et al. 1993; Kim et al. 1995). Thus, in addition to a phosphorylation state, the
ability of HSF-1 to activate transcription may also be modulated by regulatory
processes that affect the binding of HSE-BF to the HSE.

5.8 Conclusion

This chapter identifies the various reproductive responses that are sensitive to HS and
nutrition stress. Evidently, HS can have profound effects on most of the aspects of
reproductive function—male and female gamete formation and function, embryonic
development, and fetal growth and development. HS challenges the reproductive
performance of livestock through a variety of altered physiologic means including:
altered follicular development, lowered estrus activity, and impaired embryonic
development. The effect of heat environment on reproduction may take place
through a direct action of hyperthermia upon the reproductive tissues or through
an indirect manner due to lower nutrients intake, impairment of hypothalamic,
pituitary, gonadal, and endometrial secretions. HS reduces reproductive efficiency of
livestock through a variety of different mechanisms. The principal biological
mechanism by which HS impacts on livestock reproduction is partly explained
by reduced feed intake, and also includes altered endocrine status, reduction in
rumination and nutrient absorption, and increased maintenance requirements
resulting in a net decrease in nutrient/energy availability for reproduction. Food
availability is the most important factor that influences mammalian reproduction.
Adequate feeding has great influence on animal comfort and reproductive perfor-
mance. Low energy and low or excessive protein levels in the diet are detrimental to
reproduction. Undernutrition affects the development of reproductive axis, delaying
the development of ovarian follicles and reducing lifetime reproductive performance
in livestock. Undernutrition of livestock results in lower BW and BCS which has a
negative effect on oocyte quality, which results in lower rates of cleavage, and
numerous reproductive functions including hormone production, fertilization, and
early embryonic development. Elevation of ambient temperature affects male
reproductive functions deleteriously. Such phenomenon leads to testicular degen-
eration and reduces percentages of normal and fertile spermatozoa in the ejaculate
of males. The ability of the male to mate and fertilize is also affected.
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