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a b s t r a c t

Heat stress (HS) occurs when temperatures exceed a physiological range, overwhelming compensatory
mechanisms. Most mammalian testes are ~4e5 �C cooler than core body temperature. Systemic HS or
localized warming of the testes affects all types of testicular cells, although germ cells are more sensitive
than either Sertoli or Leydig cells. Increased testicular temperature has deleterious effects on sperm
motility, morphology and fertility, with effects related to extent and duration of the increase. The major
consequence of HS on testis is destruction of germ cells by apoptosis, with pachytene spermatocytes,
spermatids and epididymal sperm being the most susceptible. In addition to the involvement of various
transcription factors, HS triggers production of reactive oxygen species (ROS), which cause apoptosis of
germ cells and DNA damage. Effects of HS on testes can be placed in three categories: testicular cells,
sperm quality, and ability of sperm to fertilize oocytes and support development. Various substances
have been given to animals, or added to semen, in attempts to ameliorate heat stress-induced damage to
testes and sperm. They have been divided into various groups according to their composition or activity,
as follows: amino acids, antibiotics, antioxidant cocktails, enzyme inhibitors, hormones, minerals,
naturally produced substances, phenolic compounds, traditional herbal medicines, and vitamins. Herein,
we summarized those substances according to their actions to mitigate HS’ three main mechanisms:
oxidative stress, germ cell apoptosis, and sperm quality deterioration and testicular damage. The most
promising approaches are to use substances that overcome these mechanisms, namely reducing
testicular oxidative stress, reducing or preventing apoptosis and promoting recovery of testicular tissue
and restoring sperm quality. Although some of these products have considerable promise, further studies
are needed to clarify their ability to preserve or restore fertility following HS; these may include more
advanced sperm analysis techniques, e.g. sperm epigenome or proteome, or direct assessment of
fertilization and development, including in vitro fertilization or breeding data (either natural service or
artificial insemination).

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Heat stress (HS) occurs when an animal is subjected to tem-
peratures that exceed its physiological range and compensatory
ability; it usually involves the entire body, although it may be
confined to a particular organ or anatomic area [1]. Regarding ef-
fects of HS on reproductive functions in mammals, spermatogen-
esis is particularly susceptible, with varying degrees of reduced
fertility [2].
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Temperature elevations associated with global warming refer to
increasing temperatures of the earth’s surface, attributed to
increasing concentrations of greenhouse gases (including CO2 and
methane) in the atmosphere. Greenhouse gas emissions may cause
a temperature rise of 1e3.5 �C over the next century [3]. Awarming
environment is predicted to have a strong influence on reproduc-
tive capacity of living organisms, contributing to selection of spe-
cies better adapted to new climatic conditions, with concomitant
reductions in numbers of less-adaptable species [4]. Whereas the
overall trend is for increased temperatures, it is well known that
there are substantial regional variations in the extent to which
ambient temperatures are increased and also large differences
among species and individuals in their susceptibility to HS.
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Therefore, effects of climate change on reproduction will be highly
variable.

This review describes impacts of HS as a result of climatic
changes, or various experimental models, on spermatogenesis and
male fertility. In addition, it also describes several categories of
compounds used to mitigate harmful effects of HS on testicular
tissues, sperm and male fertility.

2. Consequences of increased testicular temperature on male
fertility

2.1. Consequences of increased testicular temperature due to
climate change

Cattle use sweating and panting to remove excessive heat from
their bodies; however, if those mechanisms are insufficient for heat
transfer to the environment, this is the threshold at which the
ambient temperature is considered HS [5]. It is noteworthy that the
patterns of testicular HS (proportion of body involved, extent and
duration) under natural conditions e.g., cryptorchidism, varicocele,
and ambient heat exposure, vary markedly [6].

Several studies reported effects of increased environmental
temperatures on male reproduction. Bulls exposed to elevated
ambient temperatures (40 �C) had lower sperm quality, namely
reduced percentage of motile sperm and increased percentage of
abnormal sperm. Approximately 8 wk were required before semen
quality returned to normal [7e9]. In rams exposed to 5 h of high
ambient temperature (40 �C), the tunica dartos muscle relaxed and
scrotal sweat glands were activated; nevertheless, scrotal temper-
ature rose and the gradient between body and scrotal temperatures
decreased, indicating that thermoregulatory mechanisms were
insufficient to maintain scrotal temperature during exposure to
extreme heat [10].

Although increases in ambient temperature due to global
climate change are highly variable, in many locations, ambient
conditions are already causing testicular HS, with an expectation
that this will become more prevalent as global temperatures rise.
Simmental bulls (Bos taurus) had slightly higher rates of major
sperm defects in summer than in winter, with younger bulls more
sensitive to elevated ambient temperatures. With lower gluta-
thione peroxidase (GPx) activity in Simmental vs Nelore (Bos indi-
cus) bulls, lipid peroxidation in the former was high, consistent
with their higher percentages of defective sperm [11,12]. Greater
heat resistance in B. indicus versus B. taurus bulls and quality of
frozen-thawed semen from B. taurus bulls differs throughout the
year, with a high proportion of ejaculates discarded during summer
[13]. Furthermore, in rams, there is a marked decrease in testicular
blood flow, with a remarkable increase in both the resistive index
(RI) and the pulsatility index (PI) during hot months, with delete-
rious effects on seminal plasma enzymatic activity and various
aspects of semen quality [14].

2.2. Consequences of increased testicular temperature in various
experimental models

Although there are various HS models, they can generally be
divided into two major categories: whole-body heating or local
heating of the testes. Arguably, the most realistic model of HS is to
subject the entire animal to a hot environment. However, there are
two important considerations. First, the body responds in several
ways to heat stress and there are important physiological, meta-
bolic and endocrinological changes that could have indirect effects
on the testis. Second, the ability of the scrotal skin to produce sweat
can be affected by an animal’s prior exposure to heat, and thus,
testicular temperature can be quite variable in response to a given
heat exposure [15]. Furthermore, climate chambers are expensive,
not widely available and animals are typically confined, which can
reduce animal welfare and wellbeing.

The second major model, local heating of testes, is typically
accomplished in one of three ways: induced cryptorchidism, scrotal
insulation or short-term heating (the latter generally by immersion
in a water bath [15]). In farm animals, scrotal insulation (e.g. with a
cloth bag and insulating material) is the most common model to
simulate increased testicular temperature, by retaining heat and
also by interfering with scrotal sweating [16]. There are several
advantages, including being easy to do, inexpensive and there is no
need to confine animals after the insulation is applied. Regardless,
it has several limitations, including continuous, relatively high heat
applied to the testes, in the absence of whole-body warming and
systemic responses, reducing its relevance and usefulness as a
model for climate change. Furthermore, although this model has
been widely used, in most cases, the extent of testicular warming
was not determined, making it difficult to compare outcomes
among studies.

Impacts of heat load on scrotal thermoregulation have been
done by monitoring scrotal temperature. Most of these in-
vestigations were done as one-time measurements, or at most,
done two ormore times over a short interval, e.g.1 d [17e20]. Based
on such studies, it is well established that testes are kept ~4e5 �C
below core body temperature by means of special vascular ar-
rangements and other factors.

Consequences of increasing testicular temperature depend on
degree and duration of testicular heating. Although a brief, mild
increase in testicular temperature may only cause a temporary
reduction in sperm quality, sustained and/or severe testicular
heating is likely to induce infertility. Moreover, a prolonged, serious
thermal insult may cause spermatogenesis to cease permanently
[21]. Increases in testicular temperature do not immediately affect
sperm characteristics, as damaged spermatogenic cells typically do
not enter ejaculates for some time after HS. For instance, in bulls,
spermatogenesis takes ~61 d and changes in sperm morphology
and motility are apparent ~2 wk after HS and do not return to
normal for as long as 8 wk after HS terminates [9].

In this article, we categorize consequences of testicular HS as a
result of various experimental models into three components:
(2.2.1) Effects of HS on testicular cells; (2.2.2) Effects of HS on sperm
quality; and (2.2.3) Effects of HS on ability of sperm to fertilize
oocytes and support development.

2.2.1. Effects of HS on testicular cells
Increased testicular temperature, due to scrotal insulation or

other HS models, affects all types of testicular cells, although germ
cells are more sensitive than either Sertoli or Leydig cells [22].
Pachytene spermatocytes, spermatids and epididymal sperm are
the most heat-sensitive germ cells [15,23,24]. Scrotal insulation in
bulls affects both spermatids and immature sperm in the caput
epididymis, although selective sperm resorption in rete testis and
excurrent ducts may prevent or reduce number of affected sperm
from appearing in the ejaculate [25].

The major consequence of HS on testis is destruction of germ
cells by apoptosis [2]. As early as 1 or 2 d after mouse testes are
immersed in 42 �C water (HS), there is apoptosis of germ cells,
primarily at early (IeIV) and late (XIIeXIV) stages. Pachytene
spermatocytes in stages IeIV and IXeXII, diplotene and dividing
spermatocytes in stages XIIIeXIV, and early (stages IeIV) sper-
matocytes are cell types most frequently affected [26]. This
increased apoptosis of germ cells reduces testis size [27].

Based on genomic studies, some apoptotic genes including BCL-
2 Antagonist X (BAX; alpha isoform), BCL-2 Antagonist/Killer (BAK)
and Caspase-2 are downregulated under normal conditions [24,28].
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In recent studies, BCL-2 was downregulated ~30% (P < 0.05) in bulls
[29] and mice (Rizzoto et al., unpublished data) 24 h after heat
exposure, resulting in a molecular environment that promotes
apoptosis. Caspase-9 and Caspase-3, two hallmarks of apoptosis,
are activated after HS in rat germ cells, whereas their pharmaco-
logical inhibition prevents germ cell death, implicating caspases in
HS-induced death of germ cells [30,31]. Similarly, in a murine
model, at 14 d after heat exposure, there was ~4 fold upregulation
(P < 0.05) of Casp 8 (initiator), plus reductions (P < 0.05) in paired
testes weight and seminiferous tubules diameter (Rizzoto et al.,
unpublished data), with the latter two endpoints attributed to
apoptosis [32]. One of the main factors involved in this pathway is
the Heat Shock Factor 1 (HSF1) gene and its product, HSF1 protein;
the latter regulates development of heat shock proteins (HSPs) that
confer protection to cells after HS [33]. HSP 70 and 90 are the most
common HSPs in various tissues [34]. In response to HS, there is
upregulation of HSF1 and HSP genes, with increased expression of
their protein products, with a goal of preventing protein denatur-
ation and thus mitigating deleterious effects of HS [33]. To detect
the rapid activation of the chaperone system, testes were recovered
from B. indicus bulls after 12 h of testicular insulation; there was a
huge increase (~40 fold, P < 0.05) in expression of HSP 70 [29].
Additionally, HSF1 induces apoptosis of germ cells when over-
expressed in mice, but prevents heat-induced apoptosis of sperm
in mice lacking HSF1 [35e37].

Tumour suppressor p53 is a potential heat-responsive inducer
of germ cell apoptosis. Activity of p53 in testes is elevated after HS
and associated with loss of germ cells [38,39]. Following induction
of cryptorchidism in p53 knockout mice, death of male germ cells
was delayed, but still occurred, indicating that both p53-dependent
and p53-independent pathways mediate germ cell apoptosis [40].
Recent studies confirmed the involvement of the p53-dependent
pathway, leading to the activation of two distinct mechanisms,
namely intrinsic and extrinsic, with activation of downstream fac-
tors leading to apoptosis (Fig. 1). In murine models of testicular
Fig. 1. Suggested pathways of heat stress impacts an
warming (Rizzoto et al., unpublished data), p53 was upregulated
(~8 fold, P < 0.05) 14 d after heat exposure. Furthermore, Fas (FAS
cell surface; CD95/Apo-1) may be responsible for p53-independent
germ cell apoptosis [41].

Hormonal imbalances, including down-regulation of StAR (Ste-
roidogenic Acute Regulatory Protein) gene and protein, often occur
in response to HS [42]. Reduced activity of this enzyme, an essential
step in steroidogenesis, will reduce blood concentrations of
testosterone, a steroid hormone with critical roles in promoting
spermatogenesis and maintaining testicular integrity [43]. There
were reductions in StAR gene expression and testicular testos-
terone concentration (~10 fold decrease for each) after 48 h of
scrotal insulation in B. indicus bulls [29], indicating the severity of
the impact of HS on steroidogenesis and the resulting hormonal
milieu.

As well as involvement of transcription factors, production of
ROS in apoptosis initiation seems to be of utmost importance for
apoptosis of germ cells and DNA damage [44]. ROS are molecules
with at least one unpaired electron, making them highly unstable
and extremely reactive for lipids, amino acids and nucleic acids
[45]. Heat stress induces upregulation of heme oxygenase 1
(HMOX1) and antioxidant enzymes, namely glutathione peroxidase
1 (GPX1), glutathione S-transferase alpha and superoxide dismut-
ase 1 (SOD1), indicating a robust oxidative stress response.
Furthermore, using GPX1 as representative of the antioxidant
response under heat stress, mice exposed to 40 �C for 20 min had a
~7.5 fold increase in GPX1 mRNA (P < 0.05) at 12 h after exposure,
indicating a prompt and intense response (Rizzoto et al., unpub-
lished data). Thus, there is a complex network of gene regulation in
mammalian testes to regulate HS-induced apoptosis of germ cells
[46].

Degree of HS regulates timing of apoptosis in germ cells. For
instance, in mice, number of apoptotic germ cells begins to rise
6e7 d after experimentally induced cryptorchidism [47], whereas
with more severe HS, namely placing the rear end of a mouse
d responses in testes (adapted from Ref. [61]).
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(including scrotum) in 43 �C water for 20 min, apoptotic germ cells
are first apparent 8 h after exposure. In contrast, brief exposure of
testes to 39e40 �C has does not accelerate germ cell death [24].
Therefore, it was concluded that male germ cells have a time and
temperature exposure threshold for induction of apoptosis [48].

Male germ cells are not the only cell type affected by heat, as
somatic testicular cells also respond to HS. Sertoli and Leydig cells,
whose main functions are to support germ cells and produce
testosterone, respectively, provide an appropriate environment for
germ cell development. Consequently, impairments in their func-
tions may interfere with production of male germ cells. Decreased
testicular androgen binding protein (ABP) production following
experimental cryptorchidism is evidence that heat adversely affects
Sertoli cells [49,50]. Moreover, expression of intermediate fila-
ments in Sertoli cells was disrupted in cryptorchid monkeys [51].
Heat treatment caused de-differentiation of adult Sertoli cells in
pubertal monkeys [52], perhaps by disrupting junctions of cells in
seminiferous epithelium and dramatically affecting expression of
junction-associated molecules in Sertoli cells. These changes
disrupt the spermatogenesis-supporting role and may induce germ
cell apoptosis [53]. Furthermore, exposure of Sertoli cells to 42 �C
heat may threaten their survival and connexin-43 overexpression
due to HS may cause Sertoli cells to malfunction [54].

Although Leydig cells were historically regarded as unaffected
by HS [55], Leydig cell morphology was disrupted in rat testes
exposed to heat for 30 min daily for 6 d [56,57]. Moreover, there is
evidence that in Leydig cells, hypoxia-inducible factor 1 alpha
(HIF1A) and HMOX1 are up-regulated, indicating that heat induces
hypoxia and oxidative stress in these cells [58,59]. Additionally,
testicular heat leads to hyperplasia of Leydig cells, mediated by
stimulating cyclin proteins activity and reducing testosterone
biosynthesis in adult rat testes [60]. Thus, heat may indirectly
damage germ cells by modifying somatic cell functions [2].

Few studies have investigated pathophysiological pathways
associated with impact of HS on testicular function and sperm
quality [24,29,61]. However, very recent results have improved
understanding of the factors involved in the testicular response to
heat stress in cattle [29] andmice (Rizzoto et al., unpublished data).
Confirmation of the involvement of the apoptotic p53 dependent-
intrinsic and extrinsic pathways (Fig. 1) supported the informa-
tion described in this section.

The chaperone and antioxidant systems are defense mecha-
nisms promptly activated after exposure to HS; under elevated
temperatures, HSF1 induces increases in Hsp70 and 90 [29,34] that
work in conjunction with the chaperones to reduce the activity of
the p53 gene [29,61]. However, when the p53 gene is upregulated
due to thermal exposure, this leads to the activation of two
important apoptotic pathways, namely p53-dependent intrinsic
and extrinsic apoptotic pathways. In the extrinsic pathway, p53
stimulates the association between FAS and FADD to form the so-
called Death receptor complex, which leads to the activation of
initiator caspases (Casp 8 and 10) [61]. In addition, in the intrinsic
pathway, p53 impairs the balance of BAX and BCL-2 in the mito-
chondria [29,61], leading to the release of agents (APAF1þCyt C)
that will induce activation of another group of initiator caspases
(Casp 2 and 9). Lastly, both groups of initiator caspases (from both
the intrinsic and extrinsic pathways) will lead to the activation of
the executioner caspases (Casp 3, 6 and 7), leading to the final steps
that induce apoptosis (Fig. 1).

2.2.2. Effects of HS on sperm quality
In addition to direct effects on sperm production, HS alters

sperm quality, with effects dependent on extent and duration of
testicular heating. The consequences of HS on sperm quality are
only considered briefly in this review, as they are described in detail
in another paper in this Special Issue [62].
When testicular temperature rises, sperm morphology often

remains normal for a few days (if sperm in the epididymis are
minimally affected), followed by appearance of morphologically
abnormal sperm [63]. However, in some studies, epididymal sperm
were affected by higher testicular temperatures [64e67]. For
example, after 48 h scrotal insulation in bulls, epididymal sperm
were adversely affected, manifested by their diminished capacity to
retain motility and acrosomal integrity after cryopreservation
[65,66]. They had various morphological defects, e.g. distal mid-
piece reflexes, proximal and distal droplets and knobbed acro-
somes, that peaked after 11e18 d post-insulation, whereas there
were microcephalic and teratoid sperm, nuclear vacuoles and
pyriform heads, as well as coiled tails present in the ejaculates
collected 21e23 d after scrotal insulation [66,68].

Scrotal insulation for 96 h and dexamethasone treatment
(20 mg daily for 7 d) were used as models to compare effects of
testicular heating and stress, respectively, on spermatogenesis in
bulls. Remarkably, for these two insults, the kinds of morphological
defects and the temporal relationships of rises and declines these
defects were very similar [68].

Mild HS in bulls (8 h scrotal insulation) adversely affected
quality of frozen-thawed sperm [69]. Furthermore, insulation of
scrotal neck in B. taurus bulls increased scrotal/testicular temper-
atures and reduced morphologically normal sperm, with increased
percentage of abnormalities affecting sperm head and midpiece
[67]. In contrast, scrotal neck insulation in B. taurus x B. indicus
(crossbred) bulls did not have a major impact on semen quality
[70]. Whole-scrotum insulation for 4 d reduced sperm production
and quality in both B. indicus � B. taurus as well as B. indicus bulls,
although testicular echotexture changes were not correlated with
degree of change in the spermiogram [70]. In addition, 14 and 21 d
after 5 d whole-scrotum insulation of B. indicus (Nellore) bulls,
there was a decrease in normal sperm with higher incidence of
head defects, especially nuclear vacuoles and chromatin defects
[71], with similar effects in Holstein and Belgian Blue bulls after
only 48 h insulation [72] and in Brangus beef bulls [73,74] after 72 h
insulation. In Brahman (B. indicus) bulls, 48 h scrotal insulation
decreased spermmotility and increased percentage of head defects
and droplets from 11 d post-insulation to 41 d post-insulation,
whereas percentage of protamine-deficient sperm increased 14 d
post-insulation in comparison to a control group [75].

2.2.3. Effects of HS on ability of sperm to fertilize oocytes and
support development

It is well known that paternal HS affects fertilization and em-
bryonic development. When sperm from males with heated testes
are used to sire embryos, embryo mortality increases and devel-
opment is often retarded. Furthermore, when in vitro fertilization
(IVF) is done using sperm from males that had been exposed to
heat, rates of sperm penetration, fertilization and pronuclear for-
mation decrease, with increased abnormalities of early embryonic
development [2]. Sperm collected from scrotal-insulated bulls
decreased embryonic development rate after IVF, due to a high
percentage of morphologically abnormal sperm [76]. In another
study [77], frozen-thawed semen samples from bulls with 48-h
scrotal insulation, caused failure in normal pronuclear formation,
associated with an absence of normal decondensation of the
penetrating spermatozoon (attributed to a high percentage of
morphologically abnormal sperm).

Five days of whole-scrotum insulation of Nellore (B. indicus)
bulls resulted in reduced frequency of cleaved oocytes and
decreased blastocyst rates, following the use of semen collected 21
or 14 d, respectively, after insulation [71]. In another study using
Nellore bulls, 3-d scrotal insulation decreased percentage of



Table 1
Various substances used to ameliorate effects of HS.

Ref.
Substance Insult Dose & route Action Species

Amino Acids
[94] 1. L-Arginine Hot ambient temperatures 0.6, 0.8 or 1.0% of basal diet (oral) * [ Semen quality and libido during hot weather.

* 1.0% group had great semen quality and
antioxidant capacity.
* 0.8% group had better libido.

Pig

[95] Experimental
cryptorchidism

15 mg/100 kg BW (oral) * Y Testicular oxidative stress but did not improve
outcomes with cryptorchidism

Rat

Antibiotics
[96] 1. Minocycline (semisynthetic,

2nd generation tetracycline)
Immersion in hot water
(42 �C for 15 min)

a. Spermatogenic cells cultured
in vitro for 12 h
b. 45 mg/kg BW (i/p)

* Suppressed release of cytochrome cwhich triggers
HS-induced apoptosis from mitochondria (in vivo
and in vitro).
* Significantly Y number of TUNEL-positive cells
(Terminal deoxynucleotidyl transferase-mediated
deoxy-UTP end labelling).

Rat

[97] 7 mg/kg BW
dexamethasone i/p

100 mg/kg
BW for 7 d (oral)

* Inhibited germ cell apoptosis induced by
dexamethasone.
* [ Johnsen score and sperm/testis.

Mouse

[98] 2. Pentoxifylline Surround scrotum with
thermal bag with air at
50 �C, for 1 h, 2x/d, 2 d

17 mg/kg BW, 2x/d for 30 d (oral) * [ Total motility and rapid sperm within 14 d
* Y Lipid peroxidation.
* Prevented apoptosis and Y total sperm defects.

Horse

Antioxidant cocktail
[99] 1. Mixed multi-antioxidant

supplement
Tropical summer
temperatures

100 g/d for 42 or 84 d (oral) * Antioxidant supplementation for 42 or 84 d in
tropical summer tended to Y harmful effects of HS
on DNA integrity, but not on sperm concentration or
motion end points

Pig

[100] High-dose ionizing
irradiation

One capsule in 10 mL saline; 1 mL
i/p (once)

* Y Testicular damage caused by oxidative stress,
apoptosis in germ cells and [ spermatogenesis;
protected fertility after irradiation.

Rat

Enzyme inhibitors
[101] 1. Xanthine oxidase inhibitors

(Allopurinol and BOF-4272)
Surgically induced
cryptorchidism

Allopurinol: 0.1e100 mg/kg BW
(i/p) daily for 7 d after surgery
BOF-4272: 300 mg/kg

* Both compounds attenuated weight reductions of
cryptorchid testis.
* Y Apoptosis in germ cells (in-situ staining of
fragmented DNA).
* Potential treatment of male infertility due to HS.

Rat

Hormones
[102] 1. GnRH agonist and anti-

androgen
Heating testes to 43 �C for
30 min in water bath

Implant GnRH agonist þ daily
injections of anti-androgen for
14 d

*Did not prevent initial decline in testicular mass or
% abnormal sperm after heating (35 d post-heating),
but lessened subsequent decreases in testicular
mass and sperm count (182 d post-heating).

Rat

[103] 2. Melatonin Hot summer temperatures Melatonin (3 mg/kg BW) for 20 d
(oral)

* [ % normal live sperm and Y abnormal and dead
sperm.
* Following AI, melatonin had positive impact on
hatch weight and relative spleen weight of chicks.
* % fertile eggs not affected.

Chicken

[104] Experimental
cryptorchidism

0.7 mg/kg BW for 56 d (i/p) * Epididymis of ipsilateral testes and bilateral
cryptorchid with melatonin were oligospermic
compared to azoospermic control.
* No change in sperm concentration or motility, or
testosterone concentrations.

Rat

[105] Sublethal irradiation (8 Gy)
to total body or abdomino-
pelvic region

Given 24 h before (10 mg/kg),
immediately before (20 mg/kg)
and 24 h after irradiation (10 mg/
kg; all i/p)

* Y Apoptosis (big Y immunoreactivity of caspase-3
(apoptosis marker).
* Based on electron microscopy, inhibited
degenerative changes in spermatogenic cells after
irradiation, especially 1� spermatocytes.

Rat

[106]

[106]

Single HS treatment in 39
or 42 �C in water bath for
20 min

* 20 mg/kg BW at 2 h before 42 �C
treatment (i/p)
* 20 mg/kg BW daily (immediately
after 42 �C treatment) for 14 d (i/p)

Melatonin pre-treatment
* Y Vacuolization of seminiferous tubules; [ tubules
with regular seminiferous epithelium and multiple
layers of germ cells post-HS
* Significantly Y malondialdehyde (MDA) and
hydrogen peroxide (H2O2) generation (markers of
ROS), but [ SOD and catalase (CAT) activity; implied
alleviation of heat-induced oxidative stress
* Suppressed activation of JNK and p38 mitogen-
activated protein kinase (MAPK) (apoptosis-related
signaling pathway) and [HSPA2 and anti-apoptotic
B-cell lymphoma 2 (BCL-2) in testes (mitigated
heat-induced damage).
Melatonin post-treatment
* Faster recovery of spermatogenesis post-heat
treatment apparent at 7 versus 14 d without
melatonin.
* Preserved integrity of Sertoli cell tight junction

Mouse
Mouse

A.M. Shahat et al. / Theriogenology 158 (2020) 84e9688



Table 1 (continued )

Ref.
Substance Insult Dose & route Action Species

(may be essential for faster recovery from testicular
HS).

Minerals
[107] 1. Selenium (Se) Scrotal hyperthermia

(42 �C for 30 min) after
8 wk Se supplementation

0.5 ppm/kg for 8 wk (oral) * Y Apoptotic index of spermatocytes, round and
elongated spermatids. * [ % motile sperm and Y

ROS generation.
* Y Caspases 3, 8 and 9 and [ BCl2, Y apoptosis.

Mouse

[108] 2. Selenium and Vit E Scrotal insulation (SI) for
18 d

Selenium (0.1 mg/kg BW) and
vitamin E (0.3 IU/kg BW) for 120 d:
60 d prior to SI, 18 d during SI and
42 d post SI

* Maintained scrotal circumference, but failed to
protect testes against degenerative changes 18 d
after insulation.
*Improved tubular diameter and seminiferous
epithelium height at 42 d after SI; supplementation
hastened spermatogenesis recovery after HS.

Goat

[109,110] 3. Zinc Heat testes to 43 �C for
15 min in water bath

10 mg/kg of zinc sulphate (i/p)
every 2 d for 60 d

* Promoted restoration of normal testicular
structure 15 d after HS.
* Sperm motility, concentration and hypo-osmotic
sperm test (HOST) positive sperm maintained
without further deterioration at 30 d post-HS.
* Maintained fetus weight obtained from paternal
heat treatment.

Mouse

[111] Whole-body HS (40 �C
ambient temperature).

300mg/kg BW zinc sulphate orally
for 1 mo before HS

* Maintained relatively intact testicular structure
with slight degeneration.
* [ CueZn SOD, Y MDA, maintained Nrf2 protein
(key regulator against oxidative stress) expression.

Mouse

[112] After 30 d zinc
supplementation, mice
kept at 40 �C for 5 h/d for
8 d

Zinc sulphate 1500 mg/kg BW for
30 d (oral)

* Y MDA and glutathione (GSH) in epididymis
(alleviated oxidative stress).
* Restored integrity of caput epididymis epithelium
and Y stress response.

Pig

Natural substances
[113] 1. Betaine (methylamine

naturally occurring in plant and
animal tissues; used as feed
additive)

Summer HS 0.63 or 1.26% for 10 wk (oral) * [ Total sperm in ejaculate by 6 or 13% (0.63 and
1.26%, respectively).
* 1.26% betaine [ % sperm with distal midpiece
reflex (DMR), but 0.63% did not affect sperm.

Boar

[114] Testicular immersion in
water at 42 �C

250 mg/kg BW/d for 14 d, before
or after testicular HS

* Treatment before and after HS
[ antioxidant defense ([ activity of CAT and GPX
enzymes).
* Accelerated germinal epithelium regeneration, no
change in epididymal sperm.
* Improved epididymal sperm in intact mice (no
HS).

Mouse

[115] Ambient temperature
30.2 �C

* BET; 0.63% of 96% betaine þ 250
phytase units
* BET; 0.63% of 96%
betaine þ super-dosed
Phytase (2500 phytase units)
* For 16 wk (4 wk before HS, 4 wk
during HS and 8 wk after HS)

* Partially mitigated effects of HS on sperm
morphology; minimal effects on total or progressive
motility.
* No improvement in semen production.

Boar

[116] Chronic HS at 38 �C; 55
e65% RH for 4 h for 3
successive days/wk

* BET only: 1000 mg/kg BW
* BET (1000 mg/kg BW) þ Vit C
(200 mg/kg BW
* BET (1000 mg/kg BW) þ Vit E
(150 mg/kg BW)
* BET (1000 mg/kg BW) þ Vit C
(200 mg/kg BW þ Vit E (150 mg/
kg BW)

* Antioxidants, either individually or combined,
induced complete recovery in sperm concentration,
% live, pH, and fertility.
* All treatments restored total protein, globulin,
AST, ALT, TAC, and MDA.
* Enhanced semen quality of roosters in hot regions.

Chicken

[117] 2. Coenzyme Q10 Temperature humidity
index (THI) of 29
(optimum ¼ 23).

10 or 20 mg/kg BW for 8 wk (oral) * Both doses improved semen quality and male
fertility, but induced sperm DNA damage and
altered testes histology.
*YOxidative stress by [main antioxidant testicular
enzyme (GSH) and Y MDA.

Rabbit

[118] 3. Gherlin (endogenous
antioxidant)

Testes in 43 �C water for
15 min

At onset of heating, 2 nmol s/c,
every 2 d, up to d 60

* Partial recovery in miotic index, spermatogenesis
rate, presence of spermatocytes.
* Hastened testicular regeneration by 30 d.

Rat

[119] 4. Hydrogen sulphide (H2S)
(Endogenous gaseous
transmitter)

HS 42 �C, 30 min/d for 3 d Before HS, NaHS 5.6 mg/kg BW (i/
p)

* Attenuated apoptosis in 1� cultures of testicular
germ cells (inhibited effects of H2S on release of
cytochrome C and Bax/Bcl-2 ratio).
* Enhanced mitochondrial function by [ O2 intake
and [ ATP.
* [ SOD activity and Y ROS.

Mouse

Phenolic compounds
[120,121] 1. Tert-butylhydroquinone

(tBHQ, synthetic phenolic
antioxidant)

A single scrotal heat
exposure of 42 �C for
25 min.

* 10 mg/g tBHQ diet for 1 wk and
then treated with scrotal heat.
*Single i/p injection of 100 mg/kg

* Testes from oral and i/p tBHQ-treated mice had [

compact interstitial cells and Y germ cell loss.
* Y testosterone and Y expression of cytochrome

Mouse

(continued on next page)
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Table 1 (continued )

Ref.
Substance Insult Dose & route Action Species

BW tBHQ, scrotal heat 3 h later.
*Single intra-testis injection of
12.5 mg/kg BW tBHQ and were
exposed to heat before injection.
* 1% tBHQ (w/w) for 1 wk in diet

P450 17a-hydroxylase/17,20-lyase (CYP 17), a
microsomal enzyme used to assess androgen
output.
* Y MDA
* Induced mild oxidative stress and further
enhanced ability of cellular antioxidants to protect
testicular cells from HS via the Nrf2 antioxidant
system.

[122] 2. Quercetin Summer HS Quercetin hydrate in diet (30 mg/
kg) for 8 wk

* Maintained semen quality, Y oxidative stress. Rabbit

Vitamins
[123] 1. Ascorbic acid * 34.5, 37, 39.5 �C.

* Same
temperatures þ H2O2

(200 mmol/L)

Ascorbic acid (400 and 600 mmol/
L) in sperm suspension

* 600 mmol/L had more pronounced Y in static
oxidation reduction potential (sORP) compared to
400 mmol/L.
* Y heat-induced oxidative stress (in vitro).

Human

[124] 2. Vit E (a-tocopherol) Experimental
cryptorchidism

30 or 100 mg/kg BW (I/P) * Long-term [ in seminiferous epithelium region
and maturation, Y apoptosis and histological
alterations.
* a-tocopherol before orchidopexia, particularly
30 mg/kg, partially protected undescended testis
from ROS damage.

Rat

[107] 2. Vit E (Alpha-tocopherol) Scrotal hyperthermia
(42 �C, 30 min), after Vit E
for 8 wk

200 mg/kg diet for 8 wk (oral) * Y apoptotic index of spermatocytes, round
spermatids and elongated spermatids.
* [ % motile sperm.
* Y ROS generation, Y caspases 3, 8 and 9 and
apoptosis, [ BCl2.

Mouse

[125] Twice/wk in well-
maintained (50e55%
humidity and 42 �C)
incubator for 10 min for
75 d.

20 IU/kg BW/d for 75 d (oral) * Y Free radicals.
* [ Sperm velocity straight line (SVSL), sperm
velocity curved line. (SVCL) and sperm velocity
average path (SVAP).
* Normalized seminiferous epithelium.

Mouse

[126] 3. Vit E þ organic Se High ambient temperature
(33e36 �C).

* 200 mg a-tocopherol/kg diet *
0.3 mg organic Se/kg diet
* 200 mg
a-tocopherol/kg diet þ0.3 mg Se/
kg diet

* All treatments [ semen quality.
* The combination Y seminal plasma thiobarbituric
acid reactive substances (TBARS) to ~28% of controls
and doubled activity of seminal plasma glutathione
peroxidase.

Chicken

[127] 4. Retinol * Refrigerator temp (4 �C).
* Environmental temp
(22 �C).
* Scrotal temp (32 �C)
* Hot (41.5 �C)

6 mM retinol as an antioxidant
added to storage extender

* [ % live, active and progressive sperm with [ %
membrane integrity at 41.5 �C supplemented with
retinol compared to control.

Cattle

Traditional herbs
[128] 1. Lycium barbarum (LBP,

Chinese medicinal herb)
Testes in 43 �C waterbath
for 15 min

10, 50, 100, and 200 mg/kg/d for
14 consecutive days

* [ Testis and epididymis weights (first three
doses).
* [ SOD activity and Y MDA (all doses).
* Most seminiferous tubules had intact structure
(especially 10 mg/kg dose).

Rat

[129] 2. Radix Puerariae (Chinese
herbal medicine)

Bovine Sertoli cell culture
exposed to HS (42 �C for
1 h)

15 mM * Supressed ROS production and Y oxidative
damage.
* Prevented initiation of mitochondria-dependent
apoptotic pathway.
* [ expression of HSP 72.

Bovine
Sertoli
cell
culture

[130] 3. Baicalin (extracted from the
dried root of Scutellaria
baicalensis Georgi)

Bovine Sertoli cell culture
exposed to HS (43 �C for
1 h)

0.1, 1, 10,
20 mg/mL of baicalin

* Mitigated HS-induced cell apoptosis by
modulating cell survival rate by activating the Fas/
FasL pathway.
* [ HSP 72 expression in Sertoli cells.

Bovine
Sertoli
cell
culture

[131] Testes in 41 �C water with
80% RH for 2 h on the Day 8
of baicalin

50 mg/kg BW daily for 7 d * [ Activities of SOD, CAT and GSH-Px enzymes.
* Y MDA content and cellular apoptosis by blocking
Fas/FasL pathway.

Mouse

[132,133] 4. Panax ginseng (Korean red
ginseng, KRG)

32 ± 2 �C, 2 h/day/7 wk
(intermittent sub-chronic
high temp.)

* 100 or 200 mg/kg/d orally for
8 wk (starting from 1 wk before
HS) or 100 or 200 mg/kg/day
orally for 25 wk

* Protected antioxidant related enzymes, proteins
associated with spermatogenesis, sex hormone
receptors and sperm quality in heat-stressed rats.

Rat

[134] 5. Kyung-Ok-Ko (KOK), also
known in China as Qiong-yu-
gao
(traditional Korean medicinal
formula)

Testes in 43 �C water for
10 min

0.25, 0.50 or 2.0 g/kg/d for 5 wk * [ Testes weights, sperm concentration and
motility.
* Morphological appearance of seminiferous
tubules was restored.
* [ Antioxidant enzyme activity,
Y protein expressions of testicular apoptosis.

Mouse

[135] 6. Platycodon grandiflorum
(PGS) saponins
(named Jiegeng in China,
Kilkyong in Korea and Kikyo in
Japan)

Testes in 43 �C for 18 min
on the 7th d of PGS
treatment

15 or 30 mg/kg) as a gavage for
14 d

* Restored testicular structure to normal standards,
with well-preserved tubular morphology.
* Prevented activation of MAPK signaling pathway,
which contributes to oxidative stress and apoptosis.

Mouse
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Ref.
Substance Insult Dose & route Action Species

* Lower dose (15 mg/kg) more protective than
higher dose (30 mg/kg).

[136] 7. Angelica keiskei (Ashitaba,
contains two chalcones,
xanthoangelol [XA] and 4-
hydroxyder ricin [4HD])

Testes in 41 �C water for
15 min and 42 �C for
20 min

* Angelica keiskei (Ashitaba)
powder (57.5 mg/kg)
* Xanthoangelol (functional
component, 3 mg/kg)

* Prevented impairment in sperm densities,
progressive motility and lateral head displacement
amplitude.
* Prevented reduction of the expression of Hspa1l
and Hspa2.

Mouse

[137] 8. Decursin (Angelica gigas
Nakai, Apiaceae)

Surgically induced
unilateral cryptorchidism

400 mg/kg orally for 4 wk after
unilateral cryptorchidism.

* [ mean weight of cryptorchid testis.
* Maintained sperm counts, motility, and
spermatogenic cell density.
* [ SOD, [ Nrf2 and HMOX1 and Y apoptosis.

Rat

[138] 9. Nigella sativa Linn (Black
Seed)

Testes in 43 �C water for
15 min

10 and 20% in diet * Enhanced spermatogenesis and [ testosterone.
* Y MDA and [ antioxidant enzyme activity.

Mouse

[139] 10. Mallotus roxburghianus
Muell

Testes in 43 �C water for
30 min

Methanol extract (400 mg/kg) * Suppressed lipid peroxidation.
* Restored antioxidant enzymes and testosterone,
restored spermatogenesis.

Rat

[140] 11. Apigenin (4, 5, 7-
trihydroxyflavone)

Testes in 43 �C water for
30 min/d for 6 d

10, 20 or 50 mg/kg once daily for
35 d

* [ Testosterone and inhibin B.
* [ SOD and GSH-Px activity, Y MDA.
* Preserved seminiferous tubule diameter

Mouse

[141] Summer HS 0.3, 0.6 and 0.9 mL
Parsley oil/kg diet (Parsley oil
contains Apigenin)

* Improved semen end points and Y negative
alterations in seminiferous tubules.
* Positive effects of Parsley oil attributed to
antioxidant activity.

Japanese
quail

[142] 12. Green tea (Camellia
sinensis)

Testes in 42 �C water for
20 min

500 or 750 mg/kg orally for 49
consecutive days

* Recovered adverse effects HS on sperm
concentration, total and progressive motility and
hypo-osmotic swelling test (HOST) within 28 d after
HS, compared to 42 d in control.

Mouse

[143] 13. Cinnamon (Cinnamon bark
oil, CBO)

Ambient temperature of 34
�C for 8 h/d

250 or 500 ppm * Y Testicular lipid peroxidation, MDA.
* Prevented Y spermatids, sperm.
* Improved testicular histology.

Japanese
quail

[144] 14. b-carotene and curcumin Testes in 43 �C for 15 min
on d 7 of supplementation

b-carotene (10 mg/kg) and
curcumin (20 mg/kg) orally once a
day for 14 d

* Restored normal testes weight and structure.
* Y MDA and [ SOD.
* Y mRNA for BCL2-associated X protein and
caspase-3 (antiapoptotic).

Mouse

[145] 15. Guava leaves essential oil
(GLEO)

Ambient temperature 45
�C 7 h/d for 60 d

100 mL GLEO/kg BW * Y Rate of free radical formation and thus lipid
peroxidation.

Guinea
pig

[146] 16. Red grape (Vitis vinifera) Testes in 43 �C for 30 min/
d for 15 d

0.8 mL/rat/d of red grape juice
(RGJ)

* Restored antioxidant status of testis and intact
testicular structure.
* Maintained normal serum testosterone, testicular
SOD, catalase, glutathione and lipid peroxidase and
the apoptotic enzyme caspase-3 of testis.

Rat

[147] 17. Royal Jelly (RJ) Summer HS 200, 400, or 800 mg/kg BW once a
week

* [ Testosterone, ejaculate volume, motility, sperm
total output
* Y abnormal and dead sperm.
* [ Seminal plasma fructose.

Rabbit

[148] Testes in 43, 39 or 37�C
water for 20 min/d

100 mg/kg/d * Enhanced sperm characteristics.
* Y MDA and % of sperm with chromatin
abnormality and DNA damage.
* [ Numbers of zygote and 2-cell, blastocyst stage
and hatched embryos, Y % arrested embryos after
IVF.

Rat
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cleaved oocytes for semen collected from 28 to 42 d post-
insulation. Furthermore, blastocyst formation and cleavage rate
decreased at 14 d post-insulation and remained decreased until
56 d post-insulation [78]. Moreover, HS affects bovine embryos by
lowering rate of development, increasing percentage of apoptotic
blastomeres and decreasing expression of developmentally
important genes, with effects more apparent in embryos derived
from B. taurus versus B. indicus females [79].

3. Natural responses to HS

There are many phenotypic and genotypical characteristics that
confer adaptive capacity, allowing animals to cope under adverse
conditions. These adaptive mechanisms enable animals to thrive in
specific environments [80]. In animals with a scrotum, the tunica
dartos, cremaster muscles and sweat glands all contribute to
cooling the testes [81]. Furthermore, the tunica dartos is smooth
muscle in the scrotal wall that contracts and relaxes to lift or lower
the testes; it is an important regulatory factor in ambient temper-
atures up to 30 �C. In addition, the striated cremaster muscle,
attached to the inner abdominal oblique muscle, contracts in cold
weather to draw testes closer to the body, but relaxes to allow tests
to shift away from the body in warm weather [81].

Respiratory rates and water consumption of bulls exposed to
elevated ambient temperatures were greater than those of control
bulls throughout an 8-wk treatment period and were regarded as
compensatory mechanisms [9]. It is well established that warming
the testes in scrotal mammals results in heat loss and inhibits heat
output [82,83]. When local effectors are overloaded and scrotal
temperature rises to levels where spermatogenesis is impaired,
central thermoregulatory mechanisms such as panting are acti-
vated and whole-body cooling is initiated [84].

Scrotal sweat glands respond to heat stress by pulsating sweat
release, with sweat evaporation cooling the testes [85]. In rams,
scrotal skin temperatures >35 �C trigger synchronous discharges of
apocrine sweat glands (at intervals of 2e14 min). In bulls, scrotal



Fig. 2. Summary of three testicular HS mechanisms, substances that counteract each mechanism and those that counteract all three.
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sweat glands are more widely distributed, larger and produce more
sweat than those elsewhere in the body [85,86].

4. How good are laboratory assessments of sperm quality as a
predictor of fertility?

In this article, a critical goal was to review various substances
used to mitigate effects of testicular HS on male fertility. To inter-
pret these data, it is important to understand the reliability of
laboratory tests, commonly used for semen quality analysis, for
predicting fertility.

Fertility varies widely among individual males. Conventional
tools for predicting fertility are usually better for identifying low-
fertility bulls than for rating bulls with reasonable to excellent
fertility [87]. Normally, fertility increases with sperm dose until it
reaches a threshold level, based on the definition of sperm features
which are compensable and non-compensable [88]. Compensable
features for male fertility can be compensated by increasing the
insemination dose, based on the assumption that a threshold
amount of competent sperm (with appropriate motility, normal
morphology, and capacity to undergo capacitation and induce an
acrosome reaction, e.g. 70% morphologically normal sperm) is
needed for normal fertilisation [89e91]. Nevertheless, infertility
due to non-compensable characteristics cannot be resolved by
increasing numbers, because sperm with these deficiencies are
usually unable to complete fertilisation and support ongoing em-
bryo development [91]. Using more advanced techniques, e.g.
Computer-Assisted Semen Analysis (CASA), sperm DNA, RNA, pro-
teomics and epigenome are expected to improve our ability to
determine compensable and non-compensable traits in semen that
based on more conventional assessments, appeared to be normal,
but had variations in fertility, due to failure to continue beyond
various stages of fertilisation and early embryo development [92].

It is noteworthy that fertility tests obtained from a sperm sample
assay are generally applicable only to the analysed sample. Given the
inherent variability among ejaculates and the potential of male
fertility to differ over time, it seems unlikely or indeed impossible
that male fertility could be predicted correctly using only in vitro
assessments. Nonetheless, IVF has been used to assess sperm fertil-
izing ability. Used on their own, or more commonly in conjunction
with other tests, IVF enables prospective semen donors to be
screened and insemination doses or semen preservation methods
assessed, although it is not a complete replacement for in vivo testing
[93]. Ultimately, the best test of fertility is breeding, either natural
service or artificial insemination, and determining pregnancy rate at
various stages of gestation, as well as birth of live offspring. However,
this approach is generally time consuming and expensive and it is
often difficult to generate large amounts of reliable data.
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5. Therapeutic approaches to mitigate testicular damage and
semen quality deterioration

As oxidative stress is the main cause of damage after testicular
HS, in some animal models, antioxidants were given to prevent
apoptosis of germ cells and reduce sperm damage [46]. Antioxi-
dants are only one of a wide variety of substances have been given
to animals, or added to semen, with an intention to ameliorate heat
stress-induced damage to testes and sperm quality. In the following
sections, a wide variety of substances are described. For conve-
nience, they have been divided into various groups according to
their chemical nature, as follows: amino acids, antibiotics, antiox-
idants, enzyme inhibitors, hormones, minerals, natural substances,
phenolic compounds, vitamins and traditional herbal medicines,
and presented in detail in Table 1, with a brief summary in Fig. 2.

6. Conclusions

In conclusion, by inducing apoptotic and oxidative pathways in
testes, HS using various experimental models suppressed sper-
matogenesis and detrimentally affected germ cells, as well as Ley-
dig and Sertoli cells, resulting in deleterious effects on sperm
quality, affecting sperm motility, morphology and fertility. In
addition, if fertilizationwas initiated, therewere negative effects on
developing embryos. Fortunately, there are various therapeutic
agent categories that can be used to mitigate testicular HS actions.
Asmost studies involve only one or a limited number of therapeutic
approaches, it is difficult to make valid comparisons. Regardless,
perhaps the most promising substances are Vitamin E, either alone
or in combination with selenium, zinc or melatonin. These sub-
stances share a similar mechanism of action, namely reducing
testicular oxidative stress, aiding in rapid recovery of testicular
tissues and restoring sperm quality characteristics. In addition,
various traditional herbal compounds also had good impacts in
ameliorating HS effects; however, many of these are not broadly
available. Although some of these products have considerable
promise, further studies are needed to clarify their suitability for
preventing or minimizing deleterious effects of HS on sperm
quality, fertility and development.

6.1. 6.0.Future work

More comprehensive studies are needed to assess effects of
these substances and augment previous laboratory measurements
of sperm quality; this is particularly important for compounds with
mitigating actions involving all three mechanisms of HS. For
example, more advanced semen analysis techniques, e.g. sperm
proteome and epigenome or techniques like IVF or breeding data
(either natural service or AI) are expected to improve our under-
standing of the mechanisms of these substances in overcoming HS
effects and whether, and to what extent, fertility is actually
increased.
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