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components and interactions of a whole system to address scientific, economic and 
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treats only negative impacts, sustainable agriculture treats problem sources. 

Because most actual society issues are now intertwined, global, and fast-
developing, sustainable agriculture will bring solutions to build a safer world. This 
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Preface

This book is the second volume of Animal Biotechnology in Livestock Production, 
published in the book series entitled Sustainable Agriculture Reviews. Biotechnology 
has shown its impact in livestock production, and it will continue to be excel in 
coming years. This second volume of the book presents the essential concepts and 
in-depth analysis on animal reproduction and breeding methods.

Chapter 1 focusses the discussion on effects of sexual steroids on stress response 
and welfare of female ruminants. This chapter also discusses how the behavior and 
welfare of farm animals could be affected with the application of reproductive 
biotechnologies.

Chapter 2 provides valuable information on kidney diseases. This chapter 
includes the discussions on topics such as pathophysiology, molecular biomarkers, 
and proteomics of kidney diseases.

Chapter 3 covers the updated information on production of genetically modified 
pigs with the use of CRISPR/Cas9. This chapter focusses the discussion on the pro-
duction of genetically modified pigs along with pros and cons.

Chapter 4 summarizes various types of anti-nutritional factors and their benefi-
cial and deleterious effects on livestock. This chapter provides information on com-
mon factors such as enzymes and chemical compounds found in plant materials 
used for animal feed.

Chapter 5 summarizes the genetic engineering tools in livestock production. This 
chapter provides the updated information on biotechnological methods such as 
molecular gene cloning, diagnostics, vaccines, microarray, marker assisted selec-
tion (MAS) in animal breeding, genome editors, role of biotechnology in animal 
nutrition, artificial insemination, cloning and transgenic animals in livestock pro-
duction, embryo transfer technology (ETT), and embryo sexing and sperm sexing.

Chapter 6 focuses the discussion on role of specific minerals in female animal 
reproduction. This chapter covers the discussion on biochemical, enzymatic, and 
endocrine actions of macromineral (calcium, phosphorus, and magnesium) and 
micromineral (copper, zinc, and manganese) ions along the hypothalamo-pituitary- 
ovarian axis.
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Chapter 7 discusses genetic selection of livestock such as cattle, sheep, goat, buf-
falo, and poultry. This chapter also provides a brief overview on statistical models 
for genomic prediction and whole sequence data.

This book serves as an important reference source for professionals and acade-
micians working in the research area of livestock production. We would like to 
thank all the authors for their contribution and cooperation. We would like to thank 
the director of the Indian Council of Agricultural Research (ICAR)-National Dairy 
Research Institute (NDRI), Karnal, India, for providing institutional support. We 
would like to extend our thanks to the staff of Springer Nature for their support in 
publication of this book. We would like to acknowledge the Department of 
Biotechnology, Government of India, for providing financial support from “DBT-RA 
Program in Biotechnology & Life Sciences.”

Karnal, India Vinod Kumar Yata

Mukteswar, India Ashok Kumar Mohanty

Aix-en-Provence, France Eric Lichtfouse

 
Dairy cattle production at ICAR-National Dairy Research Institute, India
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Chapter 1
Impact of Sex Steroids on the Stress 
Response and Welfare in Female Farm 
Ruminants

Aline Freitas-de-Melo and Rodolfo Ungerfeld

Abstract The concentrations of sex steroids modify the sensitivity to stressors in 
mammals: progesterone, reduce the stress response, while progesterone withdrawal 
increases it. Estrogens appear to increase the sensitivity to stressors, influencing the 
hypothalamic-pituitary-adrenal axis response. As the concentration of progesterone 
and estrogens differ according to the physiological status, such as pregnancy, anes-
trous or the phases of the estrous cycle, it may also modify the sensitivity to stress-
ors. Therefore, it would be important to consider this information for various 
practices in farm animals as they are frequently subjected to stressful situations, 
including artificial weaning, shearing, isolation from the group, and transport. 
Moreover, pharmacological treatments with these hormones are commonly applied 
to cows, ewes, does, or buffaloes for using different biotechnologies, such as estrous 
synchronization, estrous induction, or synchronization of the ovulations. 
Accordingly, it is important to consider that those treatments might modify the sen-
sitivity of females’ farm ruminants to human handling.

The chapter summarizes how sexual steroid profiles might change female rumi-
nants’ stress response and welfare. The major points included are: a brief descrip-
tion of the natural variation in sex steroid profiles in female ruminants; the main 
hormones and administration pathways used in the application of reproductive bio-
technologies; the different physiological indicators of stress and welfare considered 
in farm animals; and the main knowledge available on the effects of sex steroids on 
the stress responses of female ruminants to different farm practices. Lastly, we pro-
pose directions in which research is needed to understand better if stress, behavior, 
and welfare of female farm animals could be affected by the application of repro-
ductive biotechnologies.

Keywords Progesterone · Progestagens · Estrogen · Progesterone withdrawal · 
Oestrous cycle · Hypothalamic-pituitary-adrenal axis · Glucocorticoids · Sheep · 
Cattle · Goat

A. Freitas-de-Melo (*) · R. Ungerfeld 
Departamento de Biociencias Veterinarias, Facultad de Veterinaria,  
Universidad de la República, Montevideo, Uruguay

© The Author(s), under exclusive license to Springer Nature 
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Abbreviation

GABAA aminobutyric acid type A

1.1  Introduction

During the last years, hormonal treatments for reproductive biotechnologies in farm 
animals increased widely throughout the world. The development of fixed-timed 
artificial insemination treatments in cattle has a significant impact on the economy 
and employment of farm animal production (Mapletoft et al. 2018). Most of these 
treatments include administering sexual steroids, mainly progesterone or progesto-
gens, and different estradiol formulas. Sex steroids are primarily related to repro-
ductive functions, but these hormones also affect metabolism (Ashley et al. 2000; 
Kalkhoff 1982), immunological status (Bouman et al. 2005), functions in the central 
nervous system (Genazzani et al. 2002), and can also modulate the stress response 
(Sze and Brunton 2019). The effects of sex steroids on the stress response are of 
particular interest in farm animals as they might directly influence their welfare. 
However, these issues have been mainly studied in laboratory animals and humans, 
with a paucity of information on farm animals. In ewes, it was reported that the 
administration of progesterone reduces the stress response at weaning (Freitas-de- 
Melo et al. 2013), while progesterone withdrawal increases the secretion of cortisol 
after social isolation (Freitas-de-Melo et al. 2016). Ewes treated with estradiol ben-
zoate respond to an ACTH challenge with greater cortisol concentrations than non- 
treated ewes (Van Lier et al. 2014).

The concentration of progesterone and estrogens differs according to the physi-
ological status (pregnant, anestrous, or cycling females); thus, it might modify the 
sensitivity to stressors. Pregnant ewes have slighter behavioral responses than non- 
pregnant ewes to social isolation or a surprise effect (Viérin and Bouissou 2001) and 
shearing (Ungerfeld and Freitas-de-Melo 2019). Furthermore, the sensitivity to 
stressors is greater during the follicular than during the luteal phase (Pinto-Santini 
and Ungerfeld 2019; Freitas-de-Melo et al., 2022). The reactivity of cows also var-
ies according to the reproductive status, with decreased reactions of pregnant cows 
to human handling (Freitas-de-Melo et al. 2019).

How female farm animals cope with stressful situations directly affects its’ pro-
ductive, reproductive, and welfare outcomes; thus, the reproductive status and the 
concentration of different sex steroids should be considered when different manage-
ments are applied in these animals. For example, it has been widely known that 
stress affects cow fertility (see review: Dobson and Smith 2000). However, it is not 
well studied if the application of hormonal treatments for reproductive biotechnolo-
gies might modify the easiness of animal handling, productive efficiency, or ani-
mals’ welfare.

A. Freitas-de-Melo and R. Ungerfeld
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This chapter aimed to present a brief reminder on how profiles of sexual steroids 
vary according to the physiological status in female ruminants; the main hormones 
and administration pathways used in the application of reproductive biotechnolo-
gies; the main physiological indicators of stress and welfare; and the knowledge 
available on the effects of sex steroids during stressful situations in female rumi-
nants. Lastly, we propose directions in which research is needed to understand bet-
ter if the application of reproductive biotechnologies can affect the sensitivity to 
stressors, the behavioral responses, and the welfare of female farm animals.

1.2  Natural Variation in Sex Steroid Profiles 
in Female Ruminants

1.2.1  Estrous Cycle

Sexual steroid concentrations vary naturally throughout the reproductive lives of 
female ruminants. Before puberty, progesterone concentrations remain at basal lev-
els, and estrogen concentrations may have some oscillations due to the physiologi-
cal reproductive changes that determine puberty. However, estrogen concentration 
does not reach concentrations similar to those observed during regular estrous 
cycles. Since puberty, the estrous cycle is a set of reproductive events that repeats 
successively. While in sheep, it lasts an average of 17 days, in other ruminants, such 
as cow, goat, or buffalo, its’ length is approximately 21 days. The estrous cycle can 
be divided into a luteal phase, which in ewes extends from day 2–3 (heat = day 0) 
of the cycle, to approximately day 13–14; and a follicular phase that goes from 
luteolysis that occurs on day 13–14 until day 2. In species with estrous cycles of 
21 days, the general pattern is the same, maintaining the proportion of the duration 
of these two phases (Fig. 1.1).

The follicular phase extends from the regression of the corpus luteum to ovula-
tion. During the follicular phase, the growth of the ovulatory follicle ends with the 
luteinizing hormone surge, ovulation, and the beginning of the follicle luteinization. 
The ovulatory follicle(s) secrete substantial concentrations of estrogens, which are 
responsible for triggering the increase in luteinizing hormone secretion, reaching 
the luteinizing hormone peak during the second half of heat. In turn, these estrogens 
are responsible for determining the receptive behavior in the female. In summary, 
estrogen concentrations are high during the follicular phase, increasing from the 
beginning of this phase until ovulation, when a rather abrupt decrease in concentra-
tion begins. The preovulatory luteinizing hormone peak triggers the ovulation of the 
preovulatory follicle(s), and luteinization of the remaining structure(s), with the 
subsequent formation of the corpus luteum. As the corpus luteum develops, the 
amounts of progesterone secreted by it increase. After ovulation, the weight of the 
corpus luteum increases associated with an important angiogenesis process and an 
increase in the size of the luteal cells (Smith et al. 1993). The newly formed corpus 

1 Impact of Sex Steroids on the Stress Response and Welfare in Female Farm Ruminants
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Fig. 1.1 An illustration with the follicular phase on the right and left and the luteal phase in the 
middle. The follicular phase has an image of cows mating. Progesterone (blue line) and estrogen 
(red line) profiles during an estrous cycle in cows. The luteal phase is characterized by high con-
centrations of progesterone and low concentration of estrogens, and during the follicular phase, the 
opposite hormonal pattern is observed. The line for progesterone is at its peak in the luteal phase 
and descends in the follicular phase and the one for estrogen is at its peak during the follicular 
phase and lowest during the luteal phase

luteum receives substantial amounts of blood flow in relation to its size. The produc-
tion of progesterone increases more than ten times due to the increase of the enzymes 
that control the precursors of this steroidogenic pathway. In contrast, the production 
of androgens and estrogens decreases due to the enzymes’ loss involved in their 
synthesis.

1.2.2  Seasonality

According to the species, the estrous cycles are repeated successively in the non- 
pregnant animal throughout the year in non-seasonal polyestric species, like cows, 
or only during part of the year, in seasonal polyestric species, like sheep and goat 
(Fig.  1.2). Although there are variations according to the breed and the latitude 
where sheep and goats live, the breeding season comprises successive estrous cycles 
occurring during summer and autumn. The period of the year in which there are no 
estrous cycles or ovulations is the seasonal anestrus, when progesterone concentra-
tion remains at baseline, at subluteal concentrations. During this period, there are 
small oscillations in the estrogen concentration associated with follicular develop-
ment, but without reaching the level of a follicular phase.

A. Freitas-de-Melo and R. Ungerfeld
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Fig. 1.2 Model of the seasonality of reproduction in sheep. Blue lines show progesterone concen-
trations, with increases in each estrous cycle. The black arrows indicate when heat occurs, and the 
estrogen concentration is more remarkable. A graph with time on the x-axis and progesterone 
concentration on the y-axis. At the beginning and end are a series of continuous peaks for the 
breeding season with an image of ewes mating, and in between these two series of peaks is a flat 
line for seasonal anestrus. Arrows are pointing to the dips in the peaks

Fig. 1.3 Changes in progesterone concentrations during the estrous cycle (dotted line) or early 
gestation in cows (continuous line). A graph with days after estrus on the x-axis and progesterone 
concentration on the y-axis. An image of a cow mating with estrus written below is presented at 
beginning of the graph. The line for the pregnant cow has an ascending curve that later flatlines and 
the line for non-pregnant cow has the same ascending curve but dips completely at 16

1.2.3  Gestation and Postpartum Anestrus

Progesterone is the main hormone responsible for the maintenance of pregnancy, so 
during this period, luteolysis does not occur, maintaining active the corpus luteum 
(Fig.  1.3). After conception, the embryo produces chemical signals that prevent 
luteolysis, which in ruminants is mainly interferon tau. The progesterone produced 

1 Impact of Sex Steroids on the Stress Response and Welfare in Female Farm Ruminants
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by the corpus luteum is essential to maintain pregnancy during the first half of it in 
all species. In some species, such as sheep, the placenta also produces progesterone 
in amounts enough to maintain pregnancy from the mid-gestation until its end. In 
other species, e.g., cow and goat, the placenta also produces progesterone, but the 
amount produced is below the threshold necessary to maintain pregnancy per se, so 
progesterone produced by the corpus luteum is essential to maintain the pregnancy. 
In any case, progesterone concentrations remain elevated throughout pregnancy.

1.3  Exogenous Hormonal Control of Reproduction 
in Female Ruminants

The control of reproduction for the application of reproductive biotechnologies 
requires the exogenous administration of sexual steroids. Treatments for applying 
different biotechnologies, such as estrous synchronization, estrous induction, syn-
chronization of the ovulations, or follicular development for superovulation, require 
controlling the estrous cycle and/or follicular development. There are several 
reviews on these topics (Bó et al. 2016; Bó and Baruselli 2014), so this section sum-
marizes the different hormones and routes of administration used in farm ruminants. 
Table  1.1 summarizes information on the progestogens more frequently used in 
reproductive management in farm ruminants.

Table 1.1 Progestogens frequently used in reproductive management in farm ruminants

Species Administration Hormone Treatment length

Cattle
Intravaginal 
device

Progesterone 5–7 days

Solution Progesterone Single administration
Subcutaneous 
implant

Norgestomet 5–7 days

Small 
ruminants

Intravaginal 
sponges

Medroxyprogesterone 
acetate

Short treatments:5–6 days
Traditional treatments: 12–14 days 
in ewes, 15–16 days in does

Flurogestone acetate Short treatments:5–6 days
Traditional treatments: 12–14 days 
in ewes, 15–16 days in does

Intravaginal 
device

Progesterone Short treatments:5–6 days
Traditional treatments: 12–14 days 
in ewes, 15–16 days in does

Solution Progesterone Single administration

A. Freitas-de-Melo and R. Ungerfeld
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1.3.1  Progestagens and Progesterone Treatments

The use of treatments based on mimicking a luteal phase requires the administration 
of sustained amounts of progesterone or progestagens. Progestagens are synthetic 
molecules with similar reproductive effects to progesterone. In cattle, sheep, and 
goats progesterone is administered by intravaginal silicone devices impregnated 
with synthetic progesterone, identical to that natural molecule produced by the cor-
pus luteum. These devices are inserted and remain in situ for 5–7 days, depending 
on the protocol used. After the insertion of these devices, progesterone concentra-
tion achieved in the blood increases sharply, remaining at luteal concentrations 
throughout the treatment (Fig. 1.4). These devices are frequently used more than 

Fig. 1.4 Patterns of fluorogestone, medroxyprogesterone, and progesterone blood concentrations 
in small ruminants after the insertion of commercial devices. The pattern is based on Gaston-Parry 
et al. (1988), Greyling et al. (1994), and Rubianes et al. (1998). There are three line graphs with 
time on the x-axis and progestogen concentration on the y-axis. The graph on top has a steep 
increase and later dips a little and flatlines. The second graph begins from the top and descends 
with a small peak in between. The last one has a steep peak which dips a little and flatlines, and 
finally dips completely
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once (Vilariño et  al. 2011, 2013; Oliveira et  al. 2001). Some authors autoclaved 
these devices before a second application, increasing progesterone concentration 
shortly after being inserted, achieving values greater than with used non-autoclaved 
devices (cattle: Zuluaga and Williams 2008; sheep: Ungerfeld et al. 2013; goats: 
Alvarez et al. 2013). However, in general, concentrations achieved with used devices 
are lower than those achieved with new devices (Fig. 1.5).

Similar devices are also used in sheep and goats, but traditional long treatments 
are frequently used, lasting 12–14 days in sheep and 14–16 days in goats. In this 
case, progesterone concentrations decrease to subluteal concentrations after 
8–10 days of application (Fig. 1.4). During the last period of these treatments, pro-
gesterone concentrations are below to  those observed during a normal late luteal 
phase. In these species, intravaginal sponges impregnated with synthetic progesta-
gens, such as medroxyprogesterone and fluorogestone acetate, are more frequently 
used. There are commercial sponges with different quantities of progestagens, 
which in general exceed the amount needed for the desired reproductive effects 
(Ungerfeld et al. 2003). There is scarce information on how the concentrations of 
progestagens vary in blood after the insertion of the device. In all cases, progestagen 
concentration decreases throughout the treatment, but it is difficult to know its 
effects compared to progesterone, as progestogens have a longer half-life and 
potency. Concerning the main aim of this chapter, there is even less information 

Fig. 1.5 Variations in progesterone concentrations achieved in the blood of goats after the inser-
tion of a new intravaginal silicone device impregnated with progesterone (continuous black line), 
a device used once before (grey line), or a device used twice before (black-spotted line) (Redrawn 
from Vilariño et al. 2011). A line graph with the time of the x-axis and progesterone concentration 
on the y-axis. There are three lines in the graph, and all three of them have a steep peak that 
descends slowly and finally dips. The peak value of the first line is 20, and the lowest is around 7
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about the possible impact of these hormones on the sensitivity to stressors in ewes 
and does.

Little is known on the effectiveness of injectable progesterone in oil-based for-
mulas (cattle: Andrade et al. 2020; Morotti et al. 2018; Gimenes et al. 2009; goats: 
Álvarado-Espino et al. 2019a, b), which were developed to substitute the adminis-
tration through devices. This strategy aims to reduce the hormonal residues in the 
environment, which can have deleterious effects on native fauna (Sauer et al. 2018; 
Liu et al. 2015). The effectiveness of injectable progesterone in oil-based is related 
to the formula used, determining when progesterone concentrations remain over 
luteal concentrations. The injectable progesterone might be impractical, as in most 
commercial products, the hormone should be administered several times. The scarce 
information available suggests that after a single administration of long-acting pro-
gesterone prepared in an oil solution decreases after 52 (Cavestany et al. 2008) to 
96 h (Corréa Rocha et al. 2011) in cows, or 12–16 h in ewes (Ungerfeld and Freitas- 
de- Melo, unpublished data).

1.3.2  Estrogens

Although in some countries, the use of estrogens is not allowed, these hormones are 
widely used, mainly in treatments to control the follicular dynamics in cows. 
Estrogens are used in treatments to synchronize the ovulation associated with fixed- 
timed artificial insemination in cows. Although originally follicular wave was syn-
chronized with estradiol-17β (Bó et  al. 1994), currently the hormones more 
commonly used are estradiol benzoate and estradiol cypionate (Monteiro et  al. 
2015; Sales et al. 2012; Martínez et al. 2000). As it has low solubility in water, estra-
diol cypionate has a longer half-life than estradiol benzoate or estradiol-17β 
(Vynchier et al. 1990). In sheep and goats, there are scarce studies using estradiol 
esters. In some studies, estradiol-17β was initially used to determine if it might syn-
chronize the follicular wave (Ungerfeld et al. 2004), as occurs in cattle. Later, it was 
used associated with progesterone treatments to synchronize the follicular dynamics 
for estrous induction (Ungerfeld 2008, 2009) or associated with superovulatory 
treatments (Souza-Fabjan et al. 2017). More recently, it has been used to synchro-
nize the ovulation for timed artificial insemination in ewes and does (Cosentino 
et al. 2019). Estradiol benzoate has also been used to promote cervical relaxation in 
ewes before insemination or embryo collection (Hauschildt Dias et al. 2020).

1.4  Stress Response and Welfare

According to Broom (1986), the welfare of an animal is its state regarding its 
attempts to cope with its environment. Welfare includes the coordination of different 
responses, including physiological, behavioral, and immunological responses, and 
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therefore, cannot be evaluated without including several aspects. In livestock cattle, 
sheep, and goats, females are repeatedly subjected to different challenges, which 
include human handlings, feeding management, social influences, and the occur-
rence of pathogens (Broom and Fraser 2015). All these challenges generate physi-
ological, behavioral and immunological responses (Dobson and Smith 2000). As 
stress implies the modification of the homeostasis of the animal, the coordination of 
different systems is necessary to return the animal physiology to equilibrium. The 
responses to the same stressors – considered as any stimulus that triggers a stress 
response- might differ among different individuals, both in magnitude and duration, 
depending on their previous experience with that stressor and their temperament 
(Earley et al. 2010; McEwen and Wingfield 2003). However, other factors such as 
gender, age, or physiological reproductive status modulate the response to stressors 
(Freitas-de-Melo and Ungerfeld 2016a; Mormedè et al. 2007; Dallman et al. 2002).

Depending on the intensity of the stressor and the lapse during which it acts, the 
response can be classified as acute or chronic. When the stressor induces a short 
response enough to get back to the homeostatic status, it is classified as acute. 
However, if the stressor continues acting for longer or triggers an intense response 
with which the animal cannot cope, this is considered a chronic stress response.

1.4.1  Acute Stress Response

There are many different types of acute stressors, but in general, it is assumed that 
an acute stressor acts from minutes to hours, and the animal should cope with it, 
returning quickly to the status that it had before the action of the stressor. Acute 
stressors simultaneously trigger both responding pathways, including the sympa-
thetic autonomic nervous system and the neuroendocrine system (Carrasco and Van 
de Kar 2003; O’Connor et al. 2021). The sympathetic system is activated immedi-
ately after a stressful situation, displaying the main responses a few seconds or even 
minutes after the perception of the stressor (Charmandari et al. 2005). However, its’ 
action is of short duration, ending quickly. On the other hand, although the neuro-
endocrine response takes longer to display the main effects, it is maintained during 
extended periods, from some minutes to hours. Both systems act simultaneously 
and synergistically, as glucocorticoids are synthesized and released into the blood; 
this pathway requires more time to be evidenced (Carrasco and Van de Kar 2003; 
Matteri et  al. 2000). The activation of both responses leads to physiological and 
behavioral changes necessary to cope with the stressor (Mormedè et al. 2007).

The activation of the sympathetic autonomic nervous system provokes the release 
of catecholamines into the sympathetic synapses, including epinephrine and norepi-
nephrine. The chromaffin cells located in the medulla of the adrenal glands produce 
both catecholamines and release them into the bloodstream. In general, catechol-
amines increase the heart and respiratory rates, as well as the body temperature. 
Catecholamines also stimulate glycogenolysis and lipolysis, increasing  glycemia 
and energy availability. The activation of the sympathetic autonomic nervous 
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system also causes mydriasis, vasodilation in skeletal muscle and peripheral vaso-
constriction (Matteri et al. 2000). Therefore, the activation of the sympathetic auto-
nomic nervous system produces a blood redistribution to prioritize the perfusion of 
the brain, heart, and skeletal muscles. Catecholamines also modify the activity of 
the animal, increasing its’ alertness, vigilance, and animal excitement (Sabban 2010).

When the animal perceives the stressor, the hypothalamus releases corticotrophin- 
releasing hormone and vasopressin into the portal system. Corticotrophin-releasing 
hormone acts at the adenohypophysis, stimulating the release of the adrenocortico-
trophic hormone into the bloodstream (Matteri et al. 2000). The adrenocorticotro-
phic hormone stimulates the secretion of glucocorticoids, mainly cortisol in 
domestic ruminants and corticosterone in rodents, in the cortex of the adrenal gland 
(Matteri et al. 2000). Glucocorticoids stimulate gluconeogenesis, lipolysis, and the 
catabolism of proteins, increasing glycemia and energy availability (Kudielka and 
Kirschbaum 2007). Glucocorticoids also promote an increase in cerebral perfusion, 
the use of glucose, an increase of blood pressure in most blood vessels, and stimu-
late heart frequency and cardiac output (Sapolsky et al. 2000). Glucocorticoids also 
act on the immune system, causing lymphopenia, eosinopenia, and neutrophilia 
(Griffin 1989). The glucocorticoids exert a negative feedback at the hypothalamus 
and the pituitary gland, inhibiting the secretion of  corticotrophin-releasing hor-
mone, vasopressin, and adrenocorticotrophic hormone (Sabban 2010; McEwen 
2007). Therefore, even if the stressor continues acting longer, the high concentra-
tions of glucocorticoids are not maintained, so the decrease in its concentration does 
not necessarily indicate that the stressful situation ended.

1.4.2  Chronic Stress Response

A chronic stress response is a consequence of a continuous or intermittent but 
repeated exposure of an animal to stressors during several days (Pacák and Palkovits 
2001). Chronic stress response frequently occurs in farm animals, as the general 
allocating conditions, pathologies, or other types of stressors usually remain active 
for days or weeks. As it might be expected, a sustained action of glucocorticoids 
over several days has harmful consequences on the productive and reproductive 
results, affecting animal health and welfare. If the animal cannot cope with the 
chronic stressor, it might have several negative consequences, including the ani-
mal’s death. One consequence of repeated exposure to stressors is the recurrent 
increase in glucocorticoid concentrations, which negatively affect the normal func-
tion of the immune system. Therefore, a chronic stress response might cause immu-
nosuppression, making the animal more susceptible to diseases (Griffin 1989). In 
this situation, animals lose the appetite, decrease the food conversion, and at the 
same time, prioritize the catabolic pathways, negatively affecting its’ general body 
condition. Frequently, chronically stressed animals are also more anxious, nervous, 
and restless, display stereotypic movements, and reduce their sexual behavior 
(Maniam and Morris 2012; Sapolsky et al. 2000).
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Although it is assumed that the stress response is necessary for the animal to 
cope with stressors, facilitating its adaptation, if the stressor is maintained over 
time, or the intensity of its effect generates an intense or sustained response, the 
final result can be harmful to the animal. Therefore, if the reactions displayed by the 
animal are not enough to recover the homeostasis or the action of the stressor does 
not stop, the general status of the animal may continuously deteriorate until death. 
In many husbandry conditions, the stress response cannot modify the stressful situ-
ation (Moberg 2001), Therefore, the animal can reestablish its homeostasis only 
when the stressor disappears.

Some common chronic stressful situations in farm animals are early artificial 
weaning, transport, and shearing or mixing animals from different groups. Artificial 
weaning involves several stressors, as the mother-offspring bond is suddenly bro-
ken, the physical and social environment is new for the animal, and the animal has 
to adapt its feeding behavior and digestive processes to the replacement of milk by 
solid food (Freitas-de-Melo et  al. 2022;  Freitas-de-Melo and Ungerfeld 2016b). 
During transportation, the animals are allocated in trucks with high density, provok-
ing injuries and subjecting them to prolonged fasting. Shearing is another stressful 
situation, as animals are moved from their paddocks, usually by dogs or unknown 
humans, and located in smaller pens close to the shearing shed. In this condition, 
they are exposed to high noise levels produced by the shearing machine. During the 
process, those animals entering to shearing are withdrawn from the group by 
humans, which implies taking out other group members, which also is a stressful 
situation  for those animals. After shearing, mixing recently shorn animals with 
those still waiting to be shorn implies the introduction of stressed animals, who are 
also not easily recognized by non-shorn animals (Ungerfeld et al. 2018). After win-
ter shearing, the stressful situation remains longer with the increase in thermoregu-
latory demands (Carcangiu et  al. 2008; Hargreaves and Huston 1990a, b). Other 
examples are changes in the social environment, as happens after social grouping 
when the animals are forced to cohabit with previously unknown individuals 
(Giriboni et al. 2015), or after social isolation in gregarious species as farm rumi-
nants (Freitas-de-Melo et al. 2016).

In summary, during a chronic stress response, the physiological and behavioral 
responses are costly with harmful consequences for the animals as the responses 
cannot modify the cause of the stress. Therefore, it is essential to reduce how the 
animal perceives the stressor and its response to improve animal welfare.

1.5  Influence Sex Steroids on Stress Response 
and Animal Welfare

Several studies demonstrate that the concentration of sexual steroids modifies how 
an animal perceives a stressor and the endocrine stress response itself. In general, it 
is assumed that progestogens reduce the stress response, inducing calm and relaxed 
states, while acute progesterone withdrawal and estrogens increase the responses to 
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stressors (Freitas-de-Melo and Ungerfeld 2016a). There are two main metabolites 
derived from progesterone, allopregnanolone and pregnanolone, which are called 
neuroactive metabolites, and are responsible for reducing the stress response (Liang 
and Rasmusson 2018; Barbaccia et al. 2001). These neuroactive metabolites lessen 
the animal’s perception of the stressor, as they present an anxiolytic effect (Wang 
2011), and  they also act decreasing the response of the hypothalamic-pituitary- 
adrenal axis (Brunton et al. 2009; Patchev et al. 1996). All these mechanisms reduce 
the animal’s behavioral and physiological stress response (Bitran et al. 1993, 1995). 
The acute decrease of progesterone concentrations, as occurs immediately after 
luteolysis or after the withdrawal of progesterone intravaginal devices, increases 
anxiety and the sensitivity to stressors (Hantsoo and Epperson 2020; Smith et al. 
2007). Furthermore, estrogens also increase anxiety and endocrine stress response 
in rodents (Figueiredo et  al. 2007; Jasnow et  al. 2006; Morgan and Pfaff 2002). 
Surprisingly, the effects of the physiological reproductive status and hormonal treat-
ments on stress response are commonly not considered when female farm animals 
are subjected to stressful situations.

1.5.1  Mechanisms of Action of Progesterone, Progestagens, 
and Estrogens

Progestagens and estrogens act through genomic mechanisms, modifying the 
expression of specific genes, stimulating or inhibiting gene transcription, and syn-
thesizing specific proteins (Schumacher et  al. 1999). The effect of this pathway 
requires from minutes to days to be noted (McEwen 1991). Progesterone can also 
provoke short-term effects, acting through its’ neuroactive metabolites. Briefly, pro-
gesterone is metabolized mainly in the liver (Pluchino et al. 2009) to various com-
pounds, including dihydro-progesterone, allopregnanolone, and pregnanolone 
(Corpechot et al. 1993; Seamark et al. 1969). These compounds can cross the blood- 
brain barrier (Pluchino et al. 2009). Furthermore, both progesterone and dihydro- 
progesterone can also be metabolized in the brain in allopregnanolone and 
pregnanolone (Compagnone and Mellon 2000). Therefore, these neuroactive 
metabolites can arrive from the blood to the central nervous system, or be produced 
in situ (Sze and Brunton 2019), achieving high concentrations in the brain (Paul and 
Purdy 1992).

Allopregnanolone and pregnanolone can bind to the aminobutyric acid type A 
(GABAA) and glycine (Gunn et  al. 2011; Sarkar et  al. 2011; Jiang et  al. 2006), 
which are both brain’s inhibitory receptors. Allopregnanolone and pregnanolone 
can also inhibit excitatory pathways through the nicotine, serotonin, and glutamate 
receptors (Sedláèek et al. 2008; Kaura et al. 2007; Bullock et al. 1997). These neu-
roactive metabolites are GABAA positive allosteric modulators, reducing neuronal 
excitability (Paul et al. 2020; Lambert et al. 2009). The union of these neuroactive 
metabolites on GABAA receptor induces quickly anxiolytic, sedative, and analgesic 
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effects (Akk et al. 2007; Wang 2011), exerting a stress-protective influence (Brunton 
et  al. 2009; Ma et  al. 2005). Allopregnanolone also decreases the synthesis of 
mRNA for corticotropin-releasing hormone and the secretion of both adrenocorti-
cotrophic hormone and glucocorticoids in male rats (Brunton et al. 2009). The con-
centration of allopregnanolone increases along gestation in rats, significantly 
decreasing just before delivery (Concas et al. 1998). The increase in the concentra-
tion of allopregnanolone might be related to the availability of progesterone as a 
substrate and the increase in the concentration of enzymes that synthesize allopreg-
nanolone (Brunton et al. 2005).

Although it is not wholly well established in the literature, the reduction of stress 
response could be mediated by the action of progesterone on intracellular receptors. 
Some studies using mice knock-out for the intracellular receptors of progesterone 
reported a decline in the stress or anxiety responses, suggesting that progesterone 
also has a stress-protective effect throughout its receptors (Reddy et  al. 2005). 
However, when rats were treated with progesterone and a progestin receptor antago-
nist before applying a stressor, the reduction in the stress response was still observed 
(Bitran et al. 1995). In female ovariectomized rats, the treatment with medroxypro-
gesterone, a progestin that does not produce the neuroactive metabolites, also 
reduces the stress response during restrainment (Hassell et al. 2011). It has been 
suggested that progestagens, progesterone, or dihydro-progesterone could directly 
join the intracellular receptors located in the amygdala and the bed nucleus of the 
stria terminalis (Brinton et al. 2008). These brain regions are related to the stress 
response, fear, or anxiety (Walker et  al. 2003), modulating the stress response. 
Progesterone and medroxyprogesterone differ in their effects on the expression of a 
subunit of GABAA receptors in the hippocampus, which have important implica-
tions for the modulation of anxiety (Pazol et al. 2009), and in the effects of both 
hormones in cognition in rats (Frye et al. 2013). Overall, progestagens and the neu-
roactive metabolites of progesterone may reduce the perception of stressors, and 
thus, the endocrine stress response.

In contrast, the acute decreases in progesterone concentration and its neuroactive 
metabolites after chronic exposure can regulate the expression of a specific subunit 
of GABAA receptor (Smith et al. 1998, 2007). Progesterone withdrawal leads to an 
increase in the display of behaviors related to anxiety (Gulinello et al. 2002; Gallo 
and Smith 1993) and individual risk-taking in rats (Löfgren et al. 2006). In the same 
direction, the treatment with estradiol benzoate enhances anxiety behavior in three 
anxiogenic behavior tests in female mice (Morgan and Pfaff 2002). Furthermore, 
estrogens increase the expression of corticotrophin-releasing hormone mRNA in 
the central nucleus of the amygdala (Jasnow et al. 2006), and increase the glucocor-
ticoid response to an acute stressor in rodents (Figueiredo et al. 2007; Burgess and 
Handa 1992).
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1.5.2  Action of Sexual Steroids in the Stress Response 
in Ruminants

There are few studies in ruminants regarding the effects of sex steroids on the stress 
response, and even a few studies related to the possible mechanisms of action. The 
concentration of allopregnanolone in the cerebrospinal fluid increases during gesta-
tion, reaching a maximum concentration in the last month and decreasing during the 
first month of lactation (Misztal et al. 2020a). Misztal et al. (2020b) reported that 
administration of allopregnanolone reduces corticotrophin-releasing hormone and 
vasopressin mRNA expressions in the paraventricular nucleus of isolated and 
restrained ewes. Consequently, administration of allopregnanolone to those ewes 
also reduces the corticotrophin-releasing hormone, adrenocorticotrophic hormone, 
and cortisol concentrations (Misztal et  al. 2020b). Furthermore, there is another 
possible pathway for the allopregnanolone anxiolytic and sedative effects in this 
species, as at least in sheep central nervous system-isolated tissue, in vitro allopreg-
nanolone binds to the GABAA receptor (Crossley et al. 2000).

In rodents, the sensitivity to stressors decreases by the end of pregnancy accord-
ing to the progesterone or allopregnanolone availability (Brunton 2010; Douglas 
et al. 2005). Although there are scarce studies, pregnant ewes also decrease their 
sensitivity to stressors. In effect, pregnant ewes have slighter behavioral responses 
than non-pregnant ewes to social isolation or a surprise test (Viérin and Bouissou 
2001) and shearing (Ungerfeld and Freitas-de-Melo 2019). Pregnant ewes also 
respond with lower cortisol concentrations than non-pregnant ewes to the shearing 
handling (Ungerfeld and Freitas-de-Melo 2019). Progesterone concentration was 
negatively related to the intensity of behavioral stress responses (Viérin and 
Bouissou 2001), suggesting that the inhibitory effect is associated with the proges-
terone availability. The sensitivity of cows also varies according to the reproductive 
status, with a lower reaction of pregnant cows to human handling (Freitas-de-Melo 
et al. 2019).

Recently we observed that estrous ewes stayed more time standing up immobile 
and alert during social isolation than ewes in their luteal phase (Freitas-de-Melo et al. 
2022). Pinto-Santini and Ungerfeld (2019) observed that ewes were probably more 
sensitive to stressors during the follicular than during the luteal phase, as while dur-
ing the first there was a clear circadian pattern in cortisol secretion, with a rise dur-
ing the early morning, but this pattern disappeared during the mid-luteal phase. 
Furthermore, the surface temperature, total serum protein, globulin, and plasma 
glucose concentrations were greater in ewes in the follicular phase than in ewes in 
the luteal phase (Freitas-de-Melo et al. 2022; Pinto-Santini and Ungerfeld 2019). 
Nevertheless, Kilgour and Szantar-Coddington (1997) did not find any differences 
between the behavioral response of estrous and non-estrous ewes during social iso-
lation. Furthermore, Orihuela et al. (2002) did not observe differences in the cortisol 
concentration in diestrous or proestrus ewes after transportation.

The effect of progesterone administration to evaluate ruminants’ response to dif-
ferent stressors was studied in some experiments. In particular, long-term treatment 
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with progesterone reduces ewes’ responses to weaning (Freitas-de-Melo et  al. 
2013). Ewes treated with intravaginal devices impregnated with progesterone dis-
played lesser behavioral changes after weaning. After artificial weaning, treated 
ewes also present lower globulins concentration than untreated ewes, suggesting a 
possible protective effect of the treatment. Therefore, to simplify the potential han-
dling of animals, we administered an injection of oil-based progesterone to ewes 
immediately before weaning, and although it decreased the behavioral response 
(Freitas-de-Melo and Ungerfeld, unpublished data), the decrease was not as strong 
as that previously reported with longer treatments (Freitas-de-Melo et al. 2013). On 
the other hand, the acute withdrawn of progesterone concentrations increase the 
sensitivity to stressors. In effect, anestrous ewes secrete more cortisol after being 
isolated 24 h after ending the treatment with progesterone than remaining untreated 
(Freitas-de-Melo et  al. 2016). Similarly, heifer response to human handling is 
greater after progesterone withdrawal than in untreated animals (Freitas-de-Melo 
et al. 2019). Although the effects of estrogens on stress response in ruminants were 
studied to a lesser degree, ewes treated with estradiol benzoate respond to an ACTH 
challenge with greater cortisol concentrations than untreated ewes (Van Lier 
et al. 2014).

In this context, although more research is required, there is room to consider 
treatments with progesterone as practical alternatives to reduce the stress responses 
to routine handlings in ruminants, thereby improving their well-being. The need for 
long-term treatments appears as a significant limitation, as it implies the use of 
intravaginal devices to ensure sustained progesterone concentrations during several 
days. However, new long-action progesterone formulas might be tested to avoid 
using devices, which are not allowed in some countries due to the residues in the 
environment. Table 1.2 summarizes the main effects of progesterone or the repro-
ductive physiological state on the stress response in female ruminants.

1.6  Conclusions

According to our knowledge, there are no studies on how the sensitivity of the ani-
mals to stressors is affected by administering sexual steroids during standard repro-
ductive practices. Moreover, although the effectiveness of administering different 
progestogens (Ungerfeld et al. 1999) or estradiol esters (Melo et al. 2016) on the 
reproductive responses have been compared, there are no studies relating the pos-
sible effects of these treatments with the stress responses. For example, in some 
studies, it has been reported that the pregnancy rate of ewes is greater when estrus 
is synchronized with progesterone than with medroxyprogesterone (Santos-Neto 
et  al. 2015). The greater pregnancy rate was related to the characteristics of the 
intravaginal device or its’ effects on follicular dynamics. However, the insertion and 
withdrawal of the device imply repeatedly moving the animals, taking them to the 
farm facilities, contacting unknown technicians, and sometimes grouping with other 
unknown individuals, which are all stressful events. In this sense, as progestagens 
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as medroxyprogesterone are not metabolized to the neuroactive steroids (Pluchino 
et al. 2009; Bernardi et al. 2006), it is possible that the effects of these hormones on 
the reduction of stress response also differ, and this might partially explain differ-
ences in fertility.

Therefore, considering that the devices are withdrawn close to the moment of 
artificial insemination, a period in which stress should be avoided to increase the 
pregnancy rates, the fertility might differ due to differences in the effects of different 
hormones in the sensitivity to practical handlings. Similarly, different estradiol 
esters have been used to modify the follicular growth pattern, and thus, the moment 
in which timed artificial insemination is performed in cattle. Estradiol benzoate is 
widely used instead of estradiol cypionate, although some studies were done expect-
ing that the last would increase fertility due to its effects at the hypothalamus- 
pituitary- ovary axis, related to the longer half-life (Melo et al. 2016; Sales et al. 
2012). However, the use of estradiol cypionate did not increase the pregnancy rates. 
Therefore, it should be studied if the sustained concentrations of estradiol during a 
longer time before the moment in which the cows are grouped, moved to the facili-
ties, handled by the technicians, and inseminated, increase the sensitivity to these 
stressors, and this might partially explain the lower fertility rate.

It is known that individual temperament affects the results of these treatments 
(Mello et al. 2020), and it is also known that cows are more responsive to tests used 
to evaluate temperament after progesterone withdrawal (Freitas-de-Melo et  al. 
2019), raising the hypothesis that the estradiol ester used might affect the cow per-
ception of stressors, and therefore, their fertility. These examples demonstrate a big 
room to work in the link between these two types of research areas, which have 
scarce contribution between them until now. Understanding the animal as an indi-
visible individual, in which a hormone administrated to produce the desired repro-
ductive effect and also influences other systems, might be the main direction to 
improve the animals’ welfare and results of the reproductive biotechnologies.
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Chapter 2
Insights from Proteomics in Kidney 
Disease Diagnosis and Various In Vitro 
and In Vivo Experimental Models

Vikram Patial, Garima Dadhich, and Rajiv Kumar

Abstract Kidney disease is emerging as a significant cause of mortality and public 
health burden worldwide. Diabetes, hypertension, obesity, and drug toxicity are the 
leading causes of kidney damage. The biomarkers and experimental models of kid-
ney disease play an important role in diagnosis, prognosis, and follow-up treatment. 
Therefore, detailed knowledge about molecular markers and experimental models 
could be helpful to understand kidney diseases. Proteomic technology contributes to 
clinical research, particularly biomarker discovery and prognosis of kidney disease 
by estimating protein expression. Here, we review various kidney biomarkers which 
are efficient and associated with early detection of chronic kidney disease, diabetic 
nephropathy and acute kidney injury compared to surrogate markers. Also, we high-
light the recent progress of proteomic quantification techniques like gel-based and 
gel-free techniques primarily used for biomarker discovery. Various in vitro cell line 
models used for screening and molecular studies were explained. Further, the differ-
ent rodent and alternative models like zebrafish and drosophila used in kidney 
research are also discussed in detail. In conclusion, this chapter aims to review 
molecular biomarkers, the role of proteomics in kidney diseases, and different 
in vitro and in vivo models for understanding disease pathogenesis and therapeutics 
development.
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Abbreviations

ADMA Asymmetric dimethylarginine
DOCA Deoxycorticosterone acetate
ELISA Enzyme-linked immunosorbent assays
eNOS endothelial nitric oxide synthase
GeLC Gel electrophoresis Liquid Chromatography-Mass Spectrometry
GFR Glomerular Filtration Rate
IL-18 Interleukin 18
IL-1β Interleukin-1β
KIM-1 Kidney Injury Molecule 1
LC-MS Liquid Chromatography-Mass Spectrometry
LDH Lactate dehydrogenase
L-FABP Liver-fatty acid-binding protein 
MCP-1 Monocyte chemoattractant protein-1
NAG N-acetyl-β-D-glucosaminidase
NGAL Neutrophil gelatinase-associated lipocalin
RBP4 Retinol-binding protein 4
α1M α1-microglobulin
α-GST/π-GST α/π-Glutathione s-transferase
β2M β-microglobulin

2.1  Introduction

Kidney disease is an important contributor to health burden and mortality globally. 
More than 2.5 million people receive kidney replacement therapy, and the number 
is projected to double by 2030. The disease screening programme in countries like 
USA, Australia, and Norway have shown kidney diseasemarkers in more than 10% 
of the adult population (Bikbov et al. 2020). Three million people in UK alone are 
diagnosed with kidney ailments; however, more than one million people are undiag-
nosed (Outtandy et  al. 2019). Chronic kidney disease is the 12th most common 
cause of death worldwide. In India, areas like Goa and Odisha were reported to have 
high chronic kidney disease incidence of unknown etiology (Jayasekara et al. 2015). 
According to the global burden of disease, approximately 1.5 million people died 
from kidney disease in 2015 alone, which was almost 32% higher from 2005 (Wang 
et al. 2016).

The term “Kidney disease” is used for any abnormality or changes that occur in 
kidney function. The abrupt change in glomerular filtration rate, increased serum 
creatinine, and decreased urine output over 6 to 24  h is termed as  acute kidney 
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injury (Peerapornratana et  al. 2019). It is mainly characterized by azotemia and 
oliguria. Acute kidney injury was defined by Acute Dialysis Quality Initiative 
(ADQI) as risk, injury, failure, loss of kidney function, end stage kidney disease 
(RIFLE), and later adopted by the acute kidney injury network (Lopes and Jorge 
2013). Sepsis, ischemia, and drug toxicity are the leading causes of acute kidney 
injury. Recent studies suggest that acute kidney injury may lead to the development 
of chronic kidney disease, which requires kidney replacement therapy 
(Peerapornratana et al. 2019). Chronic kidney disease is characterized by kidney 
impairment that leads to decreased glomerular filtration rate (less than 60  ml/
min/1.73m2), elevated albuminuria, and serum creatinine. In addition, kidney injury 
causes deterioration in kidney function, resulting impaired urine output and higher 
connective tissue deposition in the kidney to cause fibrotic disorders (Levin et al. 
2013). End-stage kidney disease is the last stage when the kidney cannot work and 
identified by a glomerular filtration rate of less than 15  ml/min (Sgambat et  al. 
2019). In the last few decades, an increasing prevalence of diseases such as obesity, 
diabetes and hypertension  predisposed individuals to chronic kidney disease. 
Chronic kidney disease has been recognized as a significant risk factor for the higher 
rate of cardiovascular disease and mortality. Therefore, its early detection and pre-
vention is a health-care priority in both developed and developing countries 
(Matovinović 2009).

The prognosis of kidney disease is greatly facilitated by the detection of bio-
markers. Biomarkers are protein/enzymes released by damaged kidney tissue, and 
their presence directly reflects pathological condition. Further, the identification of 
proteins, enzymes and transcription factors in pathological conditions will increase 
our understanding about the molecular regulation of disease. The use of proteomics 
for disease diagnosis has recently been gathered pace (Wu and Fenton 2018). 
Proteomic approaches are applied for qualitative and quantitative estimation of bio-
markers in different samples like plasma, urine, or tissue that will be useful for early 
diagnosis and treatment of kidney disease. Experimental models have a critical role 
in studying the pathology and pharmacology of kidney diseases. The in vitro and in 
vivo models provide the best insights into the mechanism of kidney disease and 
identify potential therapeutic targets, which further help clinical science for under-
standing disease and develop medications. Cell lines, zebrafish, and drosophila pro-
vides great alternatives to rodent and primates in screening the compound and 
studying the molecular pathways in renal diseases (Bao et al. 2018). This chapter 
provides an overview of various biomarkers for early diagnosis of kidney disease, 
proteomic technologies for their identification and validation, and different non- 
transgenic experimental models to study kidney diseases based on published 
research articles.
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2.2  Pathophysiology of Kidney Disease

To understand the pathophysiology of kidney disease, the renal structure, physiol-
ogy, and various mechanism of kidney injury must be taken into consideration. The 
kidney is a bean-shaped organ located in the upper abdominal area. Broadly kidneys 
are divided into two regions, viz. cortex and medulla. The cortex is mainly com-
posed of the glomeruli, proximal and distal tubules, whereas collecting ducts and 
loop of Henle from the medullary part (Wang et al. 2017a, b). The nephron is the 
kidney’s functional unit and its development in human occur during the 36th week 
of gestation period. The number of nephrons varies in an individual with an average 
of 0.2 to more than 2.5 million. Although when body mass increases the nephron 
hypertrophy occurs like in the case of obesity, pregnancy, and kidney transplanta-
tion (Bertram et al. 2011). The primary functions of nephron include glomerular 
filtration, tubular reabsorption, and secretion. Glomerulus consists of bundles of 
capillaries, mesangial cells, and podocytes enclosed by bowman’s capsule, forming 
kidney corpuscles. It filters the blood plasma and allows waste products to pass 
through tubules (Fig. 2.1) (Wang et al. 2017a, b). The direct damage to glomerular 
(mesangial, podocytes, and endothelial cells), and tubular cells lead to impaired 
kidney function. The change in kidney blood flow due to cytokines and chemokines, 
alteration in glomerular filtration rate (due to disturbance in electrostatic barrier), 
drugs, and genetic factors are the primary reasons for the kidney injury (Matovinović 
2009). The kidney injury can be acute or chronic, depending upon the duration of 
the disease process. Acute kidney injury causes sudden kidney perfusion changes, 
resulting in reduced glomerular filtration rate and blood flow (Basile et al. 2011). 
The significant pathological changes include inflammation, cytokines activation, 
tubular, epithelial, and endothelial cell injury (Bellomo et al. 2017). Ischemia is the 
leading causes of acute kidney injury that results in tubular cell damage due to ATP 
depletion and redistribution of Na+/K+ ATPase pump from basolateral to apical 
membrane of proximal tubular cells. This further results

in cytoskeleton structure disturbance, loss of cell-cell interaction, brush border 
damage, and cell swelling (Shaw et al. 2018; Chawla and Kimmel 2012). The kid-
ney blood flow reduction due to kidney injury induces conversion of prorenin to 
renin and angiotensinogen activation. Angiotensinogen converting enzyme convert 
angiotensinogen into angiotensin I and activates angiotensin II, leading to vasocon-
striction and high blood flow. Angiotensin II causes the secretion of aldosterone, 
leading to impairment of glomerular barrio function by reducing the expression of 
podocytes protein responsible for maintaining glomerular barrier function (Fig. 2.2) 
(Benigni et al. 2004; Lim 2014). The altered glomerular filtration rate and pressure 
lead to glomerular hypertension and nephron hypertrophy. This further increases the 
shear stress of podocytes resulting in podocyte detachment, glomerulosclerosis, and 
kidney injury (Romagnani et al. 2017). Ischemic kidney injury also causes some 
epigenetic changes like DNA methylation, acetylation and mRNA expression con-
tributing to kidney impairment (Rodriguez-Romo et al. 2015).
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Fig. 2.1 (a) Showing different parts of the nephron and glomerulus. The blood enters the glom-
erulus through the afferent arteriole and leaves through the efferent. The glomerular capillaries, 
podocytes and mesangial cell together form a filtration bed in the glomerulus. The glomerulus is 
followed by proximal convoluted tubules with brush border epithelial cells, the loop of Henle, 
distal convoluted tubules and collecting ducts; (b) Histology of rat kidney showing normal glom-
erulus (asterisk) and proximal convoluted tubule with brush border epithelium (arrow); (c) Mouse 
kidney showing normal glomeruli (asterisks) and proximal convoluted tubules (arrow)
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If the kidney function abnormalities remain for more than 3 months, the condi-
tion is known as chronic kidney disease. Chronic kidney disease is identified by 
albuminuria, nephron loss, impaired globular filtration rate, hypertrophy of neph-
rons, and kidney fibrosis (Romagnani et  al. 2017). Its development is associated 
with three factors: first is cause-specific, second is related to fibrosis and dysfunc-
tion, and third is related to progressive damage to nephrons (Zhong et al. 2017). The 
tubules and interstitium form approximately 90% of the kidney volume. In protein-
uria and tubulointerstitial damage, excessive protein reabsorption in proximal 
tubules is increased via lysosomal processing that causes lysosomal rupture result-
ing in tubular toxicity. Kidney injury activates the pro-inflammatory, and profibrotic 
factors contributing to kidney fibrosis development. Chemokine secretion in pro-
teinuria may induce secretion of TGF-β, and intercellular adhesion molecule. The 
degree of tubulointerstitial fibrosis is directly linked to the level of expression of 
adhesion molecule (Fig. 2.2) (Nogueira et al. 2017).

Hypertension is one of the primary reasons for kidney damage. Increased blood 
pressure level for the long term can cause epithelial damage resulting in reduced 

Fig. 2.2 Schematic representation of the pathogenesis of kidney diseases. The hyperglycemia and 
insulin resistance in diabetes leads to glomerular function changes, oxidative stress, inflammation, 
and activation of growth factors leading to fibrotic changes. Obesity increases adipokine levels and 
oxidative stress in the renal tissue. The activation of RAAS increases tubular absorption of sodium, 
leading to hypertension and pathological changes in the kidneys. Toxin/drugs cause direct injury 
to the renal cells and cause impairment of renal function. PDGF: Platelet-derived growth factor; 
RAAS: Renin-angiotensin-aldosterone system; ROS: Reactive oxygen species; TGF: Transforming 
growth factor; VEGF: Vascular endothelial growth factor
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globular filtration rate arterial stenosis, arterial stiffening, and kidney ischemia 
(Fenoglio et al. 2019). Nephron loss increases the glomerular workload leading to 
glomerular hypertension, which further activates chronic kidney disease pathways. 
Similarly, the diabetic condition causes microvascular complications in the kidney 
leading to albuminuria, proteinuria, and decreased glomerular filtration rate 
(Orasanu and Plutzky 2009; Ioannou 2017). In diabetic nephropathy (DN), proxi-
mal tubules are unable to reduce the glucose transport rate due to hyperglycemia 
leading to hypertrophy, hyperfiltration, elevated reactive oxygen species generation, 
and angiotensinogen production (Fig. 2.2) (Vallon 2011). Most glomerular diseases 
are caused by a defective immune system, metabolism, and stress-related injuries. 
Proliferative glomerular disease is characterized by immunoglobulins accumula-
tion, leading to glomerular injury and inflammation. The non-proliferative glomeru-
lar disease occurs without any glomerular inflammation, and immunoglobulin 
accumulation as in case diabetic, metabolic, and toxins related damage (Fine and 
Norman 2008). Some inherited diseases like nail-patella syndrome, thin membrane, 
and partial lipodystrophy also affect the glomerular function.

2.3  Molecular Biomarkers of Kidney Diseases

Biomarkers are defined as ‘characteristic’ or ‘measurable/quantifiable biological 
parameters’ that differentiate between normal biological processes to pathogenic 
and other clinical conditions (Provenzano et al. 2020). Molecular biomarkers repre-
sent disease-associated proteins for various pathophysiology of kidney, including 
acute kidney failure, chronic kidney disease, autoimmune kidney disease, and kid-
ney cancer. Biomarker‘s most important feature is the ease of availability, sensitiv-
ity, specificity, reproducibility, and non-invasive and easy-to-perform in the clinical 
laboratory. The application of molecular biomarkers in clinical practice is vital for 
the early diagnosis of disease, leading to a better prognosis with improved clinical 
outcome. Besides, biomarkers were also used to differentiate disease subtype, etiol-
ogy, predicting the disease severity, and drug development. Although no clear 
guidelines are available for molecular biomarkers identification; however, the two 
most common approaches; deductive and inductive were used for kidney biomark-
ers identification. Deductive approaches include protein study of specific diseases 
like inflammation, while inductive methods include studying a tissue at a particular 
condition using different genomic and proteomic techniques followed by bioinfor-
matics analysis. In the recent past, numerous studies have been reported for a better 
understanding of biomarkers and their role in the early diagnosis of kidney disease 
(Vaidya et  al. 2008; Nguyen and Devarajan 2008; Lopez-Giacoman and Madero 
2015; Dobrek and Thor 2016; Alicic et al. 2017; Malhotra and Siew 2017). Here, we 
discuss prominent biomarkers associated with kidney disease (Table 2.1).

Measurement of glomerular filtration rate is considered to be a direct assessment 
of kidney functions. In clinical practices, estimation of glomerular filtration rate is 
usually estimated through measuring alternate markers like serum creatinine (a 
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Table 2.1 Various molecular markers of kidney disease

Biomarkers Tissue Renal disease
Biological 
function References

NGAL Serum, 
urine

AKI,CKD,DN Indicate renal 
injury

Mitsnefes et al. (2007), Nguyen 
and Devarajan (2008), 
Bolignano et al. (2009), Kohl 
et al. (2020)

Cys-C Serum, 
urine

CKD, DN, 
AKI

Glomerular and 
tubular 
dysfunction

Vaidya et al. (2008), Kim et al. 
(2013), Lopez-Giacoman and 
Madero (2015)

KIM-1 Urine CKD, DN, 
AKI

Tubular 
dysfunction

Vaidya et al. (2005)
Uwaezuoke (2017)

NAG Plasma, 
urine

CKD, DN, 
AKI

Tubular injury Vaidya et al. (2008)

L-FABP Plasma, 
urine

CKD, DN, 
AKI

Renal injury Vaidya et al. (2008), Bonventre 
et al. (2010), Lopez-Giacoman 
and Madero (2015)

β2M Plasma 
and urine

CKD,DN,AKI Tubular injury Lopez-Giacoman and Madero 
(2015), Vaidya et al. (2008)

α1M Urine AKI Tubular injury Hart (2005)
RBP4 Urine CKD, AKI Tubular 

dysfunction
Lopez-Giacoman and Madero 
(2015)

IL-18 Urine CKD, AKI, 
DN

Tubular damage Miyauchi et al. (2009)

Clustrin Urine CKD, AKI, 
DN

Tubular damage Vaidya et al. (2008)

ADMA Plasma, 
urine

CKD,DN Kidney disease Raptis et al. (2013)

MCP-1 Urine CKD, DN Renal injury Wada et al. 2000 and Lopez- 
Giacoman and Madero (2015)

α-GST/π-GST Urine AKI Renal injury Harrison et al. (1989)
NHE3 Urine AKI Tubular injury du Cheyron et al. (2003)
Fetuin A Urine AKI Tubular damage Zhou et al. (2006)
TIMP-2 and 
IGFBP7

Urine AKI G1 cell-cycle 
arrest

Kashani et al. (2013)

Osteopontin Urine AKI Kidney disease Vaidya et al. (2008)
Clustrin Urine AKI Tubular injury Vaidya et al. (2008)
FGF-23 Urine CKD Isakova et al. (2011)

Abbreviations: AKI Acute Kidney Injury, CKD Chronic Kidney Disease, DN Diabetic 
Nephropathy, NGAL Neutrophil gelatinase-associated lipocalin, Cys-C cysteine protease inhibitor, 
KIM-1 Kidney Injury Molecule 1, NAG N-acetyl-β-D-glucosaminidase, L-FABP Liver-fatty acid- 
binding protein 1, β2M β-microglobulin, α1M α1-microglobulin, RBP4 Retinol-binding protein 4, 
IL-18 Interleukin 18, ADMA Asymmetric dimethylarginine, MCP-1 Monocyte chemoattractant 
protein-1, α-GST/π-GST α/π-Glutathione s-transferase, NHE3 Sodium–hydrogen exchanger iso-
form, TIMP-2 Tissue Inhibitor of Metalloproteinases-2, IGFBP7 Insulin-Like Growth Factor- 
Binding Protein-7, FGF-23 fibroblast growth factor-23

V. Patial et al.



35

113  kDa metabolic waste product of muscle-derived from creatine degradation), 
albuminuria (excess albumin excretion in urine), blood urea nitrogen, and urine 
output. Prediction of kidney function through increased serum creatinine has some 
limitations as its concentration may be influenced by patient muscle mass, physical 
activity, diet, time log between kidney injury that results in low predictive value 
(Uchino 2010). In kidney disease, albuminuria and glomerular filtration rate are 
inversely proportional, i.e., higher albuminuria lowers the glomerular filtration rate. 
Increased albuminuria results due to diabetes, hypertensive nephrosclerosis, and 
glomerular disease. Excess albuminuria directly affects kidney glomeruli and 
tubules or induces inflammation that results in kidney damage. However, in contrast 
to previous report MacIsaac et al. (2014) found that microalbumin concentration is 
moderately associated with kidney disease progress. Besides, many diabetic kidney 
disease cases are associated with non-proteinuria (Tsalamandris et al. 1994). Blood 
urea nitrogen usually increases as glomerular filtration rate decreases; however, 
urea production may be related to a protein diet and tissue breakdown. Due to insen-
sitivity, non-specificity, and delayed response, these surrogate markers are not suf-
ficient and reliable for early diagnosis of kidney disease. Therefore, identifying 
novel, sensitive, and specific biomarkers for prior and accurate diagnosis of kidney 
disease is essential, particularly for reflecting intrinsic organ injury.

Identifying kidney biomarkers in the urine mainly depends on the change in 
glomerular permeability or tubular resorption, and increased synthesis/release of a 
biomarker in response to tissue damage. Alteration in glomerular permeability and 
tubular damage is the leading cause of kidney disease. Tubular protein like neutro-
phil gelatinase-associated lipocalin (NGAL) is associated with damaged glomerular 
and tubular epithelial cells of the kidney. An increased concentration of neutrophil 
gelatinase-associated lipocalin in blood/urine is used to detect acute kidney injury, 
kidney transplant, and kidney disease associated with diabetes, hypertension, and 
atherosclerosis (Mitsnefes et  al. 2007; Nguyen and Devarajan 2008; Bolignano 
et al. 2009; Kohl et al. 2020). Cystatin C (13.4-kDa) an indicator of glomerular and 
tubular damage. An increased concentration of cystatin C in urine has been used to 
predict chronic kidney disease and diabetic nephropathy (Lopez-Giacoman and 
Madero 2015; Kim et al. 2013). However, in patients with kidney transplants and 
cardiac surgery, an increase of 50% urinary cystatin C level was reported that repre-
sents a potential biomarker for acute kidney injury (Vaidya et al. 2008).

Kidney injury molecule 1 (KIM-1) is a transmembrane protein usually detected 
in urine after tubulointerstitial impairment. An increased level of KIM-1 in urine has 
been reported in chronic kidney disease and diabetic nephropathy (Uwaezuoke 
2017). Likewise, its levels significantly increases in acute kidney injury patients 
with ischemic and cardiac surgery (Vaidya et al. 2005). A lysosomal enzyme in the 
proximal tubule, N-acetyl-β-D-glucosaminidase (NAG) has been associated with 
altered urine levels in tubular damage in acute kidney injury, chronic kidney disease 
and diabetic nephropathy (Vaidya et al. 2008). However, the non-specificity of NAG 
for acute kidney injury limits its use as biomarkers. Liver-fatty acid-binding protein 
1 (L-FABP; intracellular binding protein of fatty acid, highly expressed in tubular 
damage) has been used as next-generation biomarkers to diagnose kidney disease 
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(Vaidya et al. 2008; Bonventre et al. 2010; Lopez-Giacoman and Madero 2015). 
β-microglobulin (β2M), a 11.8 kDa light chain of major histocompatibility class 1 
protein is normally filtered through the glomerulus and reabsorbed by proximal 
tubular cells. Its increased concentration in urine indicates tubular dysfunctions and 
act as an early marker for kidney disease (Lopez-Giacoman and Madero 2015). 
However, rapid degradation in urine with a pH less than 6.0 at room temperature 
limits its use as biomarkers for acute kidney injury. Similarly, increased urinary α1- 
microglobulin (α1M) level has been used as a sensitive biomarker for proximal tubu-
lar damage in acute kidney injury (Hart 2005).

Other protein/enzymes associated with tubular damage like retinol-binding pro-
tein 4 (RBP4; a 21kD protein involves in vitamin A transport from liver to other 
tissue), Interleukin 18 (IL-18; an inflammatory cytokine), and Clusterin; 75 kD- 
disulfide- linked heterodimeric glycoprotein have been used for detection of chronic 
kidney disease, acute kidney injury and diabetic nephropathy (Vaidya et al. 2008; 
Miyauchi et al. 2009; Lopez-Giacoman and Madero 2015). Further, C reactive pro-
tein belongs to a protein family known as pentraxin, is associated with endothelial 
injury and impaired vasodilation in the kidney leading to glomerular damage and 
progressive kidney function impairment. Another protein monocyte chemoattrac-
tant protein-1 (MCP-1; a member of chemotactic cytokines affects kidney structure 
and function), asymmetric dimethylarginine (ADMA) and fibroblast growth factor-
 23 also has been used to diagnosse chronic kidney disease and diabetic nephropathy 
(Wada et al. 2000; Bonventre et al. 2010; Isakova et al. 2011; Raptis et al. 2013; 
Lopez-Giacoman and Madero 2015). Various other glomerular proteins like trans-
ferrin (serum iron-binding protein), immunoglobulin G, laminin (components of 
glomerular basement membrane), type IV collagen (components of the glomerular 
basement membrane and mesangial matrix), fibronectin1 (intrinsic component of 
the glomerular extracellular matrix), resistin (Serum marker for reduced glomerular 
filtration), prostaglandin D2 synthase (Increased serum level indicates impaired 
kidney function), ceruloplasmin, glycosaminoglycans, lipocalintype, podocalyxin, 
vascular endothelial growth factor, human cartilage glycoprotein-40, and nephrin 
has been used for early diagnosis of chronic kidney disease (Dobrek and Thor 
2016). Furthermore, proteins associated with cell cycle regulation (G1 cell-cycle 
arrest) including insulin-like growth factor-binding protein-7, tissue inhibitor of 
metalloproteinases-2, α/π-glutathione s-transferase (α-GST/π-GST), sodium–
hydrogen exchanger isoform, fetuin-A, osteopontin, clusterin have been identified 
as early acute kidney diseasebiomarkers (Harrison et al. 1989; du Cheyron et al. 
2003; Zhou et al. 2006; Vaidya et al. 2008; Kashani et al. 2013).

One of the most crucial reasons for the progression of any disease is oxidative 
stress. Oxidative stress leads to generation of reactive oxygen species, and at higher 
concentrations, they produce unwanted modification of protein, lipid, and DNA. Of 
a particular interest, protein oxidative products and protein carbonyls were used as 
molecular markers as they significantly increase in chronic kidney disease and end 
stage renal disease patients (Himmelfarb et  al. 2000; Mitrogianni et  al. 2009; 
Machowska et al. 2016). Mitrogianni et al. (2009) reported that the carbonylation of 
albumin gradually increases with chronic kidney disease progression. Further, lipid 
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peroxidation products; malondialdehyde, 4-hydroxynonenal, thiobarbituric acid 
reactive substances, and isoprostanes such as 8-iso-prostaglandin F2α were used as 
biomarkers for chronic kidney disease (Sugiura and Wada 2009). Moreover, urinary 
8-oxo-7,8-dihydro-2-deoxyguanosine; an oxidative modification of DNA is a typi-
cal biomarker used for diabetic nephropathy. Recently, Michele et al. reviewed in 
detail about molecular biomarkers involved in chronic kidney disease. They dis-
cussed the serum level of oxidative stress-induced biomarkers involved in tissue 
remodelling, and metabolism; myeloperoxidase, matrix metalloproteinase (matrix 
metalloproteinase-2, −8 and − 9), endopeptidases, tissue inhibitor of metallopro-
teinases- 1, C-reactive protein and fibroblast growth factor-23 were increased sig-
nificantly. Using these biomarkers in clinical practice, diagnosis and prognosis of 
kidney diseases at an early stage becomes more accurate than surrogate markers. In 
addition, these biomarkers will also increase our molecular understanding about 
pathophysiology of kidney damage that could be utilised for developing novel ther-
apy to treat kidney diseases.

2.4  Proteomics in Kidney Disease

Proteome; analogue of genome, may be defined as “total protein complement of a 
cell, tissue or of an organism at a particular time, condition or environment” 
(Pennington et al. 1997). The emergence of mass spectrometry with better specific-
ity and sensitivity, enrichment of less abundant proteins and depletion of abundant 
proteins with different pre-fractionation steps, computer tools for data processing, 
peptide sequencing, and protein identification has paved the way for analysis of 
protein and peptides at large scale in high-throughput mode (Matthiesen et al. 2004). 
Proteomic techniques have been used for the identification and quantification of 
protein that will be essential to inference the biological functions. Mostly two com-
plementary approaches are common in proteomics; top-down or bottom-up. In top- 
down approach, isolated proteins were first fractionated, and intact protein was 
trypsin digested, followed by data acquisition and analysis by mass spectrometry 
(Han et al. 2006). This approach allows identification of protein, post-translational 
modifications, and protein isoforms. In contrast, the bottom-up approach includes 
characterization of protein through peptides generated from protein digestion (Yates 
2004). The bottom-up approach is generally called shotgun proteomics when it is 
performed on a mixture of proteins (Yates 1998). In general, shotgun proteomic 
experiment includes trypsin digestion of protein mixture to generate peptides, 
resulting peptides mixture was fractionated and identified by mass spectrometry.

In the past few decades, significant progress has been made to explore the mech-
anism of kidney disease progression and biomarker discovery for disease diagnosis, 
prognosis, and their follow-up treatment through proteomic approaches (Mischak 
et al. 2007; Chen et al. 2018). In this context, body fluids (blood and urine) are seem 
to be ideal for the identification of new biomarkers as they contained secreted/
leaked proteins associated with a disease or altered state of tissue or organ (Lescuyer 
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et al. 2007). Among different body fluids (blood/plasma/serum), proteome is highly 
complex in which peptide concentration can vary ten order of magnitude. However, 
urine proteome is comparatively less complex, and the pathophysiological state of 
kidney is indicated by change in urinary proteome. Considering urine for proteomic 
study has several advantages as it collected noninvasively in large volume, stored at 
37 °C for several hours without any proteolytic degradation and it devoid highly 
abundant plasma proteins that create hindrance in the extraction process. In this sec-
tion, we discussed proteomic approaches involved in biomarkers discovery for kid-
ney disease and also highlighting the advantage and its limitation.

A large number of proteomic techniques like capillary electrophoresis, two- 
dimensional gel electrophoresis, surface-enhanced laser desorption/ionization, liq-
uid chromatography-mass spectrometry (LC-MS), and among others have been 
used for the identification of kidney biomarkers (Mischak et al. 2015; L’Imperio 
et al. 2016; Magalhães et al. 2016; Van et al. 2017). Capillary electrophoresis cou-
pled with mass spectrometry is one of the important proteomic technique for frac-
tionation of protein with good resolution in the presence of electric field using 
capillary in a single step (Maier and Schmitt-Kopplin 2016). It has been used for the 
identification of biomarker peptides where sample complexity is the limiting factor. 
In 2010, a human urinary peptidome panel developed CKD273 classifier; composed 
of 273 specific peptide markers for diabetic kidney disease (Good et al. 2010). Most 
of the peptide biomarker of CKD273 classifier is derived from collagens, serum 
albumin, uromodulin, membrane-associated progesterone receptor component 1, 
sodium/potassium-transporting ATPase γ chain, haemoglobin α chain, 
α1-antitrypsin, and fibrinogen α chain proteins. CKD273 classifier has been used to 
diagnose diabetic nephropathy (Zürbig et  al. 2012), hypertensive nephropathy 
(Ovrehus et  al. 2015), and progression to end-stage renal disease (Pontillo et  al. 
2017). In addition, it also predicts the progress of chronic kidney disease from non-
albuminuria to macroalbuminuria (Roscioni et al. 2013).

Two dimensional gel electrophoresis coupled with mass spectrometry is another 
powerful tool to fractionate and visualize thousands of proteins from a complex 
biological sample. The protein fractionation takes place using two fundamental 
properties of protein; isoelectric point and molecular weight. After protein fraction-
ation gels were stained with Coomassie brilliant blue/silver stain), and analysed 
through different software e.g. PDQuest. Further differential protein spots were 
excised from the gel, trypsin digested, and identified by mass spectrometry. This 
technique has several advantages like protein quantification, detection of post- 
translational modification, and protein isoforms and wide application in clinical 
pathology for biomarker discovery (Park et al. 2006). Ferlizza et al. (2015) reported 
a reference map of urinary proteome of 23 healthy cats and 17 chronic kidney dis-
ease associated cats and found an increased abundance of retinol-binding protein, 
cystatin M and apolipoprotein-H while a decreased abundance of uromodulin and 
cauxin that could be a candidate biomarker for chronic disease disease. Recently 
performed urinary proteome of 22 healthy dogs and 28 dogs with chronic kidney 
disease using gel electrophoresis revealed uromodulin could be a putative biomarker 
for chronic kidney disease (Ferlizza et  al. 2020). However, two dimensional gel 
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electrophoresis approach is limited by poor reproducibility, less coverage, and 
unable to detect low abundant proteins. These limitations were overcome by the use 
of differential gel electrophoresis in which proteins isolated from different treat-
ments were labelled with a specific fluorophore, pooled and run in a single gel. The 
main advantage of differential gel electrophoresis is less number of replicate gel 
that increase the reproducibility of the experiment. Fluorophore has four-fold higher 
linear response than Coomassie brilliant blue/silver stain that results in detection of 
low abundant proteins (Tannu and Hemby 2006; Sui et  al. 2010). Recently, 
Romanova et al. (2020) examined serum sample of 26 adult chronic kidney disease 
patients and 10 healthy adults using differential gel electrophoresis and identify 46 
differentially expressed proteins, among which 21 proteins were further quantified 
by multiple reaction monitoring and enzyme-linked immunosorbent assays (ELISA) 
suggesting these 21 proteins could be an early biomarker for chronic kidney disease 
progression (Romanova et al. 2020).

In order to identify low abundant protein, another approach has been developed 
known as multidimensional protein identification technology that allows identifica-
tion proteins in complex mixtures without prior separation of protein. In this 
approach, protein lysate was first digested with trypsin followed by separation of 
peptides using strong cation exchange chromatography and later on by C18 
reversed-phase. The resulting peptides were analyzed by mass spectrometry for pro-
tein identification. Another proteomic technique known as GeLC has been devel-
oped for complex samples in which proteins were first fractionated by one 
dimensional gel electrophoresis, fractionated protein bands were chopped into 
slices, digested, extracted and analyzed by reversed phase nanoLC-MS that gives 
better protein identification. However, above described shotgun approaches perform 
quantification at peptide level and lack information on the intact protein. In addi-
tion, these techniques have poor reproducibility in liquid chromatography separa-
tion, variable ion signal, and strong ion suppression effect that makes it challenging. 
However, these limitations were overcome by chemical tagging or by metabolic 
labelling of protein during growth of biological material. Zhang et al. performed 
proteomic profiling of serum samples with acute kidney allograft rejection using 
isobaric tag for relative and absolute quantification and identified 109 differential 
proteins that will be helpful for the identification of allograft rejection (Zhang et al. 
2020). Further, a label-free proteomics analysis has been developed, which involves 
the comparison of normalized relative peptide peak intensities between multiple 
LC-MS datasets using different software that results identification and quantifica-
tion of peptides and proteins. This technique reduces time for spectra search and 
simultaneously increases the throughput of biomarker discovery. Recently studied 
urinary proteome of acute kidney injury patients using gel-free proteomic approach, 
identified 1810 proteins in which 168 were differential proteins. Further validation 
through ELISA showed that annexin A5, neutrophil gelatinase-associated lipocalin, 
and protein S100-P are promising biomarkers for acute kidney injure (Jung 
et al. 2020).

Once the biomarkers were identified from proteomic techniques quantification/
validation was performed through affinity-based assay like ELISA and western 
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blotting. ELISA is a highly sensitive and specific method for absolute quantification 
of proteins; however, prior to ELISA molecular structure of protein must be known 
for purification of protein and generation of antibody to validate its specificity. In 
addition, it has low dynamic range that needs optimum dilution of antibody for 
cross-reactivity of antigen for the standard curve (Vaidya et al. 2008). Further, mass 
spectrometry based absolute quantification of protein with high sensitivity has been 
developed for validation of biomarker. The two methods are multiple reaction moni-
toring mode or selected reaction monitoring, which are not discussed in this chapter 
(Aebersold et al. 2013; Picotti and Aebersold 2012; Nilsson et al. 2010). Therefore, 
recent development in proteomic techniques offers great promise towards the iden-
tification of kidney biomarkers for early disease diagnosis; however, there is a need 
to develop proteomic techniques used for validation of biomarkers specificity.

2.5  Experimental Model for Studying Kidney Diseases

2.5.1  In Vitro Models

The cell lines are one of the reliable methods to study kidney diseases as they can 
closely mimic the cells’ physiological condition in the body. Cell lines also provide 
an advantage over animal models for cost and ethical constraints. In the primary cell 
culture, cells are directly separated and propagated from the tissue. It is still used as 
a useful tool in drug screening and toxicity studies; however, they have limitation of 
their growth capacity. The secondary cell line or immortalized cells overcome this 
gap and divide indefinitely (Faria et al. 2019). Various types of glomerular and tubu-
lar cell lines are used to study kidney disease as in vitro models.

2.5.1.1  Podocytes and Mesangial Cell Lines

Podocytes are the glomerular cells having a role in the filtration and maintenance of 
the slit diaphragm. These cells are used as in vitro models to study the disease con-
dition and can be isolated from rat, mouse and human (Ni et al. 2012). The altered 
fatty acid metabolism in diabetes and obesity affects the podocytes. Palmitic acid 
treatment of the cultured podocytes was reported to alter the gene expression profile 
of stearoyl-CoA desaturase-1, stearoyl-CoA desaturase-2, and carnitine palmitoyl-
transferase and induced cell apoptosis, which mimics the altered fatty acid metabo-
lism in the diabetic nephropathy (Sieber et al. 2013). Conditionally immortalized 
human podocyte’s treatment with glucose (5 nM and 25 nM), angiotensin II and 
methylglyoxal (an advanced glycated end-product precursor) mimic the conditions 
of diabetic nephropathy. Methylglyoxal (1.5 mM) treatment increased the oxidative 
stress, decreased the expression of nephrin-like protein 1 and Tjp1/ZO-1, which are 
tight junction proteins and maintains the podocyte integrity and slit diaphragm (He 
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et al. 2020). Mesangial cells are perivascular pericytes in glomerulus involved in 
mesangial matrix synthesis, maintenance of glomerular hemodynamics, and filtra-
tion process. IP15 is a human stable immortalized mesangial cell line with the abil-
ity to contract with angiotensin II (L’Azou et al. 2007). Spontaneously transformed 
rat mesangial cell lines treatment with 25 mM D-glucose resulted in enhanced cas-
pase- 3 activity, decreased Bax: Bcl-2 ratio, cell apoptosis, inhibition of nuclear fac-
tor kappa B, and transforming growth factor beta activation. High glucose treatment 
of mesangial cells induces their proliferation via toll-like receptor 4 dependent inhi-
bition of hydrogen sulfide synthesis (Khera et al. 2006). Both podocytes and mesan-
gial cells are the important cells of glomerulus, and their cell lines are very useful in 
studying the glomerular function in renal disease.

2.5.1.2  Proximal Tubular Epithelial Cell Lines

Proximal tubular epithelial cells perform the primary function of reabsorption of 
numerous solute present in the glomerular filtrate. These cells are highly prone to 
injury in kidney toxicity or disease conditions and thus are used as a potential in 
vitro model system to study kidney diseases. Human kidney cells immortalized by 
transduction with human papillomavirus 16 E6/E7 genes are the most commonly 
used tubular cell line. Human kidney 2 cells treated with Tenofovir for 72 h showed 
cell cytotoxicity, oxidative stress, mitochondrial dysfunction, upregulation of tumor 
necrosis factor-alpha and caspases (3 and 9). These cells mimic the various condi-
tions related to Tenofovir induced nephrotoxicity (Murphy et al. 2017). The human 
renal proximal tubule epithelial cells immortalized by the human telomerase reverse 
transcriptase form the RPTEC/TERT1 cell line. These are extensively used to study 
human kidney disease conditions, including kidney cancer (Simon-Friedt et  al. 
2015). Human embryonic kidney 293 is another human embryonic kidney cell 
derived line used for in vitro studies. The cell’s treatment with nephrotoxic molecule 
ochratoxin A (25 μM) showed the impairment of miRNA biogenesis correlated to 
cancer and signal transduction pathways (Zhao et al. 2016).

Normal rat kidney-52E epithelial cells are used to study kidney disease and for 
toxicological drug screening. The treatment of epithelial cells with transforming 
growth factor beta-1 activates the various pathway of kidney fibrosis. It induces 
cells’ transition into spindle-like cells and activates Smad2/3 signalling pathway 
with up-regulation of alpha smooth muscle actin, fibronectin, and integrin-linked 
kinase expressions (Wei et al. 2015). Similarly, treatment of these cells with high 
glucose concentration (30  mM) mimics the physiological conditions of diabetic 
nephropathy. Glucose treatment induces oxidative stress and activates the pro- 
inflammatory cytokines (TNF-α and IL-1β) and fibrogenic factors (TGF-β1) in the 
kidney epithelial cells (Sharma et al. 2019). Caki-1 is a human clear cell renal cell 
carcinoma (ccRCC) line with the morphology of epithelial cells, and used to study 
renal cancer. Other cells are porcine kidney cells (LLC-PK1) and Madin-Darby 
canine kidney cells (MDCK) (Barnett et al. 2018). Together, the previous reports 
suggest that in vitro kidney disease models are vital for renal molecular studies, 
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drug screening, and safety assessment. The range of in vitro renal models allows 
researchers to select the most suitable model to answer their scientific questions.

2.5.2  In Vivo Rodent Models of Kidney Disease 
(Non-transgenic)

2.5.2.1  Acute Kidney Injury Models

Animal models are widely used for understanding the human kidney disease as they 
mimic the human condition to a more considerable extent. Various type of non- 
transgenic in vivo models are enlisted in Table 2.2.

Ischaemia-Reperfusion (I/R) Model

Ischaemia-reperfusion is one of the primary reasons of acute kidney injury. It trig-
gers robust oxidative damage and inflammatory response in the tubular cells, lead-
ing to lipid peroxidation, mitochondrial damage, and cell death. Ischemia-reperfusion 
induced acute kidney injury can be developed in both rat and mouse. This model 
involves a surgical procedure in which midline dorsal incision is used to locate the 
kidneys and bilateral clamping of kidney pedicles for 30 minutes. The kidneys are 
observed for color change before removing the clamps.  The renal ischaemia- 
reperfusion results in a sharp increase in the serum creatinine and blood urea nitro-
gen. Kidney histopathology showed cast formation, severe tubular dilation, loss of 
proximal tubular brush border, cell apoptosis, and interstitial inflammation (LiGong 
et al. 2020; Zheng et al. 2019). This model is a robust model to study the patho-
physiology of I/R induced acute kidney damage.

Acetaminophen

Acetaminophen is a widely used antipyretic and analgesic drug. It is a safe drug at 
therapeutic doses; however, overdosing of the drug causes hepatotoxicity and neph-
rotoxicity. At higher doses, harmful metabolites like N-acetyl-p-benzoquinone 
imine are produced from acetaminophen leading to severe oxidative damage and 
kidney toxicity. A single oral dose of paracetamol (500 mg/kg BW) administered to 
rats resulted in elevated kidney injury markers (serum urea and creatinine), lipid 
peroxidation, glutathione depletion, and reduced activities of antioxidant enzymes 
(super oxide dismutase, catalase, and glutathione peroxidase) (Kandemir et  al. 
2017). Mice treated with acetaminophen for 24 h at a dose of 300 mg/kg (intraperi-
toneal) increased the creatinine, blood urea nitrogen, and cystatin C levels. 
Acetaminophen treatment also elevated the markers of tubular injury viz. kidney 
injury molecule−1 and neutrophil gelatinase-associated lipocalin by 5 and 347-fold 
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Table 2.2 Various non-transgenic rodent models of kidney diseases

Agent Model/strain Method Characteristics References

Acute kidney injury
Acetaminophen Sprague- 

Dawley 
(SD) rats

500 mg/kg BW and 2 g/
kg, single oral dose

↑ Serum urea and 
creatinine, lipid 
peroxidation, 
oxidative stress and 
tubular damage

Kandemir 
et al. (2017)

BALB/c 
mice

300 mg/kg BW 
intraperitoneal, single 
dose

↑ Creatinine, BUN, 
cystatin C, NGAL 
and KIM-1

Hua et al. 
(2018)

SD rat 2 g/kg BW single dose ↑ Urea, creatinine, 
MDA and TNF-α

Haidara et al. 
(2020)

Adriamycin SD rat 2 mg/kg BW 
intravenous for 20 days

Lipid peroxidation 
and oxidative stress

Okuda et al. 
(1986)

BALB/c 10 mg/kg BW 
intravenous, single dose

Proteinuria, 
glomerulosclerosis, 
tubular atrophy and 
fibrosis

Tan et al. 
2013

Cisplatin SD rat 7 mg/kg BW 
intraperitoneal, and 
6 mg/kg BW, single 
dose

↑ BUN, creatinine 
and TNF-α
Oxidative stress, 
tubular 
degeneration and 
altered urine output

El Amir et al. 
(2019)

Cyclophosphamide Albino rats 75 mg/kg BW, 
intraperitoneal (six 
doses)

Altered urine 
output, serum Na+, 
serum kidney injury 
markers and tubular 
damage

El-Shabrawy 
et al. (2020)

Swiss albino 
mice

CP (200 mg/kg BW 
intraperitoneal) two 
doses

↑ BUN, creatinine, 
LDH and Tubular 
degeneration, 
inflammation and 
apoptosis

Sharma et al. 
(2017)

Cyclosporine A SD rat 7.5 mg/kg,15 mg/kg and 
20 mg/kg BW 
subcutaneous

↓ GFR rate, ↑ 
creatinine levels, 
endothelial 
dysfunction and 
tubular atrophy

Bing et al. 
(2006) 
Huang et al. 
2018

(continued)
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Table 2.2 (continued)

Agent Model/strain Method Characteristics References

Ischaemia- 
reperfusion model

SD rat Bilateral clamping of 
renal pedicles for 
30 minutes

↑ BUN and 
creatinine, tubular 
injury, cast 
formation, loss of 
brush border and 
apoptosis

Gong et al. 
(2020)

C57bl/6 
mice

Oxidative stress, 
tubular 
degeneration, cell 
apoptosis, 
inflammation and 
fibrosis

Zheng et al. 
(2019)

Mercuric chloride SD rat 1 mg/kg and 3.5 mg/kg 
BW (intraperitoneal)

Proximal tubular 
damage, 
mitochondrial 
swelling, 
vacuolization and 
apoptosis

Stacchiotti 
et al. (2003)

2 mg/kg BW 
subcutaneous

↑ BUN, creatinine, 
↓ GSH and GPx, 
glomerular and 
tubular 
degeneration, 
inflammation

Gao et al. 
(2016)

Renal fibrosis
Carbon 
tetrachloride

Wistar rat 1.5 mL/kg BW of 30% 
CCl4 in olive oil along 
with 1 gm of BSA as a 3 
mL solution in NS

Connective tissue 
proliferation, 
protein cast and 
lymphocytic 
infiltrations in 
peritubular area

Limbu et al. 
(2017)

Swiss albino 
mice

0.5 ml/ kg BW /1 ml 
olive oil for 4 weeks

↑ Collagen 
deposition and 
α-SMA 
upregulation, 
oxidative stress, ↑ 
TNF-α and IL-6

Ma et al. 
(2020)

1.5 ml/kg BW (1:1 v/v 
with olive oil) 
intraperitoneal twice a 
week for 15 days

Lipid peroxidation, 
oxidative stress, 
↑cytokines and 
apoptosis

Safhi (2018)

(continued)
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Table 2.2 (continued)

Agent Model/strain Method Characteristics References

Vanadate Wistar rat 0.125 mg/mL for 
12 weeks

↓fluid intake, urine 
output, body 
weight, and urinary 
creatinine
↑ MDA, cystatin C 
and KIM-1

Ścibior et al. 
(2014)

0.9 mg/kg BW 
subcutaneous for 
16 days

↑ collagen 
deposition and 
inflammation

Al-Bayati 
et al. (1989)

Folic acid CD1 mice 240 mg/kg BW 
intraperitoneal

Folic acid crystals 
deposition, tubular 
obstruction, 
necrosis and 
interstitial fibrosis

Yuan et al. 
(2003)

C57BL/6 
mice

250 mg/kg BW, 
intraperitoneal, single 
dose

Impairment of renal 
function, lipid 
peroxidation, 
oxidative stress, 
inflammation and 
fibrosis

Li et al. 
(2020) and 
Hsu et al. 
(2020)

Nephrectomy 129/Sv and 
C57BL/6JRj

5/6 nephrectomy of left 
kidney through left 
laparotomy

↑ Serum creatinine 
and urinary 
albumin/creatinine 
ratio 
glomerulosclerosis, 
tubular damage and 
fibrosis

Hamzaoui 
et al. (2020)

C57BL/6 
mice

Upper and lower poles 
of left kidney were 
ligated

↑ BUN, creatinine 
and proteinuria
↑ α-SMA and 
severe renal fibrosis

Tan et al. 
(2019)

Unilateral ureteral 
obstruction

C57BL/6 
mice

Ligation of left ureter ↑ BUN and 
creatinine
Pyelonephrosis, 
renal papillary 
necrosis, tubular 
degeneration and 
fibrosis

Gu et al. 
(2019, 2020)

(continued)
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Table 2.2 (continued)

Agent Model/strain Method Characteristics References

Chronic kidney disease
Adenine Wistar rat 0.25% adenine in diet 

for 16 weeks
↑ Body weight 
BUN, creatinine, 
LDH activity, and 
potassium 
concentration 
glomerulosclerosis, 
and tubular atrophy

Diwan et al. 
(2013)

SD rats Dietary adenine (0.75%) 
for 3 weeks and 
unilateral nephrectomy

Hypocalcemia, 
hyperphosphatemia, 
anemia and ↓ GFR
Tubular 
degeneration, 
inflammation and 
interstitial fibrosis

Abellán et al. 
(2019)

High calorie diet Wistar rat Special diet 
(carbohydrate 56%, 
30% fat, and 14% 
protein) for 28 weeks

Renal 
vasorelaxation, ↓ 
catalase activity and 
catalase mRNA 
transcripts IL-1β 
and endothelial 
dysfunction

Rangel 
Silvares et al. 
(2019)

Wistar rat High fructose diet 
(35%) for 16 weeks

↑ BUN, creatinine, 
lipid peroxidation, 
amyloid deposition, 
atherosclerosis and 
vacuolar 
degeneration of 
tubular epithelial 
cells

Bratoeva 
et al. (2017)

Rcc:Han 
WIST rats

Cafeteria diet for 
14 weeks

↓ Plasma 
antioxidant 
capacity, 
cytoplasmic 
antioxidant 
enzymes and 
induction of 
apoptosis

La Russa 
et al. (2019)

C57BL/6 
mice

HFD (60% calorie from 
fat) for 16 weeks

↑ Weight gain, 
blood glucose, 
BUN and 
creatinine, 
albuminuria, 
oxidative stress
Glomerular and 
tubular 
degeneration and 
apoptosis

Sun et al. 
(2020)

(continued)
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Table 2.2 (continued)

Agent Model/strain Method Characteristics References

DOCA SD rat Uninephrectomy and 
DOCA (50 mg pellet) 
and 0.9% NaCl and 
0.2% KCl in drinking 
water for 4 to 16 weeks

↑ Albumin/
creatinine ratio, 
urinary KIM-1 
marker excretion, ↓ 
GFR, accumulation 
of glomerular 
extracellular matrix, 
collagen and 
mesangial 
proliferation

Wang et al. 
(2017a, b)

SD rat DOCA (3.3 mg/day BW 
subcutaneous) along 
with 1% NaCl +0.2% 
KCl in the drinking 
water

Higher blood 
pressure with 
proteinuria and 
glomerulosclerosis

Polichnowski 
et al. (2017)

Streptozotocin SD rats 50 mg/kg BW 
intraperitoneal, single 
dose

↑ BUN and 
creatinine, lipid 
peroxidation and ↓ 
antioxidant 
parameters (SOD, 
CAT and GPx), 
mesangial 
proliferation, 
thickening of 
basement 
membrane, 
glomerular 
hypertrophy and 
degeneration

Qi et al. 
(2020)

SD rats 60 mg/kg BW 
intraperitoneal, single 
dose

↑ Blood glucose, 
urinary volume, 
urinary protein 
excretion, lipid 
peroxidation and 
eNOS 
immunoreactivity

Nakhoul 
et al. (2006)

(continued)
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Table 2.2 (continued)

Agent Model/strain Method Characteristics References

Lupus nephritis (NZB X 
NZW)F1 
(B/W) 
lupus-prone 
mice
MRL/lpr 
lupus mice 
and BXSB 
mice strain

Spontaneous models Deposition of 
immune complexes 
in subendothelium 
or mesangium, 
mesangial 
proliferation, 
glomerulonephritis, 
and tubular 
degeneration

McGaha and 
Madaio 
(2014)

BALB/c 
mice

0.5 ml Pristane 
(2,6,10,14 
tetramethylpentadecane) 
intraperitoneal

Moderate 
proteinuria and 
proliferative 
glomerulonephritis

Satoh et al. 
(1995)

Thy-1 nephritis 
model

Brown 
Norway/
RijHsd rat

Single intravenous 
injection of mouse or 
rabbit anti-thymocyte 
monoclonal antibody 
(OX-7 1 mg/kg bw)

Proteinuria, 
hematuria, 
mesangiolysis, 
mononuclear 
infiltration and 
endothelial damage

Westerweel 
et al. (2012)

Abbreviations: α-SMA Alpha smooth muscle actin, BW Body weight, BUN Blood Urea nitrogen, 
CAT Catalase, DOCA Deoxycorticosterone acetate, eNOS endothelial nitric oxide synthase, GFR 
Glomerular Filtration Rate, GPx Glutathione Peroxidase, GSH Glutathione, IL-6 Interleukin-6, 
IL-1β Interleukin--1β, KIM-1 Kidney Injury Molecule 1, LDH lactate dehydrogenase, MDA 
Malondialdehyde, NGAL Neutrophil gelatinase-associated lipocalin, SOD Superoxide dismutase, 
TNF- α Tumor necrosis factor-alpha

at mRNA levels, respectively (Hua et al. 2018). In another study, a single dose of 
acetaminophen (2 g/kg) to rats resulted in elevated kidney injury markers in serum, 
alterations in the ultrastructure of the proximal convoluted tubule, lipid peroxida-
tion and high tumor necrosis factor-alpha (Haidara et  al. 2020). Acetaminophen 
induced renal injury model is used for long time and one of the preferred models to 
study acute kidney injury till date.

Adriamycin

It is an anti-neoplastic and antibiotic drug used to study chronic glomerular disease. 
Rats treated with adriamycin for short term manifest glomerular lesions, fibrosis, 
and kidney damage. A dose of 2 mg/kg by intravenous route in Sprague Dawley rats 
was given for twenty days to induce kidney disease (Okuda et al. 1986). Adriamycin 
causes oxidative stress and lipid peroxidation in the glomerular epithelial cells. A 
10 mg/kg dose of adriamycin to C57/balbc mice via tail vein resulted in proteinuria, 
podocytes injury, glomerular damage, tubular atrophy, and fibrosis. The adriamycin- 
induced kidney damage model mimics the human disease of focal segmental glo-
merulosclerosis (Tan et al. 2013). The adriamycin toxicity is mainly attributed to the 
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oxidative damage caused to cellular components including the plasma membrane, 
lipids, and mitochondria.

Cisplatin

Cisplatin is a common anticancer agent used for the treatment of solid tumors. 
Kidney damage is one of the side effects of this drug; therefore, this is used to 
develop kidney injury models in biomedical research. Cisplatin-induced acute kid-
ney injury involves the induction of oxidative stress, kidney inflammation, vascular 
and tubular injury. Cisplatin was reported to impair kidney functions, induce tubular 
damage, kidney cast formation, and increased neutrophil gelatinase-associated lipo-
calin expression in kidneys of mice (Wu et al. 2020). Cisplatin (7 mg/kg BW intra-
peritoneal, single dose) reported elevating the kidney injury markers (blood urea 
nitrogen and creatinine) and tumor necrosis factor-alpha in the serum of SD rats. 
The kidney tubule showed vacuolar degeneration and necrosis on microscopic eval-
uation (El Amir et al. 2019). In another study, cisplatin treatment (6 mg/kg BW, 
single dose) increased the serum urea, creatinine, and urine glucose levels in rats. 
The drug also altered the urine output and osmolality excretion rate (Hosseinian 
et al. 2016). Overall, cisplatin triggers complex molecular pathways involving tubu-
lar cell injury, inflammatory response, and cell death.

Cyclophosphamide

Cyclophosphamide is a widely used agent for a range of neoplastic conditions, auto-
immune diseases, and organ transplantation. Nephrotoxicity is one of the primary 
side effects of this drug. Cyclophosphamide gets metabolized in the liver into highly 
reactive compound acrolein, which is responsible for oxidative damage and cell 
toxicity (Mahmoud 2014). Cyclophosphamide (200 mg/kg intraperitoneal) admin-
istration for two consecutive days resulted in elevated creatinine and blood urea 
nitrogen in mice. The drug resulted in proximal tubular swelling, glomerular degen-
eration, and elevated pro-inflammatory cytokines (Interleukin-1β and tumor necro-
sis factor-alpha). Cyclophosphamide also induced cell apoptosis by altering caspase 
3/9 activity and Bax/Bcl-2 ratio (Sharma et al. 2017). In a recent study, nephrotoxic-
ity was induced by administering cyclophosphamide (75 mg/kg bw, intraperitoneal) 
on days 3, 4, 5, 19, 20, and 21 of the trial. The agent altered the urine volume, serum 
Na+ and serum kidney injury markers. The kidney tissue showed pathological 
changes with lipid peroxidation, elevated pro-inflammatory cytokines and apoptotic 
changes (El-Shabrawy et al. 2020). The induction of oxidative stress, inflammation, 
cell injury, and apoptosis in the kidney tissue by cyclophosphamide makes it a suit-
able model to study drug-induced renal damage.
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Cyclosporine A

Cyclosporine  A is an immunosuppressant agent used to increase the efficacy of 
organ transplantation. It is a calcineurin inhibitor, and its mechanism of action is 
linked to the side effect of nephrotoxicity. Cyclosporine A interacts with the renal 
tubular cell membrane, and long-term use leads to tubulointerstitial nephropathy 
and kidney fibrosis. The drug is used to study interstitial fibrosis in rodent models; 
however, there are limitations of cost, hepatic dysfunction, and higher doses in ani-
mal studies than in clinical trials (Zhao et  al. 2015; Nogueira et  al. 2017). 
Cyclosporine A is given by subcutaneous route (7.5 mg/kg and 15 mg/kg) in rats for 
28 days resulted in decreased glomerular filtration rate with an elevated creatinine 
level. Morphological investigation showed tubular atrophy with endothelial dys-
function (Bing et al. 2006). In another study on rats, cyclosporine A (30 mg/kg) 
treatment elevated serum blood urea nitrogen and creatinine levels and reduced the 
endogenous creatinine clearance. Cyclosporine A also induced kidney cell injury by 
causing vacuolar degeneration in glomerular cells (Huang et al. 2018). The short- 
term administration of cyclosporine A produces acute renal cell damage, however, 
long term use may lead to the development of chronic tubule-interstitial nephropathy.

Mercuric Chloride (Hgcl2)

Mercuric chloride is used to induce kidney damage by triggering oxidative stress in 
the organ. The toxicity mechanism involves disturbing membrane potential, precipi-
tation of proteins, alteration in protein synthesis, and intracellular calcium homeo-
stasis (Zalups 2000; Dhanapriya et al. 2016). HgCl2 at 1 mg/kg and 3.5 mg/kg BW 
(intraperitoneal) doses induced nuclear and cytoplasmic changes in the proximal 
tubular cells. The ultrastructural pathology showed nucleolar segregation, mito-
chondrial swelling, vacuolization, loss of brush border, necrosis and apoptosis of 
tubular epithelial cells (Stacchiotti et al. 2003). Similarly, rats treated with a single 
dose of HgCl2 (2  mg/kg) subcutaneously showed elevated kidney serum injury 
markers (Blood urea nitrogen and creatinine), depletion of glutathione level, and 
decreased glutathione peroxidase activity. The kidneys appeared enlarged and whit-
ish in color. Microscopically, glomerular degeneration, swelling of proximal tubule 
epithelial cell, granular degeneration, infiltration of inflammatory cells, and exten-
sive necrosis were reported (Gao et al. 2016). The HgCl2 induced kidney damage is 
a classical model to study acute kidney injury. Overall, various analgesic, antican-
cer, immunosuppressive drugs, and chemicals induced acute kidney injury model 
offers a great opportunity to explore the pathophysiology and molecular mecha-
nisms of acute kidney injury.
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2.5.2.2  Kidney Fibrosis Models

Carbon Tetrachloride 

Carbon tetrachloride is a potent toxin to induce oxidative injury in various physio-
logical conditions. The metabolism of CCl4 in the liver leads to the generation of 
trichloromethyl radical (CCl3•) and trichloromethyl peroxyl radical (CCl3O2•) 
which causes oxidative tissue injury by binding with the macromolecules (lipids, 
proteins, and DNA) (Chhimwal et al. 2020). The administration of carbon tetrachlo-
ride (0.5 ml/kg BW/1 ml olive oil) to mice for 4 weeks induced kidney fibrosis by 
deposition of collagen and upregulation of α-smooth muscle actin. It also promoted 
oxidative stress and inflammatory response by activation of proinflammatory cyto-
kines (Interleukin-6 and tumor necrosis factor-alpha) (Ma et al. 2020). A combina-
tion of carbon tetrachloride and bovine serum albumin (1.5 mL/kg of 30% carbon 
tetrachloride in olive oil and 1 g of bovine serum albumin as a 3 mL solution in NS) 
was reported to induce kidney fibrosis in female rats. The combination was found to 
develop the early stages of kidney fibrosis (Limbu et al. 2017). In another study on 
Swiss albino mice, carbon tetrachloride treatment at 1.5 ml/kg (1:1 v/v with olive 
oil) intraperitoneally twice a week for 15 days resulted in lipid peroxidation and 
disruption of antioxidant defense in the kidney tissue. It also increased the cyto-
kines’ levels with the induction of apoptosis in the kidney cells (Safhi 2018). Free 
radical generation, lipid peroxidation, inflammation, and increased fibrous tissue 
deposition are the main steps involved in carbon tetrachloride-induced renal fibrosis.

Vanadate and Folic Acid 

Vanadate is pro-oxidant, can alter the oxidative stress levels in the cells, and acti-
vates oxidative damage mechanisms. An exposure of sodium metavanadate 
(0.125 mg V/mL) to rats for 12 weeks decreased the fluid intake, urine output, body 
weight, and urinary creatinine excretion rate. The relative kidney weight and the 
malondialdehyde levels were also found elevated. The study suggested that cystatin 
C and KIM-1 might be the most appropriate makers to evaluate sodium metavanadate- 
induced alterations in kidney function (Ścibior et al. 2014). Vanadate-induced kid-
ney fibrosis is basically dose-dependent. A dose of 0.9 mg/kg for 16 days via the 
subcutaneous route to rats resulted in kidney fibrosis and inflammation. Pathological 
and other biochemical parameters confirmed the kidney injury. After 12 days of 
administration, cellular proliferation was observed in the cortex and medulla, and 
fibrotic changes appeared in the glomerular tuft and interstitium. The collagen 
deposition in the kidney was reported highest after 25th day of the trial (Al-Bayati 
et al. 1989).

Folic acid, also known as vitamin B, is water-soluble and helps the body in the 
production of new cells. The administration of folic acid to (240 mg/kg by intraperi-
toneal route) mice reported depositing folic acid crystals and obstruction in the 
tubules within 2 weeks leading to acute tubular necrosis and nephrotoxicity. The 
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animals were reported to develop interstitial fibrosis by the end of fourth week 
(Yuan et al. 2003). In another study, the folic acid treatment in mice (250 mg/kg 
BW, i.p., single dose) resulted in kidney function impairment, lipid peroxidation, 
and reduction in the kidney antioxidant parameters. Besides, severe glomerular 
inflammation, tubular swelling, kidney fibrosis, and apoptosis were also noticed. (Li 
et al. 2020; Hsu et al. 2020). Deposition of folic acid crystal is the main triggering 
point for folic acid-induced renal fibrosis.

Nephrectomy and Unilateral Ureteral Obstruction Models

These methods are commonly used in the study of kidney disease; however, there is 
disadvantage of performing the surgery, loss of kidney tissue and mortality. Gender 
and strain (Sprague Dawley are resistant then Wistar rats) also influence kidney 
disease progression in the experimental model. Hamzaoui et al. (2020) developed a 
kidney disease model in 129/Sv and C57BL/6JRj mice by performing 5/6 nephrec-
tomy of the left kidney through left laparotomy. A significant increase was observed 
in the creatinine and urinary albumin/creatinine ratio after 12  weeks. 
Histopathological evaluation showed glomerulosclerosis, tubular damage, perivas-
cular, and interstitial fibrosis, vascular thickening and inflammation in the kidney 
tissue. Recently a highly efficient method was developed in C57BL/6 mice to reduce 
the mortality and infection in the 5/6 nephrectomy model of kidney fibrosis. In this 
method, the right kidney was removed surgically, and after 1 week the upper and 
lower poles of the left kidney were ligated directly to cause necrosis of ligated poles. 
The method results in high levels of serum blood urea nitrogen, creatinine, and 
proteinuria after 12 weeks. The tissue also showed increased expression of smooth 
muscle alpha-actin and severe kidney fibrosis (Tan et al. 2019).

Unilateral ureteral obstruction is a model of urinary path obstruction resulting in 
damage of kidney structures. It leads to kidney enlargement and hydronephrosis. 
Unilateral ureteral obstruction model is the most frequently used model to study 
non-immunological tubulointerstitial fibrosis (Grande et al. 2010). In this model, 
the left kidney of mouse is exposed surgically, and ligation of left ureter is per-
formed. Unilateral ureteral obstruction results in an elevation in the serum kidney 
injury markers (blood urea nitrogen and creatinine). The kidney tissue shows typical 
pathology of obstructive nephropathy with pyelonephrosis, renal papillary necrosis, 
severe tubular dilatation and atrophy, interstitial inflammation, and fibrosis (Gu 
et al. 2019). Similarly, Gu et al. (2020) showed that Unilateral ureteral obstruction 
in mice resulted in proinflammatory activation cytokines and kidney fibrosis along 
with impairment of kidney function. This is a frequently used model; however, the 
drawback is that a complete obstruction rarely occurs in humans.
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2.5.2.3  Chronic Kidney Disease Models

Adenine

Adenine administration in the diet (0.25% to 0.75%) was used as a potential model 
to study chronic kidney disease in rodents. Adenine is converted to 
2,8- dihydroxyadenine, which deposit as crystals in the proximal tubular cells, lead-
ing to tubular degeneration and kidney damage. Administration of 0.25% adenine in 
the diet for 16 weeks in rats mimics the slow progression of chronic kidney disease 
in humans. The rats showed weight gain with increased blood urea nitrogen, creati-
nine, lactate dehydrogenase (LDH) activity, and potassium concentration. 
Microscopically, the kidney showed glomerulosclerosis, loss of proximal tubular 
brush border epithelium and tubular atrophy (Diwan et al. 2013). In another method, 
dietary adenine (0.75%) for 3 weeks combined with unilateral nephrectomy in rats 
was used to develop chronic kidney disease. The rats develop hypocalcemia, hyper-
phosphatemia, and anemia along with altered glomerular filtration rate. 
Histopathology of kidneys showed tubular degeneration and dilatation, adenine 
crystal deposits, mononuclear cell infiltration and interstitial fibrosis (Abellán et al. 
2019). The adenine-induced model is also preferred to study the chronic kidney 
disease associated secondary hyperparathyroidism and hyperphosphatemia related 
to mineral bone disease. 

Streptozotocin

Streptozotocin is a N-acetyl glucosamine analogue transported to pancreatic beta 
cells by GLUT-2 receptors, causing toxicity and used to develop diabetic nephropa-
thy in rodents. Diabetic nephropathy is the highest cause of chronic kidney disease 
and end-stage kidney disease. At high doses, streptozotocin can also lead to non- 
specific kidney toxicity; therefore, single or multiple low doses are used to induce 
diabetic nephropathy in mice. Streptozotocin at a dose of 60 mg/kg BW i.p. was 
reported to induce diabetic nephropathy in Sprague Dawley rats. The rats showed 
elevated blood glucose, urinary volume, and urinary protein excretion. The kidney 
tissue also showed increased lipid peroxidation and endothelial nitric oxide syn-
thase immunoreactivity (Nakhoul et al. 2006). Similarly, streptozotocin (50 mg/kg 
BW i.p.) administration to male Sprague Dawley rats elevated the kidney injury 
markers (blood urea nitrogen and creatinine), lipid peroxidation and antioxidant 
parameters (superoxide dismutase, catalase and glutathione peroxidase). 
Histopathologically, kidney tissue showed glomerular hypertrophy, mesangial pro-
liferation, thickening of the basement membrane, glomerular epithelial cell swell-
ing, and infiltration of inflammatory cells (Qi et al. 2020). Streptozotocin is very 
effective in inducing the diabetic condition in rodent; therefore, this model is highly 
preferred to study diabetic nephropathy in experimental animals.
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Deoxycorticosterone Acetate Salt

Deoxycorticosterone acetate (DOCA), a synthetic mineralocorticoid derivative, and 
high salt intake are used to induce hypertension and kidney damage in rodents. This 
model mimics the human disease condition to a greater extent. The uninephrecto-
mized rats receiving deoxycorticosterone acetate (DOCA; 50 mg pellet) and 0.9% 
NaCl plus 0.2% KCl in drinking water develop increased systolic blood pressure 
and kidney and heart weights after 4 to 16  weeks. The DOCA salt treatment 
decreased GFR and increased the urinary albumin/creatinine ratio and urinary kid-
ney injury molecule-1 marker excretion. Microscopically, kidney tissue showed 
accumulation of extracellular matrix in glomeruli, mesangial proliferation, and col-
lagen deposition in the kidney tissue (Wang et  al. 2017a, b). Similarly, Sprague 
Dawley rats administered with DOCA (3.3 mg/day s.c.) and 1% NaCl plus 0.2% 
KCl in the drinking water developed higher blood pressure with proteinuria after 
6 weeks. The kidney pathology showed the development of glomerulosclerosis in 
rats (Polichnowski et  al. 2017). Hypertension is one of the primary reasons for 
chronic kidney disease, as high blood pressure causes deleterious effects on kidney 
vasculature. DOCA salt-induced model provides an opportunity to study the patho-
physiology of hypertension-induced chronic kidney disease in experimental 
animals.

Diet-Induced Chronic Kidney Disease Models

A metabolic syndrome is a group of complications that includes obesity, diabetes, 
hypertension, and dyslipidemia. Patients with metabolic syndrome are having more 
risk of kidney injury (Nashar and Egan 2014). An obese person is more prone to 
chronic kidney injury, although the exact mechanism is not clear. A study reported 
that a few weeks of weight gain leads to glomerular cell proliferation and structural 
changes in the kidney (Laurentius et al. 2019). Lifestyle and high-calorie diet are 
significant factors for the development of metabolic syndrome and related compli-
cations. There are many diets induced rodent model which are used to study the 
kidney damage.

A high-fat diet contains a high-fat percentage, increasing the calorie intake and 
leading to obesity and related complications. Feeding of high-fat diet (60% calorie 
from fat) to C57BL/6 mice for 16 weeks resulted in excessive weight gain, elevated 
blood glucose levels, and kidney function impairment. The mice showed increased 
accumulation of blood urea nitrogen, creatinine and albuminuria. The kidneys 
showed marked degeneration in the glomeruli and tubules, leading to damaged glo-
merular filtration barrier and apoptosis of tubular epithelial cells. The intake of 
high-fat diet triggers lipogenic pathways in the kidney tissue and increases kidney 
triglyceride and cholesterol contents. It also increases oxidative stress and induction 
of pro-apoptotic pathways in the kidney tissue (Sun et al. 2020). A daily intake of 
high-fat diet (carbohydrate 56%, 30% fat, and 14% protein) for 28 weeks in Wistar 
rats altered kidney vasorelaxation, decreased catalase activity, and catalase mRNA 
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transcripts. The high-fat diet fed rats showed upregulation of interleukin-1β and 
endothelial dysfunction in the kidneys. The study emphasized that vascular changes 
as a result of high caloric intake play an important role in kidney dysfunction 
(Rangel Silvares et al. 2019). Similarly, a high fructose diet is also used to induce 
kidney damage. High fructose ingestion affects blood pressure, adenosine triphos-
phate depletion, and uric acid generation, leading to glomerular hypertension, tubu-
lointerstitial damage, and inflammation (Johnson et  al. 2010). Male Wistar rats 
exposed to a high fructose diet (35%) for 16 weeks resulted in obesity, diabetes, and 
kidney impairments. The fructose-rich diet elevated the serum kidney injury mark-
ers (blood urea nitrogen and creatinine) and malondialdehyde levels in the kidney 
tissue. Microscopically, kidney tissue showed amyloid deposition, atherosclerosis, 
vacuolar degeneration of tubular epithelial cells, and eosinophilia in the distal 
tubules (Bratoeva et al. 2017). Recently, La Russa et al. (2019) showed that ad libi-
tum feeding of cafeteria diet (cookies, snakes, chocolates, potato chips) for 14 weeks 
used to develop obesity and associated kidney disease in rats. This induced severe 
prooxidant effects by reducing the plasma antioxidant capacity, cytoplasmic anti-
oxidant enzymes, and induction of apoptosis in the kidney cells.

Lupus and Thy-1 Nephritis Models

Kidney damage resulting from the autoimmune reaction is one of the comorbidities 
related to Systemic Lupus Erythematosus. The disease is characterized by deposi-
tion of immune complexes in sub-endothelium or mesangium, mesangial prolifera-
tion, glomerulonephritis, deposition of casts in the tubules and tubular degeneration 
(McGaha and Madaio 2014). There are mice strains that show spontaneous develop-
ment of the lupus nephritis viz. (NZB X NZW) F1 (B/W) lupus-prone mice, deoxy-
ribonuclease 1 (Dnase1)-deficient mice, MRL/lpr lupus mice, and BXSB mice 
strain. However, intraperitoneal administration of pristane (2,6,10,14 tetramethyl-
pentadecane) to mice is one of the potential inducible lupus nephritis models. 
BALB/c mice injected with pristine were reported to develop moderate proteinuria 
and proliferative glomerulonephritis after six months (Satoh et al. 1995). The Thy-1 
antigen is mainly present on thymocytes, however, also expressed on the glomerular 
mesangial cells. Thy-1 nephritis is an experimental mesangio-proliferative glomer-
ulonephritis model, induced by the single intravenous injection of mouse or rabbit 
anti-thymocyte monoclonal antibody (Yang et al. 2010). The disease condition is 
characterized by marked proteinuria, hematuria, mesangiolysis, mononuclear infil-
tration, and endothelial damage (Westerweel et al. 2012). An autoimmune reaction 
is one of the major cause of chronic kidney disease, and existing animal models are 
very useful to explore the molecular aspect of such predisposition.
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Immunoglobulin A Nephropathy

Immunoglobulin A (IgA) nephropathy is one of the leading cause of chronic kidney 
disease and kidney damage worldwide. The condition is characterized by the depo-
sition of IgA1-immune complexes in the mesangium with co-deposition of variable 
immunoglobulin G/M and complement C3 (Suzuki and Suzuki 2018). 
Immunoglobulin A nephropathy can be induced in rats by oral and intravenous 
administration of 0.1% bovine serum albumin for 12 weeks. The rats immunized 
with bovine serum albumin showed severe proteinuria and a higher urine protein/
creatinine ratio. Microscopically, the rat kidneys showed mesangial proliferation 
and expansion and diffuse deposition of Immunoglobulin A in glomeruli. The kid-
ney tissue showed upregulation of proinflammatory cytokines and activation of kid-
ney NLR family pyrin domain containing-3 inflammasome (He et  al. 2015). 
Similarly, another study used a combination of bovine serum albumin (400 mg/kg, 
orally), carbon tetrachloride (0.1 ml dissolved in 0.5 ml castor oil, s.c.), and lipo-
polysaccharide (0.05 mg, i.v.) to induce IgA nephropathy in rats (Wei et al. 2017). 
Zhang et al. (2010) used a fusion protein MBP-20 consist of maltose-binding pro-
tein and a peptide containing 20-amino-acid from Staphylococcus aureus to induce 
IgA nephropathy in Balb/c mice. Mice were immunized with MBP-20 (0.5 mg) for 
21  weeks. The mice showed hematuria and increased protein/creatinine ratio. 
Kidney tissue showed mesangial matrix proliferation and expansion in light micros-
copy and electron-dense deposits in the mesangium and subendothelium, ultrastruc-
turally. The model was closely found to mimic the clinical and pathological features 
of IgA nephropathy.

2.6  Alternative In Vivo Models for Kidney Injury

2.6.1  Zebrafish Model

There is an increasing interest in Zebrafish (Danio rerio) as a model to study kidney 
diseases. A less maturation time, the large number of offspring, easy handling, low 
rearing cost, and less ethical constraints make them favourites for the high through-
put screening of molecules for various disorders (Katoch and Patial 2020). The 
transparency of embryos provides an added advantage of studying organs in situ. 
The genetic models of kidney diseases can be easily created in zebrafish. Exposure 
to nephrotoxic drugs like cisplatin and gentamicin are used to induce acute kidney 
injury in zebrafish (Hentschel and Bonventre 2005; Sharma et al. 2014). These com-
pounds’ toxicity leads to cellular vacuolization, loss of brush border, degeneration 
of proximal convoluted tubules necrosis, and inflammation. Gentamicin administra-
tion to zebrafish at (0–100 mg) different concentrations produced pathological kid-
ney tissue changes.  A  dose-dependent kidney damage was observed in adult 
zebrafish, and high doses lead to the degeneration of glomerulus and proximal 
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tubules (Kato et al. 2020). Adriamycin treatment to 3–4 dpf zebrafish (1,2,4 mg/ml) 
for 24 and 48 h affected the fish survival and caused acute kidney injury. Similarly, 
puromycin was used to study the podocyte injury in zebrafish. Both the models are 
used to determine the podocyte injury and glomerular damage in zebrafish larvae 
and side effects to cardiovascular injury (Rider et al. 2018). Many other agents like 
acetaminophen, benzo(a)pyrene, sodium benzoate, and mycotoxins are used to 
induce acute kidney injury in zebrafish (Sharma et al. 2014). Overall, zebrafish has 
emerged as a promising model to study acute kidney injury, chronic kidney disease, 
and kidney related drug developmental studies.

2.6.2  Drosophila Model

Drosophila is an excellent model for understanding the development of the human 
kidney system. It is quick, inexpensive, and has extensive functional similarities to 
mammalian kidney function (Dow et al. 1995; Millet-Boureima et al. 2019). The 
compact genome of drosophila is wholly sequenced, and around 70% of genes have 
human homologs. Drosophila has a small body size and fastest filtration rate. They 
have a separate section for their kidney function, the Malpighian tubules (similar to 
kidney tubules) and two clusters of nephrocytes within the body cavity (identical to 
podocytes in the glomerular kidney) (Millet-Boureima et al. 2019). The fly’s kidney 
system is aglomerular, and active transport is responsible for urine formation rather 
than selective reabsorption (Millet-Boureima et al. 2018; Dow and Romero 2010).

Drosophila nephrocytes were used to study the glomerular filtration barrier dis-
ruption and podocyte function in kidney disease. Garland and pericardial are the 
two types of nephrocytes present in the drosophila. The fenestrated endothelium is 
absent in nephrocytes, and two barriers include the basement membrane and neph-
rocyte slit diaphragm. The nephrocytes can be dissected out quickly and used for 
filtration and uptake studies. Chemical induced kidney injury can be created in the 
flies by feeding the compound (Marelja and Simons 2019). Malpighian tubules are 
also used to study kidney physiology and diseases due to their simple anatomy and 
functional similarity. They contain high cytochrome P450 and glutathione transfer-
ase levels and perform the function of detoxification as by mammalian kidney 
tubules. Malpighian tubules have been used as models to study human calcium oxa-
late nephrolithiasis and polycystic kidney disease (Millet-Boureima et  al. 2018). 
Research on drosophila resulted in the discovery of sub lethal human V-ATPase 
mutations leading to kidney tubular acidosis (Dow and Romero 2010). Therefore, 
drosophila provides a rapid model system to study kidney development, physiology, 
and disease pathology.
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2.7  Chronic Kidney Disease in Animals

There is limited information available on chronic kidney disease in large animals. 
However, chronic kidney disease was well reported in cats and dogs with more 
prevalence in older animals. A study reported more than 30% of cats and 10% of 
dogs over 15 years of age with chronic kidney disease at the University of Minnesota 
Veterinary Medical Centre. The clinical manifestation of chronic kidney disease in 
small animals is generally seen as loss or retention of compounds. Moreover, kid-
neys’ inability to regulate water balance results in polydipsia and polyuria (Polzin 
2011; Bartges 2012). Potassium, sodium, calcium, and phosphorus are the major 
minerals affected by chronic kidney disease. However, phosphorus retention is the 
major effect that occurs during chronic kidney disease, which is exhibited as 
increased blood phosphorus concentration known as hyperphosphatemia. Alteration 
in calcium level is the second change that occurs in the case of chronic kidney dis-
ease. The calcium level in the body may either decrease or increase, while phospho-
rus generally increases (Elliott 2006). Animals with chronic kidney disease have 
increased urine volume, which enhances the excretion of water soluble vitamins. 
Further, loss of these vitamins results in anorexia which is directly associated with 
several renal complications. Similarly, humans with renal failure have less ability to 
excrete certain vitamins. Acid-base abnormalities are most commonly seen in cats 
and dogs as the kidney’s function is to retain bicarbonate ions and excrete hydrogen 
ions. However, kidney failure results in more retention of hydrogen ions and less 
reabsorption of bicarbonate ions resulting in metabolic acidosis (Elliott et al. 2003). 
Proteinuria is also associated with chronic kidney disease in both cats and dogs. An 
initial urine protein: creatinine ratio greater than 1.0 in dogs is directly associated 
with a greater risk of developing uremic crisis and death (Vaden and Elliott 2016).

Renal hyperparathyroidism is the secondary consequence of chronic kidney dis-
ease. Generally, in human, the bone quality is decreased, and the risk of fracture is 
increased during this condition. Similar effects are also observed in companion ani-
mals, especially in cats and dogs (Segev et  al. 2016). Systemic and glomerular 
hypertension has also been correlated with the development and the progression of 
kidney diseases in both rodent models and humans. Similarly, Hypoxia has also 
been reported to contribute in the progression of chronic kidney disease. However, 
in animals, there relatively less information is available which directly demonstrates 
the relation between hypoxia and progression of chronic kidney disease (King et al. 
2007). Excessive consumption of phosphorous in daily diet leads to phosphorous 
nephritis in different species like humans, dogs, cats and rats. Feeding of high phos-
phorous to cats resulted in microalbuminuria and glucosuria, indicating renal dam-
age (Dobenecker et al. 2018). Therefore, diet modification is considered as one of 
the important interventions in preventing the development of chronic kidney disease 
in small animals.
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2.8  Conclusion and Future Perspective

Kidney diseases are one of the major heath burden on the global economy. 
Researchers are continuously trying to understand the underlying disease mecha-
nism and to develop highly effective tools for the early detection of disease. Early 
diagnosis is essential for the management and better prognosis of the disease. In the 
past few decades, significant progress has been achieved in the identification of 
clinically relevant kidney markers from body fluids, particularly from plasma/serum 
and urine. For this, proteomic techniques like electrophoresis, chromatography, pro-
tein array, chemical tagging/metabolic labelling coupled with mass spectrometry 
offer not only for biomarker identification but also increase our understanding of the 
molecular process underlying kidney disease. In proteomic study, major limitation 
is the false-positive error, which was rule out using probability based auto validation 
of peptides by database search. In addition, to achieve high throughput data in the 
animal experiment, we should consider large sample size, standardized method for 
sample collection and preparation, advanced proteomic techniques, robust statisti-
cal models, proper normalization of data, and extensive validation that often requires 
strong collaboration with research laboratory across multidiscipline. Furthermore, 
the selection of body fluids and abundance of biomarkers will be important towards 
biomarker discovery and diagnosis of kidney disease. The experimental models 
play a crucial role in the understanding of various disease conditions. This chapter 
mainly focused on non-transgenic kidney disease models; however, different trans-
genic models are equally important. None of the experimental models mimics the 
human disease entirely; however, careful selection of experimental models can pro-
vide valuable understandings of disease pathogenesis.
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Chapter 3
Generation of Gene Edited Pigs

S. Navarro-Serna, C. Piñeiro-Silva, R. Romar, J. Parrington, and J. Gadea

Abstract

Background:
The porcine species (Sus scrofa domesticus) has had a great impact as a source 

of food worldwide, but also it is a very useful animal for biomedical applications. 
Genetic engineering involves modifying the sequence of DNA. Nowadays, genetic 
engineering is a common procedure in many laboratories, in part due to the develop-
ment of simple, accessible, cheap, and effective programmable endonucleases such 
as those in the CRISPR/Cas9 approach. A key advantage of gene editing is the pos-
sibility of producing pigs with desired characteristics

Mayor Advances:
Here we review the latest advances in the production of genetically modified pigs 

with a particular focus on the use of CRISPR/Cas9 gene editing in the porcine spe-
cies, as a way to produce genetically modified pigs, and with a consideration of 
advantages and limitations, as well as new approaches, with regard to this technology.
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3.1  Introduction

The porcine species (Sus scrofa domesticus) has had a great impact in the meat 
industry worldwide, being the second most consumed meat source in the world in 
2020 after poultry according to the Food and Agriculture Organization of the United 
Nations (FAO 2020). Since its domestication 9000 years ago from the wild boar 
(Sus scrofa) (Giuffra et al. 2000), humans have been selecting for breeding those 
porcine variants with desired characteristics for food production and animal hus-
bandry. This genetic selection has most recently allowed a significant increase of 
pig production in comparison with that obtained a few decades ago (Rocadembosch 
et al. 2016; Koketsu et al. 2017). However, classical breeding and genetic selection 
techniques are slow processes that carry an economic and time cost which can be 
avoided by the use of genetic engineering (Yang and Wu 2018). In recent decades, 
techniques have been developed to accelerate genetic selection by gene editing. 
Genetic engineering involves modifying the sequence of DNA, which makes it pos-
sible to introduce new genes or change the pattern of gene expression in edited cells, 
including modifications in sequences that encode proteins, regulatory sequences or 
sequences that produce non-coding RNAs (Yang and Wu 2018).

Nowadays, genetic engineering is a common procedure in many laboratories, in 
part due to the development of simple, accessible, cheap, and effective program-
mable endonucleases such as those in the CRISPR/Cas9 approach. The contribution 
of Jennifer Doudna and Emmanuelle Charpentier to the development of this 
approach, discovered in microorganisms but now used to edit the genome of practi-
cally any organism (Jinek et al. 2012) was acknowledged by the award of the Nobel 
Prize in Chemistry to them in 2020 and has opened the door to easier genetic modi-
fication of mammals, and specifically in our case, of pigs.

Since the first generation of gene edited pigs using CRISPR/Cas9 in 2014 (Hai 
et al. 2014), new findings have been published relating to strategies for the efficient 
production of gene edited pigs. A key advantage of gene editing is the possibility of 
producing pigs with desired characteristics, for example, pigs with better meat pro-
duction (Wang et al. 2015a), less fat deposition (Zheng et al. 2017) or resistance to 
viral diseases (Whitworth et  al. 2016), far more rapidly than would be possible 
using traditional breeding methods. Furthermore, genetically modified pigs can be 
produced for use in biomedical research due to the similarity of pigs and humans in 
relation to physiology, anatomy, size, and metabolic profile (Zettler et al. 2020). In 
addition, pigs have advantages over other animal models like non-human primates 
because they are cheaper to produce, are associated with less ethical issues, and 
because of better development of porcine embryo manipulation techniques (Yang 
and Wu 2018). Reflecting this, porcine models of human diseases like diabetes mel-
litus (Tanihara et al. 2020b; Zettler et al. 2020), neuromuscular diseases (Crociara 
et al. 2019) and ones for xenotransplantation (Hein et al., 2020), have recently been 
produced.

S. Navarro-Serna et al.



73

In recent reported studies, differences in procedure have been found with respect 
to the type of methodology and the strategies used to obtain modified embryos, the 
molecular nature of Cas9, the method and conditions of CRISPR/Cas9 delivery into 
embryos, and the embryo transfer protocol. Up till now, there has not been a stan-
dard procedure for generation of gene edited pigs, so it is very important to study all 
the factors that have had an influence on the efficiency of this technique, to deter-
mine what are the best options in the design of protocols to optimize the CRISPR/
Cas9 approach. For that reason, the objective of this chapter is to summarize the 
knowledge about the advances of production of genetically modified pigs with the 
use of CRISPR/Cas9 system in the porcine species, focusing on the production of 
genetically modified pigs, its advantages and limitations, as well as the new 
approaches for this system.

3.2  History of Gene Editing in Pigs

3.2.1  Gene Editing Before Programmable Endonucleases

The first strategy to produce genetically modified mammals was pronuclear injec-
tion which involves the direct introduction of a DNA construct into the pronuclei of 
the fertilized egg that can integrate randomly in the genome of the zygote. Using 
this approach, transgenic mice were produced in the early 1980s (Gordon et  al. 
1980; Gordon and Ruddle 1981; Palmiter et al. 1982) followed by other mammals 
such as pigs, sheep or rabbits in 1985 (Brem et al. 1985; Hammer et al. 1985) (Fig. 
3.1). Other approaches used to introduce foreign DNA into pig embryos were devel-
oped, such as the use of retroviruses (Petters et al. 1987), lentiviruses (Hofmann 
et al. 2003) or sperm-mediated DNA transfer (Sperandio et al. 1996; Lavitrano et al. 
1997; Garcia-Vazquez et al. 2010). These approaches were limited by the fact that 
the foreign DNA randomly inserted into the host genome and did not allow the 
specific editing of endogenous genes, so other approaches were needed. In mice, 
homologous recombination was used to genetically modify embryonic stem cells 
(ESCs) in culture and these were then introduced into early embryos to produce 
chimeras. Despite the low efficiency of this approach, the generation of genetically 
modified animals by homologous recombination was a significant improvement in 
terms of the on-target nature of the introduced mutation and the increase in mutation 
rates (Robertson et al. 1986; Hooper et al. 1987).

The lack of success in obtaining ESCs from other mammalian species, apart 
from rats and humans, made it impossible to apply this technique to mammals in 
general (Yang and Wu 2018). However, the development of cloning by somatic cell 
nuclear transfer, which involves the introduction of somatic cells into enucleated 
oocytes, solved the problem and made it possible to generate fully genetically modi-
fied animals in one generation by first performing homologous recombination in 
these somatic cells (McCreath et al. 2000). Although the first attempt to generate 
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Fig. 3.1 History of pig gene editing: Timeline of milestones in the history of gene editing in 
swine species

genetically modified animals using homologous recombination was made in the 
1990s, it was not until 2001 that the first application of this technique in pigs was 
reported (Park et al. 2001; Dai et al. 2002; Lai et al. 2002). While being a great 
advance in terms of gene editing in livestock, a limitation was that the efficiency 
was still low.
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3.2.2  Programable Endonucleases

The production of genetically modified mammals has been greatly helped by the 
development of programmable endonucleases. Three such types of endonucleases 
have been developed so far: ZFNs (zinc finger nucleases), TALENs (transcription 
activator- like effector nucleases) and the CRISPR/Cas system (CRISPR-associated 
protein). All of them are composed principally of two domains: a DNA binding 
domain that recognises the target DNA sequence and a cleavage domain that pro-
duces a double-strand break (DSB) in the target DNA sequence (Petersen 2017).

Genetic modifications mediated by programmable endonucleases are due to mis-
takes produced by the cell machinery in the process of repairing the DSB. After the 
DSB occurs, the cells can repair these breakages by two cellular mechanisms: non- 
homologous end joining (NHEJ), or homology-directed repair (HDR) (Fig. 3.2). In 
most cases (over 90%), this repair happens via the NHEJ mechanism. During this 
process in which the two ends of the break are brought together and ligated, small 
insertions or deletions (indels) often occur, which can modify the reading frame of 
the gene (if the indel is not a multiple of three) causing a premature appearance of a 
stop codon and producing a knock-out. However, if a donor DNA is introduced the 
repair can occur via the HDR pathway. In this case, part of an endogenous gene can 
be subtly changed or alternatively one or more complete genes can be introduced, 
producing a knock-in (Whitelaw et al. 2016; Petersen 2017).

The first programmable endonuclease used to produce genetically modified ani-
mals was ZFNs, as first reported in a Drosophila model in 2002 (Bibikova et al. 
2002).However, it was not until 2011 that this type of endonuclease was used to 

Fig. 3.2 DNA repair mechanism: Schematic showing the DNA repair process after cutting by an 
endonuclease. Two types of repair can occur after the double-strand break: non-homologous end 
joining (NHEJ) in the absence of a donor DNA sequence or homology-directed repair (HDR) in 
the presence of a donor DNA sequence. NHEJ produces insertions or deletions that can cause 
knock-out and HDR can generate knock-ins through the integration of exogenous DNA
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generate knock-out pigs (Hauschild et  al. 2011). ZFNs consist of the nuclease 
domain of the restriction enzyme FokI and multiple zinc finger protein sequences 
combined to recognize a specific DNA sequence. Each zinc finger protein is formed 
by 30 amino acids which recognizes a sequence of 3 bp (Wolfe et al. 2000; Bibikova 
et al. 2001). FokI must dimerize to produce a DSB, so ZFNs needs to be designed 
and used as pairs (Vanamee et al. 2001; Miller et al. 2007).

The second type of programmable endonuclease developed (Boch et al. 2009; 
Christian et al. 2010) and used to produced genetically modified pigs was TALENs 
(Carlson et al. 2012). This type of nuclease consist of the FokI restriction enzyme 
domain as is the case with ZFNs; in contrast however, the DNA binding domain is 
formed by peptides that can recognize a single base pair, and which are called tran-
scription activator-like effectors (Boch et al. 2009; Christian et al. 2010). The fact 
that TALEN domains can recognize a single base allows greater design possibilities 
with TALEN nucleases, these being more specific, easy to use, and efficient than 
ZFNs, which recognize groups of three bases (Hockemeyer et al. 2011; Moore et al. 
2012). In addition, the use of TALENs seems to be less cytotoxic than ZFNs (Yao 
et al. 2016).

After ZFNs and TALENs, the development of a third type of programmable 
endonuclease called CRISPR/Cas9 was reported (Jinek et  al. 2012; Cong et  al. 
2013; Mali et al. 2013). The CRISPR/Cas9 system was identified in archaea and 
eubacteria as an adaptative immune mechanism to protect the cell from viral infec-
tions (Mojica et al. 2000; Mojica et al. 2005). CRISPR/Cas systems can be classi-
fied into two classes, and six types, but the one most used for gene editing involves 
the Cas9 from Streptococcus pyogenes, and is classified as class 2, type II.

In contrast to the ZFNs and TALENs, which are composed of proteins, the 
CRISPR/Cas9 system consists of Cas9 protein and a single guide RNA (sgRNA). 
Cas9 protein has two nuclease domains, RuvC and HNH, which cut the target and 
complementary sequences respectively to generate DSBs. The sgRNA allows the 
endonuclease to cut at the target sequence and contains a sequence of 20 nucleotides 
complementary to the target sequence, cis-repressed RNA (crRNA), and a Cas9 
binding sequence (trans-activating crRNA). To allow cleavage of the DNA sequence, 
the sgRNA should contain a DNA sequence that is complementary to the sgRNA 
and an adjacent protospacer-adjacent motif (PAM) (Yuk et  al. 2014). The PAM 
sequence differs depending on the species, and the system from S. pyogenes needs 
a 5′-NGG-3′ PAM sequence (Petersen 2017; Yang and Wu 2018).

Compared with ZFNs and TALENs, the CRISPR/Cas9 system is highly efficient 
and adaptable as a way to produce mutations in developing embryos in part due to 
the difficult of designing and generating novel ZFN and TALEN endonucleases 
(Hai et al. 2014; Zhou et al. 2016). The first time that the use of the CRISPR/Cas9 
system was described in pigs was in 2014 (Hai et al. 2014), when it was used to 
produce knock-out pigs for the v-WF gene, whose deficiency in humans causes 
severe von Willebrand disease, by microinjection of Cas9 mRNA and sgRNA into 
the cytoplasm of one-cell zygote obtained by in vitro fertilization. Since that time, a 
large number of gene edited pigs have been reported with a number of different 
applications, as will be explained further in Sect. 3.4.
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3.3  How to Generate a Gene Edited Pig?

3.3.1  Methodology

3.3.1.1  Editing of Somatic Cells and Somatic Cell Nuclear 
Transfer (SCNT)

Briefly, the SCNT technique consists of the introduction of a genetically modified 
somatic cell into an enucleated oocyte to produce an embryo with the desired 
genetic characteristics. The first cloned piglets (non-genetically modified) were pro-
duced in 1989 by Prather et al. using as donor cells porcine embryo blastomeres 
(Prather et al. 1989).. Subsequently, the first genetically modified piglets were pro-
duced in 2001, by introducing the GFP gene contained in a retroviral vector into 
foetal fibroblasts (Park et al. 2001), but it was not until 2014 that the CRISPR/Cas9 
system was first used to produced genetically modified pigs by SCNT (Sato et al. 
2014; Whitworth et al. 2014). This technique is widely used, but it has low effi-
ciency (10-30% of blastocyst rate and 0.5-5% piglets/transferred embryos) due to 
the difficulty of the procedure and epigenetic dysregulations in cloned embryos, 
which can cause development defects in the offspring such as weakness or low birth 
weight (Beaujean et al. 2015).

On the other hand, the mayor advantage of this procedure over the direct modifi-
cation of embryos is that the genotype of the offspring is known as the donor cells 
with the desired genotype are chosen. This is a great advantage when multiple genes 
are targeted or when the purpose is a knock-in or a conditional transgenesis (Li et al. 
2015; Whitelaw et al. 2016). In general, the SCNT procedure can be divided into 
three steps: (a) selection, culture and genetic modification of donor somatic cells, 
(b) oocyte enucleation and nuclear transfer and (c) embryo culture (Fig. 3.3).

Fig. 3.3 Schematic of the process of somatic cell nuclear transfer (SCNT). Somatic cells are 
edited by the CRISPR/Cas9 system. After being selected and synchronized, cells are fused with in 
vitro matured enucleated oocytes. Subsequently, cloned zygotes are cultured in vitro until the time 
of embryo transfer
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Selection, Culture, and Genetic Modification of Donor Cells

This step involves the selection and culture of the donor somatic cells. The first 
thing to consider is the donor cell type. In general, these cells need to have a correct 
karyotype and long lifespan, exhibit good proliferation, and they should be trans-
fectable (Beaujean et al. 2015).More than 200 different cell types have been used as 
donor cells to produce cloned pigs, each one presenting advantages and disadvan-
tages (Liu et al. 2015). Theoretically, the less differentiated cells are the ones easiest 
to reprogram. This reprogramming involves essential epigenetic changes that occur 
during embryo development (Lee and Prather 2014; Liu et al. 2015).

Although there are few studies that demonstrate that one cellular type is better 
than another, foetal fibroblasts are the most common cell type used for SCNT to 
produce genetically modified pigs (Whitworth et al. 2014; Chen et al. 2020; Li et al. 
2020a); they are highly dedifferentiated cells (Liu et al. 2015). In addition, adult 
fibroblast cells can be obtained from valuable animals like genetically modified 
pigs, so they can be used to bypass one step of the process (Sheets et al. 2018; Xu 
et al. 2020).

Liu et al. achieved a greater overall efficiency in terms of live birth rate using 
foetal fibroblasts as donor cells in comparison with adult fibroblasts, observing less 
abnormalities in the piglets produced (deformities, mummified and stillbirth pig-
lets) (Liu et al. 2015). In addition, Zhai et al. observed a higher blastocyst rate using 
bone marrow- derived mesenchymal stem cells in comparison with foetal fibro-
blasts. Furthermore, cloned embryos using as donor cells bone marrow-derived 
mesenchymal stem cells were more similar to those produced by conventional in 
vitro fertilization (IVF) in terms of expression of pluripotency genes, degree of 
apoptosis, and number of cells per blastocyst (Zhai et al. 2018). One thing to con-
sider is that both studies were performed without transfected somatic cells.

Once a suitable cell type is chosen, the cells are cultured to purify them (when 
obtained from an animal) and to achieve the necessary cell concentration. Next, 
these cells need to be transfected (Kurome et al. 2015). There are many transfection 
methods available: viral vectors (adenovirus, retrovirus…), chemical transfection 
methods (nanoparticles, lipofection…) and physical transfection methods (electro-
poration, magnetotransfection…) (Fajrial et al. 2020). Regarding the production of 
genetically modified pigs, the authors usually prefer the electroporation method, 
being the one most used to generate knock-out and knock-in models (Lai et  al. 
2016; Cho et  al. 2018; Han et  al. 2020; Xu et  al. 2020; Zhang et  al. 2020) and 
because it is simpler, more efficient and reproducible (Fajrial et  al., 2020). This 
method involves subjecting the cells to an electric field that induces the formation 
of pores in the cell membrane through which the components of the CRISPR/Cas9 
system can enter the cell (Fajrial et  al. 2020). However, some authors use other 
methods like lipofection (Luo et al. 2019; Fischer et al. 2020; Zhu et al. 2020a). This 
method is based on the use of lipid molecules that encapsulate the CRISPR/Cas9 
system components forming vesicles. These vesicles are introduced into the cell by 
endocytosis, releasing the components. One thing to consider when using this 
method is that the components in the vesicle are only going to reach the cytoplasm 
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so it is not the best option when using plasmid DNA because that needs to reach the 
nucleus to function (Fajrial et al. 2020).

Something that needs to be taken into account is the format in which the CRISPR/
Cas9 system is delivered. This can be plasmid DNA (plasmid encoding Cas9 and 
sgRNA), mRNA (mRNA encoding for Cas9 and separate sgRNA) and ribonucleo-
protein (Cas9 protein and sgRNA) (Fajrial et al. 2020). When using DNA vectors, 
these require previous transcription and translation to produce functional ribonu-
cleoprotein in the cell. This increases the lag time between the transfection and the 
expression of the system, which increases the risk of off-target events in addition to 
the high persistence of the system. Furthermore, plasmid DNA can be inserted into 
the genome of the cell, so this possibility should be assessed when selecting the 
most suitable donor cell to perform SCNT (Wang et al. 2017a; Fajrial et al. 2020).

In contrast, mRNA does not have risk of insertional mutagenesis and, as it does 
not require the entry into the nucleus to function, its expression is faster. Furthermore, 
the use of mRNA results in transient expression, reducing the persistence time of 
the system in the cell, which reduces the risk of off-target events (Wang et al. 2017a; 
Fajrial et al. 2020). In general, when talking about SCNT the most common delivery 
format is DNA, with only one group performing the transfection using mRNA to 
produce piglets by SCNT (Guo et al. 2019a). In addition, some authors have used 
ribonucleoprotein to transfect different porcine somatic cells, so this delivery for-
mat could be used as well to produce cloned pigs (Park et al. 2016; Elkhadragy 
et al. 2021).

Once the cells are edited, the next step is select a colony with the desired muta-
tion. The cells are cultured to produce a single-cell colony (monoclonal colony) and 
once they reach the appropriate cell density, part of the colony is used to detect 
(usually by PCR and sequencing) the presence of mutations while the other part 
continues in culture. The colonies with the desired mutation are used as donor cells 
(Beaujean et al. 2015; Xie et al. 2020b; Zhang et al. 2020). Sometimes a selection 
procedure can be performed when the plasmid used has a selection marker. Some 
authors use antibiotics like geneticin (Han et al. 2020; Huang et al. 2020a) and puro-
mycin (Fischer et al. 2020; Zhu et al. 2020b), others a fluorescent marker like the 
enhanced green fluorescent protein (EGFP), to select the transfected cells (Li et al. 
2020b; Shi et al. 2020).

Oocyte Enucleation and Nuclear Transfer

In this phase mature oocytes are enucleated. The oocytes are usually collected from 
ovaries from prepuberal gilts obtained from local slaughterhouses, and then in vitro 
matured (Beaujean et al. 2015). Some authors have shown that a selection of the 
best oocytes can be helpful to achieve a better cloning efficiency. For example, treat-
ment with a hyperosmotic medium with sucrose assists the selection of high-quality 
oocytes and improves enucleation efficiency due to the formation of a swelling 
around the metaphase plate (Dang-Nguyen et al. 2018).

3 Generation of Gene Edited Pigs



80

Once mature, the meiotic spindle and the polar body of the oocytes are removed. 
There are two enucleation techniques. The first one is called blind enucleation and 
is performed with micromanipulation equipment (Polejaeva et al. 2000; Liu et al. 
2017) (Fig. 3.4). The second one is called handmade cloning and consists of the 
bisection of 1/3 of the oocyte (where the polar body is located) with a splitting blade 
(Du et al. 2007; Liu et al. 2017; Li et al. 2019b). Although Liu et al. achieved a 
greater blastocyst rate when performing handmade cloning and it is cheaper and 
easier (Liu et al. 2017), blind enucleation is the most common enucleation method 
used to produce genetically modified pigs.

With both methods, the manipulation medium needs to be supplemented with 
cytochalasin B in order to avoid the extrusion of the pseudo-second polar body and 
to maintain the diploidy of the resulting embryos (Beaujean et al. 2015). In addition, 
in order to increase the enucleation rate, a treatment with demecolcine can be used. 
With this treatment a swelling around the meiotic spindle occurs and it becomes 
easier to remove (Gao et al. 2019). The next phase is the nuclear transfer itself. First, 
the somatic cells need to be synchronised. Usually, cells in the G0/G1 phase of the 
cell cycle are used to perform SCTN because that way the diploidy of the resulting 
embryo is maintained (if another phase is used, the re-replication of the DNA can 
occur before the first cell cycle of the embryo). This synchronisation is usually per-
formed by serum starvation (Hatada 2017). Next, one donor cell is placed in the 
perivitelline space of the enucleated oocyte with micromanipulator equipment (if 
blind enucleation is performed) (Kurome et al. 2015; Cho et al. 2018). If handmade 
cloning is performed, two cytoplasts are attached to a single donor cell (Du et al. 
2007; Liu et al. 2017).

These cytoplast-cell complexes are then fused and activated. The fusion allows 
the nucleus of the donor cell to enter the oocyte cytoplasm and the activation releases 
the oocyte from its state of meiotic arrest state (Hatada 2017). The fusion is per-
formed by electric pulses (Kurome et al. 2015). The activation can be electrical or 
chemical, but the first method is more common (Whitworth et al. 2009). Furthermore, 
it can be performed at the same time as the fusion (simultaneous activation) or a few 

Fig. 3.4 Mature oocyte enucleation. Enucleation process for somatic cell nuclear transfer in 
porcine oocytes. (a) Mature oocyte stained with Hoechst 33342. (b) Mature oocyte enucleated 
without a metaphase plate and polar body. MII: Metaphase II; PB: polar body
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hours later (delayed activation) (Hatada 2017; Guo et al. 2019b). Guo et al. in their 
meta-analysis observed that the delayed activation increases blastocyst rate (without 
improving cell number per blastocyst) to a greater degree than the simultaneous 
activation, probably because the cytoplasm of the oocyte needs time to mix with the 
cytoplasm and the nucleus of the donor cell (Guo et al. 2019b), but simultaneous 
activation is more commonly used when producing genetically modified pigs.

Embryo Culture

After fusion and activation, the reconstructed embryos are cultured until embryo 
transfer. For the first 3 hours the medium needs to contain cytochalasin B to avoid 
the extrusion of the pseudo-second polar body (Hatada 2017). Next, embryos are 
cultured in in vitro culture mediums such as porcine zygote medium (PZM) or 
North Carolina State University 23 medium (NCSU-23) until ready for embryo 
transfer (Im et al. 2004; Lee and Prather 2014).

During embryo culture, the remodelling of the chromatin of the somatic cell 
occurs. This process is required to achieve the totipotent state that the embryo needs 
to reach to develop correctly, but it is dysregulated in cloned embryos which leads 
to the low efficiency of the process (Vajta et al. 2007; Lee and Prather 2014). DNA 
methylation and histone acetylation/deacetylation play important roles in embryo 
development and cellular function and errors in these processes contribute to the 
low efficiency of the SCNT procedure (Diao et al. 2013; Kumar et al. 2013). For 
that reason, donor cells and embryos have been treated with different compounds 
like DNA methyltransferases inhibitors and histone deacetylase inhibitors (Zhao 
et al. 2009; Diao et al. 2013; Kumar et al. 2013).

The additive most commonly used in the production of genetically modified pigs 
is Scriptaid, a histone deacetylase inhibitor (Whitworth et al. 2014; Cho et al. 2018; 
Boettcher et al. 2020; Zhu et al. 2020b). This compound induces histone acetyla-
tion, which changes the structure of the chromatin (more relaxed form), allowing 
transcription. Furthermore, it promotes DNA demethylation, a key process in 
nuclear reprogramming and remodelling (Zhao et al. 2009; Park et al. 2012).

The use of other treatments has led to an improvement of the efficiency of the 
SCNT procedure, but they have not yet been used to produce genetically modified 
pigs. These compounds include other histone deacetylase inhibitors such as oxam-
flatin, which led to an improvement in blastocyst rate, embryo quality (total cell 
number per blastocyst and gene expression), and overall efficiency (offspring) in 
comparison with control cloned embryos and cloned embryos treated with Scriptaid 
(Park et al. 2012); sodium butyrate, with which a greater blastocyst rate and a posi-
tive effect on embryo gene expression were achieved (Liu et  al. 2012); valproic 
acid, which led to an increase in blastocyst rate and embryo quality (total cell num-
ber per blastocyst and gene expression) (Miyoshi et al. 2016; Lv et al. 2020) and 
suberoylanilide hydroxamic acid, which led to an improvement in blastocyst rate 
and embryo quality (gene expression) (Sun et al. 2017).
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Regarding DNA methyltransferase inhibitors, the treatment with 5-aza-2′-
deoxycytidine and zebularine led to improved blastocyst rate and embryo quality 
(gene expression) in comparison with a control group (Huan et  al. 2013; 
Taweechaipaisankul et al. 2019). Furthermore, donor cells can also be treated with 
these compounds to improve embryo development. For example, sodium butyrate, 
5-aza-2′-deoxycytidine, zebularine and RG108 (DNA methyltransferase inhibitor) 
were used (Diao et  al. 2013), leading to improved blastocyst rate and less DNA 
fragmentation in comparison with the control cloned embryos.

3.3.1.2  Editing of Gametes and Embryos

The delivery of CRISPR/Cas9 components into in vivo or in vitro derived zygotes 
either as mRNAs or ribonucleoprotein makes it possible to achieve gene editing in 
embryos without the need to perform a cloning step, thereby making this an easier 
process compared to SCNT due to no need for enucleation and cell fusion. Therefore, 
this methodology makes it possible to obtain a higher yield in terms of quality and 
quantity of embryos compared to SCNT (Tanihara et al. 2016).

Gene editing in gametes and embryos has disadvantages such as not knowing the 
resulting sequence of the target gene after CRISPR/Cas9 cutting and subsequent 
random DNA strand repair. As a consequence, after the process of embryo produc-
tion, gene editing and embryo transfer, animals may have no mutation, or be hetero-
zygous and a high percentage of animals might be mosaics, having cells and tissues 
with different combinations of wild type and knock-out alleles. Also, if the 
objective of gene editing is to generate a knock- in pig, there is the problem that 
homologous recombination is less frequent than non- homologous end joining, and 
the percentage of embryo knock-ins will therefore be low compared to embryos 
obtained by SCNT. Since the first generation of genetically modified pigs with 
CRISPR/Cas9 in 2014 (Hai et al. 2014; Whitworth et al. 2014), intracytoplasmic 
injection has been the most used method for releasing CRISPR/Cas9 into the 
embryo. Recently, other methods of CRISPR/Cas9 delivery into zygotes such as 
electroporation have been developed and are in the process of being optimized 
(Tanihara et al. 2016; Nishio et al. 2018).

CRISPR/Cas9 Delivery by Intracytoplasmic Microinjection

Intracytoplasmic microinjection is a process similar to intracytoplasmic sperm 
injection (ICSI) (Fig.  3.5). While a holding pipette stabilizes the zygote, a thin 
micropipette is used to pierce the zona pellucida and the cytoplasmic membrane, 
and Cas9 and sgRNA is delivered into the cytoplasm. Although this method is less 
aggressive towards the integrity of the zygote than SCNT, intracytoplasmic micro-
injection can cause stress which affects embryo quality and therefore the percentage 
of embryos able to give rise to a piglet (Hai et al. 2014; Wang et al. 2015c).

S. Navarro-Serna et al.



83

Fig. 3.5 Mature oocyte microinjection: In vitro matured oocyte being subjected to intracyto-
plasmic microinjection with CRISPR/Cas9 gene-editing components

The importance of producing embryos with high quality to be transferred is one 
of the critical steps. In the literature, we find that both in vivo (Hai et al. 2014; Peng 
et al. 2015; Wang et al. 2015b; Petersen et al. 2016; Wang et al. 2016; Burkard et al. 
2017; Chuang et al. 2017; Park et al. 2017) and in vitro zygotes (Whitworth et al. 
2014; Park et al. 2017; Whitworth and Prather 2017; Hinrichs et al. 2018) have been 
used for intracytoplasmic microinjection.

In vivo embryo production consists of collecting zygotes by natural mating or 
artificial insemination after oestrus detection. Around 14-24 hours after insemina-
tion, the zygotes have been flushed from oviducts and collected. These embryos can 
be obtained from sows or gilts sacrificed at the slaughterhouse (Petersen et al. 2016; 
Chuang et al. 2017) or also by surgical collection (Peng et al. 2015; Wang et al. 
2015c; Burkard et al. 2017; Park et al. 2017). Both in vivo zygote production using 
slaughtered sows or via surgery present some difficulties in terms of accurately and 
reliably obtaining newly formed zygotes because the ovulation takes place over a 4 
hour windows of time in synchronized sows (Park et al. 2017). Timing is an impor-
tant problem in in vivo production because is very probable that DNA replication 
takes place before injection or when zygote cleavage happens, in which case there 
are only two options: discard the embryo or inject both cells knowing that you 
would thereby produce a mosaic (Peng et al. 2015).

In vivo production of embryos is an intensive labour and numerous sows are 
required to obtain a sufficient number of in vivo derived zygotes (Wang et al. 2015b). 
Consequently, other authors have used in vitro produced embryos (Whitworth et al. 
2014; Park et  al. 2017; Whitworth and Prather 2017; Hinrichs et  al. 2018). This 
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method involves obtaining oocytes from ovaries obtained from the slaughterhouse 
and performing in vitro maturation (IVM). After cumulus-oocyte complexes are 
matured, in vitro fertilization (IVF) is performed and next, putative zygotes are in 
vitro cultured until embryo transfer. The use of in vitro produced embryos offers the 
opportunity to improve the timing control of different parts of the early develop-
ment of the embryo. In vitro embryo production makes it possible to know approxi-
mately the time of fertilization better than with in vivo embryo collection (Whitworth 
and Prather 2017). This can help to regulate the timing of DNA editing with respect 
to in vitro fertilization and DNA replication. One strategy to reduce mosaicism is to 
microinject as soon as possible, even before fertilization, with the aim of being that 
the ribonucleoprotein is present in the cytoplasm to cut the target DNA before the 
first DNA replication in the zygote (Lamas-Toranzo et al. 2019b). It has already 
been shown that the microinjection of CRISPR/Cas9 into oocytes before fertiliza-
tion (Navarro-Serna et al. 2021) or parthenote embryos just at the moment of activa-
tion (Sato et al. 2018), does not affect the mutation rate, nevertheless CRISPR/Cas9 
delivery into the cytoplasm before in vitro fertilization reduces the mosaicism rate 
(Navarro-Serna et al. 2021).

Despite improvements in porcine in vitro embryo production such as the addition 
of reproductive fluids (Canovas et al. 2017; Paris-Oller et al. 2021), cytokines (Yuan 
et al. 2017), or culture media (Redel et al. 2016), embryo quality has not yet been 
assessed similar to embryos produced in vivo. One problem with in vitro produced 
embryos is the high rate of polyspermy that takes place in in vitro fertilization pro-
cess in swine species (Romar et al. 2019). Due to this problem, some authors have 
used other IVF options, for instance the use of in vivo matured oocytes, but this 
approach is very laborious and difficult and requires a large number of animals 
similar to that for in vivo zygote production (Park et al. 2017).

Regarding the molecular nature of CRISPR/Cas9, this has been microinjected in 
porcine embryos as DNA, mRNA, or ribonucleoprotein. There is no evidence that 
there are differences in mutation rate using such different strategies (Navarro-Serna 
et al. 2021) but due to the possibility of genome integrity, microinjected plasmids 
have been the least used. Despite this risk, DNA integrations were not found in stud-
ies in which CRISPR/Cas9 plasmids were used in pigs (Petersen et al. 2016; Chuang 
et al. 2017). The most used forms for microinjection have been Cas9 mRNA and 
sgRNA (Hai et al. 2014; Kwon et al. 2015; Peng et al. 2015; Burkard et al. 2017; 
Hinrichs et al. 2018; Chen et al. 2019a; Ostedgaard et al. 2020; Xie et al. 2020a). 
The combination of Cas9 protein and sgRNA as an injected ribonucleoprotein is 
also used (Sheets et al. 2016; Park et al. 2017; Sheets et al. 2018) and has the advan-
tage that the activity is instantaneous after ribonucleoprotein formation without the 
need for Cas9 protein to be synthesized in the zygote.

In addition to differences in the molecular nature of the CRISPR/Cas9, variations 
have also been found in the concentration and/or proportion of Cas9 and sgRNA 
microinjected. There is not a standard concentration because the amount of CRISPR/
Cas9 microinjected varies depending on the efficiency of the designed sgRNA and 
the molecular environment in which the target sequence is found. In the literature, 
the potential toxic effect of CRISPR/Cas9 microinjection in embryo development 
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has been tested by performing injection with water or Cas9 mRNA and sgRNA in 
parthenogenetic activated oocytes. The blastocyst rate was similar in both groups, 
so CRISPR/Cas9 does not seem to have toxic effects (Hai et al. 2014; Whitworth 
et al. 2014; Wang et al. 2015b; Yu et al. 2016). However intracytoplasmic microin-
jection can produce some defects in embryo development (Yu et al. 2016). Thus, 
CRISPR/Cas9 has been microinjected at a concentration of between 25-1000ng/μl 
in porcine embryos.

Another difference besides the method of embryo injection is the site in which 
zygotes were injected. In almost all studies, CRISPR/Cas9 components were 
injected into the cytoplasm (Hai et al. 2014; Whitworth et al. 2014; Zhou et al. 2016; 
Burkard et al. 2017; Whitworth and Prather 2017) but in Chuang et al. 2017, the 
zygotes were injected in the pronucleus (Chuang et al. 2017). Pronuclear microin-
jection is difficult in embryos of domestic animals due to the cytoplasm being 
opaque due to lipid droplets present in the cytoplasm and the pronucleus microin-
jection requires centrifugation of the zygote to expose the pronucleus (Wall 
et al. 1985).

In addition, other strategies have been described such as combining SCNT and 
intracytoplasmic microinjection (Sheets et al. 2016; Sheets et al. 2018). In Sheets 
et al. 2016, SCNT was performed with foetal fibroblasts and matured oocytes with 
the aim being to microinject CRISPR/Cas9 components as with in vivo or in vitro 
derived embryos (Sheets et al. 2016) and in Sheets et al. 2018, genetically modified 
zygotes were produced by in vivo zygote microinjection and these were used to 
obtain genetically modified foetal fibroblast cells which were used to obtain piglets 
by SCNT (Sheets et al. 2018). Despite the limitation of in vitro embryo production, 
the quality and quantity of in vitro produced embryos is sufficient for authors to 
report the generation of healthy piglets.

CRISPR/Cas9 Delivery by Electroporation

In addition to microinjection, the increasing use of electroporation as a method of 
introducing CRISPR/Cas9 into the cytoplasm of porcine zygotes has been of sig-
nificant importance in the last few years (Tanihara et al. 2016; Nishio et al. 2018). 
This technique involving placing the zygotes in media with Cas9 (protein or mRNA) 
and sgRNA and subjecting the zygotes to an electric current that allows the forma-
tion of membrane pores through which CRISPR/Cas9 components can enter 
(Fig. 3.6).

Transfection by electroporation has been in development for many types of 
mammalian cells, for example foetal fibroblasts for SCNT but to penetrate the 
zygote membrane is more difficult because the zona pellucida must be penetrated 
before this membrane. To reduce this barrier, the zona pellucida can be partially 
digested by acid Tyrode’s solution in mouse zygotes, improving CRISPR/Cas9 
entry (Chen et al. 2016) but in porcine studies, CRISPR/Cas9 editing by electro-
poration has been reported without zona pellucida digestion. Another option to 
improve the penetration of the zona pellucida is to use molecules with a smaller size 
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Fig. 3.6 Mature oocyte electroporation: In vitro matured oocyte during electroporation process. 
(a) plate electroporation device. (b) oocytes in electroporation device at low magnification. (c) 
oocytes in electroporation device at higher magnification

than Cas9 protein (160 kDa) with respect to Cas9 mRNA (~1500 kDa), this can 
improve mutation rate (Tanihara et al. 2016). Another limitation is that the need to 
put the zygotes into a medium with a mixture of Cas9 and sgRNA requires using 
more sgRNA and Cas9 than for CRISPR/Cas9 microinjection.

Since 2016, the successful generation of genetically modified pigs using this 
technique has been reported (Tanihara et al. 2016; Nishio et al. 2018; Tanihara et al. 
2018; Hirata et al. 2019; Tanihara et al. 2019a; Hirata et al. 2020; Le et al. 2020; 
Tanihara et al. 2020a; Yamashita et al. 2020). Some protocols using different elec-
troporation devices, and variations in the number and polarity of pulses, pulse 
length, Cas9 and single guide RNA proportion and concentration, electroporation 
medium and voltage strength have been described.

Two main devices for electroporation have been used: electroporation plates and 
electroporation cuvettes. The use of the last one has not been reported for porcine 
zygotes, so there seems to be a preference for the use of electroporation plates. 
Some electroporation devices offer the opportunity to perform bipolar pulses 
(Nishio et al. 2018; Yamashita et al. 2020). However, it has been reported that the 
use of bipolar pulses does not increase the mutation rate but produces a decrease of 
blastocyst rate compared to that with unipolar pulses (Nishio et al. 2018). In addi-
tion to polarity, machines such as the NEPA21 Super Electroporator (NEPAGENE, 
Ichikawa, Japan) offer the option of making two types of pulses: first an electro-
poration pulse, which involves performing a high voltage pulse to destabilize the 
membrane and later transfer pulses to create an input current of CRISPR/Cas9 pres-
ent in the electroporation media (Yamashita et al. 2020).

Regarding pulses, a balance must be found between the damage caused to 
embryo quality and quantity and the proportion of mutant embryos obtained. A 
greater number of pulses (Tanihara et al. 2016), voltage strength (Nishio et al. 2018) 
and pulse length (Tanihara et al. 2016) can negatively affect embryo development. 
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Currently, the electroporation parameters used are between 3-5 pulses, 20-30 V and 
1ms of pulse length.

Similar to microinjection, electroporation also makes it possible to deliver 
CRISPR/Cas9 into in vitro matured oocytes rather than zygotes (Hirata et al. 2019). 
As with microinjection, in addition to reducing the amount of mosaicism, this strat-
egy offers other benefits. The zona pellucida of the mature oocytes has a higher 
permeability than the zona pellucida of zygotes, allowing molecules of up to 170 
kDa to cross it, compared to those of 110 kDa that can cross the zona pellucida of 
zygotes (Legge 1995). This situation makes the membrane of mature oocytes more 
permeable and, as a consequence, a high concentration of ribonucleoprotein can 
enter the cytoplasm and therefore a higher mutation rate can be obtained (Hirata 
et al. 2019).

Compared with electroporation, CRISPR/Cas9 microinjection and SCNT 
requires greater and more laborious work because micromanipulation needs more 
qualified personnel to microinject cell after cell in the shortest possible time, and 
this also requires a lot of time (Navarro-Serna et al. 2019). In contrast, groups of 
between 50-100 zygotes can be electroporated at the same time, allowing more 
rapid work and a shorter time of exposure of the embryos to a hostile environment 
outside the incubator.

3.3.1.3  Embryo Transfer

Once produced, gene-edited embryos can be transferred to recipient animals. 
Commercial application of embryo transfer (ET) in swine is not as well developed 
as other assisted reproductive techniques such as artificial insemination or oestrous 
synchronization. ET was considered unfeasible for decades mainly because of the 
requirements of surgical techniques for embryo collection and embryo deposition 
into recipients, alongside challenges in the preservation of embryos (Martinez et al. 
2019). This situation has drastically changed in recent decades with the current 
technology allowing non-surgical ET (nsET) in a non-sedated recipient (Li et al. 
1996). Despite piglets having been born from in vitro-produced embryos following 
nsET (Yoshioka et al. 2003; Yoshioka et al. 2012), when working with gene-edited 
in vitro-derived embryos, the conventional surgical ET (sET) by mid laparotomy is 
the most common methodology followed by researchers due to the compromised 
quality and limited number of embryos obtained. As such, the low quality of  
in vitro-produced porcine embryos is compounded by the difficulties arising from a 
surgical intervention. Therefore, in order to maximize sET efficiency with gene 
edited embryos it is crucial to investigate the most relevant ET- related factors 
impacting the final pregnancy rate and fertility such as the selection of recipients, 
embryo handling, age and number of embryo transferred, ET position, and the use 
of aiding parallel strategies such as the use of co-transferred helper embryos or the 
infusion of seminal plasma.
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Whenever possible, females with an excellent reproductive history should be 
used as recipients since reproductive performance is one of the well-known factors 
influencing ET success in the pig. In fact, when ET is performed in first-oestrus 
gilts, the survival of embryos is approximately 20% lower compared with that from 
older gilts (reviewed by (Youngs 2001)). The precise control and detection of oes-
trous in the recipient animal and the timing of in vitro fertilization (IVF) to produce 
embryos is another key factor for a successful ET. It has been demonstrated that 
after sET the efficiency of piglet production (percentage number of piglet(s) born 
based on the number of embryos transferred) is greater in recipients whose oestrous 
cycle is asynchronous to that of donors with a 1-day delay (8.3%) compared to those 
recipients with a 2-day (1.5%) or 3-day (0.9%) delay (Yoshioka et al. 2012). The 
same has been described when transferring in vivo-derived embryo by nsET (Angel 
et al. 2014). From the practical point of view, it means that oocytes must be insemi-
nated in the lab 24-48 hours before oestrous beginning in the recipient animal. This 
leads to an environment where uterine histotrophic secretions from a “younger” 
uterus are compatible with metabolic needs of the “older” embryos. Following this 
schedule, our group has achieved around 35% of transferred recipients reaching 
pregnancy to term after sET of wild type in vitro-derived embryos (Paris-Oller et al. 
2021) and CRISPR/Cas9 gene-edited embryos (Navarro-Serna et  al. 2021). The 
final yield of ET also depends on the protocols followed to generate the embryo. 
Thus, the current efficiency of sET with SCNT-embryo is very low with results 
indicating that transfer of cloned embryos cultured for a longer time after recon-
struction (22-24 hours vs. 4-6 hours) decreases the recipient's pregnancy rate and 
farrowing rate suggesting that long in vitro culture time negatively affects the devel-
opment of transferred cloned porcine embryos (Shi et al. 2015).

Another factor to consider for ET is the embryo’s age, which is linked to the ET 
site, and the number of embryos to transfer. In an ideal situation, once gene-edited 
zygotes are produced, it is advisable to reduce the culture time to minimize the 
stress derived from in vitro culture conditions (Garcia-Vazquez et al. 2010). That 
would mean transferring 2-4 cell stage embryos into the recipient’s oviduct. Despite 
there not being extended studies in pigs relating to unilateral or bilateral transfer, it 
has been shown after sET of cloned embryos into double oviducts that there is an 
increase in pregnancy rate, farrowing rate of recipients, and the developmental rate 
of transferred embryos, compared to the situation with unilateral oviduct transfer 
(Shi et al. 2015). Based on these findings, splitting the total number of embryos to 
transfer, and performing a bilateral deposition should result in a higher efficiency 
with sET compared to a unilateral approach. As for morulae or blastocysts, the site 
for sET is the uterus, preferably within 30  cm from the tip of the uterine horn. 
Although there are not extensive studies relating to the most suitable sET site for 
embryos, it seems clear that the uterine body should be avoided since under in vivo 
conditions morula/blastocysts remain near the tip of the uterine horn until day 6 to 
7 of the oestral cycle, progressing subsequently toward the uterine body (Hunter 
et al. 1967; Dziuk 1985). Information in the literature about the optimum total num-
ber of transferred embryo varies with numbers ranging from 14 to 50 wild type 
in  vitro-derived blastocysts and litter sizes of 8-10 piglets (Marchal et  al. 2001; 
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Kikuchi et al. 2002; Yoshioka et al. 2002; Yoshioka et al. 2003; Somfai et al. 2014; 
Paris- Oller et al. 2021) although some groups report 100% pregnancy rates after 
sET with only 20-25 blastocysts per recipient (Yoshioka et  al. 2002). However, 
when transferring gene-edited in vitro- derived embryos, it is necessary to increase 
these numbers up 80-200 per recipient (Onishi et al. 2000; Shi et al. 2015; Navarro-
Serna et al. 2021).

Although porcine embryos can develop well in vitro to the blastocyst stage, their 
subsequent development in utero after ET in the uterine horns of surrogates can be 
improved. One strategy to achieve this is to use helper embryos since typically pigs 
require at least four foetuses for a successful pregnancy and the presence of helper 
embryos might assist the full development of gene-edited embryos (Onishi et al. 
2000). This strategy consists in transferring gene-edited embryo concomitantly 
with other embryos with the objective being to help establish and/or maintain preg-
nancy in recipients. Recently, the use of co-transferred helper embryos has been 
used in an attempt of increase efficiency of sET using cloned embryos (Shi et al. 
2015). These authors employed helper embryos (50 per recipient) with different 
origins such as parthenogenetic, in vitro- and in vivo-derived (by inseminating the 
recipient before sET) embryos but either type of helper embryos could aid estab-
lishment and/or maintenance of pregnancy with SCNT embryos. On the other hand, 
another strategy would be the use of seminal plasma. It has been reported that infu-
sion of heterologous seminal plasma prior to AI of recipients upregulates the 
expression of embryo development related genes in day 6 wild type pig embryos 
(Martinez et al. 2020; Tajima et al. 2020). However, the likely beneficial effect of 
this strategy to increase sET efficiency with gene-edited embryos remains to be 
determined.

3.3.2  How to Detect Mutations?

In the literature, we can find different methods to detect DNA modifications, which 
change depending on the information that we want to obtain: detection of muta-
tions, identification of the mutant sequence, or evaluation of mosaicism.

3.3.2.1  Electrophoresis-Based Techniques

The simplest method is to perform PCR and then agarose gel electrophoresis. This 
method is used to evaluate large insertions or deletions for example when the strat-
egy is to generate large deletions and two sgRNAs are designed to remove part of 
an exon or even complete exons (Whitworth and Prather 2017; Wu et  al. 2017; 
Hirata et  al. 2020; Koppes et  al. 2020). PCR product digestion with mismatch-
sense endonucleases, such as T7 endonuclease I are also used to detect mutations 
produced by CRISPR/Cas9 and other programmable endonucleases (Wang et al. 
2015a; Kang et al. 2016; Bloom et al. 2017; Li et al. 2017a; Xie et al. 2017). This 
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method involves performing a PCR of the target region of the embryo/animal sam-
ple. Next, the PCR product is mixed with a wild type amplicon, denatured, and 
reannealed. As a result, a heteroduplex will be formed with one wild type chain and 
one sample chain. When a sample of DNA has mutations, a heteroduplex with 
mismatches are formed and these mismatches are detected and cut by T7 endonu-
clease I after incubation with the endonuclease. Finally, agarose gel electrophoresis 
is performed with the digestion product. When the band has the size of the PCR 
product, this signifies that the sample is wild type and when a smaller band appears, 
T7 endonuclease I has cut it, so the sample is mutant (Bloom et al. 2017). This 
method makes it possible to obtain results quickly and easily, however the T7 endo-
nuclease I assay only gives information about the presence of mutations in 
the sample.

Other methods make it possible not only to detect mutations in the sample but 
also to detect the number of bases that are inserted or deleted in the alleles and the 
number of alleles in a sample. The fluorescent PCR-capillary gel electrophoresis 
technique is accurate enough to differentiate one base-pair differences between 
alleles, so this technique can indicate the presence or absence of a frameshift in the 
coding sequence of the gene (Ramlee et al. 2017). This technique involves per-
forming a conventional PCR with one primer labelled with a fluorochrome and 
later the sample is run in a capillary gel electrophoresis device linked to a genetic 
analyser (Ramlee et al. 2015). In order to discriminate the wild type allele in com-
parison to the other alleles in a sample, a PCR product of the sample is mixed with 
another wild type amplicon labelled with a different fluorochrome (Ramlee 
et al. 2017).

The fluorescent PCR-capillary gel electrophoresis technique allows detection of 
not only the presence of mutations, but also the number of alleles (Ramlee et al. 
2017). The detection of alleles, based on their size, makes it possible to differenti-
ate between wild type samples, heterozygous samples with one allele being wild 
type and another mutant, heterozygous samples with two different alleles mutated 
(Ramlee et al. 2017) or also mosaicism with the presence of more than two alleles 
of different sizes (Navarro-Serna et al. 2021). In addition, the knowledge of the size 
of alleles makes it possible to know if the difference in the number of nucleotides 
causes a frameshift and gives rise to a knock-out phenotype. In an interesting 
example, wild type (WT) sample and edited samples (Fig. 3.7a) as well as wild 
type (WT) sample and homozygotic edited samples (Fig. 3.7b) were shown differ-
ence in the migration time and sequence. 

Fig. 3.7 (continued) bottom of each figure. (a) sequence and capillary electrophoresis graph of 
WT sample and edited sample with mosaicism. In the capillary electrophoresis graph three alleles 
can be seen with the edited sample in blue and WT control sample in green. (b) sequence of wild 
type sample and homozygotic edited sample. In capillary electrophoresis graph one allele can be 
seen with the edited sample in blue and the WT control sample in green

S. Navarro-Serna et al.



Fig. 3.7 Evaluation of mutation by sanger sequencing and capillary electrophoresis: 
Comparison of WT and edited sequences at the top and capillary electrophoresis graph at the  



92

3.3.2.2  Sequencing Techniques

Although electrophoresis-based techniques offer a lot of useful information, they do 
not make it possible to know the sequences of alleles detected. For this, it is neces-
sary to perform sequencing. Sanger sequencing is the method most reported in the 
literature for detection of mutations (Burkard et al. 2017; Whyte et al. 2018; Chen 
et al. 2019a; Whitworth et al. 2019; Hirata et al. 2020). In this method, the target 
sequence is amplified by PCR and then sequenced directly (Sakurai et al. 2014). 
Sequencing the PCR product directly produces a convoluted spectrum with overlap-
ping peaks in the Cas9 cut region, so, this makes it possible to detect mutations in 
the sample, but the sequence cannot be known if the sample is not from a homozy-
gous organism (Dehairs et al. 2016).

To solve this, the PCR product can be purified and amplicons can be cloned into 
vectors for bacterial propagation and single colony cloning sequencing (Lamas- 
Toranzo et al. 2019a). Clonal sequencing makes it possible to detect the different 
alleles present in a sample, and discern between wild type samples, heterozygous 
samples with one allele wild type and another mutant, heterozygous samples with 
two different alleles mutated, and mosaic samples. The difference with respect to 
the fluorescent PCR-capillary gel electrophoresis technique is that clonal sequenc-
ing makes it possible to know the sequence, also giving information about base 
substitutions and differences between alleles with the same number of inserted or 
deleted base pairs but with different sequences.

This method requires more laborious work; however the development of soft-
ware to analyse sequences with overlapping peaks produced by DNA repair after 
Cas9 cleavage has allowed the analysis in silico of mutation without the need for 
clonal sequencing. Software such as Tracking of Indels by Decomposition (TIDE) 
() makes it possible to determinate the spectrum and frequency of targeted muta-
tions designed to analyse a pool of cells (Brinkman et al. 2018). The ability of the 
software to decompose sequences into as many alleles as detected makes it possible 
not only to evaluate mutations (Le et al. 2020; Tanihara et al. 2020b) but also to 
detect mosaicism (Yamashita et al. 2020).

Finally, the most complete and accurate method is next-generation sequencing. 
This method makes it possible to obtain information about all the alleles present in 
a sample (Tanihara et al. 2019a); nevertheless, it is more expensive than other meth-
ods mentioned above unless a large number of samples are analysed. This technique 
consists of performing PCR on samples adding a barcode to identify each sample 
(Hirata et al. 2019; Tanihara et al. 2019a; Le et al. 2020). Next, all samples to be 
analysed are mixed together in a pool and sequenced. Finally, the data are analysed 
and interpreted. This method is a good option when a large number of samples have 
to be analysed, such as with candidate regions for off-target mutations (Le 
et al. 2020).

In conclusion, we currently have a large number of options for evaluating muta-
tions after gene editing using CRISPR/Cas9, which can be chosen based on the 
information required for the research.

S. Navarro-Serna et al.



93

3.3.3  Negative Aspects of Gene Editing

3.3.3.1  Mosaicism

Mosaicism is the most important problem for gene editing in embryos (Hai et al. 
2014). This involves the presence of two or more cell lines with different alleles of 
the target gene in one organism due to the activity of Cas9 in the zygote after the 
first DNA replication or even after the subsequent cell divisions. A problem with the 
generation of mosaic organisms is that they cannot be used to provide samples to 
study because the distribution and proportion of the different alleles with different 
functionalities around the organism is unknown (Navarro-Serna et  al. 2020). 
Furthermore, there is a possibility that the edited alleles are not found in the germ 
line and therefore the animal cannot be used as a founder of a colony. On the other 
hand, there may be mosaic organism that have all the alleles edited and therefore 
these organisms could present the desired phenotype (Yamashita et al. 2020).

In species that reach reproductive age quickly, such as mice, mosaicism is not an 
important problem because a second generation can be obtained after crossing the 
animals obtained in the first generation. Therefore, a second generation can be 
obtained with the guarantee that these are not mosaics and that the allele detected in 
one tissue is the same as that found in all tissues of the organism. However, in a 
livestock species such as the pig, the time to reach reproductive age and gestation 
time is longer, so mosaicism leads to a greater time being required to obtain piglets 
with the required mutation (Mehravar et al. 2019).

One way to solve this problem is to perform embryo production by SCNT 
because these embryos have the required mutation, which is previously analysed in 
cell culture. However, due to the difficulties associated with cloning, gene editing 
directly in zygotes is of great interest despite disadvantages such as mosaicism. In 
the literature, several strategies have been described to try to reduce the mosaicism 
such as, performing the delivery of CRISPR/Cas9 as early as possible with respect 
to the first DNA replication in the zygote (Lamas-Toranzo et al. 2019b; Navarro- 
Serna et  al. 2021), the enhancement of repair mechanisms after the Cas9 cut to 
decrease mosaicism (Yamashita et al. 2020), modifications of Cas9 protein (Tu et al. 
2015), or editing strategies using multiple sgRNAs for the same target gene.

The timing of CRISPR/Cas9 delivery into the zygote cytoplasm with respect to 
the first DNA replication in an important factor that affects the degree of mosaicism 
(Navarro- Serna et al. 2021). In in vivo collected embryos, the control of timing is 
so low that even unfertilized oocytes or two-cell embryos may be obtained (Peng 
et al. 2015). Due to this lack of control, it is unknown whether at the time of micro-
injection the first DNA replication of the zygote has already taken place or not. Due 
to this lack of control, the in vivo collected zygotes are injected just after being col-
lected (Hai et al. 2014; Petersen et al. 2016; Burkard et al. 2017; Gadea et al. 2018) 
and therefore, this is the reason that high rates of mosaicism in live-born piglets are 
reported by many authors (Peng et al. 2015; Wang et al. 2015c; Yu et al. 2016; Zhou 
et  al. 2016). On the other hand, DNA replication in porcine zygotes produced 
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in vitro has been described to begin between 8-9 hours post- insemination (Jeong 
et al. 2007; Navarro-Serna et al. 2021). Despite this, in most studies, in vitro pro-
duced zygotes have been microinjected between 5 (Park et al. 2017) and 14 hours 
post- insemination (Whitworth et al. 2014; Whitworth and Prather 2017).

The effect of CRISPR/Cas9 microinjection time has been studied in both parthe-
nogenetic pig embryos (Tao et al. 2016) and in vitro produced embryos (Navarro- 
Serna et al. 2021). When an oocyte is activated by parthenogenetic activation, DNA 
synthesis occurs between 5-6 hours post-activation (Liu et  al. 1996). In a study 
which used parthenogenetic pig embryos, activated oocytes were injected at 3, 8 or 
18 hours after activation. In this study, the time of microinjection did not affect 
cleavage and mutation rate but the percentage of embryo development was less in 
the 3 hours group (Tao et al. 2016). Despite the mutation rate not being affected by 
the timing, the biallelic mutation rate was influenced by the microinjection time 
after parthenogenetic activation in pigs and the rate was higher when microinjection 
was performed earlier, that is at 3 and 8 hours post- activation (Tao et al. 2016). The 
mosaicism rate was also affected, and 1/3 of mosaic embryos were obtained when 
the microinjection occurred before DNA replication and 100% after DNA replica-
tion (Tao et  al. 2016). The same results were obtained when in vitro produced 
embryos were microinjected at three different times: in oocytes before in vitro 
insemination, 5-6 hours after insemination and 10-11 hours after insemination 
(Navarro-Serna et al. 2021). In vitro embryo production and mutation rate was not 
affected by the time of microinjection, but mosaicism was lower in embryos micro-
injected as soon as possible after the first zygotic DNA replication (Navarro-Serna 
et al. 2021). These results suggest that performing the microinjection time earlier 
may be a good strategy to reduce mosaicism, such that even the microinjection of 
matured oocytes before insemination is a good option.

When zygotes are obtained by SCNT and then microinjected, timing is also an 
important factor as following somatic cell injection an oocyte at metaphase-like 
stage after 2 hours and pronuclear structure is formed within 6 hours (Bui et al. 
2006). In Sheets et  al. 2016 the time of microinjection into cloned zygotes was 
4 hours after fusion (Sheets et al. 2016). In addition to delivering CRISPR/Cas9 
components as soon as possible, other strategies have been described to reduce 
mosaicism, such as reducing the half-life of Cas9 protein by tagging Cas9 with 
ubiquitin-proteasomal degradation signals (Tu et  al. 2017). The reduction of the 
half-life of Cas9 leads to the concentration of the protein deceasing earlier than 
wild-type Cas9, so that the protein concentration is reduced when the successive 
DNA replications take place. As a consequence, this study reports a decrease in 
mosaicism after using the modified Cas9 in primate embryos (Tu et al. 2017).

Another approach described to reduce mosaicism is to shorten the repair time of 
the cuts produced by CRISPR/Cas9 (Yamashita et al. 2020). The authors that used 
this strategy concluded that not only should Cas9 cut the target DNA before the first 
DNA replication, but the repair and consequent creation of the mutation should also 
take place before the DNA replication. If the repair occurs after DNA replication, 
each replicated chain will have a different degree of repair, resulting in more than 
two alleles and in the production of a mosaic organism. To solve this problem, the 
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authors decided to introduce murine three-prime repair exonuclease 2 (mTrex2) into 
porcine zygotes at the same time as CRISPR/Cas9 by electroporation. The results 
showed that co-delivery of CRISPR/Cas9 and the repair protein mTrex2 can reduce 
mosaicism (Yamashita et al. 2020).

Despite the improvements described, currently there is not any methodology to 
completely remove the mosaicism in gene editing directly in embryos so, another 
option described is to use multiple guides for the same target gene in order to gener-
ate knock- out piglets in which at least all cells of the organism have a loss of objec-
tive protein function and a knock-out phenotype, even it is due to different alleles 
with different mutations (Whitworth and Prather 2017; Wu et al. 2017; Zuo et al. 
2017; Hirata et al. 2020).

In conclusion, currently, the only method that allows the generation of one hun-
dred percent homozygous knock-out pigs edited by CRISPR/Cas9 is through 
SCNT. However, if the goal is to generate a KO colony, one-step gene editing in 
embryos is enough to achieve this.

3.3.3.2  Off-Target Mutations

The main advantage of programmable endonucleases is their high specificity for the 
target sequence to be modified. However, there is the possibility that DNA sequences 
similar to the sgRNA have sufficient consensus. This could mean that the Cas9 pro-
tein cuts in other regions of the genome different than the target sequence. These 
modifications outside the target region are called off-target mutations. The editing 
of other sequences in the genome of the organism could affect the expression or 
integrity of other genes that could lead to phenotypic variations (Wang et al. 2015b). 
This could complicate the phenotypic study of the animal models generated because 
the phenotype that is observed might not be due to the modification of the target 
gene but instead be due to alterations in other similar sequences in other genes.

Strategies to increase the specificity of editing have been designed, such as the 
development of Cas9 nickases. Unlike the wild type Cas9, which generates a dou-
ble- strand break in the target site that is then repaired by NHEJ or HDR, Cas9 
nickase produces a single-strand nick which is repaired without mistakes. This sys-
tem needs sgRNA pairs to produce two nicks in close proximity and generate a 
double-strand break. The requirement to design two sgRNAs that recognize the 
target gene reduces the possibility of off-target editing occurring but the likelihood 
of HDR taking place is less than for double-strand breaks generated with wild-type 
Cas9 editing (Shen et  al. 2014). Previous studies showed that the CRISPR/Cas9 
system might cut sequences with divergences from the PAM sequence (Wang et al. 
2016) and these mistakes could cause off-target editing, nevertheless the presence 
of off-target mutations in genetically modified piglets produced by CRISPR/Cas9 
has not been reported (Navarro-Serna et al. 2020). Studies of off-target mutations in 
pigs detected de novo mutations in genetically modified pigs with a frequency close 
to that previously estimated in humans, which indicates that in this study, CRISPR/
Cas9 does not significantly increase the rate of off- target mutations (Wang et al. 
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2016). Furthermore, another study in porcine embryos found that the frequency of 
off-target mutations was very low, even when using a high concentration of CRISPR/
Cas9 complex (Le et al. 2020).

In conclusion, the low incidence of off-target mutations reported is due to the use 
of bioinformatic guide design tools and the knowledge available about whole 
genome sequences of Sus scrofa in data bases. This has made it possible to design 
sgRNAs associated with a very low possibility of producing off-target mutations(Le 
et al. 2020).

3.3.3.3  Chromosome Aberrations

The generation of genetically modified pigs using CRISPR/Cas9 involves a compli-
cated gamete manipulation process. In addition to gene editing, other processes are 
involved such as oocyte in vitro maturation, collection and in vitro culture of 
embryos produced in vivo, cloning, microinjection, electroporation, in vitro fertil-
ization and culture, and embryo transfer.

In the literature, it has been reported that assisted reproductive techniques in pigs 
can produce chromosome aberrations such as aneuploidies (Hornak et al. 2009) and 
chromosome translocations (Garcia-Vazquez et al. 2011). Studies in porcine blasto-
cysts showed that around forty percent of in vitro produced embryos had chromo-
somal aberrations (Ulloa Ullo et  al. 2008; Hornak et  al. 2009). Although it is 
possible that many of these abnormalities are not compatible with generating a live- 
born piglet, some of them are compatible. Indeed, in our studies we have detected 
the presence of reciprocal chromosomal translocation in piglets produced by ICSI 
(Garcia-Vazquez et al. 2011) and also when we generated gene edited pigs, a double 
chromosomal translocation was detected in one homozygous knock-out pig pro-
duced in vitro (Navarro-Serna et al. 2021). Despite the risk of chromosomal aberra-
tions, the karyotype has not been analyzed in other studies in which CRISPR/Cas9 
gene editing pigs were produced. This means that there may be chromosomal altera-
tions that cause health problems in animal models which are falsely attributed to the 
desired gene modification.

3.4  Applications of Gene Edited Pigs

The ability to edit genes allows insertion of exogenous sequences (knock-in) or 
elimination of gene function (knock-out), which could have unlimited applications 
for use in basic science, agriculture, and biomedicine. In these areas, the production 
of genetically modified pigs makes it possible to investigate areas of interest such as 
gene expression, protein structure, intracellular mechanisms and gene functions 
(Whitelaw et al. 2016; Yao et al. 2016; Burkard et al. 2017; Wells and Prather 2017). 
The use of gene edited pigs is higher in biomedicine than in agriculture. This is due 
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to the severe restriction of consumption of food products derived from genetic mod-
ified organisms (GMO’s). This topic will be revised in Sect. 3.6 of this chapter.

3.4.1  Basic Science

Knock-out and knock-in pigs are used to study the function of different genes or 
proteins as complementary studies with murine models in different areas of knowl-
edge (Table 3.1). For example in the developmental biology area, a knock-out model 
for OCT4 was developed to study the function of this transcription factor in the 
early development of the pig embryo (Kwon et al. 2015) and Lai et al. produced a 
knock-in model introducing the coding gene of a fluorescent protein under the 

Table 3.1 Gene edited pigs with applications in basic science

Research field Gene Study Methodology Model References

Development 
biology

OCT4 Preimplantation embryo 
development

Injection KO Kwon et al. 
(2015)

Development 
biology

OCT4 Pluripotency cells 
reporter

SCNT KI Lai et al. 
(2016)

Immunology PBD2 Protection against 
infection

SCNT KI Huang et al. 
(2020a)

Immunology IgM B-cell deficiency SCNT KO Chen et al. 
(2015)

Metabolism GRB10 Insulin resistance and 
obesity

Injection KO Sheets et al. 
(2016)

Metabolism MC3R Fat metabolism, energy 
homeostasis

SCNT KO Yin et al. 
(2019)

Metabolism IRX3 Body mass, fat 
metabolism and obesity

SCNT KO Zhu et al. 
(2020a)

Organogenesis NGN3 Pancreas development Injection and 
SCNT

KO Sheets et al. 
2018)

Organogenesis SIX1 and 
SIX4

Kidney development SCNT KO Wang et al. 
(2019b)

Organogenesis EDA Submucosal glands 
development

Injection KO Ostedgaard 
et al. (2020)

Organogenesis ETV2 Hematoendotelial 
linages

SCNT KO Das et al. 
(2020)

Reproduction PTGS2 Embryonic development 
and luteal function

SCNT KO Pfeiffer et al. 
(2020)

Reproduction BMP15 Female fertility and 
follicular development

SCNT KO Shi et al. 
(2020))

Reproduction SRY Sex determination Injection KO Kurtz et al. 
(2021)

Cellular biology TPC2 Calcium signalling Injection KO Navarro-Serna 
et al. (2021)

SCNT Somatic cell nuclear transfer. Injection: Intracytoplasmic microinjection of oocytes/embryos
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control of the promoter of OCT4 in order to localize and monitor pluripotency (Lai 
et al. 2016).

Different models have been developed to study the role of different genes in 
organogenesis. For example, pigs with a knock-out in NGN3 (Sheets et al. 2018), 
SIX1 and SIX4 (Wang et al. 2019b), ETV2 (Das et al. 2020) or EDA (Ostedgaard 
et al. 2020) were used to study pancreas, kidney, hematoendotelial and submucosal 
gland development, respectively. Other genetically modified pigs were produced to 
investigate the functions of different genes in fat metabolism, insulin resistance and 
obesity, such as GRB10 (Sheets et al. 2016), MC3R (Yin et al. 2019) and IRX03 
(Zhu et al. 2020a), respectively.

Other examples of models produced in the area of basic science are pigs with 
knock-out in PTGS2 to study its function in embryonic development and luteal 
function (Pfeiffer et al. 2020), in BMP15 to investigate its function on follicular 
development (Shi et  al. 2020) and in PBD2, a gene with antimicrobial activity 
(Huang et al. 2020a). We have developed a TPC2 KO pig model to explore the func-
tional role of TPC2 in calcium signalling pathways (Navarro-Serna et al. 2021). The 
information generated with the use of gene edited pig models will be complemen-
tary to knowledge derived from cell and rodent models (Hryhorowicz et al. 2020). 
Most of the pig models generated are KO (Table 3.1), probably because the first 
steps in the study of the function of a gene is the knock out and on the other hand 
the efficiency for KO models is higher than for KI models.

3.4.2  Agricultural Production

In terms of agricultural applications, the CRISPR/Cas9 system can be used with the 
objective of creating animals with an improved carcass composition, decreasing 
input requirements, animals with an improved milk production, or animals that are 
resistant to diseases (Gadea and Garcia Vazquez 2010; Murray and Maga 2016; 
Wells and Prather 2017; Yang and Wu 2018).

3.4.2.1  Animal Health

Porcine infectious diseases are a great problem for pig production, with huge eco-
nomic costs and a blockade of the international market and interchange. One of the 
main applications of genome modification in animals for agriculture is the genera-
tion of animals resistant to diseases (Whitelaw and Sang 2005; Lassnig and Müller 
2015). (Table 3.2). In order to improve the general immune defence of the animals, 
Han et  al. generated knock-in porcine models for lactoferrin, an immune-active 
protein with antimicrobial and antiviral activity, to improve milk quality and subse-
quently piglet development (Han et al. 2020).

In relation to viral diseases, two main strategies could be applied using CRISPR/
Cas9 technology to inhibit or block viral infection, one of them involves targeting 
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Table 3.2 Gene edited pigs with applications in animal health

Gene Study Methodology Model References

CD163 and 
CD1D

Resistance to PRRS SCNT and 
Injection

KO Whitworth et al. 
(2014)

CD163 Resistance to PRRS Injection KO Burkard et al. 
(2017)

TMPRRSS2 Resistance to influenza virus Injection KO Whitworth et al. 
(2017)

“shRNA” Resistance to classical swine 
fever virus

SCNT KI Xie et al. (2018)

CD163 Resistance to PRRS SCNT KO Yang et al. 
(2018)

CD163 Resistance to PRRS SCNT KO Wang et al. 
(2019a)

CD163 Resistance to PRRS SCNT KO Guo et al. 
(2019a)

CD163 Resistance to PRRS Electroporation KO Tanihara et al. 
(2019b)

CD163/
hCD163

Resistance to PRRS SCNT KO/
KI

Chen et al. 
(2019b)

pAPN Resistance to coronavirus Injection KO Whitworth et al. 
(2019)

pAPN Resistance to transmissible 
gastroenteritis virus (TGEV)

SCNT KO Luo et al. (2019)

CD163 & 
pAPN

Resistance to PRRS and TGE SCNT KO*2 Xu et al. (2020)

pRSAD2 Resistance to classical swine 
fever and pseudorabies

SCNT KI Xie et al. 
(2020b)

Lactoferrin antibacterial activities in milk SCNT KI Han et al. 
(2020)

SCNT: Somatic cell nuclear transfer. Injection: Intracytoplasmic microinjection of oocytes/embryos

host genes that are essential for viral infection (cell receptors, etc) and the other 
directly targeting viral DNA as a potential antiviral strategy (Soppe and Lebbink 
2017). Porcine reproductive and respiratory syndrome (PRRS) is one of the most 
important panzootic infectious viral diseases in pigs and due to the generation of 
late-term abortions and stillbirths, this disease causes important economic losses to 
the farming industry, (Wells and Prather 2017). For that reason, the most common 
model for disease resistance produced using CRISPR/Cas9 is the one resistant 
to PRRS.

The first attempt to modify the receptors of the virus in porcine alveolar macro-
phages involved generating a KO pig for CD169 (Prather et al. 2013). However, the 
KO pigs suffered the same course of the PRRS disease. The same group later gener-
ated other KO models for CD163 and CD1D as a possible way to block the interac-
tion between the virus and the macrophages (Whitworth et al. 2014). CD163 has 
been identified as a putative fusion receptor for the PRRS virus, so different authors 
from different labs produced knock-out pigs for CD163 that are resistant to PRRS 
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(Burkard et al. 2017; Yang et al. 2018; Guo et al. 2019a; Tanihara et al. 2019b; Wang 
et al. 2019a). Furthermore, Whitworth et al. and Xu et al. disrupted CD1D (a major 
histocompatibility complex protein) and pAPN (receptor of transmissible gastroen-
teritis (TGE) virus), respectively, producing double knock-out animals resistant to 
PRRS and the ones in the second study resistant to TGE, as well (Xu et al. 2020). 
Another strategy to achieve this resistance is replacing the SRCR5 domain of the 
CD163 gene with the corresponding domain of human CD163 (Chen et al. 2019b).

In addition to PRRS, other diseases were targeted such as those linked to infec-
tion by different viruses including coronaviruses. With this aim, Whitworth et al. 
and Luo et al. produced porcine models lacking aminopeptidase-N, a protein pres-
ent on the surface of epithelial cells that has been suggested as a receptor for differ-
ent coronaviruses (Luo et al. 2019; Whitworth et al. 2019). Going further, Xie et al. 
produced a knock-in model, piglets that produced pRSAD2, an enzyme with antivi-
ral activities against a wide range of viruses such as classic swine fever virus or 
pseudorabies virus (Xie et al. 2020b).

Another indirect application of the CRISPR/Cas9 system in the control of viral 
infections that is not directly via generation of resistant pigs, involves developing 
mutations in the virus that could facilitate the design of valuables vaccines or by the 
use of CRISPR/Cas9 for the diagnosis of the disease. A clear example of these alter-
natives is in African swine fever (ASF), by use of this methodology for vaccines 
(Borca et al. 2018; Hubner et al. 2018) and diagnosis (Bai et al. 2019; He et al. 2020).

One strategy to control viral diseases is the use of specific small hairpin RNAs 
(shRNA) to reduce the susceptibility to infection by very contagious viral diseases 
that leads to important economic losses in the pig industry, such as foot and mouth 
disease virus (Hu et al. 2015). With the application of CRISPR/Cas9 technology, 
shRNA and SCNT the knock-in (KI) animals are protected against classical swine 
fever virus (Xie et al. 2018).

3.4.2.2  Animal Production Improvement

In addition, animal production can be improved by targeting different genes that do 
not involve disease resistance. The most common one is the gene encoding for myo-
statin, a negative regulator of muscle growth. Different authors have developed 
knock-out models for myostatin which exhibit greater muscle mass, enhancing in 
this way the quality of the product (Wang et al. 2015a; Tanihara et al. 2016; Li et al. 
2020b; Zhu et al. 2020b). Another approach for improving muscle development is 
the one proposed by Liu et al., who disrupted the insulin growth factor 2 (IGF2) 
gene (Liu et al. 2019) (Table 3.3).

Other authors have developed models involving the introduction of one or more 
foreign genes. Knock-in pigs for Fat-1 have been produced to improve meat quality. 
This gene encodes a fatty acid desaturase which converts n-6 polyunsaturated fatty 
acids to n-3 poly- unsaturated fatty acids, that provide more health benefits (Li et al. 
2018). Another example is the knock-in for uncoupling protein 1 (UCP1). This pro-
tein is located in the inner mitochondrial membrane and regulates heat production, 
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Table 3.3 Gene edited pigs with applications in animal production improvement

Research 
field Gene Study Methodology Model References

Growth MSTN Muscle development SCNT and 
Talen

KO Kang et al. 
(2017)

Growth MSTN Muscle development SCNT KO Wang et al. 
(2015a)

Growth MSTN Muscle development SCNT KO Wang et al. 
2017b)

Growth MSTN Muscle development SCNT KO Li et al. 
(2020b)

Growth MSTN Muscle development SCNT KO Zhu et al. 
(2020b)

Growth MSTN Muscle development Electroporation KO Tanihara 
et al. (2016)

Growth IGF2 Muscle development SCNT KO (Liu et al. 
2019)

Metabolism UCP1 Thermoregulation SCNT KI Zheng et al. 
(2017)

Meat quality Fat-1 Fatty acids n-3PUFAs SCNT KI Li et al. 
(2018)

Pollution 
reduction

β-glucanase, 
xylanase, and
phytase

Production of 
digestive enzymes

SCNT KI*3 Li et al. 
(2020a)

SCNT: Somatic cell nuclear transfer

but it is absent in pigs. These knock-in animals can better maintain their body tem-
perature and showed decreased fat deposition, improving in this way production 
efficiency (Zheng et al. 2017).

3.4.2.3  Pollution Reduction

Pigs lack several enzymes in their digestive tract that hydrolyse plant cell walls to 
release the nutrients that could be absorbed during digestion. An interesting 
approach is the integration of bacterial enzymes in the salivary glands of the pig to 
hydrolyse the complex carbohydrates such as the phytate that contains phosphorus 
in the diet. The objective of this methodology is to increase the intestinal absorption 
of these nutrients and reduce the presence of this compound in the manure, this 
being an ecological contamination problem in some areas.

These models have been previously produced by other technologies different 
than endonucleases like pronuclear injection (Golovan et al. 2001). Using the PSP/
APPA transgene (parotid secretary protein promoter linked to the Escherichia coli 
appA phytase gene) one study produced pigs that expressed the functional enzyme 
in the saliva with a resulting increase in phosphorus digestibility and reduction of 
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phosphorus in the manure (Golovan et al. 2001; Forsberg et al. 2014a). This model 
was known as the Enviropig and supported by the Guelph University in Canada. The 
Enviropig’s characteristics have been described (Murray et al. 2007; Golovan et al. 
2008; Forsberg et al. 2013; Forsberg et al. 2014a; Forsberg et al. 2014b), as has the 
manure that they produce (Mao et al. 2008). The animals were terminated in 2012 
(Clark 2015).

Later using electroporation and SCNT another study generated pigs with three 
microbial enzymes, β-glucanase, xylanase, and phytase in the salivary glands 
(Zhang et al. 2018b). The expression of these enzymes led to a reduction in nitrogen 
and phosphorous in manure and an increase in growth rates (Zhang et al. 2018b). In 
another study PiggyBac Transposons and SNCT were used to generate pigs that 
expressed in their saliva four enzymes; pectinase, xylanase, phytase, and TeEGI 
(cellulase and β-glucanase) using somatic cell cloning (Wang et al. 2020).

Recently, the application of CRISPR/Cas9 and SCNT led to the generation of a 
triple knock-in (Li et al. 2020a). The authors integrated into the porcine genome 
three genes encoding three microbial enzymes (β-glucanase, xylanase, and phy-
tase), which are produced in the salivary glands of the knock-in pigs. This model 
improves feed efficiency and reduces environmental impact because these enzymes 
degrade non-starch polysaccharides and phytate in plants, which can significantly 
promote the digestion of nitrogen and phosphorus in formula feed (Li et al. 2020a).

3.4.3  Biomedicine

The third group of applications is related to biomedicine. This group includes mod-
els produced to improve xenotransplantation, to produce different bioproducts and 
to mimic and study several human diseases.

3.4.3.1  Xenotransplantation

Organ transplantation is the only option for patients with severe organ failure, but 
there are not sufficient donors to cover the large number of patients that need one 
(Niemann and Petersen 2016). Xenotransplantation is a potential approach to solve 
this problem. The pig is considered the most suitable species for this purpose due to 
its ease of breeding and the similarities with humans regarding physiology and 
organ size and function. The major problem for clinical application of xenotrans-
plants is the adverse immune reaction of the host (Niemann and Petersen 2016; 
Naeimi Kararoudi et al. 2018; Niu et al. 2021). The first immune reaction of the host 
body is the hyperacute rejection (HAR), which is induced by pre-existing antibodies 
that principally target α-Gal antigens that exist on the surface of porcine cells (Fu 
et al. 2020). Different knock-out pigs were produced to eliminate these antigens in 
order to decrease the HAR. With this purpose, the GGTA1 gene, encoding for a 
galactosyltransferase that catalyses the formation of the α-Gal antigen, was 
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disrupted producing GGTA1 knock-out pigs (Petersen et  al. 2016; Chuang et  al. 
2017; Tanihara et al. 2020a). In addition to this modification, other genes were tar-
geted at the same time to produce triple and quadruple knock-out pigs (Zhang et al. 
2018a; Fischer et al. 2020; Hein et al. 2020; Tanihara et al. 2021).; in addition, there 
have been other targets (Li et al. 2015; Sake et al. 2019; Fu et al. 2020) (Table 3.4).

Other examples of genetically modified pigs with xenotransplantation applica-
tions are the ones produced by SCNT by Hinrichs et al. who disrupted the growth 
hormone receptor (GHR) in GGTA1-deficient cells expressing the human cluster of 
differentiation (hCD46) and human thrombomodulin (hTHBD) to reduce the size of 
organ donor pigs for preclinical studies (Hinrichs et al. 2020) or the pigs with severe 
combined immunodeficiency produced by Boettcher et al., who depleted the IL2RG 
gene in pigs within a naturally occurring disruption of DCLRE1C (ARTEMIS) 
background (Boettcher et al. 2020).

In addition to problems related to immune system responses against xenotrans-
plants, the transplantation of organs from one species to another may be associated 
with other difficulties such as the transmission of endogenous retroviruses. Porcine 
endogenous retroviruses (PERV) are gamma retroviruses which can infect human 
cells and integrate into the human genome in cell culture (Yang et al. 2015). Even 
though no study has observed PERV transmission to humans, they could potentially 
integrate into the host genome and lead to immunodeficiency and tumorigenesis, so 
these retroviruses need to be annulled in order to generate a pig that can be used as 
an organ donor. For this reason, some studies have focused on generating pigs free 
of PERV (Niu et al. 2017; Li et al. 2019a; Niu et al. 2021).

In the case of liver transplantation, coagulation and blood factors are crucial for 
the success of the transplant so Li et al. proposed a knock-in model to solve this 
problem. They produced by SCNT, pigs expressing the humanized liver proteins 

Table 3.4 Gene edited pigs with applications in xenotransplantation

Gene Methodology Model Year References

GGTA1, CMAH, iGb3S SCNT KO*3 2015 Li et al. (2015)
GGTA1 Injection KO 2016 Petersen et al. (2016)
Porcine endogenous retroviruses SCNT KO 2017 Niu et al. (2017)
GGTA1 Injection KO 2017 Chuang et al. (2017)
GGTA1, β4GalNT2 and CMAH SCNT KO*3 2018 Zhang et al. (2018a)
hF7 and hAlbumin SCNT KI*2 2019 Li et al. (2019a)
Β-2-microglobulin SCNT KO 2019 Sake et al. (2019)
GHR SCNT KO 2020 Hinrichs et al. (2020)
GGTA1, CMAH, β4GalNT2 and β2M SCNT KO * 4 2020 Fischer et al. (2020)
GGTA, CIITA and β2M SCNT KO*3 2020 Fu et al. (2020)
GGTA1, CMAH and β2M SCNT KO*3 2020 Hein et al. (2020)
IL2RG SCNT KO 2020 Boettcher et al. (2020)
GGTA1 Electroporation KO 2020 Tanihara et al. (2020a)

SCNT: Somatic cell nuclear transfer. Injection: Intracytoplasmic microinjection of oocytes/embryos
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blood-coagulation factor VII (hF7) and albumin (hALB), replacing the previous 
background of pig F7, with a negative PERV background (Li et al. 2019a).

3.4.3.2  Bioproducts

Pigs can be used as bioreactors to produce different bioproducts (reviewed by 
(Gadea and Garcia Vazquez 2010; Bertolini et al. 2016)), but this application is the 
least developed so far. For now, only two genetically modified pigs were developed 
using CRISPR/Cas9 to synthetise bioproducts. The first one is the one proposed by 
Peng et al., a knock-in model for human serum albumin, the most abundant plasma 
protein which is needed for essential processes such as maintenance of plasma 
oncotic pressure, or transportation of small molecules. This protein is needed in 
cases of severe diseases such as liver failure or traumatic shock (Peng et al. 2015).

The second example is a knock-out model for IgM. These animals do not pro-
duce B-cells, which is the first step for developing pigs that produce humanized 
polyclonal antibodies that can be used in clinical medicine (Chen et al. 2015).

3.4.3.3  Models of Human Diseases

Pigs are an excellent animal model for understanding the pathological processes of 
human diseases and developing therapeutic strategies because of their similarity to 
humans in terms of anatomy, physiology, and genetics (Perleberg et al. 2018). A lot 
of different models of human diseases have been developed using CRISPR/Cas9 
since 2014, covering diverse areas from oncology to hearing loss (Table 3.5).

The area in which most disease models have been developed is for neuroscience. 
Parkinson’s disease is the most common neurodegenerative movement disorder in 
the elderly, so Parkinson models have been produced using different strategies. 
Zhou et al. disrupted two genes, PARK2 and PINK1 producing a double knock-out 
model (Zhou et al. 2015). The PARK2 gene encodes a protein called parkin, a com-
ponent of multiprotein E3 ubiquitin ligase complex and PINK1 gene encodes 
PTEN-induced putative kinase 1, a mitochondrial serine/threonine-protein kinase. 
The depletion of either of these two genes produces autosomal recessive early-onset 
Parkinson’s disease in humans (Zhou et al. 2015). In addition to this combination, 
Wang et  al. produced a triple knock-out targeting PARK2, PINK1 and DJ1, to 
model early-onset Parkinson’s disease (Wang et al. 2016).

Duchenne’s muscular dystrophy is an X-linked hereditary muscular dystrophy 
and people who have this disease suffer a severe and progressive clinical course of 
muscle weakness, loss of ability to move, and finally death, but no treatment has yet 
been developed. The disease is caused by a mutation in the dystrophin gene. For that 
reason, knock-out pigs for dystrophin were produced (Yu et  al. 2016; Wu et  al. 
2018). Limb-girdle muscular dystrophy also has no treatment and causes muscle 
wasting. Expression levels of the FBXO40 gene decrease in limb-girdle muscular 
dystrophy patients, so a knock-out model of FBXO40 was developed to study this 
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Table 3.5 Gene edited pigs as model of human diseases

Gene Human disease Area Methodology Model Year References

LMNA Hutchinson-
Gilford progeria 
syndrome

Ageing SCNT KI 2019 Dorado 
et al. 
(2019)

ApoE and 
LDLR

Atherosclerosis Cardiovascular SCNT KO 
*2

2017 Huang 
et al. 
(2017)

OSBPL2 Deafness Deafness SCNT KO 2019 Yao et al. 
(2019)

Mutant GJB2 
CDS

Hearing loss Dermatology Injection KI 2020 Xie et al. 
(2020a)

HR Atrichia Dermatology SCNT KO 2019 Gao et al. 
(2019)

vWF Von Willebrand 
disease (vWD)

Haematology Injection KO 2014 Hai et al. 
(2014)

F9/hF9 Haemophilia B Haematology SCNT KO/
KI

2020 Chen et al. 
(2020)

TYR, IL2RG, 
and RAG1

Albinism and 
immunodeficiency

Immunology Injection KO*3 2019 Chen et al. 
(2019a)

NLRP3 Cryopyrin- 
associated periodic 
syndrome

Immunology SCNT KO 2020 Li et al. 
(2020c)

TYR Albinism Melanin 
biosynthesis

SCNT KO 2015 Zhou et al. 
(2015)

MITF Hypopigmentation, 
deafness, 
Waardenburg and 
Tietz syndromes

Melanin 
biosynthesis

Injection KO 2015 Wang et al. 
(2015b)

INS Diabetes mellitus Metabolism SCNT KO 2018 Cho et al. 
(2018)

GHR Laron Syndrome Metabolism Injection KO 2018 Hinrichs 
et al. 
(2018)

hIAPP Diabetes mellitus Metabolism SCNT KI 2019 Zou et al. 
(2019)

PDX1 Diabetes mellitus Metabolism Electroporation KO 2020 Tanihara 
et al. 
(2020b)

PARK2 and 
PINK1

Parkinson Neurology SCNT KO*2 2015 Zhou et al. 
(2015)

parkin, DJ-1, 
PINK1

Parkinson Neurology Injection KO 
*3

2016 Wang et al. 
(2016)

DMD Muscle dystrophy Neurology Injection KO 2016 Yu et al. 
(2016)

TPH2 Neuropsychiatric 
disorders

Neurology SCNT KO 2017 Li et al. 
(2017b)

(continued)
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Table 3.5 (continued)

Gene Human disease Area Methodology Model Year References

SCNA Parkinson Neurology SCNT KO 2018 Zhu et al. 
(2018)

DMD Muscle dystrophy Neurology SCNT KO 2018 Wu et al. 
(2018)

FBXO40 Muscle dystrophy Neurology SCNT KO 2018 Zou et al. 
(2018)

Phenylalanine 
hydroxylase 
(PHA)

Phenylketonuria 
(PKU)

Neurotoxicity Injection KO 2020 Koppes 
et al. 
(2020)

RUNX3 Cancer Oncology SCNT KO 2016 Kang et al. 
(2016)

MITF Hypopigmentation, 
deafness, 
Waardenburg and 
Tietz syndromes

Oncology Injection KO 2017 Hai et al. 
(2017)

TP53 Cancer Oncology Electroporation KO 2018 Tanihara 
et al. 
(2018)

COL2A1 Type II 
collagenopathy

Skeletal 
development

SCNT KO 2020 Zhang 
et al. 
(2020)

SCNT: Somatic cell nuclear transfer. Injection: Intracytoplasmic microinjection of oocytes/embryos

disease and the function of FBXO40  in skeletal muscle development (Zou 
et al. 2018).

Another group of models are the one related to metabolic diseases such as diabe-
tes mellitus. Diabetes mellitus is a chronic disease, characterized by high blood 
glucose levels, polyuria, polydipsia, and weight loss. It is one of the most common 
public health problems worldwide and large animal models for the evaluation of 
different treatments are required. The major cause of diabetes is the deficiency in 
functional insulin because of abnormal insulin secretion and/or decreased physio-
logical responses to insulin. For that reason, different models of genetically modi-
fied pigs were produced (Zettler et al. 2020). Cho et al. produced insulin deficient 
pigs by disrupting the INS gene, so the piglets were not able to produce insulin (Cho 
et al. 2018). Tanihara et al. targeted the pancreatic duodenal homeobox 1 (PDX1) 
gene, producing a monoallelic disruption. The biallelic

mutation of this gene causes abnormal development of the pancreas and death 
during infanthood, but a monoallelic mutation of the PDX1 gene impairs insulin 
secretion from pancreatic β-cells, causing diabetes (Tanihara et  al. 2020b). Islet 
amyloid polypeptide (IAPP) is a polypeptide hormone that has a toxic effect on 
β-cells when it aggregates which leads to the progressive failure of insulin secretion. 
Human IAPP is one of the most highly aggregated polypeptides and some studies 
considered the amyloidosis of human IAPP as a potentially important cause of 
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diabetes mellitus type II. Therefore, Zou et al. developed a knock-in model that 
express human IAPP to study the pathogenesis of diabetes mellitus type II (Zou 
et al. 2019).

Cancer is one of the most common cause of death worldwide so suitable animal 
models are needed to study this group of diseases and its treatment. Runt-related 
transcription factor 3 (RUNX3) is known as a tumour suppressor gene which, when 
absent, contributes to gastrointestinal cancer development, so a knock-out model for 
RUNX3 was developed to study this type of cancer (Kang et al. 2016). In addition, 
the TP53 gene encodes a transcription factor that acts as a tumour suppressor by 
promoting senescence or apoptosis following DNA damage induced by cell stress. 
Mutations in this gene are associated with cancer in humans, in particular with Li 
Fraumeni multiple cancer syndrome. To study this disease, Tanihara et al. produced 
knock-out piglets by disrupting TP53 (Tanihara et al. 2018).

Haemophilia B is an inherited X-linked bleeding disorder caused by a dysfunc-
tion in the F9 gene which encodes the coagulation factor IX, a vitamin K-dependent 
plasma protein that participates in the intrinsic blood coagulation pathway. In 
patients with haemophilia B, recurrent spontaneous bleeding mainly occurs in the 
synovial joints causing chronic pain, immobility, and an important reduction in 
quality of life. Chen et al. developed a pig model to study haemophilia B by deplet-
ing the F9 gene. Furthermore, they used the CRISPR/Cas9 system to introduce the 
human F9 gene into knock-out fibroblasts for F9, to determine if this gene therapy 
procedure could ameliorate the bleeding phenotype (Chen et al. 2020).

Other examples of production of models for human diseases are summarised in 
Table 3.5 and include models for deafness (Yao et al. 2019; Xie et al. 2020a), ath-
erosclerosis (Huang et al. 2017), albinism (Zhou et al. 2015; Chen et al. 2019a) and 
Hutchinson- Gilford progeria syndrome (Dorado et al. 2019), among others.

3.5  Future Directions

3.5.1  Base Editors

In addition to the conventional use of Cas9 to generate INDELs, modifications of 
this Cas protein have been developed. Among the modified forms of Cas9, base edi-
tors stand out. These proteins are synthetic enzymes derived from modifications of 
Streptococcus pyogenes Cas9 which induces single-nucleotide changes in the DNA 
sequence without cutting the DNA double strand of DNA (Komor et al. 2016; Kim 
et al. 2017).

Base editors are characterized by the presence of Cas9 with a defective catalyti-
cal domain, called dead Cas9 or with an impaired catalytical domine, called Cas9 
nickase and fused with a deaminase (Kim et al. 2017). The main advantage of base 
editor is the ability to generate desired mutations without double-stranded DNA 
breaks and DNA donor template to produce a knock-in, allowing therefore the 
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possibility of producing the desired stop codons or precise modifications to make 
personalized disease models caused by pair base substitution (Kim et al. 2017; Eid 
et al. 2018).

Depending on the presence of a cytidine deaminase or an adenine deaminase, the 
base editors system can be classified in two groups: cytosine base editors that con-
vert C:G pairs to T:A pairs and adenine base editors that convert A:T pairs to 
G:C pairs.

The enzymatic activity of a cytosine base editor involves the conversion of cyto-
sine into uracil by deamination. Thus, a cytosine that pairs with guanine becomes an 
uracil that has base-paring proprieties of thymine and it pairs with adenine (Kim 
et  al. 2017). A cytosine base editor requires the presence of the target cytosine 
within a 5-nucleotide window near the PAM sequence, within the position 4 to 8 
(Komor et al. 2016). Despite the precision, this 5-nucleotide window can be a prob-
lem because the enzyme can modify all cytosine in that range, inducing undesired 
changes to the target locus (Komor et al. 2016).

In 2016, the first cytosine base editor (BE1) was developed, using rat APOBEC1 
as deaminase and a dead Cas9 plus XTEN domain (Komor et  al. 2016). 
Subsequentely, a second generation of base editor (BE2) was designed by the addi-
tion of uracil DNA glycosylase inhibitor (UGI) to the complex APOBEC-XTEN- 
dCas9-UGI (Komor et  al. 2016). UGI inhibits uracil DNA glycosylase, which 
removes uracil from DNA and initiates base-excision repair with the reversion of 
the U:G pair to C:G pair, decreasing the efficiency of base editors (Komor et al. 
2016). Up to this moment, the maximum efficiency that could be achieved was 50% 
because only one chain of the double stranded DNA was modified.

With the objective of going beyond the limit of inducing changes in the non- 
edited chain, a third generation was developed (BE3). In this generation, the HNH 
domain of Cas9 was restored (APOBEC-XTEN-dCas9(A840H)-UGI) (Komor 
et  al. 2016). Therefore, dCas9 was substituted by nickase Cas9 to cut the DNA 
strand containing the unedited guanine to stimulate the repair of this chain. 
Therefore, cutting in the non-edited change increases the possibilities of solving the 
U:G mismatch in U:A respect C:G (Komor et al. 2016).

Subsequently, new versions have been developed. A fourth generation (BE4) of 
cytidine base editor was designed with the addition of a second copy of UGI to the 
C terminus of the construct (Komor et al. 2017). Also, to increase the stability of the 
double strand, the bacteriophage Mu-originated Gam protein was added (BE4- 
Gam) (Yuan et al. 2020). Gram protein of bacteriophage Mu binds to the end of 
DSBs and protects them from degradation, as this would reduce the indel formation 
during the process of base editing (Komor et al. 2017).

The addition of nuclear localization signals (NLSs) to the cytosine base editor 
was also described (Koblan et al. 2018). This modification increased the mutation 
rate but simultaneously produced other unwanted mutations (Yuan et al. 2020).

In porcine embryos, the use of cytosine base editors has been described (Xie 
et al. 2019; Su et al. 2020; Yuan et al. 2020), but not yet adenine base editors. In 
these studies, cytosine base editors of different generations were used. In all studies, 
the strategy used was to produce premature stop codons. In this way, knock-out 
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embryos were generated to model diseases such as Duchenne muscular dystrophy 
(Xie et  al. 2019; Su et  al. 2020), albinism (Xie et  al. 2019), Hutchinson-Gilford 
Progeria syndrome (Xie et al. 2019), and the absence of cell of immune system (Xie 
et al. 2019). In the field of xenotransplantation; cytosine base editors have also been 
used for also for knock-out porcine endogenous retroviruses (Xie et al. 2019) and 
simultaneously knock-out three genes (GGTA1, B4GalNT2 and CMAH) to remove 
the expression of alpha-1,2-galactose in pigs, the major hyperacute rejection xeno- 
antigen (Yuan et al. 2020).

3.5.2  Conditional Models

The Cre–loxP system is a powerful tool for conditional models, that is successfully 
used for murine models. This system makes it possible to investigate genes of inter-
est in a specific organ/tissue in a specific moment or time (Smedley et al. 2011). The 
Cre-loxP system needs two elements. First, Cre-driver animals are generated in 
which Cre recombinase is expressed by a promoter that specifically targets the cell 
or tissue of interest. Second, specific genes are engineered to be flanked by loxP in 
specific animals (floxed animals). Conditional knockout pig are generated by breed-
ing the Cre-driver animals with floxed ones. The specificity and timing of recombi-
nation are controlled by use of a promoter and/or enhancer.

Although many Cre–loxP mouse models have been established, there are few pig 
models available. Some Cre pigs have been generated for specific tissues as germ 
cells by using the VASA promoter (Song et al. 2016), for astrocytes using the pro-
moter of the pig glial fibrillary acidic protein (pGFAP) gene (Hwang et al. 2018), 
alveolar epithelial cells (Luo et al. 2014b) or kidney collecting duct cells (Luo et al. 
2014a). Also, different authors have developed models with reporters for monitor-
ing Cre activity in vivo (Li et al. 2009; Li et al. 2014). Additionally, different strate-
gies have been developed for the efficient deletion of the IoxP flanked selectable 
marker like use of neomycin to avoid possible side effects (Whitworth et al. 2018; 
Huang et al. 2020b). In pigs, this conditional gene expression strategy has been used 
to promote oncogenic expression. The Oncopig is a transgenic pig with Cre-
inducible TP53R167H and KRASG12D mutations (Schook et  al. 2015; Schook 
et al. 2016). This commercially available model have been used to study liver and 
pancreatic cancer (Schachtschneider et al. 2017; Boas et al. 2020).

3.6  Legal and Ethical Regulations

The use of gene editing in organisms with the aim of achieving genetic advantages 
in a short time has been highly controversial. After the application of gene editing 
technologies, and the development of programmable endonucleases that are as easy 
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and cheap to use as CRISPR/Cas9, it was necessary to create legislation to regulate 
the use of this technology.

Currently, genetically modified organisms are covered by the same regulations as 
transgenic organisms (Lamas-Toranzo et al. 2017; Wasmer 2019). This legislation 
also includes organisms with simple genetic modifications generated by genetic 
engineering, such as mutations that affect a single base. However, these mutations 
cannot be distinguished from organisms bred by conventional techniques, such as 
those that arise from random mutagenesis (Wasmer 2019). The use of genetically 
modified organisms is strictly regulated around the world. Next, we will present the 
legislative situation of genetically modified organisms in Europe, United States of 
America (USA) and China.

European Union
In the European Union (EU) the regulations covering genetically modified animals 
for human and animal consumption are somewhat restrictive such that nowadays 
only genetically modified plants are authorised for that purpose (European 
Commission Register for Genetically Modified Organisms, https://webgate.
ec.europa.eu/dyna/gm_register) . So that a genetically modified organism can be 
commercialized or released to the environment it needs the approval of the European 
Food Safety Agency (EFSA). The EFSA assesses the risks that the genetically mod-
ified organism may present to the environment, and human health and animal safety, 
in the EU, and decides if this organism can be approved or not according European 
regulations on genetically modified food and feed (No 1829/2003 and No 503/2013).

If the genetically modified organism or its bioproducts have medical purposes, it 
needs to be authorised by the European Medicines Agency (EMA). When the 
medicinal product contains genetically modified organisms an environmental 
impact study must be performed and sent to the EMA in addition to the typical 
reports (administrative, quality, non-clinical and clinical data). However, regarding 
genetically modified animals, they usually produce a bioproduct that will be part of 
a medicine. This way, the medical product does not contain a genetically modified 
organism and does not need an environmental impact study (EMA 2006).

In the case of genetically modified animals that produce bioproducts the EMA 
provides a guideline on the approaches that should be employed in order to achieve 
satisfactory quality for biological active substances (EMA 2013). The medicinal 
product containing components derived from transgenic animals must follow the 
Regulation (EC) No 726/2004. The effect of the transgene on the health and longev-
ity of the animals must be supervised. Furthermore, a monitoring protocol should be 
followed in order to assess the health and wellbeing of the animals and check spe-
cific infections. It is important to confirm that the bioproduct is free from microor-
ganisms such bacteria, fungi, mycoplasma or virus (EMA 2013). To date, three 
bioproducts produced by genetically modified animals have been approved in the 
EU: Antithrombin (ATryn®) from goat milk approved in 2006 but withdrawn in 
2018 (Adiguzel et al. 2009; EMA 2019). Human C1- inhibitor (Ruconest) from rab-
bit milk approved in 2010 (EMA 2020). Sebelipase α (Kanuma) from egg hen 
approved in 2015 (EMA 2015).
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Tissues and organs from genetically modified animals for the objective of xeno-
transplantation must follow two guidelines: (a) the guideline on xenogeneic cell- 
based medicinal products and (b) the guideline on the quality, preclinical and 
clinical aspects of gene transfer medicinal products (EMA 2001, 2009). The therapy 
must follow the common testing and development procedures, but genetically modi-
fied animals should be fully characterised and confirmation of the nature of the 
inserted, deleted or modified gene must be provided (EMA 2009)

USA
In the USA the regulations covering genetically modified organisms are less strict. 
To approve the production of an animal with medical and consumption purposes, a 
new “animal drug application” must be proposed to the Food and Drug Administration 
describing the characteristics of the animals and its environmental impact and food 
safety. Furthermore, a compositional and nutritional analysis must be performed if 
the aim of the product is animal or human consumption in other to compare the 
composition of the genetically modified animal and the wild-type animal and study 
any possible toxicological or nutritional hazard to consumers (FDA 2017).

There are two genetically modified animals that have been approved for human 
consumption in the USA by the Food and Drug Administration the AquAdvantage 
Salmon (Clifford 2014), which was approved in 2015 and the GalSafe pig, approved 
in 2020. The last one was also approved for human therapeutics (FDA 2020).

The GalSafe pigs have a disruption of the GGTA1 gene, so they do not produce 
α-1,3- galactosyltransferase and there are no α-Gal antigens in the surface of their 
cells. This is an advantage for xenotransplantation, as mentioned above, but this 
model also has other commercial potential because people that suffer from α-gal 
syndrome, an allergy to red meat, are able to consume meat from these animals 
(FDA 2020).

Regarding drugs and biological products derived from genetically modified ani-
mals, they should follow the same approval procedure as the ones derived from 
other sources, providing data of pre-clinical and clinical studies, manufacture and 
safety (Federal Regulations CFR § 601.2. Applications for biologics licenses; pro-
cedures for filing. And CFR §314.5. Applications for FDA approval to market a new 
drug). There are three products produced by genetically modified animals approved 
for commercialization and these are the same as those approved in the EU.

China
China has a strict law concerning genetically modified animals. To date, no geneti-
cally modified animal has been approved in China for consumption or for medical 
purposes. The Ministry of Agriculture and Rural Affairs of the State Council of 
China is the organization that provides the license to a genetically modified organ-
ism to be produced and commercialised. To achieve the approval, documents 
describing the genetically modified animal and its safety must be provided in addi-
tion to the usual information (2019).

The economic impact of the application of these new technologies in the pig 
industry has been evaluated and quantified (Novoselova et al. 2013; Van Eenennaam 
et al. 2020). According to some authors the delay in the regulation of these animals 
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will have an economic impact and also a reduction in global food security (Van 
Eenennaam et al. 2020; Feng and Yang 2019).

3.7  Conclusions

The generation of gene edited pigs with new endonucleases has important applica-
tions in the field of agriculture and livestock production and in the biomedicine 
sector. The develop of more efficient protocols will facilitate the extension and 
applications to different approaches. These improvements will have worldwide 
impact in the economy and in the health of the population in terms of food security 
and control and treatment of human diseases.
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Chapter 4
Dietary Anti-nutritional Factors and Their 
Roles in Livestock Nutrition

Salma H. Abu Hafsa, Ayman A. Hassan, Mona M. M. Y. Elghandour, 
Alberto Barbabosa-Pliego, Miguel Mellado, and Abdelfattah Z. M. Salem

Abstract Nutrition is widely recognized as one of the chief factors driving profit-
ability, efficiency, and development of livestock production. Plant-derived feed-
stuffs are high in macronutrients and micronutrients, but they also possess 
anti-nutritional factors (ANFs). Anti-nutritional factors are secondary compounds 
that lower the nutrient content of forages and reduce forage feed intake by livestock. 
Protease inhibitors, amylase inhibitors, lectins, tannins, mimosine, phytic acid, gos-
sypol, oxalates, cyanogens, saponins, nitrates, alkaloids, and anti-vitamins are some 
of the most common ANFs found in livestock feed. The ANFs  block or interfere 
with how the animal’s body absorbs other nutrients, resulting in reduced bioavail-
ability of various legumes and cereal components. Thus, ANFs may cause micronu-
trient malnutrition and mineral deficiencies. Different traditional techniques and 
methods are used alone or in combination to reduce the ANFs content in livestock 
feed, such as fermentation, germination, debarking, sterilization, steam steriliza-
tion, and soaking. The majority of ANFs found in livestock feeds offer potential 
health advantages or risks for livestock.

Keywords Plant-based diet · Anti-nutrients · Potential health benefits · Adverse 
health effects · Livestock
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4.1  Introduction

Plants grown as animal feed are the basic feedstuff that provides nutrients to ani-
mals. Various shrubs, cereals, legumes, roughs, trees, herbs, and other non- 
conventional feeds for animals contain anti-nutritional factors (ANFs). These ANFs 
limit the usefulness of edible leaves, twigs, and pods of shrubs and trees as livestock 
feed. The ANFs are substances that, either by themselves or through their metabolic 
products, interfere with feed absorption and utilization, reduce nutrient intake and 
digestion, affect animal health and reproduction, or may produce other adverse 
effects (Akande et al. 2010). When consumed by animals in quantities above a criti-
cal threshold, even at a minimum level, ANFs reduce animal productivity, reproduc-
tion efficiency, and the quality of their products (milk, meat, and eggs) and cause 
toxicity. There is a wide distribution of non-lethal toxic factors throughout the plant 
kingdom, especially in plants used as animal feed (Igile 1996; D’Mello 2000). 
Several ANFs with potential toxicity for farm animals have been identified and are 
either heat-labile or heat-stable. These factors include protease inhibitors, amylase 
inhibitors, lectins, tannins, mimosine, phytic acid, gossypol, oxalates, cyanogens, 
saponins, nitrates, alkaloids, and anti-vitamin agents. These ANFs, found in plant- 
derived feeds, cause nutritional and animal health problems. Recently, the knowl-
edge that these factors produce toxins and elicit beneficial biological responses has 
led to numerous investigations regarding their possible physiological implications 
in different biological systems (Igile 1996). Some of these factors are known as 
‘secondary metabolites,’ which are widely applied in nutrition and as pharmaco-
logically active agents as antioxidants and reduce inflammation (Soetan 2008; 
Petroski and Minich 2020). Proper precautions, including physical, chemical, and 
biotechnical treatments, and the quantities and methods of use can aid in destroying 
or reducing the ANF content in unconventional feeds before feeding to livestock 
and may help to overcome the deleterious actions of ANFs and to make them useful 
for livestock (Amaefule and Onwudike 2000; Balogun 2013).

4.2  Anti-nutritional Factors

Anti-nutritional factors (ANFs) are chemicals that interfere with the absorption and 
utilisation of feed and affect animal productivity and health by themselves or their 
metabolic products. ANFs are also referred to as anti-nutrients, secondary sub-
stances, or plant secondary metabolites. Many ANFs with potential toxicity for live-
stock have been identified and can be either heat-labile or heat-stable (Table 4.1).
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Table 4.1 Heat-labile and/or heat-stable types of anti-nutritional factors in livestock feed

Heat-stable anti-nutritional factors Heat-labile anti-nutritional factors

Maintained at high temperature
Phytic acid, polyphenolic compounds (such as 
condensed tannins), Alkaloids, Saponins, and 
non-protein amino acids (Mimosine), etc.

Sensitive to standard temperature and lost at 
high temperature
Lectins, Cyanogenic Glycosides, and Protease 
inhibitors, etc.

Adapted from Felix and Mello (2000)

4.3  Classification of Anti-nutritional Factors

Anti-nutritional factors (ANFs) in plants can be classified based on their chemical 
composition, properties, mechanisms of action (Aletor and Adeogun 1995), effects 
on the nutritional value of feedstuffs, and biological effects on the overall animal 
health (Huisman and Tolman 2001). ANFs which are frequently found in animal 
feed can be grouped as follows:

The major ANFs commonly found in plant-derived feedstuffs used in animal 
feed are summarised in Tables 4.2 and 4.3.

4.3.1   Direct and Indirect Factors Affect on Protein Digestion 
and Metabolism 

4.3.1.1  Enzyme Inhibitors

Protease Inhibitors

Proteinases are enzymes that have diverse effects in improving the functional and 
nutritional properties of different protein molecules (Salas et al. 2018; Samtiya et al. 
2020). Protease inhibitors are natural plant inhibitors. They have been amply stud-
ied due to their proteolytic action (reduces enzyme activity by protein–protein inter-
actions), inflammatory response, ability to coagulate blood, and role in numerous 
hormone processing pathways (Gomes et  al. 2011). They are widely distributed 
within the plant kingdom. For instance, protease inhibitors are present in seeds of 
most leguminous crops, and their presence prevents the utilization of the seeds as 
livestock feed, which may lead to reduced mineral bioavailability as well as reduced 
digestion and nutrient absorption (Bajpai et al. 2005; Yasmin et al. 2008) (Table 4.6). 
Compared with legumes, cereals contain much less of these digestive inhibitors, 
particularly those that act against proteases and amylases (Nikmaram et al. 2017). 
Protease inhibitors are concentrated in the outer portion of cereal cotyledons, which 
are the most common areas containing anti-nutritional factors in plants, and they 
can inhibit the activity of proteolytic enzymes secreted in the digestive system of 
animals (Nørgaard et al. 2019) by blocking the active site of the enzymes through a 
catalytic means. The N- and C-terminal and the exposed protease inhibitors are 
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Table 4.2 Classification of major anti-nutritional factors present in the plant-derived feedstuffs 
used in livestock feed

Anti-nutritional 
factors Plant-derived nutrient source Means of alleviation

Interaction with protein nutrition
Enzyme inhibitors Soybean, sunflower oil cake, 

rapeseed meal, lupin seed meal, 
sesame meal, pea seed meal, 
Jatropha kernel meal, Rapeseed, 
mustard oil cake

Heat, autoclaving, boiling, soaking

Lectins 
(Heamagglutinins)

Soybean, pea seed meal, Jatropha 
kernel meal

Heat, autoclaving

Saponins Peas, Jatropha kernel meal, 
sunflower oil cake, lupin seed meal, 
pea seed meal

Soaking,

Tannins Sorghum, mustard oil Cake, Jatropha 
kernel meal, pea seed meal, 
Rapeseed, mustard oil cake

Soaking, germination followed by 
dehulling, genetic modification

Mimosine Leucaena leucocephala Heat and chemical treatments, 
supplementation with amino acids 
or with metal ions

Interaction with mineralavailability
Phytic acid Soybean, pea seed meal, cottonseed 

meal, Jatropha kernel meal, sesame 
meal, Rapeseed, mustard oil cake

Supplementation, use of phytase, 
roasting, soaking, autoclaving, 
fermentation, germination, genetic 
modification

Oxalic acid Leaf proteins Heat treatment, Boiling
Gossypol Cottonseed meal Genetic modification, fermentation, 

use of iron salts
Interaction with vitamin availability
Cyanogens, Cassava, sorghum, pea seed meal Heat treatment, boiling, simmering, 

blanching
Alkaloids Lupin seed meal Heat treatment, soaking
Antivitamins Cottonseed meal, soybean meal, pea 

seed meal
Heat treatment

Francis et al. (2001)

often considered structural features necessary for inhibiting enzyme activity 
(Otlewski et  al. 2005). They bind proteases, which resist digestion in the small 
intestine; thus, ensuring their removal through excretion (Fig. 4.1). Because of their 
protein-particular nature, protease inhibitors can be easily denatured by heat treat-
ment, although some residual activity may remain in commercially produced prod-
ucts. The anti-nutrient activity of protease inhibitors is related to growth suppression 
and pancreatic hypertrophy (Chunmei et al. 2010). There are two types of protease 
inhibitors, the Kunitz inhibitor (inhibits trypsin only) and the Bowman-Burk inhibi-
tor (inhibits trypsin and chymotrypsin) (Ramteke et al. 2019), commonly found in 
soybeans and cannot be quickly inactivated by heat treatment due to the presence of 
disulfide bridges (Liu 1997; Van Der Ven et  al. 2005). The trypsin inhibitor in 
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Table 4.3 The types of anti-nutritional factors in forage crops

Anti-nutritional substances Crops/species

Non-protein amino acids
Mimosine Leucaena leucocephala

Indospecine Indigofera spicta

Glycosides
Cyanogens Acacia giraffae

Acacia sieberiana
Acacia Cunninghamii
Barteria fistulosa
Bambusa bambos
Manihot esculenta

Saponins Albizia stipulate
Sesbania sesban
Bassia latifolia

Phytohemagglutinins
Ricin Bauhinia purpurea

Robinia pseudoacacia

Robin Ricinus communis

Polyphenolic compounds
Tannins All vascular plants
Lignins All vascular plants
Alkaloids
N-methyl-B-phen Acacia berlandieri

Ethylamine Sesbania vesiceria

Sesbanine Sesbania punicea
Sesbania drummondii

Triterpenes
Azadirachtin Azadirachta indica

Limonin Azadirachta indica

Oxalate Acacia aneura

soybean interferes with methionine availability from raw soybean and forms non- 
digestible complexes with dietary protein in the gastrointestinal tract (Ramteke 
et al. 2019). These complexes are not digestible even in large amounts of digestive 
enzymes (Thakur et al. 2019). Chicks fed raw soybeans develop pancreatic hyper-
trophy, but this is not observed in pigs and calves (Ramteke et al. 2019). The pres-
ence of trypsin inhibitors in the diet creates an irreversible condition known as the 
enzyme-trypsin inhibitor complex, which leads to a reduction of trypsin in the intes-
tine and a decrease in protein digestion, slowing down the animal growth. Several 
enzyme inhibitors are found in plant-derived feeds, but those that affect trypsin and 
α-amylase activity are the two main types found in all cereals and legume-based 
feeds. The factors controlling the destruction of protease inhibitors are heat treat-
ment, duration of heating, particle size, and moisture level (Vaz Patto et al. 2015).
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Fig. 4.1 Potential Target molecules of protease inhibitors

Amylase Inhibitors

α-amylase regulates the breakdown of carbohydrates, such as the breakdown of 
polysaccharides into oligosaccharides. Amylase inhibitors are known as starch 
blockers because they contain substances that prevent the absorption of dietary 
starches. Therefore, α-amylase inhibitors increase the time for carbohydrate absorp-
tion by delaying carbohydrate digestion, thus decreasing the rate of glucose absorp-
tion and affecting the average postprandial plasma glucose concentration (Bhutkar 
and Bhise 2012). These inhibitors are heat-labile and are active in the pH range of 
4.5–9.5 (Marshall and Lauda 2007). Amylase inhibitors do not inhibit bacterial, 
fungal, or endogenous amylase but can inhibit bovine pancreatic amylase. This 
inhibitor’s instability in the gastrointestinal tract leads to reduced insulin responses 
and increased caloric production from food when the inhibitor is used in starch 
blocking tablets (Giri and Kachole 1998).

4.3.1.2  Lectins (Haemagglutinins)

Lectins are sugar-binding proteins that readily bind to red blood cells to cause 
agglutination and are found in most plants, especially seeds such as grains and 
beans, tubers like potatoes, and raw meat (Hamid et al. 2013). Grains and legumes 
generally contain lectins, which are glycoproteins. Lectin activity has been deter-
mined in more than 800 legumes; 2–10% of the total legume seed proteins are 
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lectins in soybean and ricin (castor bean), the latter is toxic and causes severe 
inflammation in the intestine, kidney, thyroid gland, etc. (Ramteke et al. 2019). In 
addition, the transport and hydrolytic functions of intestinal cells can be impaired 
by the consumption of foods containing lectins (Krupa 2008). Lectins impair the 
absorption of nutrients by binding directly to the intestinal mucosa, interacting with 
enterocytes, and resulting in severe intestinal damage, which disrupts digestion, 
causes nutrient deficiencies and epithelial lesions within the intestine, and allows 
bacterial populations to come in contact with the bloodstream (Muramoto 2017) 
(Fig. 4.2). In a study by Bardocz et al. (1995), the epithelium had an increased den-
sity of goblet cells and a marked decrease or absence of absorptive vacuoles; the 
microvilli of the intestinal cells were shortened with an increase in microvillar 

Fig. 4.2 Binding of particle-lectin conjugates with sugar residues of the cell membrane
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vesicle formation and the number of intestinal crypt cells. The increase in the den-
sity of the goblet cells may have been due to the production of hypertrophic mucus 
in the intestine as a result of the irritation by lectins; thus, preventing the absorption 
of digestion end products in the small intestine. Lectins may also have resisted 
digestion through pancreatic juice (Ramteke et al. 2019). Lectins from soybeans, 
known as soybean agglutinins, impair animal growth, cause enlargement of the 
small intestine, damage the small intestine’s epithelium, and stimulate hypertrophy 
and pancreas hyperplasia (Grant 1991) (Table 4.6). Lectins also bind with the gly-
coprotein components of erythrocytes, causing cell agglutination. Lectins have 
some interesting chemical and biological properties, such as interacting with spe-
cific blood groups, performing various mitotic division functions, destroying cancer 
cells, and having toxic effects in some animals. Since they bind with different sugar 
groups, lectins that attach to the intestinal wall may vary depending on sugar type. 
Dietary lectins are important because they are resistant to digestion and are not 
hydrolyzed in the intestine (Fig. 4.2). Although lectins are proteins, they are par-
tially resistant to proteolytic degradation in the intestine. Soybean lectins can bind 
to brush border surfaces, particularly in the small intestine’s distal part (Grant 1991; 
Dublecz 2011). Lectins selectively bind carbohydrates and, most importantly, the 
carbohydrate moieties of glycoproteins present on most animal cell surfaces. Lectins 
act as protein antigens that simultaneously bind to surface glycoproteins or glyco-
lipids in red blood cells and immune factors, causing haemagglutination and anemia 
(Sauvion et al. 2004). They are present in small amounts in 30% of foods and in 
higher quantities in whole-grain diets. Haemagglutination of red blood cells is com-
monly used to measure lectin activity (Dublecz 2011; Fereidoon 2014). Consumption 
of feed-containing lectins may result in endogenous loss of nitrogen and reduced 
protein utilization. Undigested and unabsorbed proteins and carbohydrates in the 
small intestine reach the colon, where the bacterial flora ferments them into short- 
chain fatty acids and gases. These may, in turn, contribute to some digestive symp-
toms related to the intake of raw beans or purified lectins. The gastrointestinal 
mucosal disruption caused by lectins may allow bacteria and their endotoxins to 
enter the bloodstream and cause toxicity. Lectins can also be absorbed directly and 
cause systemic effects such as increased protein catabolism, breakdown of stored 
fats and glycogen, and mineral metabolism disturbances (Fereidoon 2014).

4.3.1.3  Tannins

Tannins are astringent and bitter plant polyphenols with molecular weights higher 
than 500 Da. One of the properties of these compounds is their ability to precipitate 
proteins and various other organic compounds, including amino acids and alkaloids. 
Tannins are secondary compounds found in plants’ leaves, fruits, and bark (Timotheo 
and Lauer 2018). They are also found in cereals such as sorghum (containing up to 
5% condensed tannin) and barley (Serrano et al. 2009; Morzelle et al. 2019), food 
crops and legumes such as lima beans, fava beans, sunflower seed meal, and rape-
seed, in the foliage of many trees and shrubs, and many seeds and agro-industrial 
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by-products (Dube et al. 2001) (Table 4.4). Tannins usually affect protein digestion 
by forming reversible and non-reversible tannin-protein complexes between the 
hydroxyl group of tannins and the carbonyl group of proteins, reducing essential 
amino acids (Lampart-Szczapa et  al. 2003; Patra and Saxena 2010; Raes et  al. 
2014). In nature, there are two types of tannins: hydrolyzable (e.g., gallotannins and 
ellagitannins) and condensed (e.g., proanthocyanidins) (Patel et al. 2013) (Fig. 4.3). 
The two types differ in their molecular weight, structure, and nutritional and toxic 
effects on herbivorous animals, especially in ruminants that ingest tannin-rich for-
ages (Fig. 4.3).

Condensed tannins (CT) are the most common type of tannins present in legumes, 
seeds, trees, and stems (Barry and McNabb 1999). They are extensively distributed 
in legume pasture species, several Acacia species, seeds, and other plant species 
(Degan et al. 1995). The CT consists of flavonoid units (flavan-3-ol) linked by car-
bon–carbon bonds, which influence its physical and biological properties 
(Hassanpour et al. 2011). The complexity of CT relies on flavonoid units that vary 

Table 4.4 Distribution of tannins in selected feedstuffs

Feed ingredients Tannin concentration (%)a References

Sorghum grain (white) 0.55 Gowda et al. (1994)
Sorghum grain (yellow) 0.2–2.0 Fuller et al. (1996)
Sorghum grain (red) 1.54–7.44 Medugu et al. (2010)
Sunflower cake 2.36 Jacob et al. (1996)
Sesame seed cake 2.15 Jacob et al. (1996)
Mango seed kernel 5.47 Diarra et al. (2008)
Mango seed kernel 0.08–0.10 Bala et al. (2013)
Soybean meal 2.47 Jacob et al. (1996)
Pigeon pea 4.3–11.4 Jambunathan et al. (1988)
Chick pea 1.9–6.1 Jambunathan et al. (1988)
Mucuna beans 0.80 Akinmutimi (2007)

aDry matter basis

Fig. 4.3 Types of tannins and their primary structures
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between components and within sites to form interflavan bonds. Hydrolyzable tan-
nins (HT) are usually found at lower concentrations in plants than CT, and they are 
further divided into taragallotannins (gallic and quinic acid) and caffetannins (caf-
feic and quinic acid) (Mangan 1988). The HT  are easily hydrolyzed during the 
digestion process by tanninase enzymes that engage in ester-bond hydrolysis. They 
can form compounds such as pyrogallol, which is toxic to ruminants. Poisonous 
compounds from more than 20% HT in the diet can cause kidney damage, proximal 
tubular necrosis, liver necrosis, lesions related to haemorrhagic gastroenteritis, and 
high mortality in sheep and cattle (Reed 1995). Previous studies have shown that 
cattle and sheep are sensitive to these tannins, while goats are resistant (D’Mello 
2000; Bhattarai et al. 2016; Smeriglio et al. 2017). Tannins mainly accumulate on 
the seed coat of legumes; when ingested, they form protein-containing complexes 
that disrupt various digestive enzymes and reduce protein digestion (Joye 2019). In 
non-ruminants, HT can reduce growth rates, protein utilization, cause damage to the 
mucosa of the digestive tract and increase the excretion of protein and amino acids 
(Hassanpour et al. 2011). CT strongly reduces hydrolyzable tannin’s digestibility, 
while HT causes varied toxic manifestations due to hydrolysis in the rumen (Akande 
et al. 2010). Tannins are the most common anti-nutritional factors found in plants. 
Their anti-nutritional effects depend on their chemical structure and concentration. 
They can inhibit trypsin, chymotrypsin, amylase, and lipase activities, reduce 
dietary protein quality, and interfere with dietary iron absorption (Lumen and 
Salamat 1980; Rao and Desothale 1998). Tannins also form insoluble complexes 
with proteins, which may explain the anti-nutritional effects of feeds containing 
tannins (Gemede and Ratta 2014) (Table 4.6). Tannins interfere with digestion by 
displaying anti-amylase activity and forming a complex with vitamin B (Liener 
1980). Other adverse nutritional effects of tannins include intestinal damage and a 
possible carcinogenic effect, depression of feed intake, growth rate, feed efficiency, 
and microbial enzyme activities, including cellulose and intestinal digestion, as well 
as increased endogenous protein excretion, digestive tract malfunctioning, and tox-
icity of absorbed tannins or their metabolites. Tannins may form small digestive 
complexes with the feed antagonistic to arginine, interfere with RNA proteins, bind 
and inhibit endogenous proteins such as digestive enzymes, make proteins partially 
unavailable, and increase faecal nitrogen (Kumar and Singh 1984) (Fig.  4.4). 
Tannin-protein complexes include both hydrogen bonding and hydrophobic interac-
tions. The protein–tannin complex’s precipitation depends on the pH, molecular 
size, and ionic strength of tannins (Fig. 4.5). Both protein precipitation and incorpo-
ration of tannins in the precipitate increase as the tannins’ molecular weight exceeds 
5000 Da, and the tannins become insoluble and lose their ability to precipitate pro-
tein. The degree of polymerization then becomes necessary to assess the role of 
tannins in ruminant nutrition. CTs are responsible for the test-linked trypsin inhibi-
tor activity of fava beans (Helsper et al. 1993).
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Fig. 4.4 Tannins that bind to dietary protein increase the nitrogen flux from the rumen to the small 
intestine

Fig. 4.5 Protection of feed proteins through tannin-protein complexes

4.3.1.4  Non-protein Amino Acids

Mimosine

Mimosine is a non-protein amino acid that is structurally similar to tyrosine. It is 
present in Leucaena leucocephala, in which the leaf mimosine level is approxi-
mately 2–6% and varies depending on season and maturity of leaves and stems. The 
main clinical symptoms of toxicity in non-ruminants include poor growth, 
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reproductive problems, eye cataracts, and alopecia. When L. leucocephala is used 
as a feed meal for poultry, rabbit, or pigs, more than 5–10% of the meal generally 
causes poor growth and reproduction. In ruminants, mimosine toxicity causes poor 
body growth, poor wool development, depressed serum thyroxine levels, goiters, 
alopecia, dullness, swollen and raw coronets above the hooves, lesions in the mouth 
and oesophagus, and lameness (Table 4.6). Symptoms may be due to the mimosine 
metabolite in the rumen or 3,4-dihydroxypyridine.

Additionally, Jones et  al. (1989) observed a diminished calving percentage in 
cows fed L. leucocephala. The problems caused by mimosine can be solved by 
genetically selecting Leucaena species with low mimosine content, but it has been 
noted that the low-mimosine species are unproductive and have low vigor; this 
problem can be solved by producing feed containing Leucaena mixed with other 
forages and concentrates. Hiremat (1981) suggested that the use of Leucaena as 
fodder can be limited to 50% of green forage for goats and 30% for cattle and buf-
falo. This strategy results in better livestock growth and production.

4.3.2  Factors Interfering with Minerals Utilisation 

4.3.2.1  Phytic Acid

Phytic acid, also known as inositol hexakisphosphate, occurs naturally as phytate in 
feedstuffs of plant origin, and it acts as a storage form of phosphorus (Bedford 
2000) (Fig. 4.6). Phytic acid is a phosphorus-containing compound that binds to 

Fig. 4.6 Phytic acid and 
its basic structure
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minerals and inhibits mineral absorption, resulting in decreased bioavailability of 
essential minerals, eventually turning them into insoluble compounds that are less 
readily absorbed and digested in the small intestine (Desphande and Cheryan 1984; 
Lott et  al. 2000; Raboy 2000). Phytic acid is a ubiquitous secondary compound 
ranging from 0.1% to 6.0% among plant species, especially seeds, legumes, and 
cereals (Lolas 1976; Garcı́a-Estepa et  al. 1999;  Lori et  al.  2001; Loewus 2002; 
Margier et  al. 2018). Phytic acid is primarily present as a salt of the mono- and 
divalent cations K+, Mg2+, and Ca2+, and it accumulates in seeds during ripening 
(Maenz 2001).

Phytic acid is generally a negatively charged structure that binds to positively 
charged metal ions such as zinc, calcium, magnesium, and iron to form complexes 
and reduce these ions’ bioavailability through lowered absorption rates. Phytic acid 
is one of the most effective anti-nutrients in animal feeds due to its chelating prop-
erty. Its presence causes mineral ion deficiency in animal and human nutrition 
(Walter et al. 2002; Bora 2014; Grace et al. 2017) (Table 4.6). Since phytic acid, one 
of the strongest ANFs in plant feedstuffs, accumulates in seed storage sites, behaves 
as a chelating ligand with minerals and forms complex salt phytates; and can act as 
potent chelators that form protein and mineral-phytic acid complexes in a reduced 
bioavailability of protein and minerals (Erdman 1979). Most of the phosphorus con-
tained within phytic acid is unavailable mainly to non-ruminants due to the absence 
of phytase in these animals’ gastrointestinal tract (GIT). In chickens, there is a sig-
nificant inverse relationship between phytic acid availability and the availability of 
phosphorus, magnesium, zinc, and calcium in feedstuffs, such as rapeseed, palm 
kernel seed, soybean meal, and cottonseed meal. Phytic acid, a highly negatively 
charged ion, works in a broad pH range and binds nutritionally important divalent 
cations in the diet such as iron, zinc, copper, magnesium, calcium, and molybdenum 
and endogenous GIT secretions such as digestive enzymes and mucins. This bind-
ing leads to the formation of insoluble complexes that are not readily absorbed by 
the GIT and increase the endogenous secretion of nutrients (Frontela et al. 2008; 
Woyengo and Nyachoti 2013) (Fig. 4.7). It also inhibits the action of GI tyrosinase, 
trypsin, pepsin, lipase, and amylase. Phytic acid is poorly hydrolyzed by non- 
ruminants (Woyengo and Nyachoti 2011, 2013). Most poultry does not have endog-
enous enzymes to break down phytate and release nutrients; thus, phytate transits 
undigested through the GIT (Fig. 4.8). This is also why high proportions of valuable 
nutrients from plant sources are not utilized by non-ruminants and are wasted in the 
excreta (Mueller 2001). Phosphorus bound to phytate is not bioavailable to non-
ruminants. Ruminants, such as sheep and cows, chew, swallow, and then regurgitate 
their food; this regurgitated food is known as cud and is chewed a second time. Due 
to the phytase activity of rumen microorganisms, these animals can separate and 
process phosphorus into phytates (Haese 2017).
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Fig. 4.7 Phytate life cycle

4.3.2.2  Gossypol

Gossypol is a phenolic compound with a yellow pigment, which is a complex of 
esters and ethers of various carbohydrates found in the pigment glands of plants of 
the genus Gossypium, family Malvaceae. It is present in two forms: free gossypol 
or bound form (Abbas 2020). Free gossypol contains aldehyde and phenolic groups, 
making it more reactive and toxic (Leeson and Summer 2001) (Fig. 4.9). Bound 
gossypol (BG) is not absorbed and is non-toxic. Gossypol is found in higher con-
centrations in cotton seeds (0.4–2.4%), and the average content of free gossypol in 
cottonseed meal is 0.01% (Liener 1980). Whole cotton seeds contain the highest 
amount of free gossypol. Cottonseed meal is a by-product of extracting cottonseed 
oil from whole seeds. Different extraction techniques significantly impact on the 
amount of free gossypol contained in cottonseed meal. The screw-press method 
uses heat that increases protein binding, thus converting more free gossypol (toxic 
form) into BG (non-toxic). Solvent extraction is widely used because more oil can 
be extracted. However, because heat is not used in solvent extraction, the amount of 
free gossypol content in cottonseed meal is approximately ten times higher than that 
in cottonseed meal processed by the screw-press method. This can be a considerable 
difference if there is much gossypol in the seed. This switch to solvent extraction 
explains the increase in gossypol toxicity in the past decades (Morgan 1989). Free 
gossypol is the most common anti-nutritional factor in cottonseed meal, primarily 
affecting the heart, liver, reproductive tract, and kidneys (Nagalakshmi et al. 2007). 
During cotton seed oil extraction, free gossypol binds to the epsilon amino group of 
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Fig. 4.8 Phytate with/without phytase in vivo

Fig. 4.9 Gossypol and its 
basic structure

lysine, resulting in BG, which reduces lysine availability to animals. The amount of 
free gossypol in cottonseed meal can be variable. Many factors influence its content, 
such as cotton plant species, climatic and soil conditions, oil extraction methods, 
kernel to husk ratio, and seed coat (Nagalakshmi et al. 2007). This makes it impos-
sible to know how much free gossypol the cottonseed meal contains without testing 
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it. Hence, the quality of cottonseed meal is restricted by the free gossypol, its unbal-
anced digestible amino acid, and its high fluctuation in free gossypol concentration. 
Moreover, methionine, lysine, threonine, and valine deficiency in cottonseed meal 
protein causes a decrease in its digestibility, probably due to high cell wall compo-
nents, which provokes a faster digestion passage rate due to gossypol binding to the 
soluble protein (Nagalakshmi et  al. 2007). Gossypol makes an insoluble chelate 
with many essential elements such as iron and amino acids, hence reducing these 
nutrients’ availability (Church 1991; Robinson 1991). Gossypol may reduce protein 
digestibility by binding to the free epsilon amino group of lysine during heat treat-
ment, and the gossypol protein complex formed in cottonseed meal may render the 
adjacent peptides unavailable for proteolytic action. Gossypol inhibits the activity 
of important enzymes by binding to their free epsilon amino groups (Sharma et al. 
1978). Non-ruminants have long been known to be susceptible to gossypol toxicity. 
Ruminants such as cattle and sheep can tolerate higher free gossypol levels because 
gossypol binds to proteins in the rumen. However, young calves and lambs are pretty 
susceptible to gossypol toxicosis. Although they are ruminants, their rumen is not 
fully functional and cannot bind as much free gossypol as the rumen of adult ani-
mals. General signs of gossypol toxicity are reduced appetite and the productive 
performance of animals, and causes contraception and infertility in animals (Leeson 
and Summer 2001), inhibition of haemoglobin synthesis by iron-binding, inhibition 
of respiratory enzymes resulting in difficulty breathing and cardiac arrhythmias 
(Ferguson et  al. 1959; Skutches et  al. 1973), reduction in the oxygen-carrying 
capacity of hemoglobin, and a decrease in the ratio of hemoglobin to red blood cells 
and decreased serum protein concentration. Dietary gossypol may also cause diar-
rhea, oedema of the body cavities, liver discoloration, and degeneration of myocar-
dium, liver, and spleen (Church 1991; Olomu 1995). In poultry, free gossypol 
reduces production performance and causes leg weakness (Lordelo et al. 2007) and 
egg yolk mottling (i.e., olive green discoloration of yolk) (Davis et al. 2002) due to 
the interaction between gossypol and yolk iron, and may also harm blood biochem-
istry variables (Adeyemo 2008) (Table 4.6). Cotton seeds are rich in gossypol and 
can thus produce severe toxicity to farm animals; however, the cumulative effects of 
dietary gossypol and toxicity can occur after an ingestion period of 1–3 months 
(Patton et al. 1985; Kerr 1989; Soto-Blanco 2008; Gadelha et al. 2011). Gossypol 
toxicity has been reported in many species, including broiler chicks (Henry et al. 
2001), pigs (Haschek et al. 1989), goats (East et al. 1994), and sheep (Morgan et al. 
1988). Non-ruminants are more susceptible to gossypol toxicity than ruminants 
(Alexander et  al. 2008; Kenar 2006; Randel et  al. 1992; Zhang et  al. 2007). 
Moreover, young ruminants are more sensitive to gossypol than adult ruminants 
(Soto-Blanco 2008) because gossypol is not bound during rumen fermentation, as it 
is in animals with fully functional rumen. However, if gossypol intake overwhelms 
the rumen’s detoxification capacity, free gossypol may be absorbed  in hazardous 
concentrations even in adult ruminants (Willard et al. 1995). The rate of gossypol 
absorption is inversely proportional to the amount of iron in the diet (Haschek et al. 
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1989); thus, dietary supplementation with ferrous sulfate inhibits free gossypol 
(Barraza et  al. 1991). In ruminants, microbial fermentation in the rumen binds 
dietary free gossypol with proteins (Schneider et al. 2002). However, it is unknown 
whether the intestine can absorb the BG form or if microorganisms can release free 
gossypol from the bound form, as absorbed gossypol accumulates in the liver 
(Lindsey et al. 1980) and kidneys (Kim et al. 1996). The primary route of gossypol 
excretion is through the bile; it is then eliminated through faeces after conjugation 
with glucuronides and sulfates (Abou-Donia et al. 1989). Small amounts of gossy-
pol are also excreted in expired air (Soto-Blanco 2008), and some gossypol is 
excreted in the milk (Lindsey et al. 1980).

4.3.2.3  Oxalates

Oxalate (oxalic acid) is a substance that can form insoluble salts with minerals such 
as Ca, K, Na, Mg, and Fe. These compounds are found in small amounts in both 
plants and mammals (Petroski and Minich 2020). Under normal conditions, oxalate 
is confined to separate compartments, but when it is processed and or digested, it 
comes into contact with the nutrients in the digestive system (Noonan and Savage 
1999). When released, it binds with nutrients, rendering them unavailable to the 
body. If feed with excessive amounts of oxalic acid is consumed regularly, a nutri-
tional deficiency is likely  and severe irritation of the gut lining (Liebman and 
Al-Wahsh 2011). Strong bonds are formed between oxalic acid and many other 
minerals, such as Ca, K, Na, and Mg (Fig. 4.10). These chemical combinations lead 
to the formation of oxalate salts found in plants’ soluble and insoluble forms. 
Soluble salts are formed when oxalate binds to Mg, Na, and K, while insoluble salts 
are produced when oxalate binds to Fe and Ca. Oxalate affects Ca and Mg metabo-
lism and interacts with proteins to form complexes that inhibit digestion. The high 
content of soluble oxalate content prevents the absorption of soluble Ca ions, as 
oxalate binds to Ca ions to form insoluble Ca-oxalate complexes (Hamid et  al. 
2017). This renders Ca unavailable for maintaining healthy bones, as a cofactor in 
enzymatic reactions, the transmission of nerve impulses, and as a clotting factor in 
the blood (Table 4.6). Ca loss leads to bone deterioration, impaired blood clotting, 
and a disturbance in the absorbed Ca:P ratio, which leads to bone mineral mobiliza-
tion to alleviate hypocalcemia; therefore, prolonged mobilization of bone minerals 

Fig. 4.10 Show the different chemical structure between oxalate, oxalic acid and calcium oxalate
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leads to osteodystrophy fibrosa or hyperparathyroidism (Rahman and Kawamura 
2011). In ruminants, oxalate is marginally significant as ANF because rumen micro-
flora  efficiently metabolize soluble oxalates (Gemede and Ratta 2014) and, to a 
lesser extent, even insoluble Ca-oxalate. If large quantities of oxalate-rich plants are 
ingested, the rumen is overwhelmed and cannot metabolize oxalates, poisoning the 
animal. A soluble oxalate level of 2% or more in forage grasses may cause severe 
poisoning in ruminants, but in non-ruminants, a level <0.5% is safe. However, these 
proposed safe levels of soluble oxalate should be considered preliminary (Rahman 
et al. 2013). Various tropical grasses, including pangola and buffel grasses, kikuyu-
grass, and Setaria grasses, contain soluble oxalates in sufficient concentrations to 
induce Ca deficiency in grazing animals. Young plants contain more oxalate than 
older ones (Jones and Ford 1972). There is a rapid rise in oxalate content during the 
early stages of growth, followed by a decrease as the plant matures (Davis 1981). 
The highest oxalate content in grasses occurs during rapid growth, reaching concen-
trations up to 6% of the dry weight (Cheeke 1996). Additionally, oxalate content can 
be manipulated by varying the harvesting interval, decreasing with an increased 
harvest interval (Rahman et al. 2009; Patel et al. 2013).

4.3.3  Anti-vitamins

Some anti-vitamin factors are found in plants, especially leguminous plants. Anti- 
vitamins are organic compounds that destroy specific vitamins, combine and form 
non-absorbable complexes, or interfere with digestive and/or metabolic functions 
(Ramteke et al. 2019) (Table 4.6). Antivitamin A in raw soybeans contains lipoxy-
genase enzymes that oxidize carotene, a precursor of vitamin A. Heating soybeans 
can destroy it for 5 min at atmospheric pressure. Antivitamin D is a rachitogenic 
factor in isolated soy protein (unheated). It interferes with the absorption of Ca and 
P in pigs and chicks, and it is destroyed by autoclaving. Antivitamin E is present in 
soybeans and alfalfa, and it causes muscle dystrophy and liver necrosis in lambs and 
chicks by reducing plasma vitamin E.  It is similarly destroyed by autoclaving. 
Antivitamin K in sweet clover causes a fatal haemorrhagic condition in cattle known 
as sweet clover disease. Dicoumarol reduces the levels of prothrombin in the blood 
and affects blood clotting. Other anti-vitamins include anti-thiamine, also called 
thiaminase, which is found in cotton seeds, linseed, mustard seed, and mung bean, 
and anti-niacin, which is found in sorghum, maize, and wheat bran and causes pero-
sis (chondrodystrophy) and growth depression. Additionally, anti-pyridoxine, also 
called linatine, has been identified as 1-amino-D-proline, and is naturally occurring 
with glutamic acid as a peptide, and can be destroyed after water treatment and 
autoclaving. Finally, anti-vitamin B12 is found in raw soybeans (Ramteke 
et al. 2019).
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4.3.4  Miscellaneous 

4.3.4.1  Cyanogens

When consumed, several plant species produce hydrogen cyanide from cyanogenic 
glycosides, which are sugar glycosides or polysaccharides that combine with cya-
nide and contain aglycone (Fig.  4.11). More than 2500 plant species have been 
reported to contain cyanogenic glucosides, including important staple foods such as 
sorghum, cassava, white clover, and linseed (Rosling 1987; Vennesland et al. 1982). 
Cyanogenic glucosides, or cyanoglycosides, represent approximately 90% of the 
broadest group of plant toxins known as cyanogens. The main feature of these tox-
ins is cyanogenes, the formation of free hydrogen cyanide, which binds to cyanohy-
drins that have been stabilized by glycosylation (binding of polysaccharides) to 
form cyanogenic glycosides. In addition, cyanogenic glucosides are classified as 
phytoanticipins. Their function in plants depends on activation by glucosidases to 
release toxic volatile hydrogen cyanide and aldehydes or ketones to repel herbivory 
and pathogens (Zagrobelny et al. 2004). Hydrogen cyanide inhibits the cytochrome 
oxidase enzyme in the mitochondria of cells by binding to the Fe3+/Fe2+ present in 
the enzyme, resulting in decreased tissue O2 utilization, causing increased levels of 
blood glucose and lactic acid, and reducing the ATP/ADP ratio, indicating a shift 
from aerobic to anaerobic metabolism.

Moreover, many enzyme systems inhibit growth by interfering with certain 
essential amino acids and  utilizing associated nutrients (Table  4.6) and causing 
severe poisoning, neuropathy, and death (Osuntokun 1972). Cyanide activates the 
glycogenolysis process and converts glucose in the pentose phosphate pathway, 
which reduces the rate of glycolysis and inhibits the tricarboxylic acid cycle. 
Cyanide then reduces the energy availability in all cells, but its effect is immediate 
on the respiratory system and heart. Since cyanide is highly toxic, it inhibits cyto-
chrome oxidase, which is the last step in electron transport, thus inhibiting ATP 
synthesis. The most obvious symptom is death, but before dying, symptoms include 
faster and deeper respiration, a faster irregular and weaker pulse, salivation and 
frothing mouth, muscular spasms, dilation of the pupils, and bright red mucous 
membranes. The potential toxicity of cyanogen depends mainly on the potential 
concentration of hydrogen cyanide that may be released upon consumption. When 

Fig. 4.11 Cyanogens 
and their basic structure
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a cyanogenic plant is consumed, β-glycosidase is released during digestion and fol-
lows the known cyanide metabolic pathways and toxicokinetic processes in animals 
and humans (Oke 1979, 1980); it remains active until inactivated by a low gastric 
pH. After the catabolic intracellular enzyme β-glucosidase is released upon contact 
with glycosides, this enzyme breaks down cyanogenic glycosides releasing hydro-
gen cyanide, glucose, ketones, or benzaldehydes (Gonzales and Sabatini 1989; 
Rosling 1987; WHO 2010). The hydrolytic reaction can occur in the rumen by 
microbial activity. Hence, ruminants are more susceptible to cyanide toxicity than 
non-ruminants (Patel et al. 2013). After its absorption, cyanide is rapidly distributed 
in the animal body through the blood. It is known to combine with Fe in both met-
hemoglobin and haemoglobin found in red blood cells, leading to an increased cya-
nide concentration in red blood cells compared with that of plasma. Cyanide is 
detoxified in the liver by the enzyme rhodanese, forming thiocyanate, which is 
excreted in the urine (Oke 1979, 1980). There is a range for the lethal dose of hydro-
gen cyanide in animals for various species (0.66–15 mg/kg body weight). For cattle 
and sheep, the range is 2.0–4.0 mg/kg body weight (Robson 2007).

Furthermore, a level greater than 50 mg/kg is harmful to poultry (Udedibie et al. 
2004). Decreased growth and egg production rates have been observed in hens 
offered fed containing cyanide (Okafor and Okorie 2006), and the acute toxicity of 
hydrogen cyanide in rabbits occurs at 0.66 mg/kg body weight (EPA 1990). The 
presence of cyanogens in feed can also deplete sulfur-containing amino acids in 
birds, resulting in reduced protein synthesis and growth since an adequate amount 
of amino acids is one of the basic requirements for protein synthesis. The need to 
supplement cassava feed with methionine and cysteine (sulfur-containing amino 
acids) has been demonstrated for non-ruminant species (Maner and Gomez 1973).

4.3.4.2  Saponins

Saponins are a heterogeneous group of foam-producing triterpenes or steroidal gly-
cosides that are widely distributed in nature, occurring primarily in the plant king-
dom, including in pulses (chickpeas, beans, lentils, among others), oilseeds, 
groundnuts, lupin beans, sunflower, and alfalfa, with minor levels in other legumes 
such as soybeans, rapeseed, and various varieties of peas. The name ‘saponin’ is 
derived from the Latin word sapo, meaning ‘soap’ because saponin molecules form 
soap-like foams when shaken in water (Fig. 4.12). Saponins consist of non-polar 
aglycones coupled with one or more monosaccharide moieties (Oleszek 2002). This 
combination of polar and non-polar structural elements in their molecules explains 
their soap-like behavior in aqueous solutions. The structural complexity of saponins 
results in physical, chemical, and biological properties such as sweetness and bitter-
ness, foaming and emulsifying, pharmacological and medicinal, hemolytic, antimi-
crobial, insecticidal and molluscicidal activities (Sparg et  al. 2004; Gemede and 
Ratta 2014). Saponins have been recognized as ANF constituents because of their 
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Fig. 4.12 Pathways of saponins synthesis

adverse health effects, including impaired growth and reduced feed intake owing to 
bitterness and throat irritation that they cause (Shi et al. 2004). Dietary saponins are 
poorly absorbed because they can form complexes with sterols, leading to harmful 
biological effects in the digestive system (Cheeke 1996). Saponins increase the per-
meability of intestinal mucosal cells, prevent active mucosal transport, and facilitate 
the uptake of substances that are not customarily absorbed (Johnson et al. 1986). In 
addition, they reduce the bioavailability of nutrients, decrease enzyme activity, and 
affect protein digestibility by inhibiting various digestive enzymes such as trypsin 
and chymotrypsin (Simee 2011). Saponins reduce the absorption of certain nutri-
ents, including glucose and cholesterol, in the gut through an intra-lumenal physi-
cochemical interaction (Table 4.6); hence, the effects of hypocholesterolaemia have 
been reported (Umaru et al. 2007). Additionally, saponins can form complexes with 
dietary Fe, rendering it unavailable for absorption (Southon et al. 1988). In fact, 
saponins have lytic action (the specific ability to form pores in membranes) on 
erythrocyte membranes, causing hemolysis in red blood cells (Seeman 1974). Since 
they reduce the surface tension of blood in cold-blooded animals, saponins have a 
highly toxic effect. They reduce growth performance in both poultry and swine. In 
chickens, saponins reduce growth and feed efficiency and interfere with the absorp-
tion of dietary lipids, vitamin A, and vitamin E (Jenkins and Atwal 1994). Compared 
with non-ruminants, poultry is more sensitive to saponins. Saponins increase the 
digestibility of carbohydrate-rich foods through a detergent-like activity that reduces 
viscosity, preventing the regular blocking action of such foods in the intestine. In 
general, saponins are of minor concern in non-ruminants because they are only 
present at low levels in common feedstuffs (Dublecz 2011).
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4.3.4.3  Nitrates

Nitrates are ANF whose toxicity is associated with consumption of plants with high 
levels of nitrates, which causes health problems similar to bloating, sweet clover 
poisoning, or grass/winter tetany. Nitrate accumulates in plants damaged by frost, 
hail, drought, or even sudden cold and cloudy weather conditions. Also, high nitrates 
occur in forages subjected to excessive fertilization (Basso and Ritchie 2005). 
Affected plants must be grazed or harvested to avoid an adverse effect on livestock, 
especially ruminants. Nitrate toxicity is caused by excess nitrates in feeds, leading 
to a dangerous condition in ruminants due to a lack of O2 in the bloodstream; death 
may result if not treated immediately. It is possible to treat nitrate toxicity, but it 
is challenging to identify animals with symptoms of this condition. Some forages 
such as Sudan grass, pearl millet (Andrews and Kumar 1992), and oats can accumu-
late nitrates at potentially toxic levels. Most nitrate is accumulated in the stem, fol-
lowed by leaves, and very little in grains (Singh et al. 2000). Nitrate toxicity occurs 
mainly in ruminants when animals consume feed containing excess nitrate (NO3

−), 
which is converted into nitrite (NO2

−) by rumen bacteria (Fig. 4.13). Then, NO2
− 

crosses the rumen wall and enters the bloodstream, where it combines with hemo-
globin to form methemoglobin, which hampers the ability of red blood cells to carry 
O2 into body tissues. NO3

− at low levels in forages is converted into ammonia by 
bacteria in the rumen (Lee and Beauchemin 2014). This process is one of detoxifica-
tion because NO2

− is ten times more toxic than NO3
−. This detoxification process 

occurs more slowly than the conversion of NO3
− into NO2

−. When microbes that 
convert NO2

− to ammonia are overwhelmed by high NO2
− levels in the rumen, tox-

icity will occur. NO3
− and NO2

− pass through the rumen wall and interfere with Fe 
ions in the red blood cells, and the ferrous Fe of hemoglobin turns into the ferric 
form; thus, forming methemoglobin. This metalloprotein, in which the iron in the 
heme group is in the Fe3+ (ferric) state, not the Fe2+ (ferrous), does not have the same 
O2 carrying capacity as hemoglobin. So the tissues do not get enough O2 and, thus, 
suffer from O2 deprivation (Fig. 4.14). The blood turns to bluish chocolate-brown 
color rather than the usual bright red. An animal that dies from NO3

− (NO2
−) poison-

ing actually dies from a lack of O2 (asphyxiation) (Benjamin 2006) (Table  4.6). 
When forages contain an unusually high level of nitrate, animals cannot complete 
the conversion process, consequently accumulating the nitrite (Table 4.5). A posi-
tive feedback loop occurs if the animals consistently have access to a high-nitrate 

Fig. 4.13 Show the 
different chemical 
structures between nitrate 
and nitrite
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Fig. 4.14 Mechanism of nitrate toxicity

Table 4.5 Level of nitrate in forage (as DM basis) and potential effects on animals

Nitrate 
content (ppm) Effect on animals

0–1000 This level is considered safe to feed under all conditions
1000–1500 This level should be safe to feed to non-pregnant animals under all conditions. It 

may be best to limit its use to pregnant animals to 50% of the total ration
1500–2000 Feeds are fed safely if limited to 50% of the ration
2000–3500 Feeds should be limited to 35–40% of the ration. Feeds containing over 

2000 ppm nitrate- nitrogen should not be used for pregnant animals
3500–4000 Feeds should be limited to 25% of the ration. Do not use it for pregnant animals
> 4000 Feeds containing over 4000 ppm are potentially toxic. Do not feed

Adapted from Andrae (2008)

feed. While NO3
− in the bloodstream, which does not initially cause toxicity prob-

lems, can be recycled back into the rumen via saliva or intestinal secretions and 
converted into NO2

−. High-nitrate feed exacerbates the problems because NO3
− is 

constantly being flooded into the system and either rapidly turns into NO2
− in the 

rumen or enters the bloodstream to be recycled back into the rumen and reabsorbed 
into the blood as NO2

−. The rate and quantity of forage consumption, type of forage, 
energy level, or diet adequacy are the factors that affect the severity of nitrate poi-
soning. Sheep, goats, and other ruminants are likely to suffer from NO3

− toxicity as 
cattle. Sheep are the least sensitive to NO3

− toxicity compared with cattle, which are 
the most sensitive. Sheep convert methemoglobin to hemoglobin and NO2

− to 
ammonia more efficiently than cattle; therefore they can be safely fed feeds with a 
higher NO3

− content (Benjamin 2006). Non-ruminants are unlikely to be affected by 
nitrate poisoning because NO3

− is primarily converted into NO2
− in the intestine, 
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Table 4.6 Deleterious and beneficial effects of some anti-nutrients on livestock

Anti-nutritional 
factors Deleterious effects Beneficial effects

Enzyme’s inhibitors Reduce protein digestion and absorption
Disturb digestive functions
Reduce bioavailability of minerals
Decrease the growth
Cause diarrhea or excessive gas
Pancreatic hypertrophy
Animal growth depression

Decrease the incidences of 
pancreatic cancer
Act as anti-carcinogenic 
agents

Lectins 
(Haemagglutinins)

Impair animal growth
Caused damage to the epithelium of the 
small intestine
Reduced nutrient absorption
Cause damage to the gastrointestinal tract
Cause endogenous loss of nitrogen and 
protein utilization
Increased protein catabolism,
Breakdown of stored fats and glycogen
Disturbance in mineral metabolism
Stimulate hypertrophy and hyperplasia of 
the pancreas
Cause hemagglutination and anemia
Allow bacteria and their endotoxins to enter 
the bloodstream and cause a toxic response

Tannins Decreased growth rate
Decrease bioavailability of amino acids
Reduce protein digestibility
Decreased palatability and feed intake
A less digestible complex with dietary 
proteins
Inhibit the endogenous protein such as 
digestive enzymes
Interfere with dietary iron absorption
Have the ability to complex with vitamin B

Show antioxidant, 
antibacterial, anti-diarrhea, 
free-radical scavenging, 
anti-proliferative activity
Reduce protein degradation 
during ensilage
Increase protein utilization 
efficiency
Reduce parasite burden on 
gastrointestinal tract
Prevent bloating
Reduce N emissions into the 
environment
Reduce methane emissions
Increase animal product 
quality
Improve live weight gain, 
reproductive efficiency, and 
wool production in sheep
Increase amino acids 
absorption in the small 
intestine

(continued)
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Table 4.6 (continued)

Anti-nutritional 
factors Deleterious effects Beneficial effects

Mimosine Act as an amino acid
Lead to inactivation of the catalytic, 
transaminases,
Complicated with metal such as zinc
Cause poor body growth, poor wool 
development
Depress serum thyroxine level and goiter 
alopecia, dullness, swollen and raw coronets 
above the hooves, lesions of the mouth and 
esophagus, and lameness

Phytic acid Chelating of mineral cofactors or interacting 
with a protein
Reduce mineral bioavailability and inhibit 
their absorption
Inhibit the action of gastrointestinal 
tyrosinase, pepsin, trypsin, amylase, and 
lipase

A powerful natural 
antioxidant
Reducing lipid peroxidation
Reduce cholesterol
Protect against cancer
Against foodborne pathogen
Coronary heart disease

Gossypol Reduce protein digestion
Reduce the availability of lysine to the 
non-ruminants
Decreased appetite, weight gain, leg 
weakness, egg production, and egg size, 
decreased egg hatchability, caused egg yolk 
mottling, olive-green discoloration of egg 
yolk in poultry
Decrease hemoglobin, total red blood cell 
count, protein and albumin to globulin ratio 
in blood serum

Oxalates Form insoluble calcium oxalate
Negatively affect the absorption and 
utilization of calcium in the animal body
Cause severe irritation to the lining of the 
gut

Cyanogens Depress growth
Interfering with essential amino acids and 
utilization of nutrients
Inhibit many enzyme systems
Cause severe toxicity, neuropathy, and death
Reduce energy availability in all cells
Inhibit cytochrome oxidase
Depression in birds growth and small eggs 
production
Deplete the sulfur-containing amino acids 
for birds resulting in reduced protein 
synthesis
Respiratory inhibitors

(continued)
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Table 4.6 (continued)

Anti-nutritional 
factors Deleterious effects Beneficial effects

Saponins Reduce growth rate, bloat (ruminants)
Reduce the absorption of nutrients 
(monosaccharide, glucose, and lipids)
Hemolysis in erythrocytes
Low blood and liver cholesterol
Inhibition of smooth muscle activity
Alter the integrity of intestinal epithelial 
cells
Inhibit microbial fermentation and synthesis 
in the rumen

Antibacterial and 
antiprotozoal, antioxidants, 
antitumor property
Lowering cholesterol
Immune potentiating
Bind ammonia and 
hydrogen sulfide, thus 
improving air quality in 
poultry houses
Reduced risk of coronary 
heart diseases
Form of first collagen that 
has a role in the wound- 
healing process 
(hydrocarbon ointment)

Nitrate Nitrite poisoning
Convert haemoglobin in the blood to 
methaemoglobin (blood turns to a chocolate 
brown color)
Animal death from asphyxiation

Alkaloids Cause gastrointestinal and neurological 
disorders
Cause infertility

Anti-vitamins From non-absorbable complexes
Interfere with digestive and/or metabolic 
functions
Anti-vitamin A
Anti-vitamin D interferes with the 
absorption of calcium and phosphorous in 
chicks and pigs,
Anti-vitamin E causing liver necrosis and 
muscle dystrophy in chicks and lambs
Anti-vitamin K causes a fatal haemorrhagic 
condition in cattle (known as sweet clover 
disease)
Anti-niacin causes Perosis and growth 
depression

closer to the end of the digestive system, thus reducing the chance for NO2
− being 

absorbed into the bloodstream. However, NO3
− poisoning in non-ruminants is still 

possible, but it is not as severe as in ruminants (Okafor and Okorie 2006). In rumi-
nants, NO3

− toxicity is most commonly reported in ruminants grazing fresh herb-
age. Due to insufficient data on nitrite levels in the most common livestock diet 
feeds, reliable exposure estimates can be calculated. The highest estimated dietary 
exposure of cattle to NO3

− from feed was for beef cattle fed a grass silage-based diet 
(53 mg/kg body weight/day). For sheep and goats, the categories ‘lactating sheep’ 
and ‘goats for fattening’ had the highest estimates of exposure to NO3

− from the 
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silage-based diet, at 46 and 60  mg/kg body weight/day, respectively. In non- 
ruminants, exposure estimates are low (from the average upper limit 5.6  mg/kg 
body weight/day in laying hens). However, this may be underestimated due to the 
lack of data on key ingredients in their diets (EFSA 2020). Risks of nitrate poison-
ing exist, mainly when animals are not accustomed to consuming nitrate-containing 
feeds. When animals are introduced to these feeds slowly over time, they can slowly 
adapt to a feed intake with at least 1% nitrates; it is important to note that this intro-
duction must be prolonged for feeds high in nitrates. Acute toxicity signs and symp-
toms include a rapid and weak heartbeat, an abnormal body temperature, muscle 
tremors, weakness, and ataxia. Additionally, brown/bluish-grey mucous mem-
branes, excessive salivation, lacrimation, labored and rapid breathing, frequent uri-
nation, vomiting (more common in non-ruminants), diarrhea or scouring, and an 
inability to get back up from laying down are all common symptoms. Death follows 
within a few hours of feeding cattle with a nitrate-rich forage. Animals die from 
asphyxiation due to a lack of O2 in the body tissues. Subacute nitrate poisoning 
often corresponds to decreased weight, decreased feed intake, decreased milk pro-
duction, increased susceptibility to infections and diseases, and reproductive prob-
lems such as silent heats and reduced fertility (Lee and Beauchemin 2014).

4.3.4.4  Alkaloids

Alkaloids are common groups of chemical compounds synthesised by plants from 
amino acids. They are generally found as salts such as malic, oxalic, citric, or tar-
taric acids (Yilkal 2015), which are small organic molecules found in 15–20% of all 
plants. Usually, alkaloids consist of several carbon rings with side chains replaced 
by one or more carbon or nitrogen atoms. Decarboxylation of amino acids produces 
amines that react with amine oxides to form aldehydes. The distinctive heterocyclic 
ring in alkaloids undergoes Mannich-type condensation of aldehyde and amine 
groups (Felix and Mello 2000; Yilkal 2015). The chemical type of their nitrogen 
ring provides how the alkaloids are sub-classified; for example, glycoalkaloids 
(aglycone fraction) glycosylated with a carbohydrate moiety are formed as meta-
bolic by-products. Plants repel insects and herbivores with alkaloids due to their 
potential toxicity and bitter taste (Fereidoon 2012, 2014; Yilkal 2015). Lupins con-
tain high alkaloids, specifically quinolizidine alkaloids, while soybeans and linseed 
may be contaminated by Datura stramonium. Linseed also contains scopolamine 
and hyoscyamine alkaloids (Dublecz 2011).

Potato tubers naturally contain the two toxic and bitter glycoalkaloids, a- solanine, 
and a-chaconine. The levels are usually low and have no adverse effects on food 
safety or culinary quality. However, consumption of potato tubers that are unusually 
high in glycoalkaloids has sometimes been associated with severe toxicity, includ-
ing gastrointestinal and neurological disturbances, and the disruption or inappropri-
ate augmentation of electrochemical transmission (Fernando et al. 2012). In tubers, 
glycoalkaloid levels are inheritable and vary significantly between different species. 
Environmental factors to which tubers are exposed during germination, growth, 
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harvest, and storage may further affect glycoalkaloid levels (Jadhav et al. 2009). 
Indeed, the physiological effects of alkaloids on humans and animals are quite evi-
dent (Gemede and Ratta 2014). Consuming a high dose of tropane alkaloids accel-
erates the heartbeat, causes paralysis and fatality. Ingesting a high dose of tryptamine 
alkaloids causes a staggering gait and death (Fernando et  al. 2012; Gemede and 
Ratta 2014). Alkaloids are oxidized in the liver to produce metabolites, such as 
dehydrosparteine, responsible for the observed toxicity. The level of toxicity is 
affected by the alkaloid composition. There is a high degree of variation in the abil-
ity of different animal species to deal with these compounds. Toxicity by alkaloids 
and their metabolites is mainly mediated through the nervous system, although they 
also stimulate the liver cells to absorb copper, resulting in copper toxicity. Pigs 
appear to be more sensitive to alkaloids than poultry. Glycoalkaloids significantly 
inhibit cholinesterase, and this also causes symptoms of neurological disorders. 
Alkaloids cause gastro intestinal and neurological disorders (Aletor 1993; 
Stegelmeier et al. 2020). Coumarins, which are feed components, have been associ-
ated with hemorrhagic disease in cattle that consume spoiled sweet clover. Alkaline 
pH conditions generally improve glycoalkaloid absorption, as binding to sterols in 
cell membranes leads to extra disruption. Nicotine (tobacco), cocaine (leaves of 
coca plant), caffeine, quinine (cinchona bark), morphine (dried latex of opium 
poppy), and solanine (unripe potatoes and potato sprouts), and strychnine are well-
known examples of alkaloids. Pyrrolizidine alkaloid toxicity causes liver damage in 
chickens that initially might not show any clinical signs. The symptoms may appear 
very vague and are often confused with other diseases. Toxicity occurs in chickens 
of all ages and breeds, but not all flock members show signs of liver damage. 
Clinical symptoms of pyrrolizidine alkaloid poisoning include loss of appetite, leth-
argy, neurobehavioral abnormalities, and excessive drinking.

4.4  Mechanism of ANFs Toxicity

Protease inhibitors reduce protein digestion, so when legumes are eaten either raw 
or without being properly cooked, they disturb digestive functions and cause diar-
rhea or excessive gas (Thakur et al. 2019). Feeding animals with raw soybean or 
isolated soybean inhibitors causes a pancreatic enlargement in susceptible animals, 
which can be characterized histologically as hypertrophy (i.e., an increase in the 
size of pancreatic acinar cells) (Friedman and Brandon 2001); this is accompanied 
by an increase in the secretion of digestive enzymes including trypsin, chymotryp-
sin, and elastase. This supports the hypothesis that the growth inhibition caused by 
trypsin inhibitors results from an endogenous loss of amino acids in the form of 
enzymes secreted by a hyperactive pancreas. Pancreatic enzymes, such as trypsin 
and chymotrypsin, are particularly rich in sulfur-containing amino acids. Hence, the 
outcome of pancreatic hyperactivity is converting these amino acids from body tis-
sue protein synthesis to the synthesis of these enzymes, which are subsequently lost 
in feces (Friedman and Brandon 2001). Trypsin inhibitor-induced pancreatic 
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hypertrophy/hyperplasia observed in susceptible animal species has been explained 
by an adverse reaction mechanism where enzyme secretion is inversely related to 
the level of trypsin present in the small intestine (Liener 1994). Therefore, when the 
level of active trypsin in the gut is reduced due to the inhibitor’s presence, the pan-
creas compensates by producing more enzymes. Mimosine’s function is unclear, but 
it may act as an amino acid, lead to inactivation of the catalyst (transaminase), or 
bind to a mineral such as zinc (Hiremat 1981). To overcome the mimosine problem, 
Leucaena leucocephala should be restricted to 50% green forage for goats and 30% 
for cattle and buffalo (Hegarty 1987). The effects of tannins come from their ability 
to form strong H-bonds with nutrients, resulting in the inhibition of digestive 
enzymes and microbial activity in the rumen (Kumar and Singh 1984). These effects 
can be significantly increased with an increase in tannin molecules. It is well known 
that tannins are potential protein precipitants (Ahmed et al. 1991) and reduce animal 
protein digestibility (Salunkhe et al. 1990; Jansman 1993). The increase in faecal 
nitrogen associated with the ingestion of tannin-containing feed is largely due to 
interactions between tannin and dietary proteins or tannin and digestive enzymes, or 
both (Jansman 1993; Kelln et al. 2021). In a study by Ahmed et al. (1991), diets 
containing tannins, mostly hydrolyzable gallotannins, were fed to broilers at 13.5, 
25, and 50 g/kg to verify their effects on enzymes in the pancreas, intestinal lumen, 
and intestinal mucosa. Pancreatic weight showed a significant increase with an 
increased dietary tannin level. The activities of trypsin and α-amylase in the pan-
creas of birds fed the highest level of tannins were more than double those of birds 
fed a tannin- free diet. In the intestinal lumen, the inhibition of trypsin activity 
increases with an increase in dietary tannin level. Likewise, dipeptidase and sucrose 
α-glucosidase were inhibited by tannins in the intestinal mucosa. Protein digestion 
and bird growth were negatively affected by tannin-containing diets. Similarly, 
feeding pigs with fava bean hulls high in tannins significantly reduced aminopepti-
dase activity in the jejunal mucosal homogenates in young piglets (Van Leeuwen 
et  al. 1995). Low aminopeptidase activity was associated with decreased protein 
digestibility. Pancreatic enlargement caused by diets containing tannins may be 
mediated by hormones transported in the blood (Ahmed et al. 1991). The pancreatic 
enlargement caused by dietary tannins has also been reported in response to dietary 
trypsin inhibitors (Liener 1994). This might indicate a common mode of action for 
these ANFs, at least on the cellular level. The consumption of tannin-rich sorghum, 
CT, which has been isolated and purified from sorghum, or tannic acid, increase the 
size of the parotid glands, synthesis and secretion of proline-rich proteins (Mehansho 
et al. 1992), and the synthesis of proline-rich proteins secreted with saliva and asso-
ciated with dietary tannins in the oral cavity to protect dietary protein. The associa-
tion of tannins with dietary and endogenous proteins, such as digestive enzymes and 
proteins located on the luminal side of the intestine, has been used to explain the 
reduced digestion of protein in diets containing tannins (Jansman et al. 1994). There 
is no clear evidence for systemic effects in animals after they have been intensively 
fed with CT. It is hypothesized that CTs are resistant to intestinal degradation and 
are poorly absorbed due to forming a less digestible compound with dietary pro-
teins. They may bind and inhibit endogenous proteins, including digestive enzymes. 
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These compounds are astringent and negatively affect animal feed intake (Patel 
et al. 2013). CT concentration above 4% of diet is toxic to ruminants because they 
are resistant to microbial attack and are harmful to various microorganisms 
(Waghorn 2008), resulting in reduced palatability, feed intake, growth rate, utiliza-
tion, and iron absorption (Roeder 1995). Phytate can adversely affect digestive 
enzyme activity by chelating mineral cofactors or interacting with proteins at an 
acidic or alkaline pH (Ryden and Selvendran 1993; Khare 2000). For full activity, 
some digestive enzymes require metal cofactors, such as calcium, zinc, copper, 
magnesium, iron, and molybdenum. For example, these enzymes include α-amylase, 
carboxypeptidases, aminopeptidases, and alkaline phosphatase. Phytate binding to 
proteins may directly form phytate-protein complexes or indirectly form phytate- 
cation- protein complexes. These processes may differ according to pH, time, and 
relative concentrations (Ryden and Selvendran 1993). At the low pH in the stomach, 
the positively charged side-groups of protein essential amino acids can bind to the 
negatively charged phytate due to strong electrostatic interactions (Cheryan 1980; 
Deshpande and Cheryan 1984). Above its isoelectric point, the protein carries a net 
negative charge. A multivalent cation bridge (which includes calcium) appears to be 
involved in the complex formation between phytate and proteins. Phytate–cation–
protein interactions are expected to be predominant at high pH in the small intestine 
(Selle et al. 2000). Another indirect mechanism for phytate inhibition of digestive 
enzyme activity measured in vitro has been proposed to include complex interac-
tions between phytate, digestive enzymes, and other proteins present in solution (Li 
et al. 1993). These interactions also inhibit the action of gastrointestinal tyrosinase, 
pepsin, trypsin, amylase, and lipase (Khare 2000). Oxalic acid binds with calcium 
to form insoluble calcium oxalate, which negatively affects the absorption and uti-
lization of calcium in the bodies of animals (Akande et al. 2010). Gossypol binds to 
proteins and/or to a group of free essential amino acids. In particular, gossypol 
binds to lysine in cottonseed meal, resulting in BG, which is less toxic to non- 
ruminants than is free gossypol. The free and BG content in the meal varies with the 
cultivar and the type of treatment. Gossypol reduces protein digestion in two ways. 
First, by binding to free epsilon amino group of lysine during heat treatment and the 
gossypol-protein complex formed in the meal makes the adjacent peptides unavail-
able for proteolytic action. Second, gossypol may directly affect certain enzymes in 
the gastrointestinal tract, such as pepsinogen, pepsin, and trypsin, by binding to the 
free epsilon amino groups (Sharma et al. 1978). Gossypol toxicity in poultry results 
in decreased appetite, weight loss, leg weakness, reduced egg production, and egg 
size, egg yolk discoloration, and decreased egg hatchability, hemoglobin, total red 
blood cell count, protein, and albumin-to-globulin ratio in blood serum (Waldroup 
and Goodner 1973; Suryawanshi et al. 1993). Saponins decrease the absorption of 
certain nutrients, including monosaccharides, glucose, and cholesterol in the gut 
through intraluminal physical and chemical interactions; thus, they have been 
reported to have hypocholesterolemic effects (Umaru et  al. 2007). Additionally, 
saponins have distinctive foaming properties, as observed in white clover and 
alfalfa. Saponins can negatively affect animal performance and metabolism in sev-
eral ways: hemolysis in erythrocytes, low blood and liver cholesterol, reduced 
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growth rate and bloat in ruminants, inhibition of enzyme and smooth muscle activ-
ity, reduced absorption of nutrients, and inhibition of microbial fermentation and 
synthesis in the rumen (Akande et al. 2010). However, saponins have diverse bio-
logical effects due to structural differences in sapogenin fractions. Finally, some 
plant alkaloids have been reported to cause digestive and nervous disorders and 
infertility (Aletor 1993; Olayemi 2010), while glycoalkaloids (solanine and chaco-
nine), found in potatoes and Solanum spp. (Saito et al. 1990; Aletor and Adeogun 
1995) are toxic to humans (Table 4.6).

4.5  Methods of Reducing the Deleterious Effects of ANFs

The abundance of ANFs and consequent toxic effects in the plant-based diets of 
animals is a cause for concern, and ways to reduce their levels should be explored 
(Soetan and Oyewole 2009). Removing undesirable components is essential for 
improving a plant-based diet‘s nutritional quality and effectively utilizing its full 
potential as a feed source for livestock. It is widely accepted that simple and inex-
pensive processing techniques effectively achieve desirable changes in feed ingredi-
ent composition (Akande and Fabiyi 2010). Uhegbu et al. (2009) reported the effects 
of several methods tested to overcome ANFs and their harmful effects in various 
browses, grains, seeds, and agro-industrial by-products. These methods include 
mechanical or physical techniques (e.g., processing, wilting, and ensiling) and bio-
logical or chemical techniques (e.g., treatment with alkalis, organic solvents, and 
precipitants). In general, of the different processing methods that are used to reduce 
levels of various ANFs (soaking, boiling, and toasting) (Balogun 2013), soaking is 
one of the most common methods to lower trypsin inhibitors (from 13.8 to 9.4 
TIU/100 g), phytates (from 0.18% to 0.09%), tannins (from 0.23% to 0.09%), sapo-
nins (from 0.42% to 0.24%), hydrogen cyanide (from 8.6% to 5.7%), and alkaloids 
(from 0.34% to 0.28%) -(Nwosu 2010). Boiling, simmering, and blanching reduce 
the cyanide content in Moringa oleifera leaves by 88%, 81%, and 62%, respectively 
(Sallau et al. 2012). Owing to the water solubility of oxalates, wet treatment meth-
ods such as boiling and steaming produce the highest oxalate reduction (Mada et al. 
2012; Petroski and Minich 2020). Autoclaving seeds for 20 min reduce phytic acid 
by 24.7%, while roasting can reduce phytic acid content by 23.1–28.6% (Embaby 
2011). Amaefule and Onwudike (2000) and Kankuka et  al. (2000) reported that 
cooking legumes improve their nutritional value by destroying most ANFs and 
improving protein and energy availability. Autoclave treatment or boiling also 
reduces the content of protease inhibitors. Ramteke et al. (2019) reported that the 
trypsin inhibitor activity of soybean meal was destroyed by autoclaving under spe-
cific conditions (i.e., 5, 10, and 15 psi for 45, 30, and 20 min, respectively) or by 
exposure to steam for 60 min. Likewise, a longer boiling time (40 min), autoclaving 
(20 min), and microwaving (12 min) cause complete disruption of trypsin inhibitor 
activities (Sallau et al. 2012). Although lectins are usually degradable, their stability 
varies among plant species, as many lectins are resistant to dry heat inhibition and 
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require moisture for destruction (Boehm and Huck 2009; Ramteke et al. 2019) or 
can quickly disintegrate by hydrothermal treatment (100 °C for 10 min) or autoclav-
ing (Grant 1991). Physical treatments such as heat and chemical treatments or sup-
plementation with amino acids or mineral ions such as Zn, Fe, and Al reduce 
mimosine’s toxicity (Hiremat 1981). Other processing methods, like germination 
followed by dehulling, reduce tannins by 43–52% and phytic acid by 47–52% 
(Ghavidel and Prakash 2006). Polyethylene glycol is the most frequently used 
reagent to neutralize the secondary compounds in tannin-rich diets for animals. It 
can be used in various ways, such as applied in concentrate or feed blocks, sprayed 
on feed, or dissolved in water. Additionally, polyethylene glycol is an effective sup-
plement for increasing feed intake, digestion, daily weight gain, and the synchro-
nized, fractionated, and balanced supply of essential nutrients for rumen microflora 
and host animals fed on diets rich in tannins (Mueller 2001; Patel et  al. 2013). 
Fermentation can reduce some anti-nutrients in feed, such as phytic acid and tannins 
(Sarangthem and Singh 2013; Singh et al. 2017). This method could also improve 
the nutritional value of cottonseed meal and increase the lysine and methionine 
content of cottonseed meal when fermented with Aspergillus oryzae NRRL 506 
Aspergillus Janus NRRL 1935 for 48 h (Nagalakshmi et al. 2007). One of the recent 
trends in reducing free gossypol content in cottonseed meal is to produce varieties 
of cotton plants through genetic modification; however, other cotton seed process-
ing methods such as pelleting, extrusion, cooking, and Ca(OH)2 can be used to 
improve the nutritional value of cottonseed meal for poultry (Nagalakshmi et al. 
2007). Treatment with iron 1: 1 ratio can remove 80–99% of gossypol; moreover, 
high protein content in the meal is also helpful in reducing the effect of gossypol 
(Leeson and Summer 2001). Moreover, using exogenous phytases to enhance phos-
phorous digestibility is now common practice where animal agriculture’s contribu-
tion to environmental pollution is of concern. The phytase enzyme releases 
phosphorus, bound minerals, and amino acids from phytate, increasing nutrient uti-
lization. Evidence indicates that phytases enhance ileal amino acids, which increase 
the body’s nitrogen, calcium, and phosphorus retention and increase fecal energy 
digestibility in poultry (Woyengo and Nyachoti 2011). The use of gamma irradia-
tion to reduce anti-nutrients in canola meal causes a significant increase in its nutri-
tional value for broilers (Gharaghani et al. 2008). Finally, the use of the electron 
beam radiation method reduces hydrocyanic, phytic, and tannic acids.

4.6  Beneficial Effects of Anti-nutritional Factors

The potential beneficial effects of protease inhibitors remain unclear. However, a 
decrease in the incidence of pancreatic cancer has been observed in a population 
where the consumption of soybean and its products was high (Giri and Kachole 
1998) (Table 4.6). Additionally, protease inhibitors have been associated with pan-
creatic cancer in animal studies, and they may act as anti-carcinogenic agents 
(Chunmei et al. 2010). It is not necessary to completely eliminate anti-nutritional 
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factors from plant-based diets such as that of Moringa oleifera leaves because low 
amounts of ANFs, such as tannins and hydrolyzable phenols, may act as antioxi-
dants in animal feed and may not only help improve meat quality but also reduce 
methane emissions (Su and Chen 2020) and gastrointestinal nematodes (Naumann 
et  al. 2017) from ruminants. The benefits of tannins in animal feed and health 
include increased protein utilization efficiency, amino acid absorption (Hervás et al. 
2003), antioxidants, antibacterial and anti-diarrhoeal effects, free-radical scaveng-
ing, and anti-proliferative activity (Corder 2006). Also, tannins reduce the impact of 
gastrointestinal parasitism, protein degradation during ensilage (Reed et al. 1990), 
prevent bloating, increase animal product quality, reduce N emission to the environ-
ment and promote rumen defaunation as a CH4 mitigation strategy (Animut et al. 
2008; Boadi et al. 2004), and reduce methane emissions from rumen fermentation 
(Waghorn 2008) (Table 4.6). CTs help to improve weight gain, reproductive effi-
ciency, and wool production in sheep, reduces the effect of gastrointestinal parasit-
ism, and lessens methane emissions from rumen fermentation (Waghorn 2008), 
allows dietary protein to bypass the rumen for digestion in the lower gastrointestinal 
tract (Hassanpour et  al. 2011), and shows a bacteriostatic effect on Salmonella 
enteritidis infection in broiler chickens and can reduce excretion of these bacteria 
(Redondo et  al. 2013a). Both HT and CT have antimicrobial activity against 
Campylobacter jejuni (Anderson et al. 2012; Gutierrez-Banuelos et al. 2011). The 
in vivo effects of tannins in the necrotic enteritis model reduce the incidence and 
severity of gross lesions and improve broilers’ productive performance (Redondo 
et al. 2013b). Tannic acid can treat diarrhea because it causes constipation with-
out inflammation (Phytolab 2007).

Phytic acid has been suggested as a store of cations, high-energy phosphoryl 
groups, and free iron chelates, making phytic acid a potent natural antioxidant 
(Mueller 2001). In addition, phytic acid can reduce cholesterol and protect against 
iron-induced intestinal cancer. Furthermore, phytic acid exhibits natural antioxidant 
properties, providing other benefits such as reducing lipid peroxidation (Table 4.6). 
Of the many plant compounds, saponins have beneficial biological effects, includ-
ing antibacterial, antiprotozoal (Avato et  al. 2006), antioxidant, antitumor, 
cholesterol- lowering, immune-potentiating, and anticancer (Blumert and Liu 2003) 
effects. Furthermore, saponins reduce the risk of coronary heart diseases (Ferri 
2009) and the probability of forming collagen, a protein with a role in wound heal-
ing that can also be used as a hydrocarbon ointment. Saponins attract considerable 
interest due to their beneficial effects in the poultry industry; they can bind ammo-
nia and hydrogen sulfide, thus improving air quality in poultry houses (Table 4.6).

4.7  Conclusions

Anti-nutritional factors (ANFs) in plant-based protein diets for livestock may reduce 
their full utilization. Thus, to justify the nutritional value of any plant-based protein 
source, it is imperative to appropriately assess the nature, type, and concentration of 
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the ANFs present in the diet and the bioavailability of the required nutrients. Basic 
information about the most common factors found in plants used for animal feed 
includes protease inhibitors, amylase inhibitors, lectins, tannins, mimosine, phytic 
acid, gossypol oxalates, cyanogens, saponins, nitrates, alkaloids, and anti-vitamin 
agents. These ANFs interfere with the nutritional value of feed by reducing diges-
tion, absorption, and utilization of proteins and minerals that cause toxicity and lead 
to undesirable effects on animal health if their consumption is excessive. However, 
these ANFs may have beneficial health effects if they are present in low amounts. 
Risk factors associated with ANFs include a lack of knowledge on tolerance levels 
of these compounds in livestock, limited information on the degree of variability of 
individual risk, and lack of knowledge regarding the influence of environmental fac-
tors on the detoxification capacity of livestock feed. Thus, using appropriate and 
effective techniques and methods alone or in combinations can help eliminate or 
reduce the harmful effects of these ANFs in plant-based diets and, therefore, 
improve their nutritional value. Several strategies are used to counteract the effects 
of ANFs, including physical and chemical treatments, supplementation with 
enzymes, amino acids or mineral ions, germination, fermentation, and genetic 
modification.
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Chapter 5
Genetic Engineering Tools and Techniques 
in Livestock Production

H. B. Ranjitha, Madhu Ramesh, Subhasmita Behera, 
Dhanesh ValiyaValappil, Suresh H. Basagoudanavar, and Anjum Sherasiya 

Abstract Biotechnology is an applied branch of biology that harnesses living sys-
tems or organisms to make useful products for the benefit of mankind. Animal bio-
technology utilizes biotechnological techniques to alter the animal genome for the 
development of pharmaceutical, agricultural or industrial products. The application 
of biotechnology, in particular, the use of advanced genetic engineering tools holds 
great promise for improvement in animal health, which in turn can help improve the 
economy.

In this chapter, we review the application of biotechnology tools to enhance ani-
mal health by improving the ability to detect, treat and prevent diseases. The major 
techniques reported are artificial insemination, embryo transfer, animal cloning, 
sexing, marker-assisted selection that assist the animal breeding programs, allowing 
to produce healthier offsprings and thus improve animal production. The growing 
population of the world and exponential increase of the demand for the supply of 
livestock products need sophisticated techniques to boost animal production through 
genetic improvement by the use of advanced genetic engineering tools. The repro-
ductive animal biotechnology techniques would bring about superior genetic 
improvement of productivity and developing desired healthy livestock. In addition, 
cloning and transgenesis help to develop bio factory and boost reproduction expo-
nentially with limited time. Further, development of genetically modified animals 
enhances production by incorporating favourable traits. Also, the molecular tech-
niques like polymerase chain reaction help in early diagnosis of diseases and 
genome editors are harnessed for improving the animal health for better production. 
We discuss on such biotechnology tools and techniques that are focused on improv-
ing the animal health and production.
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5.1  Introduction

The livestock plays a vital role in developing economy of a country. In India, the 
livestock sector contributes about more than one-third of the agricultural gross 
domestic product (GDP) i.e., 25.6% of total agriculture GDP and 4.11% to overall 
GDP and provide employment to about 8.8% of the Indian population. Also, mixed 
farming system is mostly followed in India to make use of the resources efficiently 
by utilizing the output of one enterprise as the input of another (Patil et al. 2019). 
Advancements in the field of biotechnology have been successfully employed in 
enhancing the productivity of livestock. Apart from helping to alleviate poverty and 
hunger, biotechnology holds great promise for potential transformation in the vet-
erinary field of treatment and significant improvement in the diagnosis of livestock 
diseases (Wheeler 2013). A major application of animal biotechnology is engineer-
ing biological systems by the usage of molecular biology techniques to alter the 
animal genome for the development of pharmaceutical, agricultural or industrial 
products (Davide 2010).

Biotechnology has a significant role in improving the health of animal by increas-
ing the precision of disease diagnosis, disease control, and treatment. The poly-
merase chain reaction (PCR) based diagnostics are widely used in developing 
countries to allow early diagnosis of diseases. Also, vaccination is the best method 
to prevent contracting the diseases and to prevent transmission of disease. A number 
of different vaccines produced using biotechnology have several benefits including 
decreasing the risk of reversion to virulence of live vaccines, induction of passive 
immunization by antibodies, long-term storage of vaccines for proper immuniza-
tion, and differentiation of infected from vaccinated animals (Babiuk 2002; Shams 
2005; Henderson 2005). The application of molecular techniques and computa-
tional bioinformatics to diagnose various diseases, gene therapy, and in vivo deliv-
ery systems contribute significantly to control animal diseases and improve animal 
health, thereby stimulating both food production and livestock trade (Mohammed 
et al. 2016). The modern genetic engineering tools- genome editors like zinc finger 
nucleases (ZFNs), transcription activator-like effector endonucleases (TALENs), 
and the clustered regulatory interspaced short palindromic repeats (CRISPR) asso-
ciated protein9 (CRISPR/Cas9) are very useful in the production of transgenic ani-
mals, creation of animal models for disease study, specific cell line production and 
genetic diseases treatment (Petersen 2017). Application of biotechnology in the 
field of animal nutrition has made tremendous improvement in animal production 
by the formulation of improvised feeds with increased digestibility of nutrients, 
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silage inoculants, supplementation of amino acids, mycotoxins diagnosis, removal 
of anti-nutrients and toxins through enzyme treatment, supplementation of probiot-
ics, prebiotics to promote gut growth and use of antibodies, hormones to improve 
health (Bonneau and Laarveld 1999).

The most widely applied animal biotechnology tool is perhaps artificial insemi-
nation (AI) to improve animal reproduction, genetics, and breeding. Artificial 
insemination has evolved as a powerful tool in genetic improvement for productiv-
ity and developing desired livestock with the evolvement of the various technolo-
gies, such as the methods of cryopreservation of semen and sperm sexing. Embryo 
transfer also provides the same opportunities (Foote 2010). Also, marker-assisted 
selection can also be used for the genetic improvement of livestock (Falconer and 
Mackay 1996). The development of genetically modified animals (GMAs) is being 
carried out for enhanced production by incorporating favourable traits to animals 
and birds like higher growth, reproduction, and disease resistance. In this regard, 
cloning and transgenesis created an opportunity to develop bio factory in the farm 
animals and produce pharmaceuticals on a large scale. Especially, cloning boosts 
reproduction exponentially in a limited time. These techniques help to incorporate 
the favourable genes in the immediate next generation bypassing the time- consuming 
breeding and selection strategies. This chapter has focused on such genetic engi-
neering tools and techniques that emphasize the improvement of livestock 
production.

Role of Molecular Biotechnology in Animal Production and Health Modern bio-
technology tools offer enormous prospects for the production of diagnostics and 
vaccines (Borroto 2009). The use of vaccine is the best method to prevent contract-
ing the diseases and to prevent transmission of disease. Several different vaccines 
produced using biotechnology have several benefits. Also, the molecular techniques 
help in early diagnosis of diseases and modification of the genome for the animal 
health improvement. Different applications of biotechnology tools and techniques 
in several fields of livestock production and health are presented in Fig. 5.1.

5.2  Molecular Gene Cloning

The advancement in the knowledge of recombinant DNA (rDNA) technology, espe-
cially in the field of cloning and expression of the gene of interest in the particular 
host has brought about tremendous development in the discovery of vaccines, diag-
nostic antigens, and other rDNA products in human and animal healthcare. 
Molecular gene cloning is the process of making multiple copies of a gene of inter-
est by inserting it into a vector and transforming into a suitable host capable of 
producing multiple copies.
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Fig. 5.1 An illustration that depicts the applications of biotechnological tools to improve the live-
stock production in various fields such as vaccines, diagnostics, nutritional biology and reproduc-
tive biotechnology

5.2.1  Steps in Gene Cloning

The molecular gene cloning basically consists of four major steps. The cloning 
starts with insertion of the gene of interest into the vector to form recombinant DNA 
(rDNA). Secondly the rDNA consist of gene of interest is introduced into host cells 
for the multiplication. The multiplied copies of rDNA were isolated and purified 
from host cells (Kfoury 2007). The gene of interest can be amplified by polymerase 
chain reaction and/or can be prepared using restriction endonuclease enzymes (RE). 
There are several types of vectors that can carry the insert based on its size into the 
host for making multiple copies. Plasmids, bacteriophages, yeast artificial chromo-
somes, bacterial and mammalian artificial chromosomes are most commonly used 
cloning vectors. The same restriction endonuclease enzyme is used to cut the vector 
as used for the insert. The insert and vector are ligated to each other by DNA ligase 
to form rDNA and transformed into suitable host by Ca++ ion treatment/ heat shock 
method or electroporation. Marker genes such as antibiotic resistance gene present 
in the vector are used for the selection of recombinant colonies.
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5.2.2  Gateway Cloning Technology

It is an advanced cloning method based on the site-specific recombination system, 
commercialized by Invitrogen. It exploits the principle used by the phage lambda to 
integrates/excise its DNA from bacterial chromosomes. This method requires two 
sets of recombination sites- gateway ‘att’ sites and two enzymes- BP clonase and 
LR clonase. This quick technique allows easy transfer and multiple insertion of the 
inserts into any expression vectors without affecting the reading frame by >99% 
cloning efficiency (Katzen 2007).

5.2.3  Golden Gate Cloning

It is an another advanced method that allows directional cloning of multiple inser-
tions using Type IIs restriction enzymes such as BsaI, BsmBI, and BbsI and T4 DNA 
ligase (Engler et al. 2008).

5.2.4  Expression Systems

Generally, prokaryotic, eukaryotic, and insect systems are used as an expression 
system/host for the expression of rDNA products.

 (a) Prokaryotic system
E. coli is commonly used as a prokaryotic expression system as it offers several 
advantages including simple media requirements, less time for bacterial multiplica-
tion, and a high level of protein expression. However, the problems like the sequence 
of the foreign gene with the presence of introns, termination signals, and codon bias 
will affect the expression. Also, limitations of E. coli as a host include- post- 
translation modifications, and degradation of recombinant protein (Brown 2016).

 (b) Eukaryotic system
The protein from microbial eukaryote- yeast (Saccharomyces cerevisiae and Pichia 
pastoris) or filamentous fungus is more closely related to an animal protein with 
higher levels of expression. Chinese hamster ovary (CHO) and Baby hamster kid-
ney (BHK) cells are the commonly used mammalian expression systems that are 
also capable of producing post-translation modified proteins. However, the cost of 
production is comparatively higher. Insect cell culture system is a widely used sys-
tem for making recombinant proteins (Sudeep et al. 2005; Mena and Kamen 2011). 
In particular, baculoviruses have revolutionized the protein expression system. They 
cause fatal disease in insects mainly and thus characterized by narrow host range 
with the incapability to multiply in vertebrates (Tinsley and Harrap 1978). The bac-
ulovirus has a large DNA genome of approximately 130  kb size, can be easily 
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manipulated, and propagated in cell lines such as those obtained from Spodoptera 
frugiperda (SF) (Granados 1994). The strong polyhedrin promoter is used for the 
production of the protein of interest. The first commercially available insect cell 
produced veterinary vaccine is based on the E2 antigen of classical swine fever 
virus (CSFV) (Van Aarle 2003). The PCV2 (ORF2 protein) vaccine against multi-
systemic wasting syndrome with ORF2 protein of the virus as the antigen is manu-
factured in insect cell culture system as Porcilis® PCV(Merck) and CircoFLEX® 
(B. Ingelheim) (Blanchard et al. 2003; Fachinger et al. 2008).

 (c) Transgenic plants
Transgenic plant provides an alternative platform to express immunogenic foreign 
bacterial and viral pathogen proteins with transient (viral vectors) or stable by 
Agrobacterium T-DNA vectors or microprojectile bombardment) of foreign genes. 
They act as a vehicle to produce vaccines that stimulate both the humoral immune 
system with the production of secretory IgA (S-IgA) at mucosal surfaces (McGhee 
and Kiyono 1993) and mucosal immune responses upon consumption as food 
(Mason and Arntzen 1995). The immunogenic Foot-and-mouth disease virus 
(FMDV) structural protein VP1 was expressed in various plants such as alfalfa, 
Arabidopsis thaliana, and potato plants and has been shown to induce protective 
neutralizing antibody response (Wigdorovitz et  al. 1999; Carrillo et  al. 1998). 
Bovine rotavirus epitope, eBRV4 also expressed in alfalfa plants and evaluated in 
suckling mice for the production of passive protection (Wigdorovitz et al. 2004). 
Also, Bovine viral diarrhoea virus (BVDV), glycoprotein E2 has been expressed in 
alfalfa. Thus, transgenic plant-based immunization methods are an alternative form 
and less expensive tool compared to conventional vaccine production system.

5.3  Diagnostics

The molecular diagnostic tools have led to control several diseases, specifically by 
the development of monoclonal antibodies (mAbs), nucleotide sequencing, poly-
merase chain reaction and antigen production. The mAbs permit the analysis of any 
antigenic molecule (Kenneth et al. 1980) and also helpful for checking vaccine effi-
cacy. There are several kits and simple reagents available for the diagnosis of the 
diseases (Ferris et al. 1988). For example, kits for FMD virus diagnosis based on 
3AB protein identification are used in endemic countries. Also, rDNA technology 
helps in the generation of specific antigens which further is useful in differentiating 
vaccinated and infected animals by enzyme-linked immunosorbent assays (ELISA) 
(Robinson and McEvoy 1993).
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5.3.1  Polymerase Chain Reaction

The PCR, a highly sensitive method has revolutionized biological research that 
enables the production or amplification of multiple copies of a gene of interest 
within a short duration. Kary Mullis, a biochemist discovered this technique and 
was awarded with Nobel Prize in 1993. DNA polymerases require 3′-OH to add 
nucleotides, so there is requirement of primer to initiate replication (Mullis and 
Faloona 1987).

Components of Polymerase Chain Reaction
The main component of polymerase chain reaction is DNA polymerase which 
amplifies the target DNA (deoxyribonucleic acid) using template (as low as 100 pg). 
The other main building blocks are deoxyribonucleotides (200 μM). Other essential 
components for selective amplification of target DNA are primers (0.5 μM) which 
flank the target gene. The whole reaction will be carried out in buffer supplemented 
with essential ions like magnesium (1.5 mM). The reaction is carried out in a ther-
mocycler which ramp between various temperatures required for the reaction 
to occur.

Three Temperature-Dependent Steps

Denaturation – It is usually between 90 and 100 °C. It breaks the hydrogen bonds 
between the strands of the template DNA.

Annealing – It occurs between 30 and 65 °C that facilitates the binding of primers 
to the template.

Elongation  – It happens at 60–75  °C for less than a minute per kilobase strand 
synthesis.

5.3.2  Quantitative Real-Time Polymerase Chain Reaction

Quantitative real-time polymerase chain reaction (qRT-PCR) is most widely used 
technique in the field of molecular diagnostics. It possesses high sensitivity, high 
specificity, with the advantage of simultaneous amplification and real-time quantifi-
cation of the target DNA after each cycle i.e., it determines the initial number of 
copies of template DNA (Higuchi et al. 1992). It allows detection of single nucleo-
tide polymorphisms, viral load, gene expression analysis, genotyping, allelic dis-
crimination. There are two methods of nucleic acid quantification- relative method 
of quantification and absolute quantification. Absolute method involves quantifica-
tion of target DNA molecules by comparison with DNA standards using a standard 
curve. Whereas, relative quantification determines target gene expression based on 
internal reference genes. RT-PCR protocols have been used to detect conserved 
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regions of several notifiable viral pathogens such as FMDV, CSFV, Blue tongue 
virus, Influenza and Newcastle disease virus. For example, detection of conserved 
regions of FMDV- 3D and 5′UTR by RT-PCR have been developed for the diagno-
sis (Hoffmann et al. 2009). In addition, analysis of gene expression, pathogen detec-
tion, single-nucleotide polymorphism (SNP) analysis, detection of chromosome 
aberrations, cancer phenotyping, measuring RNA interference can be carried 
out (Kubista et al. 2006).

Detection Systems
DNA binding dyes like ethidium bromide, SYBR® green I and Evagreen, etc., are 
intercalating dyes which increase fluorescence upon binding to the dsDNA minor 
groove, and can be measured in the elongation phase of the cycle. The drawback of 
using dyes for the detection includes- detection of nonspecific products and primer- 
dimers. It is a cheaper method but analysis of the melting curve is necessary to 
check the specificity of amplification. To overcome the limitations of dyes, various 
probes have been developed which are described as under.

 (a) Primer probes- example, Scorpions
It combines the action of both primer and the probe. The increase in the fluores-
cence emission occurs when the probe binds to the newly amplified DNA comple-
mentary region by DNA polymerase at each cycle. The drawback of DNA binding 
dyes of detection of primer–dimers and formation of non–specific products is absent.

 (b) Hydrolysis probes- example, TaqMan
When the two fluorophores of the probe are close, the fluorescent signal is quenched. 
Due to the 5′-3′-exonuclease action of DNA polymerase in the extension phase, the 
bound hydrolysis probe is degraded and fluorescence is emitted from the reporter.

 (c) Hybridization probes- example, Molecular beacon probes
The Beacon probe unfolds and binds during the annealing phase to the target, lead-
ing to fluorescence emission (Navarro et al. 2015).

5.3.3  Types of Polymerase Chain Reaction 
and Their Applications

The polymerase chain reaction is a highly specific and reliable method that is used 
for identification of SNP in different breeds, STRs, genetic mutation testing, clinical 
diagnostics, blood screening, parentage identification, forensics, etc. The use of 
primers to the conserved regions of the pathogen helps in their identification. For 
example the use of universal primers along with oligonucleotide probes for the 
sequences of the conserved 16s rRNA gene aid in recognition of particular bacterial 
species (Greisen et al. 1994). The degenerate primers identify orthologous genes of 
different organisms where genome information is not available.
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Allele-specific polymerase chain reaction allows detection of SNP (Newton 
et  al. 1989). Hot-start polymerase chain reaction reduces non-specific product 
amplification (Sharkey et  al. 1994). Multiplex-polymerase chain reaction allows 
simultaneous amplification of many targets in one reaction by the use of multiple 
primers (Elnifro et al. 2000). Assembly polymerase chain reaction synthesizes long 
DNA sequences by the use of short overlapping oligonucleotides (Stemmer et al. 
1995). Asymmetric polymerase chain reaction preferentially amplifies one strand of 
the DNA by using an excess of one of the primers (Innis et al. 1988). Quantitative 
PCR or RT-PCR does simultaneous amplification and real-time quantification of the 
target DNA (Higuchi et al. 1992). Touchdown or step-down polymerase chain reac-
tion uses higher annealing temperature in early cycles to avoid non-specific ampli-
fication (Don et al. 1991).

5.4  Vaccines

Vaccination is the process of injecting antigen to elicit an active immune response 
against a particular disease. It is considered as an effective method for the preven-
tion and control of diseases. Herd protection is more important in livestock rather 
than the individual. A vaccine is either made from killed microbes, live attenuated 
microorganisms, toxoids, or subunits. The limitations of conventional vaccines like 
a reversion to virulence, requirement of cold storage, short term protection, frequent 
new outbreaks with new strains, and high level of biosafety requirement affect the 
vaccine usage. However, the application of modern biotechnology with genetic 
engineering techniques like reverse vaccinology helps in the development of novel 
safer vaccines with long term protection. The techniques like isolation of pure anti-
gen by using specific monoclonal antibody, production of antigen by molecular 
cloning of gene and peptides synthesis as vaccines; pathogen genome analyses, and 
understanding their mechanisms of pathogenesis resulting in antigen discovery 
have revolutionized the development of vaccines (Jorge and Dellagostin 2017).

5.4.1  Recombinant Subunit Vaccines

Subunit vaccines consist of an immunogenic component of the pathogen of either 
protein or glycoprotein that is capable of inducing a protective immune response. 
The gene cloning and recombinant DNA technology is a powerful tool to prepare a 
subunit vaccine. Some examples of recombinant subunit vaccines- VP1 protein of 
FMDV expressed in a heterologous system, E2 subunit vaccine of BVDV, F subunit 
protein of PPRV and the like. However, the smaller portion of the pathogen does not 
undergo proper folding, difficulty in the purification of intracellular expressed pro-
teins and requirement of the other components of the pathogen to elicit proper 
immune response limit the usage of subunit vaccines.
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5.4.2  Virus-Like Particles

Virus-like particle vaccines are particles with the absence of replicative genetic 
material but the presence of viral structural proteins that closely resemble native 
viruses which would elicit immune response. The absence of genome is also safer 
to handle without the requirement of high biosafety measures and cause no harm to 
animals or environment. For instance, the expression of P1-2A, a capsid precursor 
of FMDV expressed in insect cell culture expression system was found to induce 
better immune protection against the disease (Subramanian et al. 2012).

5.4.3  Peptide Vaccine

The peptides known to be highly immunogenic to trigger the desired immune 
response are of 20–30 amino acids length, being included to manufacture synthetic 
peptide vaccines. Since it is homogenous in preparation it could limit the chances of 
allergenic complications, since they possess low molecular weight, they require car-
riers like keyhole limpet hemocyanin (KLH) and adjuvants to improve the effi-
ciency. The amino-terminal region of parvoviral protein VP2 against canine 
parvovirus is effective (Langeveld et al. 1994).

5.4.4  DNA Vaccines

These emerging vaccines involve the insertion of a gene of interest into a vector, 
along with suitable genetic materials such as promoters, a polyadenylation signal 
sequence, and a bacterial origin of replication. Thus obtained plasmid is injected 
into host cells via several methods including direct injection or electroporation or 
gene gun. The host cell transcribes and translates the antigenic protein that can 
induce both cellular and humoral immune responses. The major advantages of DNA 
vaccines are less expensive, temperature stable and can be transported easily. They 
stimulate immune response in the presence of maternal antibodies as well. Multiple 
antigenic genes can be combined that allow for the vaccine development against 
many pathogens. Also, DNA vaccines induce both cellular and humoral immune 
response and can be injected via several routes. DNA vaccines against West Nile 
virus are commercially available by Fort dodge animal health and were released to 
the market in December 2008 (Redding and Weiner 2009). In addition, efficacy of 
DNA vaccines can be increased by the expression of co-stimulatory molecules like 
cytokines, tumor necrosis factor and granulocyte-macrophage colony stimulat-
ing factor.
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5.4.5  Viral Vectored Vaccines

Commonly used vectors for vaccine generation includes- adenovirus, herpesvirus, 
and poxviruses. Around 12 viral vectored veterinary vaccines are licensed (Draper 
and Heeney 2010). Recombinant adenovirus expressing the surface glycoproteins 
of Rift Valley fever virus (RVFV) showed protection in sheep, goats, and cattle 
(Warimwe et al. 2016). Viral vector based vaccines exhibit high efficiency of gene 
transduction and more specific delivery into the target cells. They effectively induce 
robust immune responses without necessarily requiring an adjuvant.

5.4.6  Marker Vaccine

This vaccine allows differentiation of infected animals from vaccinated animals. 
The immunogenic antigenic region present in the pathogen will be deleted in the 
vaccine antigen thus no antibodies would develop against the deleted region. Since 
the deleted region is present in the original virus, antibodies will be present in the 
infected animals but not in the vaccinated animals.

In O/HN/CHA/93 FMDV amino acid deletion of 93–143 has been rescued in 
BHK-21 cells. The mutated virus vaccine has been used as a negative marker vac-
cine. It protected the pigs against challenge, facilitating differentiation from infec-
tion using monoclonal antibody-based indirect blocking ELISA for the deleted 
portion (Li et al. 2014).

5.4.7  Self-Replicating Vaccine

These are self-amplifying viral RNA sequences that consist of genes encoding an 
antigen of interest and all necessary elements for RNA replication. It results in viral 
RNA replication and endogenous expression of the proteins within the host cell; 
therefore, they are regarded as self-adjuvants. The main advantage is the high 
amount of antigen expression and triggers a potent interferon response along with T 
cell-mediated immune responses in the host. Most self-replicating vaccines are 
based on positive-stranded RNA viruses. T7 or SP6 promoters can be used to pro-
duce in-vitro transcribed RNA and can be injected directly or cytomegalovirus 
(CMV) promoter helps in RNA polymerase II-mediated transcription in the target 
cell. The most widely used replicon vaccines are based on alphaviruses, flavivi-
ruses, and picornaviruses. The DNA-based replicons are delivered to the target cell 
as plasmid DNA or by using a viral vector. They can be administered via different 
methods such as naked RNA, RNA launched from a DNA plasmid, RNA packaged 
in viral replicon particles (VRPs) (Hikke and Pijlman 2017). Some of the exam-
ples  are Semliki Forest virus-based self-replicating vaccine expressing NS3 of 
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Bovine viral diarrhoea virus (Reddy et al. 1999) and CS-E2 of Classical swine fever 
virus (Sun et al. 2011).

These new generation vaccines that are developed by the application of advanced 
genetic engineering tools have come up with several advantages including stability, 
non-infectious nature, homogeneity, and cost-effectiveness in their manufacture 
(Balamurugan et al. 2006).

5.5  Microarray

Microarrays are microscope slides that contain an ordered arrangement of either 
DNA, RNA, protein or tissue samples. Based on the sample types, they are catego-
rised into DNA microarray, RNA microarray, protein microarray and tissue micro-
array. The microarray experimentation technique consists of mainly three 
parts- fabrication of chip called Microarray production, carrying out the reaction 
which includes isolation of mRNA, processing of the mRNA and finally, hybridiza-
tion to DNA chip. This is followed by analyzing the results. Initially, it is evolved 
from southern blotting technique. The first whole genome expression was made on 
Saccharomyces cerevisiae in 1997 and SARS-corona virus is the first virus detected 
by using microarray.

5.5.1  Applications of microarrays.

 (a) To analyze the expression levels of genes in a sample i.e., upregulation or 
downregulation, or unchanged during several conditions such as a change in 
nutrition, temperature, or chemical environment. This type of study determines 
the function of particular genes. Pathogenesis of Bovine Spongiform 
Encephalopathy (BSE) study by microarray reveals that 182 differentially 
expressed genes were identified between healthy and infected samples (>2.0-
fold change, P < 0.01) (Almeida et al. 2011).

 (b) It allows specific localization of genes in a cell or tissue and their encoded 
proteins.

 (c) It explains the mechanism of drug action as the drugs regulate the expression of 
several genes, therefore; identification of the genes help in understanding the 
mechanism, prediction of drug targets and toxicological properties. DNA 
microarray helps in development of therapeutics by identifying the presence of 
drug-resistance genes/plasmids in the pathogens.

 (d) It allows diagnosis of diseases. For instance, identification of cancer cells by the 
gene expression profile; differentiate between cancer cell types. Also prediction 
of outcome of clinical diseases by the gene profile and to design individual 
therapies (Macgregor and Squire 2002).
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 (e) Microarrays can be used for both structural genomics and functional genomics 
study. Comparative Genome analysis (CGH) can identify gene amplification or 
deletion of gene that can cause tumor and also to detect the genetic abnormality 
(Ullmann 2008).

 (f) The difference in single nucleotide due to SNP between genomic samples 
occurs at frequency of about 1 in 1000 bases in animals. It helps in identifying 
genes responsible for diseases, predicting environmental effects as well as 
responses to therapeutic agents on their expression (Park et al. 2018).

The drawback of microarray is that the results are difficult to interpret, non- 
reproducible, expensive, and not always quantitative enough. Animal Viruses Probe 
Dataset (AVPDS) is used for the identification and microarray based diagnosis of 
viruses. The first chip based identification of animal virus is FMDV. It is serotype 
specific and has 35–45 bp long of 155 oligonucleotide probes, designed from VP3- 
VP1- 2A region of virus, labelled with Alexa-Fluor 546 dye (Baxi et al. 2006). Thus, 
microarray is an advanced rapid technology for the diagnosis of several infectious 
diseases and oncology. It saves time and would aid in early diagnosis of diseases 
during outbreaks and/or disease surveillance. In addition, it helps in understanding 
host-pathogen interactions and development of vaccines.

5.6  Marker Assisted Selection in Animal Breeding

“Phenotype” refers to the observable physical traits of an organism. The phenotype 
is determined by its genotype, as well as by environmental factors that influence the 
genes. Marker-Assisted Selection (MAS) is a process that uses a conventional 
breeding program by which DNA markers that are associated with desirable pro-
duction traits/ phenotypic information using linkage strategies are used to increase 
the selection response in a breeding program (Falconer and Mackay 1996). The 
quantitative traits of the milk includes yield, fat percentage, protein yield, long life, 
growth rate, fatness, and feed intake are controlled by multiple genes present in 
several genetic loci; such loci are referred to as quantitative trait loci (QTL) (Beattie 
1994; Haley 1995). The markers that do not affect the phenotype are chosen for 
QTL analysis such as SNPs, microsatellites, restriction fragment length polymor-
phisms (RFLPs), and transposons position (Casa et al. 2000; Vignal et al. 2002). 
Finally, the markers that are genetically linked to a QTL influencing the phenotype 
are identified and scored for the candidate genes that mainly code for transcription 
factors, and other signalling molecules are finally used for the selection of superior 
animals for the desirable traits. However, a large sample size is required for the 
analysis of QTL (Miles and Wayne 2008). The MAS would allow selection of ani-
mals for breeding with tolerance or resistance to environmental stresses, including 
diseases like listeriosis or salmonellosis, African trypanosomiasis, Boophilus micro-
plus (Kerr et al. 1994), Trichostrongylus colubriformis and Haemonchus contortus 
(Gogolin-Ewens et al. 1990).
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5.7  Genome Editors

Genome editors are DNA nucleases that modify the target gene by induction of 
double-strand breaks at any particular region of the genome. This technique allows 
deletion, addition or gene silencing to achieve desired characteristics. It can be 
designed to alter any region of DNA with a target rate around 10,000- to 100,000- 
fold. They consist of two main domains-cleavage domains and a DNA-binding 
domain. The more specific DNA nucleases with long recognition sites include- tran-
scription activator-like endonucleases (TALENs), zinc finger nucleases (ZFNs), and 
the clustered regularly interspaced short palindromic repeats/Cas9 system (CRISPR/
Cas9). They are very useful in the production of transgenic animals, creation of 
animal models for disease study, specific cell line production, genetic diseases treat-
ment, etc. (Petersen 2017).

5.7.1  Zinc Finger Nucleases

ZFNs are class of genetic editors that facilitates gene editing by the creation of 
double strand breaks at specific position. It was first developed by Kim et al. 1996. 
There are two functional domains in ZFN, a site-specific DNA-binding domain and 
cleavage domain. ZFNs typically contain three to six individual zinc finger repeats, 
each recognizing 3 bp of DNA. And a DNA- non-specific cleavage domain consists 
of the nuclease domain -Fok I. Two ZFNs are used to target and cut the DNA as 
dimerization of FokI nuclease is necessary to cut and they are separated by 5–7 bp 
at which DNA cleavage occurs. The double-strand breaks are repaired by DNA- 
repair processes of cells, either by homologous recombination or non-homologous 
end-joining (NHEJ), resulting in gene deletions, integrations, or modifications. A 
ZFN with new sequence specificities can be designed to cleave any targets (Urnov 
et al. 2010). The major limitations of ZFN are poor targeting density and cytotoxic-
ity due to high levels of off-target effects.

5.7.2  Transcription Activator-Like Effector Endonucleases

TALEN has a TAL effector DNA-binding domain and a cleavage domain (FokI 
endonuclease, which cleaves DNA strands). The DNA binding domain has repeats 
of conserved 33–34 amino acids but differing at the 12th and 13th positions. These 
two highly variable positions are called the Repeat Variable Diresidue (RVD) and 
help in specific nucleotide recognition. The appropriate combination of RVD with 
repeat segments helps in recognition of specific DNA sites. It edits the genomes by 
inducing break in double-strand (DSB) and are corrected by Non-homologous end 
joining (NHEJ) and Homology directed repair.
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5.7.3  Clustered Regulatory Interspaced Short Palindromic 
Repeats/CRISPR Associated Protein9

The CRISPR-Cas9 uses Watson-Crick base pairing for binding to the target DNA 
and a Cas9 nuclease, guided by small RNAs known as gRNA for editing the genome. 
Basically, CRISPR-Cas is an adaptive immune system in prokaryotes. It has two 
distinct characteristics: the presence of nucleotide repeats and protospacers. These 
spacers are added into the bacteria by the previously infected viruses and are linked 
with a protospacer adjacent motif (PAM). They enable the bacteria to recognize the 
viruses and destroy them. Out of the three types (I–III) of CRISPR systems, the best 
characterized is Type II CRISPR system. It has nuclease Cas9, the crRNA that 
codes for guide RNAs which is complementary to the DNA of interest to be edited, 
and tracrRNA (trans-activating crRNA) that facilitates the processing of the crRNA 
(Ran et al. 2013). The insulin deficit novel diabetic pig models have been produced 
by CRISPR/Cas9 editing for the development of diabetes therapeutics by islets 
transplantation (Cho et al. 2018).

5.7.4  Applications of Genome Editors

Genome editors are used for production of disease-resistant animals by genetic 
knockout of the receptors that are utilized by the organisms for the entry into a cell 
or knock-in of natural resistance to infection genes. For example- genetic knockout 
of CD163 receptor (Whitworth et  al. 2015) and SRCR5 domain from exon 7 
(Burkard et  al. 2017) in pigs for the development of resistance against Porcine 
Reproductive and Respiratory Syndrome Virus infection. Genetic knock-in of 
NRAMP1 gene by Cas9 nickase has developed resistance to mycobacterial tuber-
culosis in bovines (Gao et al. 2017).They are used to enhance meat production in 
livestock. For example, genetic knockout of the MSTN gene- a growth hormone 
negative regulator of the cattle like Belgian Blue and Piedmontese or Texel sheep 
that leads to increased skeletal muscle formation for better meat production (Luo 
et al. 2014).They are applicable in increasing the production and nutritional value 
of milk; a dominant allergen β-lactoglobulin (blg) gene, was knocked out in cattle 
by ZFNs (Yu et al. 2011) and improving protein composition by elevating casein 
levels. Certain individuals are allergic to animal products. Production of allergen-
free animal products like knockout of allergenic components from egg white -oval-
bumin and ovomucoid (Oishi et al. 2016). An injury due to the horns of the cattle 
is a common serious problem, so the creation of polled animals is the better option 
to improve safety of the animals. Carlson et al. (2016) developed polled phenotype 
Celtic mutation (Pc) by using TALENs in Holstein cattle. Genome editors are also 
used extensively for development of animal models for disease study as animal 
models and xenotransplantation helped in research and biomedicine. Some exam-
ples of gene editing applications in livestock improvement are provided in 
Table 5.1.
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Table 5.1 Gene editing applications in livestock improvement

Animal Gene Type of mutation Phylogenetic changes References

Goat FGF5 C to T base editing 
(non-sense mutation)

Longer cashmere wool Li et al. 
(2019)

Pig MSTN 11 bp deletion using 
CRISPR\Cpf1 system

Double muscle Zou et al. 
(2019)

Pig CEP112 
locus

β-glucanase, Xylanase & 
Phytase genes inserted

Promote the digestion of 
nitrogen and phosphorus in 
formula feed

Li et al. 
(2020)

Cattle LGB locus 9 bp deletion in 
B-lactoglobulin gene 
using TALEN and SCNT

Knock-out (elimination) of 
B-lactoglobulin (allergen) 
from Cow’s milk

Wei et al. 
(2018)

Cattle POLLED 
locus

Introgression of putative 
Pc POLLED allele

Hornlessness Carlson et al. 
(2016)

Pig ALB locus Human albumin expressed 
at swine albumin locus

Transgenic pigs producing 
hurpan albumin

Peng et al. 
(2015)

Pig hf9 Gene insertion by 
CRISPR/Cas9

Gene therapy for 
hemophilia B

Chen et al. 
(2021)

Sheep FGFS 
(dominant 
inhibitor)

CRISPR/Cas9 gene 
disruption

Increase in wool length Hu et al. 
(2017)

5.8  Role of Biotechnology in Animal Nutrition

The application of biotechnology in the livestock production would benefit the 
development of improvised feeds with increased digestibility of nutrients, silage 
inoculants, supplementation of amino acids, mycotoxins diagnosis, removal of tox-
ins and anti-nutritional factors by the enzymatic treatment, inclusion of probiotics, 
prebiotics, hormones, disease-specific antibodies, to promote gut growth and health. 
The use of glucanase to improve the digestion of non-starch carbohydrates, phytase 
to reduce phosphorous content in manure, and to improve the digestibility of anti- 
nutritional phytate content are some of the applications of enzymes to improve 
digestion in livestock (Bonneau and Laarveld 1999). Chemical treatments such as 
formaldehyde and physical treatments like heat treatment and extrusion cooking 
help in efficient utilization of degradable protein in the rumen for the synthesis of 
microbial proteins.

5.9  Artificial Insemination

It is one of the assisted reproduction technologies, wherein, the sperm from geneti-
cally superior male is introduced to the female oviduct or uterus to produce geneti-
cally superior offspring. Lazzaro Spallanzani reported the first successful AI in dogs 
in the year 1780. This is commonly practiced for the breeding of intensively kept 
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domestic animals especially for breeding dairy cattle (Juneyid et al. 2017), sheep, 
goat, turkey, pig, and chicken improvement programs. It facilitates the recording of 
pedigrees with accuracy, reduces the chances of transmission of venereal disease, 
lessens the need for maintenance of breeding males, and minimizes the cost of 
introducing improved genetics. Artificial insemination has evolved as a powerful 
tool in developing desired livestock with the advancement of the various technolo-
gies, such as the methods of cryopreservation of semen and sperm sexing (Foote 
2010). However, artificial insemination technology is mostly followed in dairy cat-
tle than other livestock species. Difficulty in heat detection in beef cattle kept on 
ranches, complex surgical method of insemination in small ruminants and inability 
to successfully cryopreserve boar semen have limited the use of artificial insemina-
tion in them (Robinson and McEvoy 1993).

Advantages of Artificial Insemination

 (a) Efficient usage of the semen
Dilution of the semen collected from a single superior male can be used to insemi-
nate several females, thus increasing the efficiency of the usage of semen and the 
stress involved in the natural mating can be reduced as well. Easy transport of semen 
as compared to the male animals transport from one geographical location to another 
also allows the insemination simultaneously of several females of different loca-
tions. Besides, the stored semen can be used even after the end of natural reproduc-
tive lives and the death of the male (Abraham and Pal 2014).

 (b) Increased productivity of the animals
Artificial insemination promotes animal productivity, especially milk yields with 
the well-defined breeding strategy of selected males and females. Also, offspring 
from artificial insemination sires produce significantly more and increases income.

 (c) Reduced transmission of diseases
It avoids the spread of infectious or contagious diseases from a carrier animal to the 
other by direct contact or shares the same environment in an animal housing facility. 
The spread of exposure to infectious genital diseases such as granular vaginitis, 
trichomoniasis, navel ill, dourine, brucellosis, and coital exanthema through sexual 
contact is also prevented by artificial insemination.

 (d) Conservation of rare or endangered animals
The semen can be collected from wild species and stored for the propagation and 
conservation of endangered animals.

 (e) Genetic improvement and increased production
The usage of semen from selected males of superior genetic merit increases the 
selection intensity and productivity of the animals; also it helps in decreasing 
inbreeding due to an increase in the genetic pool.

The drawback of artificial insemination is that some of the carrier male animals 
shed the virus in the semen without showing any signs of disease affecting the indi-
viduals and the use of certain breeds for the breeding program may cause loss of 
genetic variation (Patel et al. 2017).
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5.10  Cloning and Transgenic Animals 
in Livestock Production

Cloning and transgenesis are two major techniques used in generating genetically 
modified animals (GMAs) for enhanced production by incorporating the favorable 
traits to animals and birds like higher growth, reproduction, and disease resistance. 
These techniques help to incorporate the favourable genes in the immediate next 
generation bypassing the time-consuming breeding and selection strategies. Cloning 
and transgenesis created an opportunity to develop a bio factory in the farm of ani-
mals and produce pharmaceuticals on a large scale. Especially, cloning boosts 
reproduction exponentially with limited time (Heyman 2005). There are real con-
cerns with cloning, like the survival of the offsprings and their production ability. 
There are many ethical concerns raised all over the world over the last decades that 
have suppressed the implication of genetically modified animals in real farm use. 
The safety of the consumption of such products is a concern and researchers all over 
the community are putting efforts to evaluate the safety of the GMAs. The growing 
population of the world and an exponential increase in the demand for the supply of 
livestock products need advanced techniques to boost production. Provided, GMAs 
are approved for safety, they will be an invaluable tool to meet the rising demand in 
the future and a promising route to combat the global hunger (Ibtisham et al. 2017).

5.10.1  Animal Cloning

Clone refers to ‘identical’ and animal cloning is the process of development of an 
identical individual from the donor without fertilization and reproduction. Cloning 
assists the breeding to a greater extent wherein the identical animal of superior qual-
ity is produced. The animal clone can be generated in two ways. One is by splitting 
of the embryonic mass and other by transfer of nuclear material from the donor cells 
to enucleated oocyte. This way, the identical animal can be produced without 
fertilization.

5.10.1.1  Types of Animal Cloning

 (a) Embryo splitting
The simple method of developing the clones is splitting the early embryonic blasto-
mere into two or more smaller embryos. In the early stage, embryo cells are exactly 
similar and differentiate into an identical organism. The derived embryos are viable 
when they are split in a very early stage of an embryo of four cells to the eight-cell 
stage. At a later stage embryo splitting mostly fails to develop into independent 
blastocysts. This led to looking for the alternative technique wherein the cells in the 
later stage can be utilized for clone development. The initial studies in amphibians 
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and mice show that the nucleus from the later stage is capable of imparting viable 
development of embryos. These findings lead to a new technique of nuclear transfer 
to embryos.

 (b) Somatic cell nuclear transferprocess
The nucleus from the adult cells is capable of activating the oocyte and can be devel-
oped into a viable embryo. This concept triggered animal science researchers to 
think about somatic cell nuclear transfer of oocytes to generate embryos without 
fertilization. The oocytes are available in plenty which are collected and the nucleus 
was removed. This is called enucleation. Adult somatic cells were used to extract 
the nucleus and the whole nucleus is transferred into an enucleated oocyte. This 
results in the activation of oocytes similar to fertilization and differentiates into the 
embryo. These embryos are cultured in media and transferred into the womb of the 
surrogate recipient for the development of offspring. Using this technique, the first 
somatic cell origin clone of lamb was produced named -dolly. After this, there were 
successful clones in many other domestic animals like cattle, goats, buffalo, and 
many others. Many epigenetic and post-translational modifications regulate embry-
onic development. During cloning procedures, the altered conditions elicit the 
altered epigenetic modifications largely mediated by methylation and histone modi-
fications. This altered regulation yields a large number of abnormal offsprings. 
These abnormalities are carried mainly through the culture of embryos in the early 
stages which were overcome by improved media. Still, there is a need to evolve bet-
ter protocols to avoid environmental aberrations in the clones (Colman 1999). The 
schematics of reproductive cloning of embryo from a somatic cell and an egg by 
somatic cell nuclear transfer method is depicted in Fig. 5.2.

5.10.1.2  Applications of Cloning

Cloning is a very helpful tool in producing the identical individual in vitro and 
propagation. This technique also helps to manipulate the genome and transfer it to 
the next generation. Cloning has the following application that assists in elevating 
livestock production. It helps to generate genetically identical individuals that assist 
in epigenetic research. The technique fastens the breeding by propagating the best 
stocks by cloning. It helps to incorporate desirable qualities like high production 
and disease resistance in the livestock population. Cloned embryo can be surrogated 
in case of infertile individuals and dams suffering from diseases. Also, cloning is 
applicable in cell-based therapeutics, tissue and organ transplantation procedures. It 
will also be used in generating animals of disease models which assist in fastening 
research through transgenic animal production and production of biomedical and 
pharmaceutical products. Furthermore, it will be helpful in conservation of endan-
gered species (Smith et al. 2000).
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Fig. 5.2 SCNT involves the fusion of nucleus from the donor somatic cell with the enucleated 
unfertilized egg cell. Later, the blastocyst stage fused cell is transplanted into a surrogate mother 
to produce the animal clones

5.10.1.3  Limitations of Animal Cloning

Although animal cloning gained importance due to various applications, it has a 
few limitations as well. The success rate of clone generation is very poor. The off-
springs generated shows structural and functional abnormalities. The low success 
in the reproductive traits in the subsequent generations limits the use of cloning in 
large scale breeding programs. Animal health and welfare concerns with ethical 
disputes are also one more concern. However, SCNT is an ineffective procedure in 
which only less than 10% of the embryos transferred to the recipients would result 
in the birth of viable offspring (Gurdon and Melton 2008; Wilmut et al. 2002; Yang 

H. B. Ranjitha et al.



195

et al. 2007). Whereas in pigs, only 3%–5% successful conception can be observed 
(Petersen et al. 2008).

5.10.2  Transgenic Livestock.

A transgenic animal carries an external gene of interest (transgene) added to the 
germline by biotechnology tools. There is a need to be stably incorporated into the 
offsprings and passed on to the next generation. Transgenic animals have extensive 
application in biopharmaceutical industries to produce products like insulin, 
omega-3 fatty acidand other pharmaceuticals. Many biotechnology tools and tech-
niques were utilized to develop transgenic livestock. Increase in the production of 
milk by the incorporation of genetic material from high-yielding Holsteins into 
Guzerat cows could be possible through transgenesis (Wheeler et al. 2010; Wheeler 
2013). The first transgenic animal was a supermouse generated by incorporating the 
growth hormone gene.

5.10.2.1  Methods of Transgenesis

Transgenic animals were developed by stably incorporating the foreign gene into 
the oocyte or early-stage embryos. This was achieved by various techniques dis-
cussed below.

 (a) DNA microinjection
This was one of the first techniques adapted in transgenesis. In this, the DNA con-
struct was directly injected into the pronucleus of the zygote for stable incorpora-
tion. Fine micro-needles and syringe were used and zygote patched in micropipette 
was injected with stereo-microscope assistance. The DNA gets directly integrated 
into the genomic DNA (Wahnschaffe et al. 2006). It is a proven method for intro-
duction of transgenes (synthesis of mAbs in milk) of greater than 10 kb (Gavin 
et al. 2018).

 (b) Transposons
The DNA injection to the pronucleus is rarely permanently incorporated into the 
nuclear genome. To overcome the limitation, the gene construct is complimented 
with transposons which integrate to genomic DNA with a high percentage (Ding 
et al. 2005).

 (c) Retroviral vector-mediated transfection
Viral vectors capable of infecting the primordial cells are used to carry the transgene 
and successfully incorporated into the embryos.

 (d) Electroporation
The technique in which the pulse of the electric field was applied to create transient 
pores in the membrane and transfer of DNA constructs (Potter and Heller 2018).
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5.10.2.2  Applications of Transgenic Animals

In biomedical research, transgenic animals are extensively used to understand the 
pathophysiology of particular genes associated with diseases. They have advanced 
the research to a greater extent over the last few decades (Wheeler 2013). Toxicity 
studies were conducted with the sensitive animals generated by the transgenic tech-
nique. The pharmaceutical industry has explored transgenic animals for the bulk 
production of animal originating pharmaceutical products. Targeted production of 
pharmaceutical proteins, drugs, and bioactive products and product efficacy testing 
in transgenic animals are common applications. Transgenic animals are source for 
large scale production of the protein of interest for biotechnology applications like 
antibody production. The technique helped to generate animals capable of expres-
sion of insulin-like growth factor 1, epidermal growth factor, transforming growth 
factor beta, and lactoferrin in milk that improves the growth and survival of off-
spring (Grosvenor et al. 1993). Genetically engineered genes were added to animals 
to uplift the milk yield and meat production. Transgenic animals were developed to 
produce xenografts with human genes to reduce graft rejection in pigs. Production 
of disease resistance animals to reduce the mortality includes prion-free (Richt et al. 
2007) and suppressed prion livestock (Golding et al. 2006) is also one of the impor-
tant applications in improving production by combating diseases. Reproductive 
improvements like increase in the litter size by the incorporation of a mutated or 
engineered estrogen receptor (ESR) gene in pigs. The Boroola fecundity (FecB) 
gene in Merino sheep, an autosomal gene is found to increase the ovulation rate by 
approximately 1.5 ova (Piper et al. 1984) are classical examples. Many transgenic 
animals have been developed by inserting the genes which impart special growth 
and reproductive traits. These incorporations have enhanced the growth and produc-
tion of animals which is believed to enhance production by manifold. Few examples 
of transgenic animals are listed below.

Growth hormone gene was inserted to increase the growth and size, enhancing 
the omega-3 fatty acid in fish known as Superfish. Some species, such as zebrafish, 
possess optically clear embryos and due to their rapid development, they are consid-
ered as important models for developmental and neuronal studies (Chitramuthu and 
Bennett 2018). Transgenic zebrafish overexpressing TP3 was resistant to S. agalac-
tiae infection (Su et al. 2018). Pigs are incapable of digesting the phytate present in 
cereal grains. Hence transgenic Enviro pig with E.coli phytase gene was produced 
which produces phytase to digest the phytate. Transgenic cattle with lactoferrin and 
interferon genes. They have been utilized as bioreactors to produce these pharma-
ceuticals in their milk. Many transgenic sheep were generated by incorporating 
genes responsible for better wool production and growth in meat-based breeds. The 
transgenic goats were explored to produce bioactive products in the pharmaceutical 
industry. Transgenic goats secreting human plasminogen activator, antithrombin 
factors, silk protein in milk were produced. Many transgenic mice and rats were 
created by inserting human disease-causing genes into the lab animals. These 
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animals help to advance biomedical research and drug discovery. There are three 
approved transgenic drugs for the use in humans (Woodfint et al. 2018)-antithrom-
bin from transgenic goats, Ruconest (for treating hereditary angioedema) from 
transgenic rabbits) and ‘farmaceutical’ from transgenic chickens.

5.10.2.3  Limitations of Transgenesis

The transgenesis is useful technique to generate wide variety of animals with vari-
ous capabilities. But this suffers from few limitations which need to be improvised 
in future. Sometimes there will be multiple copy insertions and overexpression of 
proteins. The new gene if inserted at essential gene results in the lethal effect.

This also results in transgenesis mediated gene silencing. Apart from main limi-
tations, animal health and safety issues with transgenesis techniques, and need for 
robust protocols and ethically approved procedures to avoid the misuse of transgen-
esis technique (Houdebine 2002).

5.11  Embryo Transfer Technology

Embryo transfer (ET) involves the recovery of embryos of superior genotype prior 
to their implantation in uterus, from the best female (donor) and then transfer into 
recipient females, serving as surrogate mothers. It helps in achieving greater rate of 
conception, increase in the progeny number per year from the single superior geno-
type female. This method can be followed in every species of domestic animals, 
wildlife and exotic animals, including humans and non-human primates 
(Vijayalakshmy et al. 2019). The first successful ET in rabbit was made by Walter 
Heape in 1890 (Heape 1891).

5.11.1  Advantages

ET technology provides a rapid rate of improvement of the genetic quality of off-
spring at a relatively lower cost than purchasing a live animal. The number of off-
spring’s per female can be increased (MOET-multiple ovulation embryo transfer 
technology) by ETT. It is easier and results in rapid exchange of genetic material 
between countries. Transport of live animals can be avoided and thereby reducing 
risks of transmission of disease. Also, it helps to conserve and expand rare genetic 
stock and wild animals. Technique is applicable to produce twins and to manipulate 
embryos for developing new breeding concepts like shortening of generation inter-
val. The technique is valuable tool for expression of desired gene within a short 
duration of time.
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5.11.2  Disadvantages

Although technique is impressive, the technique is costlier and requires advanced 
and complex manipulations. Also, it creates difficulty in parturition (large size fetus 
of donor in small recipient).

5.11.3  Steps of Embryo Transport Technology

 (a) Selection of donors
The donor should be regular estrous cyclic cow or heifer. Usually, cow is preferable 
than heifer as embryo transfer is based on the milk yield and genetic superiority and 
age of the donor- between 3 and 10 years. They should be free from any diseases 
and conformational abnormalities. Donor should have superior production traits 
with good reproductive performance (a history of not more than two breeding). For 
dairy cows, a high cow index value that measures the genetic transmitting ability for 
milk, fat, and protein is the best indicator of good genetic potential. At least 60 days 
postpartum animals and previous calves with approximately 365 day intervals are 
chosen before transfer procedure begins. Also, there should not be any parturition 
difficulties or reproductive irregularities in donor animal.

 (b) Induction of super ovulation
Multiple ovulations can be achieved by injecting exogenous hormones like PMSG – 
Pregnant Mare Serum gonadotrophins, FSH- Follicle Stimulating hormone, HMG – 
Human Menopausal Gonadotrophins in the early follicular phase of the oestrus 
cycle. Cows or heifers properly treated can release as many as ten or more viable 
eggs at one estrous. Application dose of FSH is 25–50 mg. FSH is administered at 
two doses per day as the half-life of FSH is only 2 h. Best time to start FSH admin-
istration is the 9th–14th days of the cycle. The PMSG is a glycoprotein having both 
FSH and LH effects. PMSG – having long half-life (about 5 days) given at dose rate 
of 2000–4000  IU of one single injection is sufficient to induce superovulation. 
Human menopausal gonadotrophin (hMG) obtained from urine of a menopausal 
woman was also showed effective induction effect. If corpus luteum (CL) is present 
on the ovary, prostaglandin injection given on the fourth day of the treatment sched-
ule causes regression of CL and estrus induction approximately 48  h later. The 
embryos are recovered 8 days after insemination.

 (c) Recovery of embryo
Embryo recovery is performed at morula stage and it is varied among species. In 
Cattle: 6–8 days, sheep and goat: 4–5 days, pig: 3–5 days and in buffalo: 150 h of 
post estrous (day 6 of the cycle). In bovine, non-surgical method is followed to col-
lect embryos by injecting a local anaesthetic in between the vertebrae on the rump 
of the cow to reduce rectal contractions. Vulva of the donor is thoroughly cleansed 
so as to reduce contamination, then Foley’s catheter is introduced via the cervix into 

H. B. Ranjitha et al.



199

the uterine horn with embryo and are flushed with 250–300 ml flushing medium. 
The recovery rate is influenced by the embryo position in the uterus, flushing 
method, time of recovery, ovarian response and embryo viability. Surgical method 
is followed in other small farm animals for the recovery of embryo but it may cause 
adhesions.

 (d) Evaluation of embryo
The morphological method and staining method are used to evaluate embryo viabil-
ity after recovering the embryos.

Morphological Evaluation
The cell shape, colour, number and compactness, size of the perivitelline space, 
vesicles number and zona pellucida are examined by microscope. The ideal embryo 
is even, empty perivitelline space with regular diameter. According to their morpho-
logical appearance, embryos are classified into four groups (Vijayalakshmy 
et al. 2019).

 (i) Excellent embryos: proper developmental stage with even perfect morphology, 
empty perivitelline space and regular diameter.

 (ii) Good embryos: proper stage of development with minor morphological 
deviations.

 (iii) Degenerated and/or retarded embryos: proper developmental stage with major 
deviations in morphology (degenerated embryos).

 (iv) Unfertilized ova.

Staining Methods
The vital staining and fluorescence techniques are used to evaluate the embryo 
viability.

 (e) Selection of recipients
Selection of recipients is based on the traits like normal physiological and health 

conditions. The animal should be in good reproductive status and lack of any repro-
ductive disorders. The oestrus of donors and recipients should be synchronised 
within 24 h; otherwise pregnancy rates will be considerably lowered because high-
est conception is achieved when an embryo is transplanted to a uterine environment 
that most closely resembles the environment that embryo originated from.

 (f) Transfer of embryos
It is important to transfer the quality embryo into the tip of the uterine horn bear-

ing the corpus luteum without damaging the endometrium by the use of special 
catheters. Non-surgical method of transfer is followed in cattle. Following epidural 
anaesthesia, the embryo to be transferred is taken into a 0.25 ml straw and then 
placed into the AI gun, which is carefully passed through the cervix and into the 
uterus corresponding to the ovary that has a corpus luteum. The embryo should be 
disposed as deep into the uterine horn without much force. If twins are required, an 
embryo should be placed in both horns of the uterus of the recipient with presence 
of corpus luteum. The surgical method is followed in sheep, goat and pig, wherein; 
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abdomen is opened and embryo is placed into the tip of the uterine horn. Recently, 
laparoscopic method is followed to transfer the embryo. In pig, approximately 
16–20 embryos are transferred to achieve a normal litter size.

5.11.4  Cryopreservation of Embryos

It is a crucial part of embryo transfer programme and this procedure allows trans-
portation of embryos across worldwide. Mostly in bovines, 1.4  M glycerol as a 
cryoprotectant, 20 min equilibration period and 0.25 ml straws as embryo contain-
ers are used; it is then slowly cooled down to −35 °C and subsequent plunging into 
liquid nitrogen (−196 °C) (Vijayalakshmy et al. 2019).

5.12  Sperm Sexing and Embryo Sexing

Determination of the sex of embryo plays an important role in livestock breeding, 
reproduction and diagnosis of diseases. To meet the increasing demand of meat & 
milk, farmers always wish to produce young ones of desired sex which ultimately 
leads to economical benefit. Before the implantation of embryo its sex can be 
detected either by invasive or non –invasive method from the biopsy sample. 
Karyotyping is one of the embryo sexing methods, wherein some embryo cells are 
cultured in colchicine containing media, later staining is done for the visualization 
of the presence of 2X chromosomes in females and 1Y in males. The presence of 
barr body in females due to inactivation of the X chromosomes is another method 
of sexing. The Y-chromosome specific probes have also enabled male sex determi-
nation. The polymerase chain reaction (PCR) amplification of DNA sequence of Y 
chromosome and the visualization of the reaction products determines the presence 
of male sex (Wakchaure et al. 2015). In past, a variety of techniques have been used 
to separate the sperm bearing X and Y chromosome to get desired sex, which were 
based on principle of mass difference, size, swimming pattern, immunological 
structure and surface charges etc. Currently, flow cytometry is effective as this pro-
cess constantly separates the semen with 90% of the desired sex (Bhalakiya 
et al. 2018).

5.13  Conclusion

The increase in the growing population would demand better quality food proteins 
from livestock, which essentially depends on biotechnology based techniques to get 
necessary traits. The use of advanced biotechnological tools such as diagnostics, 
vaccines to prevent the occurrences of the diseases, artificial insemination, embryo 
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transfer, animal cloning, sexing, marker-assisted selection and transgenics would 
improve livestock production through genetic and animal health improvement. The 
new generation vaccines that are developed have come up with several advantages 
like stability, non-infectious nature, homogeneity as there exist batch to batch varia-
tion in the conventional system of antigen production and cost-effectiveness in the 
manufacture. The other biotechnology tools like cloning and transgenesis have cre-
ated an opportunity to develop bio factory in the farm animals and produce pharma-
ceuticals on large scale. Especially, cloning boosts reproduction exponentially in 
limited time. Also, the embryo transfer helps to achieve a greater rate of conception 
increase in number of progeny per year from single female animal of superior geno-
type or to obtain desirable genes from superior female animals. The techniques such 
as application of polymerase chain reaction and bioinformatics to diagnose several 
diseases, gene therapy and delivery systems contribute significantly to control ani-
mal diseases and improve animal health thereby stimulating both food production 
and livestock trade. The role of biotechnology to increase productivity of animals 
by protection of amino acids, fats in the feed and modification of rumen microbes 
for better digestibility and improve animal health, also addition of vaccines or anti-
bodies in feeds can protect the animals from diseases. The modern genetic engineer-
ing tools  like genome editors such as ZFNs, TALENs and the CRISPR/Cas9 are 
very useful in the production of transgenic animals, creation of animal models for 
disease study, specific cell line production and genetic diseases treatment. Therefore, 
the advanced biotechnology tools would help in achieving quality food supply to 
the growing world population in a sustainable way. However, there are many ethical 
concerns raised all over the world over last decades that have suppressed the appli-
cation of biotechnology and genetically modified animals in real farm use. The 
safety of the consumption and usage of such products is the concern and researchers 
all over the community are putting efforts to evaluate the safety. Growing popula-
tion of the world and exponential increase of the demand for the supply of livestock 
products definitely need advanced techniques to boost production.
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Chapter 6
Mineral Ions in Regulation 
of Hypothalamic-Pituitary-Ovarian Axis

Mustafa Hassan Jan, Harpreet Singh, and Shikha Kapil

Abstract Reproductive capabilities of females in all species have been known to 
be affected by their nutritional status. This is true particularly of malnutrition, for 
example, mineral imbalance that influences almost all facets of female reproduc-
tion, right from the onset of puberty to ovarian activity, ovulation, estrus exhibition, 
fertility, and conception rate. Mineral deficiencies lead to disturbances along 
hypothalamic- pituitary-ovarian axis, causing reproductive failure. Evidence gath-
ered from in vitro studies and laboratory animal models suggests involvement of 
mineral ions in regulation of upstream pathways involved in synthesis and release 
of gonadotropin-releasing hormone inside hypothalamic nuclei as well as down-
stream pathways involved in its action on pituitary gonadotrophs. In contract, min-
eral availability of specific reproductive tissues during various physiological states 
and their actions in these tissues are poorly defined in any livestock species. 
Declaration of mineral deficiency of individual animals based on concentration in 
blood is often misleading due to extreme dietary influences. Moreover, mineral defi-
ciencies are mostly subclinical and by the time symptoms start appearing, the repro-
ductive symptoms thereof get overlooked due to the overall deterioration of the 
animal’s physiology. The present review offers a summary of biochemical, enzy-
matic, and endocrine actions of macromineral (calcium, phosphorus, and magne-
sium) and micromineral (copper, zinc, and manganese) ions along the reproductive 
axis. We hope to encapsulate research findings to understand the role of specific 
minerals in female reproduction and identification of biomarkers of impairment of 
reproductive axis in event of mineral malnutrition, to help us in the development of 
new nutritional and reproductive strategies for increasing fertility of livestock.
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Abbreviations

Akt serine/threonine kinase, also known as protein kinase B
GnRH gonadotropin-releasing hormone
GPCR G-protein-coupled receptors
HPO hypothalamic-pituitary-ovarian axis
IGF1 insulin-like growth factor 1
LCAT lecithin cholesterol acyltransferase
mTOR mammalian target of rapamycin
PAL peptidylglycine α-amidating lyase
PGF2α prostaglandin F2α
PHM peptidylglycine α-hydroxylating-monooxygenase
PIP2 phosphatidylinositol 4,5-bisphosphate
SHBG sex hormone-binding globulin
SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptors
SOD superoxide dismutase

6.1  Introduction

Mineral ions are inorganic substances that serve as essential components of physi-
cochemical processes vital to life. Minerals are distributed throughout all body tis-
sues, having a structural role in some tissues and a regulatory role in others 
(Underwood and Suttle 1999). The major minerals such as calcium, magnesium, 
sodium, potassium, phosphorus, sulfur, and chlorine are present in the body in rela-
tively larger amounts. Minerals like Ca and P are important components of bone and 
other tissues; K, Na and Cl play an important part in the maintenance of acid/base 
balance and membrane electric potential; Na helps to maintain osmotic pressure, 
whereas Ca has a role to play in nerve transmission. On the other hand, the trace 
minerals which include iron, copper, zinc, cobalt, molybdenum, manganese, iodine, 
and selenium, influence enzyme activity as metalloenzymes (Mn, Zn) or as cofac-
tors (Co), are associated with endocrine hormones (I) and serve as stabilizers of 
secondary molecular structure. Productive and reproductive efficiency of the animal 
is the most important factor for the success of a dairy farm. Mineral deficiencies are 
associated with loss of reproductive performance and related production parameters 
of economic importance. The hypothalamic–pituitary–gonadal axis as a vital bodily 
system governs the production and release of gonadal steroid hormones, which fur-
ther regulate species-specific patterns of sexual development and behavior. 
Presumably, altered hormonal milieu and ultimately disruption of reproductive 
functions occur due to disturbance of one or more minerals along this axis. In gen-
eral, minerals especially, Ca, P and Mg (major elements), and Cu, Zn and Mn (trace 
elements) influence the reproductive process by their action on hypothalamo- 
pituitary- gonadal axis (Michaluk and Kochman 2007; Pradhan and Nakagoshi 
2008; Dicken et al. 2010). Reproductive performance is, however, affected not only 
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by the absolute concentrations of the major elements, but also by their relative pro-
portions, most notably that of Ca and P (Steevens et al. 1971).

6.2  Hypothalamic-Pituitary-Ovarian Axis

Hypothalamic-pituitary-ovarian axis refers to endocrine coordination between the 
hypothalamus, pituitary, and the gonads (ovaries) responsible for initiating and reg-
ulating the cyclic changes in the female reproductive tract (Fig.  6.1). The 
gonadotropin- releasing hormone (GnRH), produced by the hypothalamus, regulates 
gonadotropin secretion by the anterior pituitary, which in turn regulates ovarian 
functions. Potent stimulators of GnRH include members of the kisspeptin family of 
peptides. It is believed that GnRH neurons express GPR54 (kisspeptin receptor, 
KISS1R) and kisspeptin neurons target the GnRH neuronal network to influence the 
release of GnRH. The hypophyseal portal system picks up GnRH at the median 
eminence and transports it to the anterior pituitary. The pulsatile release of follicle- 
stimulating and luteinizing hormones is in response to rhythmic pulses of GnRH 
reaching the pituitary gonadotrophs. The pulsating nature of gonadotropin release 
drives follicular maturation, secretion of estrogen during proestrus, and ovulation 

Fig. 6.1 The regulation of hypothalamic-pituitary-ovarian axis and the associated hormonal 
dynamics. Positive (+) and negative (−) feedback loops are indicated
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and secretion of progesterone during diestrus. At the ovaries, the granulosa cells 
bind follicle-stimulating hormone and theca cells bind luteinizing hormone, to pro-
duce progestins, androgens, and estradiol – a model popularly known as two- cell–
two-gonadotropin theory (Schiffer et al. 2019).

The neurosecretory mechanism responsible for GnRH secretion from the mam-
malian hypothalamus is under the influence of a complex interaction involving sev-
eral excitatory and inhibitory signals. The control of GnRH release from the 
hypothalamus during the estrous cycle depends mainly upon the feedback mecha-
nism from downstream molecules such as estrogen and progesterone (Kasa-Vubu 
et al. 1992; Evans et al. 1997; Harris et al. 1999; Richter et al. 2001). The largest 
healthy follicle in the cohort releases estradiol and inhibin which through a negative 
feedback mechanism prevent gonadotropin secretion. The lack of gonadotropin 
stimulation prevents the growth of other follicles in the cohort, whereas only the 
dominant follicle is selected to grow and destined to be the preovulatory follicle 
(Hillier 1994). Towards the end of follicular phase (especially during estrous), the 
peak estrogen production from preovulatory follicle induces GnRH surge from the 
hypothalamus through a positive feedback mechanism followed by a concomitant 
luteinizing hormone surge (Adams et al. 2008). This luteinizing hormone surge is 
responsible for final growth, maturation and ovulation of preovulatory follicle, and 
formation of corpus luteum. Following ovulation, the granulosa and theca cells of 
the ovulated follicle luteinize to produce progesterone. In non-pregnant animals, 
during the late-luteal phase, the luminal epithelium of the endometrium releases 
luteolytic signal (prostaglandin F2α). However, in a pregnant animal, embryo 
releases enough quantities of the maternal recognition of pregnancy signal (inter-
feron tau) between days 12 and 32 of the estrous cycle (Bazer 2013). The interferon 
tau prevents the formation of the luteolytic signal, thereby leading to the persistence 
of corpus luteum. Evidence gathered from in vitro studies and laboratory animal 
models suggests involvement of mineral ions in several steps along the reproduc-
tive axis.

6.3  Macrominerals

Reproductive events are cyclic in nature so the nutrient requirement of tissues also 
varies across different physiological stages (Hurley and Doane 1989; Robinson 
1990). Macro-minerals regulate various reproductive functions including biosyn-
thesis, secretion, and function of hormones, and their requirement may vary inde-
pendently according to various physiological stages such as puberty, pregnancy, 
lactation, and the postpartum period (Ahmed et al. 2000; Ali et al. 2010). A perusal 
of the scientific literature suggests that even though several macrominerals affect 
the reproductive health and fertility in farm animals, their precise roles in reproduc-
tion are not clearly defined. Among the macro-minerals, because of the role they 
play in the hypothalamic-pituitary-ovarian axis, Ca, P and Mg have been associated 
with the various reproductive processes (Table 6.1).

M. H. Jan et al.



213

Table 6.1 Role of macrominerals along the hypothalamo-pituitary-ovarian axis

Macrominerals Hypothalamus Pituitary Ovary Other tissues

Calcium GnRH release from 
nerve terminals 
hypophyseal portal 
vessels 
(Bourguignon et al. 
1987; Goor et al. 
2000)

Exocystosis of 
secretary 
vesicle of 
gonadotrophs 
(Martin 2003)

Steroidogenesis 
(Shemesh et al. 
1984), ovulation 
(Espey 1970), 
follicular atresia 
(Lebedeva et al. 
1998), luetolysis 
(Davis et al. 1987; 
Choudhary et al. 
2005)

Uterine 
contractility

Phosphorus Part of second messenger of hormones (IP3, PIP2, cAMP, cGMP, etc)
Magnesium GnRH release 

(Burrows and 
Barnea 1982a), 
circadian rhythm 
(Kruijver and 
Swaab 2002), 
cofactor of enzymes 
that require ATP 
(such as Protein 
kinases) (de Baaij 
et al. 2015)

Cofactor of 
enzymes that 
require ATP 
(such as Protein 
kinases) (de 
Baaij et al. 
2015)

Enzyme involved in 
cholesterol 
esterification (Gueux 
et al. 1984)

Part of sex 
hormone 
binding globulin 
(Maggio et al. 
2011), 
influences 
parathyroid 
hormone (PTH) 
secretion 
(Rodríguez- 
Ortiz et al. 
2014)

6.3.1  Calcium

Calcium (Ca) is a major macromineral that affects reproduction. This element is 
involved in various reproductive processes and acts via the hypothalamic-pituitary- 
gonadal axis to regulate follicular development and atresia. An optimum Ca concen-
tration ensures that reproductive organs are properly sensitized to various hormones 
and that the normal reproductive cycle is maintained. Blood concentration of Ca 
varies across the estrous cycle, being maximum at estrous in cattle (Burle et  al. 
1995) demonstrating the critical role it plays during the follicular phase especially 
in and around estrus. In contrast, subclinical hypocalcemia has been reported to 
cause delayed puberty and anestrus in cows (Dutta et  al. 2001). The blood Ca 
homeostasis is under the influence of parathyroid hormone, 1,25-dihydroxyvitamin 
D3 and calcitonin. The parathyroid hormone and 1,25-dihydroxyvitamin D3, released 
in response to low Ca concentration, increase blood Ca by increasing bone resorp-
tion, decreasing renal excretion, and enhancing Ca absorption from the intestines. 
Calcitonin from the thyroid gland, on the other hand, decreases blood Ca by inhibit-
ing reabsorption of Ca from bones and increasing urinary Ca excretion (Murray 
et al. 2008).

At the level of the hypothalamus, the neuronal circuitry responsible for the pul-
satile secretion of GnRH from axonal terminals near median eminence is dependent 
on voltage-sensitive Ca2+ influx for its maintenance (Bourguignon et al. 1987; Goor 
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et al. 2000). As GnRH concentrations increase beyond a threshold, isolated gonado-
trophs have also been shown to respond by presenting dose-dependent intracellular 
Ca2+ signals (Leong and Thorner 1991; Stojilković et al. 1993; Tomić et al. 1996; 
Sánchez-Cárdenas and Hernández-Cruz 2010). The GnRH receptor (GnRHR) on 
the gonadotroph membrane is a member of the G-protein-coupled receptor (GPCR) 
family (Naor 2009). The binding of GnRH to the receptor, activates phospholipase 
C, which in turn hydrolyzes membrane phosphatidylinositol 4,5-bisphosphate 
(PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Naor 
2009). IP3 initiates Ca2+ release from the intracellular pool, the rise which is respon-
sible for the fusion of gonadotropin-laden secretory vesicles with the plasma mem-
brane to release hormones (Stojilković et  al. 1991; Martin 2003). In addition, 
DAG-induced protein kinase-C activation also drives the influx of extracellular cal-
cium into gonadotrophs through voltage-gated Ca2+ channels for sustained release 
of gonadotropins (Durán-Pastén and Fiordelisio 2013). Ca withdrawal either due to 
deficiency or due to presence of Ca blockers inhibits the release of GnRH, follicle-
stimulating hormone and luteinizing hormone (Stojilković et al. 1988; Krsmanović 
et al. 1992; Dhanvantari and Wiebe 1994). It is believed that the detection of Ca by 
Ca-binding synaptotagmins is involved in both vesicle docking as well as synaptic 
vesicle fusion with the cell membrane by using SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptors) proteins as effectors (Durán-Pastén 
and Fiordelisio 2013).

At the ovarian level, the level of Ca in the follicular fluid increases with the 
increase of follicular size in cattle (Wise 1987), suggesting a possible role in the 
gonadotropic regulation of ovarian steroidogenesis (Veldhius and Klase 1982; 
Carnegie and Tsang 1984). Ca influences cholesterol delivery to and utilisation by 
mitochondria, and stimulates conversion of pregnenolone to progesterone, which 
might further explain how this mineral affects ovarian stereogenesis (Shemesh et al. 
1984). As the follicle develops from early follicle to the ovulatory stage, an increase 
in the mineral content (including Ca) of follicular fluid osmotically drives the move-
ment of water from the blood to antrum (Kalmath and Ravindra 2007). Moreover, 
an increase in Ca concentration increases plasmin activity which in turn weakens 
the follicular wall and initiates the process of ovulation (Espey 1970). Calcium 
dependent endonucleases have also been recognized for causing follicular and luteal 
cell apoptosis.

6.3.2  Phosphorus

The importance of Phosphorus (P) for the normal functioning of all animal tissues 
is underlined by its involvement in the process of energy exchange at tissue level, 
besides its role in growth, lactation and reproduction (Little 1970). P is an essential 
component of phospholipid–dependent protein kinase and cAMP-dependent pro-
tein kinase, and is, therefore, crucial in mediating hormone action at the target tis-
sues (Hurley and Doane 1989). The deficiency of P leads to disturbances along 
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HPO-axis, resulting in dysregulation of the normal reproductive rhythm including 
ovulation (Bhaskaran and Abdulla Khan 1981; Ullah et al. 2010). P-deficiency is 
manifested as an alteration of ovarian activity resulting in delayed puberty, irregular 
cyclicity and cessation of behavioral estrous (Hurley and Doane 1989; Ahmed et al. 
2010). As compared to anestrous cattle and buffaloes, significantly higher serum 
concentrations of P (total as well as free form) have been reported in normal cyclic 
animals (Dutta et al. 2001; Chaurasia et al. 2010). Similarly, in comparison to blood, 
higher concentrations of P have been reported in follicular fluid (Abd Ellah et al. 
2010; Tabatabaei and Mamoei 2011). The concentration in follicular fluid tends to 
increase towards (Abd Ellah et al. 2010; Eissa 1996).

The importance of dietary calcium and phosphorus ratio (Ca:P) for reproductive 
performance has been stressed by Pugh et al. (1985), suggesting that a disturbed 
dietary Ca:P ratio with a resultant improper serum ratio of the ions has a blocking 
action on the pituitary gland and consequently on the ovarian function. Low Ca and 
inorganic P levels with resultant serum Ca:P imbalance might be responsible for 
anestrus status in heifers under poor managemental practices (Dunn and Moss 
1992). 1α-hydroxylase (key enzyme in synthesis of 1,25-dihydroxyvitamin D3) 
deficient [1α(OH)ase−/−] female mice have been reported to be infertile and exhibit 
uterine hypoplasia and absence of corpora lutea which was attributed to the result-
ing hypocalcemia and hypophosphatemia (Panda et al. 2001). Infertility accompa-
nied by decreased synthesis of sex steroids, defects in follicular and luteal 
development, decreased expression of ovarian angiogenic factors and hypoplasia of 
endometrium was observed in response to hypocalcemia and hypophosphatemia in 
1,25-dihydroxyvitamin D3-deficient female mice (Sun et al. 2010). The infertility 
and the associated defective reproductive phenotype in 1α-hydoxylase deficient 
female mice were reversed when serum Ca and P levels were restored by the rescue 
diet (Sun et al. 2010). Besides, reproductive problems such as low first service con-
ception rates and silent heat in ewes (Mosaad and Derar 2009) and delayed puberty 
in buffalo heifers (Ahmed et  al. 2010) have been related to abnormally wide 
Ca:P ratios.

6.3.3  Magnesium

Magnesium (Mg) has a role in reproduction (Stolkowski 1977), but a direct effect 
has not been demonstrated yet. Low Serum Mg levels have been reported during 
anestrous in cattle (Dutta et al. 2001) and buffaloes (Chaurasia et al. 2010). Mg on 
account of its association with ATP is involved in enzymatic reactions that require 
the transfer of a phosphate group such as protein kinases and ATPases involved in 
the transport of various ions (Weisinger and Bellorín-Font 1998; Romani 2007; de 
Baaij et  al. 2015). Mg and ATP are essential substrates for adenyl cyclase, an 
enzyme required for the synthesis of cyclic adenosine monophosphate (cAMP) – an 
important second messenger for several reproductive hormones. Protein kinases and 
cAMP, on the other hand, are involved in hormone synthesis, storage and release at 
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different sites in the hypothalamo-pituitary-ovarian axis (Poisner and Douglas 
1968; Moriyama et al. 2000), and physiological response in target cells.

High Mg and low Ca in the perifusion medium increases activity of suprachias-
matic nucleus in brain tissue slices (Pan et al. 1992). The nucleus is involved in 
circadian rhythm and has receptors for estrogen and progesterone (Kruijver and 
Swaab 2002), and possibly be involved in the regulation of cyclicity. The release of 
luteinizing hormone releasing hormone (LH-RH) occurs in an Mg dependent man-
ner (Burrows and Barnea 1982a). In an in-vitro assembly, Mg and ATP act jointly to 
facilitate the release of LH-RH in hypothalamic granules, though Mg alone can also 
release LH-RH but to a lower magnitude (Burrows and Barnea 1982a). In humans, 
the risk of polycystic ovarian syndrome was 19 times greater in Mg deficient females 
than those with normal serum concentrations (Sharifi et al. 2012).

Acute magnesium deficiency is associated with diminished activity of lecithin 
cholesterol acyltransferase (LCAT), an enzyme involved in reverse cholesterol 
transport (Gueux et  al. 1984). LCAT converts cholesterol to cholesterol esters, 
which are taken up by follicular cells for steroidogenesis (Cigliano et al. 2002). Mg 
deficiency can impair estrogen metabolism and deplete brain dopamine (Sircus 
2011). In addition, Mg is an essential component of sex hormone-binding globulin 
(SHBG), a glycoprotein that transports the sex steroids in the blood and regulates 
their activity in target cells (Maggio et al. 2011). Mg status affects concentrations of 
cytochrome P450 (CYP450) enzymes involved in both vitamin D–activating 
(25-hydroxylase and 1α-hydroxylase) and deactivating enzymes (24-hydroxylase) 
(Dai et al. 2018). It has also been demonstrated that Mg can modulate parathyroid 
hormone (PTH) secretion (Rodríguez-Ortiz et al. 2014). Hence, Mg influences the 
absorption of Ca and P, and therefore, its imbalance may also hamper reproductive 
efficiency indirectly.

6.4  Micro/Trace Minerals

Trace minerals are essential for the normal functioning of the body as cofactors, as 
activators of enzymes, or as stabilizers of secondary molecular structures, even 
though they constitute a miniscule of the total mass of the organism (Rabiee et al. 
2010). These minerals play vital roles in vitamin synthesis, hormone production, 
collagen formation, oxygen transport, energy production, and other physiological 
processes related to growth, reproduction and health (Ceko et al. 2016). However, 
some processes are prioritized over others under various conditions, e.g., reproduc-
tion or immune competence may be altered during subclinical deficient states with-
out any effect on growth and feed intake. Most micronutrient deficiencies affect 
reproduction through analtered enzyme activity that disrupts energy and protein 
metabolism, hormone synthesis, and the integrity of rapidly dividing cells within 
the reproductive system (Table 6.2). Besides, microminerals serve as antioxidants 
and scavenge free radicals to protect cells from free radical-induced oxidative dam-
age (Leung 1998; Spears and Weiss 2008).
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Table 6.2 Role of microminerals along the hypothalamo-pituitary-ovarian axis

Microminerals Hypothalamus Pituitary Ovary Other tissues

Copper Conversion of 
prohormone to 
active GnRH 
(Prigge et al. 
2000), GnRH 
release (Burrows 
and Barnea 
1982b)

Modulate action 
of GnRH on 
gonadotrophs 
(Michaluk and 
Kochman 2007), 
maintain activity 
of FSH & LH in 
blood 
(Georgievskii 
1981)

Ovulatory follicle 
growth and 
development 
(Kendall et al. 
2003)

Part of 
superoxide 
dismutase 
(SOD1) enzyme 
(Matzuk et al. 
1998)

Zinc Conversion of 
prohormone to 
active GnRH 
(Michaluk and 
Kochman 2007)

Part of steroid 
receptors 
(Spelsberg et al. 
1989), influences 
Prolactin release 
(Brandao-Neto 
et al. 1995)

Steroidogenesis 
(Hurley and Doane 
1989), cumulus cell 
expansion, 
completion of 
meiosis-I, ovulation 
(Tian and Diaz 
2012)

Part of 
superoxide 
dismutase 
(SOD1) enzyme 
(Matzuk et al. 
1998), 
mobilization of 
vitamin A from 
liver (Christian 
and West 1998)

Manganese GnRH release 
(Lee et al. 2007), 
Kiss-1 gene 
expression 
(Srivastava et al. 
2016)

LH release (Pine 
et al. 2005)

Luteolysis (Sugino 
et al. 2000)

Part of 
superoxide 
dismutase 
(SOD2) enzyme 
(Kasahara et al. 
2005)

6.4.1  Copper

The influence of copper (Cu) on both production and reproduction renders this trace 
mineral of utmost importance to the livestock industry. Cu related physiological 
disorders may be due to Cu deficiency in diet or due to presence of molybdenum 
(Mo) and/or sulfur (S) in diet which interferences with Cu bioavailability (Clarkson 
et al. 2019).

Cu deficiency appears to play significant roles in two key areas i.e. altered repro-
ductive performance and immune suppression (Corah 1996). The consequences of 
Cu deficiency (high dietary Mo and S) in grazing ruminants may vary from no 
alteration in estrous behavior to delayed onset of puberty and depressed estrous, but 
severe copper-deficient cows may show anovulation and retardation of future 
estrous cycles leading to low fertility (Annenkov 1981; Ingraham et  al. 1987; 
Phillippo et al. 1987; Corah and Ives 1991). The mean serum Cu level in anestrous 
cattle and buffaloes is reported to be lower than in cyclic animals (Dutta et al. 2001; 
Akhtar et al. 2009; Ahmed et al. 2010). Neutrophils and mononuclear cells from 
heifers fed low Cu diet prepartum exhibited reduced phagocytic activity (Torre et al. 
1995; Torre et al. 1996). Cu is essential for the activity of superoxide dismutase 
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(SOD1) enzyme, the deficiency of which is associated with defects in ovarian fol-
liculogenesis and dysregulation of luteal function leading to subfertility and infertil-
ity in mice (Matzuk et al. 1998; Noda et al. 2012).

Cu has specific effects on the reproductive axis at the level of the hypothalamus, 
pituitary and ovary. It maintains optimum fertility by affecting GnRH, FSH, LH and 
estrogen activity (Desai et al. 1982; Michaluk and Kochman 2007). Administration 
of Cu salt leads to ovulation in female rabbits (Suzuki et al. 1972; Tsou et al. 1977) 
and ewes (Murawski et al. 2006), through hypothalamic action. Divalent Cu ion is 
essential for the activity of peptidylglycine α-hydroxylating-monooxygenase 
(PHM), an enzyme involved in the first step of generation of C-terminal carbox-
amides of peptide hormones, the reaction necessary for activation of active GnRH 
peptide from the prohormone (Prigge et al. 2000) (Fig. 6.2). Cu complex variant of 
GnRH has been shown to interact with GnRH receptors with enhanced affinity, to 
bring about a more potent release of LH, and to modulate intracellular signaling by 
increasing cAMP accumulation in the gonadotrope cells, whereas the non- 
complexed GnRH utilizes IP3/DAG signaling pathway (Kochman et  al. 2005; 
Michaluk and Kochman 2007; Gajewska et al. 2016).

Fig. 6.2 The regulation of upstream and downstream pathways of hormone synthesis and release 
along hypothalamic-pituitary-ovarian axis by minetral ions and the associated hormonal dynamics. 
IGF1 insulin-like growth factor 1, Mn manganese, mTOR mammalian target of rapamycin com-
plex 1, Akt serine/threonine kinase, PHM peptidylglycine α-hydroxylating-monooxygenase, PAL 
peptidylglycine α-amidating lyase, IP3 inositol 1,4,5-trisphosphate, DAG diacylglycerol
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Cu-deficiency induced perturbation of the follicular growth and development 
may be due to disturbance in Cu-containing enzyme, lysyl oxidase, which promotes 
cross-linking of collagen and elastin, and stabilizes the extracellular matrix (Kendall 
et  al. 2003). The basal lamina is constantly remodeled as the follicle matures 
(Rodgers et al. 1999), thereby requiring the expression of the lysyl oxidase in granu-
losa cells (Slee et al. 2001). Interestingly, a high concentration of Cu in follicular 
fluid is seen as an endocrine disruptor leading to polycystic ovary syndrome (Sun 
et al. 2019).

6.4.2  Zinc

Zinc (Zn) plays a pivotal role in reproduction as an essential component of enzymes 
in different biochemical pathways (Hurley and Doane 1989). It acts indirectly 
through the pituitary to influence the release of gonadotropic hormones (Dicken 
et al. 2010) and directly owing to its presence in Zn fingers (two in number) in ste-
roid receptors (Spelsberg et al. 1989). The second step of the amidation reaction for 
activation of active GnRH from prohormone is carried out by peptidylglycine 
α-amidating lyase which requires divalent Zn as a cofactor (Michaluk and Kochman 
2007) (Fig. 6.2). It has a physiological role in regulating pituitary prolactin secre-
tion (Brandao-Neto et al. 1995; Lee and Kelleher 2016), and its deficiency is associ-
ated with hyperprolactinemia (Dicken et  al. 2010), resulting in suppression of 
hypothalamo-pituitary-gonadal axis.

Zinc deficient animals have depressed serum vitamin A levels as it’s deficiency 
hampers mobilization of vitamin A from the liver. Zn and vitamin A are necessary 
for the normal functioning of the germinal epithelium of the ovary, and their defi-
ciency leads to deformed or atretic follicles resulting in failure of the ovarian func-
tion (Chhabra and Arora 1985). Lower mean serum Zn levels have been reported in 
buffaloes suffering from anestrous (Akhtar et al. 2009; Ahmed et al. 2010) than their 
cyclic counterparts.

Zn deficiency is associated with suboptimal steroid hormone concentrations i.e. 
estrogen and progesterone (Akhtar et al. 2009) which is attributed to the involve-
ment of the ion in the process of steroidogenesis (Hurley and Doane 1989). Ovarian 
(follicular fluid and granulosa cell) zinc content is reduced during follicular atresia 
(Kaswan and Bedwal 1995; Bhardwaj and Sharma 2011; Mahavar 2011), indicating 
that the ion can serve as a marker for follicular health. Higher follicular fluid con-
centrations of Zn and Cu positively influence the outcome of IVF in the form of 
greater MII oocyte retrieval, and higher fertilization and cleavage rates (Sun et al. 
2017). Zn is essential for cumulus cell expansion and completion of meiosis-I, and 
an acute Zn deficiency blocks follicle rupture during ovulation (Tian and Diaz 
2012). Additionally, Zn supplementation during in vitro maturation (IVM) signifi-
cantly increased the meiotic competence of bovine oocytes (Barros et al. 2018), and 
supplementation during in vitro embryo culture improved the cell number of inner 
cell mass (Woolridge et al. 2019).
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6.4.3  Manganese

Manganese (Mn) is an essential component of bovine nutrition required for carbo-
hydrate metabolism, bone growth, normal brain function, growth, reproduction, and 
a variety of enzymatic systems (Aschner and Aschner 2005). Corah (1996) sug-
gested that Mn has far more influence on reproduction than actually realized. The 
effects of Mn deficiency on reproduction have been reviewed over the last few 
decades (Hidiroglou 1979; Pugh et al. 1985; Sharma 2006; Kumar et al. 2011). Poor 
follicular development with delayed ovulation, delayed postpartum estrous and 
delayed puberty in heifers, reduced intensity of estrous, and reduced conception 
rates are also associated with Mn deficiency (Bentley and Philips 1951; Bourne 1967).

Although the precise mechanism of the involvement of Mn in reproduction is 
unknown, evidence suggests its role in the activity of certain endocrine organs. Both 
pituitary and ovarian tissues, particularly Graafian follicle and corpus luteum, are 
rich in Mn content (Hidiroglou 1979). Mn is carried by transport proteins such as 
transferrin and divalent metal transporter-1 across the blood-brain barrier into the 
hypothalamus (Garcia et al. 2006; Aschner et al. 2008). Chronic administration of 
Mn at low doses has been reported to increase serum levels of LH, FSH and estra-
diol in female rats, possibly due to the hypothalamic action of the ion (Pine et al. 
2005; Lee et al. 2006; Lee et al. 2007). Mn supplementation in female rats activates 
upstream genes, mainly the Kiss-1 gene, which regulate GnRH release from hypo-
thalamic nuclei (Srivastava et al. 2013). The Kiss-1 gene is responsible for the syn-
thesis of kisspeptins (Thompson et al. 2004; Caraty et al. 2007; Keen et al. 2008; 
Lehman et al. 2010). The Mn-stimulated kisspeptin synthesis is mediated by the 
IGF-1/Akt/mTOR pathway in the prepubertal female rat (Srivastava et  al. 2016; 
Dees et al. 2017) (Fig. 6.2).

Ovarian Mn content is particularly responsive to Mn deficiency (Wilson 1966; 
Hurley and Doane 1989). Mn deficiency alters the synthesis of gonadal hormones 
such as estrogen and progesterone in the female (Keen and Zidenberg-Cheer 1990; 
Pradhan and Nakagoshi 2008), possibly through inhibition of cholesterol and cho-
lesterol precursor synthesis (Doisy 1974). Mn is an essential component of mito-
chondrial superoxide dismutase (SOD2). SOD2 expression in corpus luteum has 
been reported to increase from mid-luteal to late-luteal phase in women (Sugino 
et al. 2000) and sheep (Al-Gubory et al. 2005), but does not alter in pregnant ewes 
between days 12 and 20 (Arianmanesh et  al. 2011) suggesting a role in corpus 
luteum regression.

Mn supplementation shortens the postpartum anestrous period and increases 
conception rates in dairy cows (Krolak 1968; Ahmed et al. 2010), and is effective in 
suspending summer acyclicity in buffaloes (Ahmed et al. 2010). The serum concen-
trations of Mn are lower in delayed ovulating and anovulating heifers as compared 
to normal ovulating heifers (Das et al. 2009). This report confirms the earlier claims 
that delayed ovulation can be experimentally induced by dietary withdrawal of Mn 
from dairy cows (Rojas et al. 1965), thus underlining the crucial role Mn plays in 
the normal ovulatory process.
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6.5  Conclusion

Dietary mineral elements in excess or otherwise affect the normal physiological 
processes of an animal. Imbalances in the mineral availability also affect the repro-
ductive process leading to subnormal fertility, anestrous and ovulatory disturbances. 
The hypothalamo–pituitary–gonadal axis is the primary site of action of mineral 
ions. Derangements of mineral availablility end up altering the hormonal milieu 
along the hypothalamo–pituitary–gonadal axis and cause normal reproductive func-
tions to fail. Evidence gathered from in vitro studies and laboratory animal models 
suggests involvement of mineral ions in regulation of upstream pathways involved 
in synthesis and release of gonadotropin-releasing hormone (GnRH) inside hypo-
thalamic nuclei as well as downstream pathways involved in its action on pituitary 
gonadotrophs. However, advances in the understanding of such molecular mecha-
nisms of action of mineral ions have not found their way into ruminant nutrition 
research and practice, leading to a widespread mineral imbalance in prized live-
stock. These imbalances not only affect the health of an individual animal or that of 
a herd, but tend to be a major hurdle in livestock rearing from an economical dimen-
sion as well.

Future research should focus on (1) finding better ways of supplementation that 
will increase bioavailability of minerals ions at specific sites along reproductive 
axis, (2) the establishment of a panel of biomarkers of reproductive functionality 
to be used in farm animals for early detection of specific mineral deficiency, (3) 
understanding how genetics and stages of (re)production of an animal affect the 
dynamics of mineral requirements as well as their utilisation; (4) understanding 
the effect of regional as well as seasonal variations on specific and general mineral 
requirements of an animal instead of a one-size-fits-all approach; and (5) exten-
sion of molecular research from laboratory animal models to ruminant nutrition 
practice.
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Chapter 7
Molecular Insights of Compromised 
Female Reproduction in Ruminants Under 
Metabolic and Nutritional Stress

S. Nandi, S. K. Tripathi, P. S. P. Gupta, and S. Mondal

Abstract The global increase in population and increased demand for livestock 
have made stress responsive decline in fertility (Metabolic stress and unbalanced 
diet feeding condition) a major challenge for the livestock industry. Metabolic 
stressors negatively affect the growth and development of ovarian cells and lead to 
reduced infertility in animals. Fertility in animals mainly categorized into two part 
one inherent property and second reproductive ability of animals which totally 
depends upon the feeding behaviour of animals. Stress negatively affects reproduc-
tive hormones. Reduced LH concentration associated with reduced estradiol secre-
tion causing reduced fertility in animals by declined ovarian activity. Stress impaired 
folliculogenesis and ovulation process in animals. Metabolic stressors significantly 
altered the reproductive health of ruminants by alteration in biochemical composi-
tion of serum which directly and/or indirectly reflect in follicular, oviduct and uter-
ine fluidresulting hampered reproductive health of ruminants. Relationship between 
diet and reproduction, and their interaction has long been understood to have impor-
tant implications for reproductive success. The high level of urea (protein metabo-
lites) alters glutamine metabolism and probably the function of the TCA cycle.

Non-enzymatic and enzymatic antioxidants, enzymatic cleansing is more effec-
tive. Antioxidants, like vitamins A, C and E and superoxide dismutase, glutathione 
peroxidase, catalase, glutathione S-transferase, peroxiredoxin and thioredoxin 
help cells from damaging effect of reactive oxygen species against the meta-
bolic stress.
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7.1  Introduction

The inability to achieve pregnancy is known as infertility (Adams et  al. 2012). 
Anovulation is a potential cause of infertility in mammalian females. Attributed to 
poor control of the hypothalamic-pituitary-gonadal axis, endocrine hormone imbal-
ances commonly lead to ovulatory disorders (Fig. 7.1), which account for infertility. 
Identifying what affects the ovulation process and recognizing what could happen 
with the complicated folliculogenesis or atresia process would encourage novel 
solutions to improve female fertility (Abedal-Majed and Cupp 2019). In addition, a 
deeper understanding of the biochemical processes that regulate the production of 
ovarian follicles and contribute to the development of a matured egg within a folli-
cle would enable animals and women to have much more optimized assisted repro-
ductive technologies (Allan et al. 1998; Abedal-Majed and Cupp 2019).

A stressful situation or stressor is a phenomenon outside the body that serves to 
decimate the body system (Lucy 2019). It is possible to quantify a stress condition 
and apply it uniformly across species. A strain is the reaction of the individual (the 
intensity of the displacement) to stress. Strong health is an unambiguous objective 
for farmers which are necessary for optimising animal production and well-being 
(Starkey et al. 1995; Pearson et al. 1997; Wilkanowska and Kokoszyn’ski 2015). 
Attentiveness in the care of animals has boosted over the past few decades. Wellbeing 

Fig. 7.1 Conceptual model of how androstenedione affects the normal hypothalamic–anterior 
pituitary–ovarian axis resulting in anovulation
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has become the focus of many studies performed on cattle, pigs, sheep and poultry 
(Carlsson et al. 2007; Popescu et al. 2009; Carenzi and Verga 2009). In addition to 
making it possible to advance the conceptuality of the animals behaviourism, these 
experiments often provide a realistic view of how mammals interpret and how bio-
logical influences can impact their welfare globally (Carenzi and Verga 2009). 
According to Eler et al. (2002) with several components, reproduction is a complex 
process, some of which have been used as reproductive efficiency metrics. However, 
rather than by the successfulness of gestation, associated features can’t be calcu-
lated easily in mammals (Eler et al. 2002). When management and nutritional con-
ditions are optimum, most animals will reproduce, on the other hand, folks with 
thesuperior genetic characteristics will produce offspring under less favourable con-
ditions (Morris 1980).

Several attributes, like physiological, surroundings environs and food intake are 
hypothesized to upset the reproductive profitability of animals (Wilkanowska and 
Kokoszyn’ski 2015). Health and dietary aspects are the most important, in relation-
ships with their strong stimuluson reproductive capacity of livestock/animals (Smith 
and Somade 1994; Smith and Akinbamijo 2000; Bindari et al. 2013). In addition, 
more than any other, nutritional variables are readily manipulated in order to ensure 
beneficial results (Smith and Somade 1994; Smith and Akinbamijo 2000).

This chapter is an attempt to cover in details the effect of metabolic and nutri-
tional stress on the reproduction of livestock, in mammals. The chapter also 
addresses available mitigation methods aimed at preserving livestockreproduction, 
in addition to these factors.

7.2  Nutrition and Reproductive Efficiency

Nutrition plays vital role in the sustaining animal reproductive performance. While 
genetic improvement has increased animal production, high producing animals 
(HPA) have also experienced a decrease in fertility at the same time. One of the 
main problems in HPA is reduced fertility. A network of genetic, environmental and 
managerial factors primarily influence the fertility of HPA, and their complex inter-
actions make it more difficult to ascertain the exact reason for this decline (Ibtisham 
et al. 2017, 2018). Relationship between diet and reproduction, and their interaction 
has long been understood to have important implications for reproductive success 
(Nandi et al. 2015, 2016). In preserving the body condition and reproductive ability 
of dairy animals, nutrition plays a crucial role (Hoedemaker et al. 2009; Tripathi 
et al. 2016a, b).

Energy is particularly the key nutrient required by animals and any kind of dis-
crepancy in the energy consumption has a deleterious effect on dairy cow reproduc-
tive activity. Energy deficiencies delay the initiation of estrus and decreases fertility 
in animal, as growth and follicular maturation are unsatisfactory during the Negative 
Energy Balance (NEB), ensuing in feeble estrus sign and diminish the likelihood of 
a large proportion of animal having initiated oestrus cycles for further breeding. 
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During the early postpartum phase, high-yielding animals (ruminants) face meta-
bolic stress. This lead to negative energy balance (NEB) caused by the loss of energy 
through the processing of milk which cannot be substituted by the intake of energy 
(Rukkwamsuk et  al. 1999; Walters et  al. 2002; Ardema et  al. 2013; Nandi et  al. 
2016). It is assumed that the negative energy balance would affect the fertility of 
ruminants (Walters et al. 2002; Britt 1992; Butler 2003; Tripathi et al. 2016a, b; 
Nandi et al. 2016, 2017). Significant body fat mobilisation raises the concentration 
of free fatty acid {Non-esterified fatty acid (NEFA) andbeta-hydroxy-butyrate 
(BHB)} in blood, follicular (Leroy et al. 2005, 2008; Nandi et al. 2016; Farman 
et al. 2015, 2018), oviduct and uterine fluid (Tripathi et al. 2016a, b) during times of 
metabolic stress.

Related to the vitality needed for upkeep and lactation, the energy costs of syn-
thesizing and secreting hormones, ovulation and nurturing an early fertilized 
embryo are presumably modest. On the other hand, the biochemical manifestations 
connected with NEB prejudice the re-establishment of oocyte growth and produc-
tion, and successfully pregnancy achievement as well as retention in dairy cattle. 
These results in severe economic loss to the dairy industry due to sluggish uterine 
involution, abridged reproductive performance, and calving durations, detrimental 
impact on productiveness, improved drug costs, reduced production (milk), reduced 
veal crops and early amortization of highly helpful livestock. Short or long term 
shortage cause result in under feeding. Animals with unbalanced feeding behaviour 
are stressed and attempt toendure metabolic revision to the stress [lipid mobilization 
and non-esterified fatty acid (NEFA) release] (D’Occhioet al. 2019). Obesity linked 
through insulin resistance, and the body storage (adipose mass) is less responsive in 
controlling effects of insulin. Therefore, obesity impair the brutality of metabolic 
ailments by the establishment of vicious response that lead to heightened lipolysis 
and amplified non-esterified fatty acid and beta-hydroxy-butyrate concentrations in 
circulation. Even though the effect of fatness prompted insulin resistance is not 
well-known in animals, few study demonstrating that this may be the case and dis-
proportionate body fat is a well-known encouraging threat for metabolic related 
abnormalities in animals.

Dietary status is a key factor that influences the ability of an animal to produce 
(O’Callaghan et al. 2000; Tripathi et al. 2016a, b). Embryo viability has been related 
to nutritional status and is a vital factor affecting proficiency in assisted reproduc-
tive technologies (ART) (Webb et al. 2004). Feed intake and subsequent nutritional 
prominence may affect animal’s fertility (Bridges et al. 2012). The perceptible mea-
sure of metabolic health is the body condition score (BCS) and continuous variation 
in it is used to analysethe state of animals (nutritional and physical) mostly for 
production (Berry et al. 2007). Body condition score (BCS) is correlated both phe-
notypically and genetically with reproductive success (Kubovicova et  al. 2013). 
Found that high body condition score and/or adipose animal showed considerably 
elevated concentration of glucose on the day of birth than with ideal circumstance. 
Moreover, amount of glucose (sugar) substantially declined next 12 days. Most pos-
sible reason might be because of lower appetite in animals after parturition resulting 

S. Nandi et al.



233

high negative energy balance. Farman et al. (2018) also reported low blood glucose 
concentration in metabolic stressed ewes.

Disproportionate lipolysis during the early lactation associated with numerous 
reproductive abnormalities along with placental retention, and endometritis and 
reduced mRNA expression of immune; growth and development related gene in the 
endometrium. The effect of fertility and lipid metabolism in bovine are studied 
strongly, moreover, exact mechanisms responsible for the negative effect of lipoly-
sis on animals fertility must be solved. Before and after pregnancy (transition 
period) and the commencing of lactation, white adipose tissue is the chief organ 
accountable for fat deployment and subsequently for alteration in non-esterified 
fatty acid concentration prompted by the negative energy balance in animals. 
Nutrition play vital role in determining the reproductive efficiency of animals. 
Unbalanced feeding significantly alter the biochemical environment of follicular 
fluid and/or uterine fluid, these alteration in biochemical environment reduce repro-
ductive performance of animals by altering hormonal concentration along with 
changes in cell growth and development.

7.3  Metabolic Stressors and Oocyte Development 
and Molecular Approach

Significant but confined range of multifarious molecular structures in the ovary 
known as the ovarian follicles. Initially, they are formed in the form of precursor 
follicles residing single layer of flattened cells adjacent to the dormant oocyte. Basal 
cells enclose each precursor follicles, which separates the follicle throughout fol-
licular development from the majority of the ovarian cytoplasm (Baddela et  al. 
2020). For months or years, most primordial follicles remain in a quiet phase before 
further development begins (Hirshfield 1991). Follicles with a single granulosa cells 
(GCs) layer are called major follicles, as well as those with numerous levels of 
granulosa cells layer are called secondary follicles.

It is argued that the growth of primary to secondary follicles is hormone (follicles 
stimulating hormone (FSH) and luteinizing hormone (LH)) responsive process. In 
secondary follicles, additional layers such as interna and externa cellsbegin to 
appear on the periphery of the basement membrane and make a significant contribu-
tion in follicular growth (Orisaka et al. 2009; Baddela et al. 2020). Gonadotropin- 
dependent progressive proceedings from secondary to ovulatory follicles occur as 
the granulosa cells triggered by stimulators like follicles stimulating hormone. 
Follicles stimulating hormone prompts growth and biosynthesis of hormones (ste-
roid) in granulosa cells in combination with insulin-like growth factor 1 (IGF-1) and 
promotes follicular antrum development (Baddela et  al. 2020). Follicular growth 
influenced mostly by on the animal’s healthiness and vitality status, in addition to 
timely endocrine stimulation. Folliculogenesis has been shown to be significantly 
impaired during pre and post-partum condition (Tripathi et al. 2016a, b) unbalanced 
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feeding (High protein diet feeding) (Aardema et al. 2013; Leory et al. 2008; Nandi 
et  al. 2018). According Valckx et  al. (2014) and Nandi et  al. (2016) raised on 
esterified- fatty acid concentrations possibly prejudice fertility, by fluctuating physi-
ology and sinking oocyte development ability. Treatment with elevated concentra-
tion of stearic acid (SA) tended to decrease glucose absorption and depletion of 
mural granulosa cells (decreased mRNA expression of Slc2a1 and GAPDH gene) 
compared to physiological and/or high non esterified-fatty acid treatment (Baddela 
et al. 2020). Long-term exposures to murine follicles to elevated NEFA concentra-
tions (720 mM) has been known to decrease follicular development, with substan-
tial outcome triggered by elevated stearic acid (280 mM, Valckx et al. 2014).

Higher serum on esterified-fatty acid levels are linked with a decrease glucose 
concentration in follicular fluid (Roth 2017; Leroy et al. 2015; De Bie et al. 2017). 
This decrease in the amount of glucose can have a major impact on the production 
of oocytes because glucose is the main source of energy and responsible for the vital 
biological components for maturation, together with pyruvate, adenosine triphos-
phate (ATP), and nicotinamide adenine dinucleotide phosphate (NADPH) and glu-
tathione that neutralize the reactive oxygen species (Sutton-McDowall et al. 2010). 
There is bidirectional coordination between the oocytes and the corresponding cell 
types. Gonadotropins stimulate meiotic oocyte commencement via triggering of the 
signaling pathway (EGFR) in granulosa cells (Richani 2014). Growth factors such 
asGrowth differentiation factor 9 (GDF9), Bone morphogenetic protein 15(BMP15), 
and Fibroblast growth factor 8 (FGF8B) also regulate the role of granulosa cells 
(Emori and Sugiura 2014). Nutritional factors may influence reproduction sepa-
rately or in combination, at the level of the hormones production, oocyte growth and 
embryo uterus interaction (Bilodeau-Goeseels and Kastelic 2003). Oocytes result-
ing from follicles subjected to stress (environmental and metabolic stressors) have 
reduced reproductive fitness (Nabenishi et  al. 2012; Gebremedhn et  al. 2020), 
accompanied by reduced fertilization ability and blastocyst stage development and 
establishment of pregnancy (Roth and Hansen 2005; Gebremedhn et al. 2020). The 
association between both the oocyte and the biochemical environment is affected by 
exposure to stress. Communication between follicle and the oocyte is predomi-
nantly befell by paracrine and autocrine molecules via gap junction and/or by dis-
charge of molecules (Bosco et al. 2011; Gebremedhn et al. 2020).

The recent developments and characterization of vesicles derivedfrom different 
types of cells represent eminent cell communication mechanism (Yáñez-Mó et al. 
2015). In transporting biomolecules like mRNAs, miRNAs, and proteins, EVs sig-
nificantly indicate the physiological status of the origin of cells (Valadi et al. 2007a, 
b; Silva and Melo 2015; Gebremedhn et al. 2020). EV is characterized by the exis-
tence of unique membrane proteins, along with clusters of differentiation −9, 63 
and 81 (CD9, CD63, CD81), tetraspanins and additional proteins such as: ALIX and 
TSG101 (Kumar et al. 2015). EVs have been reported to be present in bovine (Hung 
et al. 2015; Hailay et al. 2019a, b), equine and human follicular fluids and are neces-
sary for transporting biomolecules (RNA, miRNA) during growth and development 
of follicles (da Silveira et al. 2012; Santonocito et al. 2014). During early lactation, 
high producing animals underwent a state of conditions known as negative energy 
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balance. This in fact, outcomes in fluctuations in the amount of different biomole-
cules in the microenvironment of the body and follicular fluid (Farman et al. 2018) 
and oviduct/uterine fluid (Tripathi et al. 2016a, b) which lead to disrupted fertility. 
In cell-to-cell contact, extracellular vesicles play a critical role and hold a large 
number of biomolecules that can be supplied to act in other cells (Valadi et  al. 
2007a, b). Thousands of exosome-mediated molecules, including around 9769 pro-
teins, 3408 mRNAs, 2838 miRNAs, and 1116 lipids, have been reported 
(Keerthikumar et al. 2016). Animals with negative energy status in the displayed 
exclusive expression of eight miRNAs, five of which were located on chromosome 
21 (bta-miR-431, bta-miR-370, bta-miR-136, bta-miR-376e and bta-miR-411c-3p) 
(Hailay et  al. 2019a, b). A strong correlation between metabolic stress and the 
release of Extracellular vesicles-coupled miRNAs was revealed by hierarchical 
clustering of differentially expressed Extracellular vesicles (EVs)-coupled miRNAs 
between cows with divergent metabolic states (Hailay et al. 2019a, b).

MiR-21, believed to be active in follicular development. High expression of 
MiR-21 in mice related with better subsistence and ovulation (Christenson 2010). In 
regulating maternal-to-embryonic transfer and early growth, increase expression of 
miR-21 was involved (Mondou et al. 2012). Thus in the research analysis, the down- 
regulation of EV-coupled miR-21 due to metabolic stress can indicate a correspond-
ing reduction in follicular cell expression, that could hinder follicular growth. 
Additionally, accelerated miR-20b transcription in bovine CCs (cumulus cells) high 
maturation rate and production of progesterone by pointing INHBA, MAPK1, 
PTGS2, PTX3, and EGFR55 (Andreas et  al. 2021; Hailay et  al. 2019a, b). The 
molecular analysis of the package of EVs with a possible influence on the develop-
ment of oocytes and embryos responsible for the development of bio- markers for 
the implementation of systems for addressing infertility. The components of 
Extracellular vesicles (EVs) produce from granulosa cells and oviductal epithelial 
cells in response to stress are defined (Gebremedhn et al. 2020). By upsetting ste-
roid synthesis, cell growth, and cell apoptosis essential for follicles growth, fatty 
acids have been described to amend granulosa cells functions (Elis et  al. 2015; 
Tripathi et al. 2016a, b; Nandi et al. 2018; Sharma et al. 2019). The induction of 
extreme morphological changes in granulosa cells is one of the anticipated effects 
of highernon-esterified fatty acid concentration. Yenuganti et al. (2016) and Sharma 
et al. (2019) conveyed the development of fizzlike cell structures in cultured bovine 
GCs on treatment with higher concentration non-esterified fatty acid 
concentration[(Oleic acid (OA), Palmitic acid (PA), and Stearic acid (SA)] in addi-
tion to the major impact on the expression of essential genes and hormone produc-
tion (Nandi et  al. 2018; Farman et  al. 2015). Granulosa cells synthesise and 
synthesize sufficient quantities of estrogen after encouragement with follicle stimu-
lating hormone and insulin growth factor −1 (IGF-1) under healthy conditions 
Adversarial morphological changes in granulosa cells occurred because of saturated 
fatty acids with an increase apoptosis rate in granulosa cells. In granulosa cells, 
decreased phosphorylation of Akt has been Increased expression of genes regulated 
by CD36 (fatty acid transporter), insulin growth factor −1 and follicle stimulating 
hormone reported in granulosa cells (Hailay et al. 2019a, b).
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Ammonia is unfavorable for embryo development. Urea negatively affect the 
oocyte by need of amino acid, and overall amino acid loss and turnover at higher 
amount (Kowsar et al. 2018).“Exhaustion of essential amino acids (EAAs) (histi-
dine, tryptophan, lysine, isoleucine and leucine), semi-essential amino acids (serine, 
arginine and glutamine), and non-essential amino acids (ornithine and aspartic 
acid)” was increased by elevated urea concentration (Kowsar et al. 2018). Hemming 
et al. (2012, 2013) observed that in incompetent oocytes the overall turnover and 
loss of amino acids was greater than their split counterparts. Dynamic genetic 
assortment combined with feeding high protein diets to upsurge milk production 
which was accompanying with declined fertility in animals. The high level of urea 
will alter glutamine metabolism and probably the function of the TCA cycle 
(Kowsar et al. 2018).

Elevated urea concentration is responsible for increase lysine turnover. Kowsar 
et  al. (2018) reported that elevated urea concentration, significantly washed-out 
more lysine and methionine in cumulus oocyte cells complex (COCs) and DOs 
(Denuded oocytes), which is the most limiting amino acid in dairy animals during 
lactation (Schwab et al. 1992). Urea considerably declined the viability of epithelial 
cells in oviduct (Kowsar et al. 2016). The viability of cumulus cells cumulus oocyte 
cells showed a negative correlation with alanine turnover (Kowsar et  al. 2018). 
Alanine has been recognized as a marker of apoptosis, with an increase in its con-
centration in apoptotic cells (Halama et  al. 2013). This suggests a relationship 
between lower viability of cumulus oocyte cells and greater alanine appearance 
(Kowsar et al. 2018). Several studies reviewed about the impact of metabolic stress-
ors [NEFA, BHB, and protein metabolites (ammonia and urea)] in oocyte matura-
tion and development as mentioned in Table 7.1.

Animals with declined levels of insulin growth factor-1 in serum collected after 
parturition, showed endometritis than animals with normal insulin growth factor-1 
concentrations. Mattiauda et al. (2017) reported, the higher transcript expression of 
insulin growth factor-1 in total mixed ration and high grazing animals than medium 
grazing animals and lower grazing animal) cows— animals with enhanced nutri-
tional grade during lactation, for example, indicate a favorable uterine environment 
for the development of embryos. Progesterone stimulates the growth of the embryos 
and contributes to the secretion of interferon gamma (IFNÿ) by acting on the endo-
metrium and resulting release of various embryotrophic factors. In fact it was shown 
that transcript expression of insulin growth factor-1 is predominantly controlled by 
the action of progesterone on the endometrial uterine.

Reproductive tract environment is not only affected by physiological processes 
of reinforcement, inflammation and infection but also by the metabolic condition of 
the animal. An earlier study found altered gene expression of insulin growth factor 
binding protein in cow oviducts with negative energy balance; however, the influ-
ence of changes in gene expression on embryo development was not analysed. 
During the dry and postpartum cycle, it seems that feed restriction generally influ-
ences global gene expression in the oviduct. Therefore, it’s important to consider 
the ruminant’s physiological condition in studies that further scrutinize the root 
causes for reproductive disorders. Fatty acids were also suggested as key midstream 
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Table 7.1 Studies of metabolic stress and nutritional stress in in-vitro fertilization (IVF)

Animal Experimental findings References

Bovine Elevated non-esterified fatty acid (NEFA) concentration, responsible 
for epigenome alterations in matured oocyte or in embryo. Cell 
survivability, invulnerability, metabolic rate are associated with major 
impaired pathways.

Desmet et al. 
(2016)

Bovine Low cell numbers in blastocyst, augmented apoptosisrate and altered 
gene expression (DNA Methyltransferase 3 Alpha, Insulin Like Growth 
Factor 2 Receptor and Solute Carrier Family 2 Member 1) resulted in 
maturation in elevated non-esterified fatty acid concentrations. 
Additionally the blastocysts showed declined consumption of oxygen, 
and glucose, higher lactate consumption and metabolism of amino 
acids.

Van Hoeck 
et al. (2011)

Cattle By increasing the expression of endoplasmic reticulum stress marker 
genes: activating transcription factor 4 and heat shock protein family A 
(Hsp70) member 5, higher non esterified fatty acid concentrations at 
maturation provoke endoplasmic reticulum stress in cumulus..

Sutton- 
McDowall 
et al. (2016)

Mouse Feeding high fat diet and exposure of oocyte to elevated lipid 
responsible for increased expression of activating transcription factor 4 
and heat shock protein family A (Hsp70) member 5, in mouse COCs.

Wong et al. 
(2015)

Bovine Expression of glutathione peroxidase-1 (reduced glutathione to 
oxidized glutathione) in oocyte, has been declined by non-esterified 
fatty acid supplementation.

Van Hoeck 
et al. (2015)

Ovine Metabolic stressors repressed granulosa cells proliferation, increase 
apoptosis rate, declined hormones production rate, and reduced 
steroid-related gene expression. The expression ofapoptosis related 
geneBCL-2 and BAX were significantly increased in higher levels of 
metabolic stressors, ratio of BAX: BCL2 ratiowas significantly in 
higher elevated level of metabolic stressors.

Nandi et al. 
(2018)

Human Unsaturated fatty acid significantly reduce the transcript expression of 
BAX and encourage BCL2 and transcript expression in GC

Valckx et al. 
(2014)

Bovine Unsaturated fatty acid lower the transcript expression of genes 
Steroidogenic Acute Regulatory (STAR), Cytochrome P450 Family 19 
Subfamily A Member 1 (CYP19A1), Follicle Stimulating Hormone 
Receptor (FSHR), Cytochrome P450 Family 11 Subfamily A Member 
1(CYP11A1), Cyclin D2 (CCND2) and Proliferating Cell Nuclear 
Antigen (PCNA).

Sharma et al. 
(2019)

Ovine Ammonia (250 μM and 150 μM) negatively affectgrowth and secretary 
activity of granulosa cells isolated from small and/or medium follicles 
and large follicles respectively.

Nandi et al. 
(2016)

Bovine Supplementation of elevated concentration of ammonia and urea on 
bovine endometrium cells In vitro significantly reduce the mRNA 
expression of Insulin Like Growth Factor Binding Protein 1and 
Fibroblast Growth Factor 2 (FGF2). However, moderate concentration 
of ammonia and urea significantly increase the mRNA expression of 
Heat Shock Protein Family A (Hsp70) Member 1A (HSPA1A), Insulin 
Like Growth Factor Binding Protein 3 (IGFBP3) and Serine Protease 
Inhibitor-14(SERPINA14) genes.

Gunaretnam 
et al. (2013)
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regulatory agencies of modifications in genome sequences detected in trophecto-
derm cells when elongation started. Consequently, sufficient concentrations of per-
oxisome proliferator-activated receptor gamma (PPARÿ) fatty acid ligands in the 
histotrophics result in increased transcription factor activity and subsequent altera-
tions in cell environment necessary for conceptual elongation. Additionally, due to 
inadequate concentrations of peroxisome proliferator-activated receptor gamma 
fatty acid ligands or inconsistent fatty acid profile in the histotrophic slow down 
conceptus elongation which lead to a loss of pregnancy. These theory are endorsed 
by the significance of peroxisome proliferator-activated receptor gamma in tropho-
blast and placenta in mice, humans and sheep. For example, the genetic ablation of 
PPARÿ in mice resulted in embryonic lethality due to placental inefficiencies.

After parturition negative energy balance last to 70–84 days (10–12 weeks), dur-
ing this period of time in animal fertility is reduced (Butler 2003). After examining 
the biochemical environment in the serum and follicular (Leroy et al. 2005; Nandi 
et al. 2013; Farman et al. 2015) oviduct and uterine fluid (Tripathi et al. 2016a, b) 
found that its administration of metabolic stressors (NEFA, BHB, ammonia and 
urea) to the cell culture decreases ovarian cells (granulosa cells, and oocyte) and 
endometrium growth and development. Antioxidant capacity decreased during 
stress in mammals (Ferreira et al. 2016). In addition, oocyte and embryo exposed to 
HS in  vitro, elevated concentration of reactive oxygen species (ROS) impairs 
embryo development (Sakatani et  al. 2004; Roth 2017). In addition, Van Hoeck 
et al. (2013) and Nandi et al. (2018) reported that metabolic stressors induced oxida-
tive stress is responsible for reducing growth and development of oocyte in animals 
suffering from negative energy balance. Furthermore, animals displaying signs of 
negative energy balance and imbalanced feeding-(loss of body weight, elevated 
NEFA and BHB, ammonia and urea levels)-have oxidative stress (Tripathi et  al. 
2016a, b), which can be explained by decreased concentration of antioxidants 
(β-carotene, vitamins C and E, superoxide dismutase, and glutathione peroxidase) 
in serum and in follicular fluid. After pregnancy has been developed, ROS nega-
tively affect the placenta and soon or later fetus survival, with consequences for the 
pathophysiology of abortion, impulsive membrane rupture and fatal disease.

Oocyte production affected by extrinsic oxidative stress parameters present in 
metabolically compromised mothers’ follicular fluid, but also by intrinsic oxidative 
stress in the oocyte caused by exposure to extrinsic oxidative stress and/or altered 
metabolic factors. In the peritoneal fluid of endometriosis patients significant eleva-
tion in the concentration of oxidative stress markers, particularly lipid peroxides 
(LPO), was observed. Additionally, women with endometriosis reported that the 
peritoneal fluid contains low levels of antioxidant. In addition to the correlations 
described above, glutathione peroxidase (GPx) and total antioxidant status (TAS) 
levels in follicular fluid have been shown to be higher, achieving efficiently and 
effectively fertilized oocytes than non-fertilized oocytes in follicular fluid. In con-
clusion, metabolic stressors (NEFA, BHB, ammonia and urea) significantly alter the 
growth and development of oocyte by significant alteration at gene level. Metabolic 
stressors increased the reactive oxygen species concentration leads to reduced 
growth of cells; metabolic stressors significantly lowered the mRNA expression of 
growth related gene.
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7.4  Strategies to Ameliorate the Negative Effect 
on Reproduction During Metabolic 
and Nutritional Stress

As described above, stress has a negative impact on the anti-oxidant scavenging 
activity of ruminants, oocytes and the subsequent embryos, so antioxidant supple-
mentation responsible for alleviating the action against stress. Reactive oxygen spe-
cies and the antioxidants were necessary for ovulation and a disproportion among 
them was responsible for the oocyte‘s inferior quality. While it needs both non- 
enzymatic and enzymatic antioxidants, enzymatic cleansing is more 
effective.“Antioxidants, like vitamins A, C and E and superoxide dismutase, gluta-
thione peroxidase, catalase, glutathione S-transferase, peroxiredoxin and thiore-
doxin helps cells from damaging effect of reactive oxygen species” (Bettina et al. 
2017). Because of the potential to inhibitreactive oxygen species, especially during 
the biosynthesis of steroid hormones, antioxidant enzymes within granulosa cells, 
cumulus cells, and follicular fluid each play a pivotal role in oocyte protection 
(Bettina et al. 2017). The follicular fluid acts as a buffer for antioxidant because of 
close proximity of the cumulus oocytes cell complex which helps in maintaining 
redox balance. Oxidative stress-induced DNA damage in granulosa cells is inversely 
related to quality of embryo and fertilization rate.

Antioxidants are useful in reducing oxidative stress, as they scavenge free radi-
cals and decrease the amount of reactive oxygen species. Antioxidants (enzymatic 
and non-enzymatic) are also used to decrease reactive oxygen species and therefore 
the degree of oxidative stress (Sharma and Agarwal 2004; Agarwal et  al. 2012; 
Prasad et al. 2016).“In order to resolve this problem, antioxidants such as superox-
ide dismutase, catalase, glutathione peroxidase and glutathione oxidase, vit C, tau-
rine, hypotaurine, vitE, Zn, selenium (Se), betacarotene, and carotene may be 
useful” (Prasad et al. 2016). Animal studies have demonstrated that supplementa-
tion with antioxidants is helpful in overcoming the disadvantageous effects of oxi-
dative stressin oocytes (Sharma and Agarwal 2004; Agarwal et  al. 2012; Prasad 
et al. 2016). Melatonin tends to play a significant role. To sustain the production of 
progesterone from ROS produced during the ovulation, melatonin protects granu-
losa cells (Taniguchi et al. 2009). “Melatonin (N-acetyl-5-methoxytryptamine) is a 
drug derived from the pineal glands and peripheral nerves”. There are mainly two G 
protein–coupled receptors for melatonin, melatonin receptor-1 and -2. Melatonin’s 
antioxidant effects may protect oocytes from oxidative stress harm. Action of mela-
tonin on oocyte is mediated by its receptors. Follicular fluid concentrations of mela-
tonin are closely correlated with both oocyte quantity and quality. In human 
granulosa cells, melatonin regulates the mRNA expression of vascular endothelial 
growth factor (VEGF) and down-regulate Inducible nitric oxide synthaseexpres-
sion. “Melatonin, antioxidant capacity, is five times more powerful thanGlutathione 
and eight times more powerful than mannitol”. During the dry period under stress, 
melatonin enhanced production rate and decreased the rates of breeding dysfunction 
and disruption of pregnancy in animals.
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During IVEP (in-vitro embryo production), melatonin decreases reactive oxygen 
species production and cellular apoptosis, improves the rate of blastocysts yield, 
increase the transcript expression of the super oxidase dismutase andB-cell lym-
phoma 2 (Bcl-2) and decrease transcript expression of p53. At the time of apoptosis 
cytochrome C (cyt-C) binds to Apaf-11 (has a caspase binding region) and the 
release of cyt- C inhibited by B-cell lymphoma 2. Reduced healthy follicles was 
reported in B-cell lymphoma2knockout animals and higher transcript expression of 
B-cell lymphoma 2gene in granulosa cells lower apoptosis rate. The existence of 
melatonin in follicular fluid was interrelated with oocyte number excellence and 
graafian follicles number, anti-Müllerian hormone (AMH) in serm, estradiol level in 
serum, and total number of embryos produced (Tiboni et  al. 2004; Budani and 
Tiboni 2020). Melatonin enhanced the mitochondrial function of in vitro matured 
mice oocytes and protected in  vitro matured oocytes against oxidative stress. 
Supplementation with melatonin increase mitochondrial function. Supplementation 
of melatonin during in-vitro maturation increases the copy number of the mitochon-
drial DNA (mtDNA), along with the potential of the mitochondrial membrane 
(Ochiai et al. 2019; Budani and Tiboni 2020). In mice, melatonin enhanced repro-
ductive efficiency in an in  vivo study conducted by Gao et  al. (2012) steadily 
increasing melatonin concentrations in drinking water (0, 3, 30, 300 μg/mL) were 
exposed for 21 days to ICR mice, aged 7 weeks. A dosage of 30 μg/mL was linked 
to higher number of antral follicles in each region of the ovarian structure compared 
with control. In addition, 30 μg/mL dose of melatonin during thein- vitro fertiliza-
tion significantly increased the hatching rate relative to the control group and other 
groups treated with melatonin. (Gaoet al. 2012; Budani and Tiboni 2020).

Vitamin E is commonly used in the field of assisted reproductive and can effec-
tively reverse the harmful effects of oxidative stress on the reproductive system and 
the endocrine system. (Chen et  al. 2020). Vitamin E, which is vitally important 
throughout the female reproductive process, can vilify oxidative damage by oxygen- 
free radicals and antioxidant deficiency by repressing the action of phospholipase A 
and lipoxygenase to sustain the cell membrane and guiding the usual physiological 
position of the reproductive system (Chen et al. 2020). Vitamin E can reduce the 
senile oxidative stress reaction with the anti-oxidant properties, which may have a 
negative impact on the number and quality of oocyte (Chen et al. 2020). Dairy cattle 
eating stored forages are often poor in vitamin E unless supplemented, and deficien-
cies in vitamin E are often found during the periparturial cycle leading to placenta 
retention and then anoestrus injection of diazinon (DZN) to rat decreases cells pro-
liferation in secondary and Graafian follicles, supplementation of Vitamin E recover 
the toxic effect of diazinon. On oocytes, the impact of stress on maternal metabolic 
nutrition and antioxidant status is transmitted, resulting in embryos and the fertility 
state of the ruminant (Abdelatty et al. 2018). Long-term maternal diet programming 
is therefore the main factor in reducing the stress impact on the oocytes and the 
growth of embryos. Furthermore, adequate nutrition management of the high pro-
ducing animal to preserve the energy balance can have a favorable outcome on the 
oocytes and the potential offspring (Abdelatty et al. 2018).
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L-ascorbic acid (VitC) synthesized in the liver of many animals, with the excep-
tion of guinea pigs, human and other primates (Cantoni et al. 2017; Yu et al. 2018). 
Ascorbic acid was found to be strongly transported to cells by the high affinity 
sodium-dependent vitamin C transporters 1 and 2 to achieve a levels of 1 ~ 10 mM 
(Young et al. 2015;Cantoni et al. 2017;Yu et al. 2018). A complex molecular net-
work coordinates the development of mammalian oocytes, and dynamic regulation 
of DNA methylation and histones is essential both for meiosis and embryonic devel-
opment (Gu et al. 2010; Yamaguchi et al. 2012). Methylation (trimethylation) in 
histone-3(H3) at Lys-4 and Lys-36 linked with dynamicchromatin position while 
methylation at Lys-9 and Lys- 27 linked with suppressive chromatinstatus, which 
also have important evolutionary functions in the regulation of oogenesis and 
embryogenesis (Diao et al. 2014, 2016; Stewart et al. 2015; Yu et al. 2018.

According to outcomes of Chawalit et al. (2012) and Mallol et al. (2015) supple-
mentation of ascorbic acid duringIVEPadvance blastocyst development rate in por-
cine hand-cloned embryosand mouse embryos made by SCNT (Somatic cell 
nuclear transfer). In porcine oocyte ascorbic acid supplementation increases mei-
otic maturation and developmental competence of porcine oocytes through epigen-
etic reprogramming (Yu et al. 2018). According to the finding of Yu et al. (2018) 
ascorbic acid reduces reactive oxygen species level and increase bone morphoge-
netic protein -15transcript level. Oxidative stress responsible for alter epigenetic 
status while supplementation of ascorbic acid responsible for modify epigenetic 
status in oocyte (McDonough et al. 2010; Young et al. 2015). During the peripartu-
rient period significant decline in concentration of vitamin C in serum was recorded 
in dairy cows. In lactating animal, heat stress reduced the serum Vit C concentration 
the serum Vit C concentration with regulated high ambient temperature decreased 
by 50%. In contrast, we further reported that the serum Vit C concentration in the 
summer was substantially lower than those in the autumn in milking animals. While 
H3K4me3 and H3K36me3 are typically associated with actively transcribed chro-
matin, H3K9me3 and H3K27me3 are associated with repressive chromatin. 
According to study of Hancock et  al. (2015) ascorbic acid usage considerably 
reduced expression of H3K27me3 but higher the expression of H3K4me3 and 
H3K36me3 in matured oocyte.

Selenium (Se) is an effective antioxidant factor that has ruminant animal’s func-
tions, including reproductive activity of both sexes (Mehdi and Dufrasne 2016; 
Lizarraga et al. 2020). During early lactation cattle experienced reduced antioxidant 
defense capability, even with sufficient Se concentration in their rations. Selenium- 
yeast supplementation to Se-sufficient animals during late gestation increases serum 
selenium concentration, and it helps in improving antioxidant defense mechanism, 
and diminishes oxidative stress in early lactation. Supplementation with 10 ng/mL 
dose of selenium during in-vitro maturation of cattle (Bosprimigenius Taurus) 
improve embryo quality (Lizarraga et al. 2020). According to findings of several 
study in cow, reduced fertility, placental preservation, and augmented frequency of 
mastitis and metritis were linked with selenium deficiency (Spears and Weiss 2008; 
Hefnawy and Tórtora-Pérez 2010; Sordillo 2013). In human, supplementation of Se, 
calcium, and calcium ionophore to IVM medium increased the oocytes maturation 
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rate (Makki et  al. 2012). Selenium inhibits oxidative damage and also affect the 
transcipt expression of the follicles stimulating hormone receptor in granulosa cells, 
according to Basini and Tamanini (2000). It has been shown that selenoproteins 
such as glutathione peroxidase and thioredoxinreductase can exert their beneficial 
effects through selenium (Brigelius-Flohé and Maiorino 2013). Ceko et al. (2015) 
confirm the presence of selenium and glutathione peroxidase −1 in large follicles of 
bovine granulosa cellsand play a vibrant role as anti-oxidants throughout late fol-
licular development. Coenzyme Q10 (CoQ10) acts as a scavenger against reactive 
oxygen species (Asensi-Fabado and Munné-Bosch 2010). According to Dai et al. 
(2017) treatment with coenzyme Q-10in mouse delayed ovarian reserve depletion, 
regained the mitochondrial gene expression of the oocyte, and enhanced mitochon-
drial activity. Several findings reviewed about the significance of antioxidants in 
oocyte growth and development as mentioned in Table 7.2, Fig. 7.2. The supple-
mentation of antioxidant molecules in both (In-vitro and In-vivo) reduces oxidative 
stress and it’s clearly required for optimum animal performance. Optimised antioxi-
dant feeding may increase the therapeutic efficacy of the follicular environment, 
irrespective of the animal metabolic stress status, the above may offer a treatment to 
help’ the oocyte that is metabolically affected.

7.5  Conclusion

Metabolic and nutritional stress undoubtedly place stress on all livestock species 
and will adversely affect their reproductive capacity. The effect of metabolic and 
nutritional stress was addressed in detail in this segment. This chapter also elabo-
rated on improvement measures to be taken into account in order to avoid economic 
losses caused by metabolic and nutritional stress pressures on livestockreproduc-
tion. Metabolic and nutritional stress conditions negatively influencedoocyte and 
embryo development and quality. The difficulty in implementing this nutritional 
strategy is the lack of awareness of particular animals’ individual antioxidant defi-
ciency, the potential role of other nutrients, and their interactions with antioxidants. 
This first logical step towards enhanced fertility is to enhance metabolic health. The 
use of antioxidants in vitro embryo culture support development of embryos after a 
metabolic praise during oocyte maturation, which improve embryo quality. Although 
it is important to further elucidate the degree to which these antioxidant supplemen-
tation will potentially rescue the metabolically compromised oocyte by nutritional 
and metabolic stress in a combined in vivo and in vitro approach.
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Table 7.2 Important antioxidants and their role in ovarian physiology

Animal 
model Antioxidants Experimental findings References

Cattle α-Tocopherol Responsible forthe survival of pre-antral 
follicles and encourages the stimulation of 
primordial follicles in in vitro culture of 
cattle follicles.

Lisboa et al. 
(2009)

Bovine Zinc Zinc considerably affected intracellular 
GSH content and DNA integrity of 
cumulus cells during oocyte maturation 
and improved pre-implantation embryo 
development in bovine

Picco et al. 
(2010)

Ovine α-Tocopherol and 
ascorbic acid

In combinations significantly increase the 
maturation rate of sheepoocyte

Miclea et al. 
(2012)

Porcine Selenium and vitamin E Increased the maturation rate of porcine 
oocytes and blastocysts.

Tareq et al. 
(2012)

Porcine Rresveratrol Increase blastocyst formation rates and 
total cells number. Reduced mRNA 
expression of apoptosis-related genes in 
COC treated with resveratrol

Kwak et al. 
(2012)

Bovine Melatonin Reduce the negative effect of stress on 
bovine oocytes.

Cebrian- 
et al. (2013)

Bovine Resveratrol Improved cumulus expansion, polar body 
formation, hatched blastocyst rate and 
mean number of cells in blastocysts

Wang et al. 
(2014)

Porcine Ascorbioc acid Significantly enhanced survival rates of 
blastocysts and reduced peroxide levels.

Castillo- 
Martín et al. 
(2014)

Camel Selenium, melatonin, 
ascorbic acid, 
β-mercaptoethanol etc.

Maturation medium supplemented with 
different antioxidants had a beneficial 
impact on maturation rates.

Mayada et al. 
(2015)

Ovine Fenugreek seed extract 
(FSE)

Significantly improved the maturation of 
oocytes.

Barakat et al. 
(2018)

Human CoQ10 Improved oocytes retrieval, higher 
fertilization rate, and more high-quality 
embryos

Xu et al. 
(2018)

Human Vitamin C Treatment via oral route accelerates the 
level of Vit C in serum and follicular fluid 
improving the quality of oocytes and 
embryos in IVF-ET cycles

Lu et al. 
(2018)

Cattle Selenium Improve embryo quality. Lizarraga 
et al. (2020)

Bovine Resveratrol Attenuated the increasing in active 
mitochondria in embryos cryopreserved

Gaviria et al. 
(2019)
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Fig. 7.2 Antioxidant administration strategies for overcoming Nutritional and metabolic stress
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