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As the altitude increases, the partial pressure of oxygen decreases, leading to
hypoxic conditions and ultimately disturbing body homeostasis and affecting
neuroendocrine function in cattle. These physiological changes cause low
conception rate, early embryonic death, low fertility, etc., in cattle and other
livestock species. So far, cattle’s reproductive health associated with high-altitude

hypoxic conditions has rarely been studied concerning reproductive physiology,
endocrinology, and physio-biochemical perspective. Hence, this review discusses

various physiological
doi: 10.48165/aru.2023.3.2.2

changes, hormonal disturbance, placenta development,

haematological and biochemical changes, etc., which are associated with and affect

cattle’s reproductive physiology.

Introduction

Leh-Ladakh region, a northwestern Himalayan part
referred to as high-altitude, has extreme climate and
hypoxia that have deleterious effects on the survivabil-
ity, productivity, and reproductive performance of vari-
ous livestock species, including dairy cattle. The areas of
Earth’s surface (or in its atmosphere) that vary from 1500
to 3000 m above mean sea level (MSL) are classified as high
altitude, more than 3000 m and below & equal to 5000 m,
referred to as very high altitude (Fig. 1). However, an alti-
tude of more than 5000 m is called extreme altitude (Fig.
1, Dunn, 1989).

This increase in altitude leads to increased hypoxia,
further decreasing the oxygen supply to tissues due to low
blood oxygen partial pressure (PO,) (Beall et al., 1997).
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This fall in oxygen partial pressure is linked to a fall in air
pressure as the altitude increases, decreasing PO, at higher
elevations. Other environmental stresses at high-altitude
are low humidity, extreme temperature variation, high
ultraviolet (UV) radiation, and poor nutrition, which neg-
atively affect survivability, health, welfare, and dairy cattle
production (Bharti et al., 2017).

All the dairy farmers of the high altitude region face
difficulty in animal welfare and maintaining their rear-
ing economy due to low milk yield. According to reports,
our study observed the low survivability and production
of high productive low-lander cattle due to physiological
stress in this high-altitude environment. The critical factor
is hypoxia which cannot be controlled through microen-
vironment management and limits the function of all vital
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Fig 1. Categorisation of altitude

organs, e.g., lungs, heart, kidney, and brain (Bharti et al.,
2017; Kumari et al., 2021). Numerous studies have demon-
strated that hypoxia at high altitudes causes pulmonary
hypertension and increases haematopoiesis in cattle. One
of the most common diseases in cattle at high altitudes is
pulmonary hypertension (brisket disease). It is caused by
decreased blood oxygen saturation and affects the tissues’
ability to transfer oxygen (Tucker and Rhodes, 2001). In
this condition, cattle are seen with dull, debilitated, bulky
dewlap/brisket, pulsating jugular veins, heart murmur
sound on auscultation, gallop rhythm, and brisket oedema
(Tucker and Rhodes, 2001).

Additionally, hypoxic conditions at high altitudes,
which reduce the oxygen tension, result in haematopoi-
esis and cause an increase in erythrocytes to compensate
for the low oxygen levels (Windsor and Rodway, 2007).
Consequently, indigenous species living at high altitudes
exhibit considerable changes in critical blood parameters
compared to their lowland equivalents (Jain, 1993). In
addition, climatic change, low ambient temperature, high
altitude hypoxic stress, and poor body homeostasis all
harm dairy cattle’s reproductive, metabolic, and immu-
nological health (Broucek et al., 1991; Bharti et al., 2017).
There is a significant loss of metabolic energy when deal-
ing with stress, reducing the energy available for growth
and reproduction. Therefore, indigenous and exotic cattle
don’t always thrive at high altitudes. Due to cold stress,
hypobaric hypoxia, inadequate food supply, including
mineral deficiencies at high altitudes, a very long calving
interval (2-4 years) was found in crossbred and native
cattle due to anestrus, poor fertility, and embryonic mor-
tality at an early stage (Dong et al. 2009; Bharti et al,
2017). So, only a small amount of information is available
on the reproductive issues in cattle when exposed to high
altitude hypobaric hypoxia circumstances. As a result, it
is necessary to investigate various factors that can impact
the reproductive health of cattle. In this review, we will
discuss the elements that can impact the reproductive
health of cattle (Fig. 2).
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A low oxygen level or desaturation in the blood can occur
at high altitudes due to low atmospheric pressure. Oxygen
saturation levels refer to the quantity of oxygen bound or
saturated by haemoglobin in a blood cell; oxygen saturation
values ranging from 95% to 100% are regarded in healthy
animals (Groves et al., 1993). Hypoxia is the blood’s low
partial pressure of oxygen (PO,) that impairs the oxygen
supply to tissues (Beall et al., 1997). The PO, gradient
between alveolar gas and arterial blood typically results
from a small amount of venous blood mixing and uneven
ventilation-perfusion matching in the lungs (Groves et al.,
1993; Ge et al., 1998). The O, unloading in the tissue cap-
illary bed causes the PO, gradient among capillaries and
tissues. When O, diffuses from blood’s high PO, to inter-
stitial fluid’s low PO,, the exchange of gases occurs at the
arteries to the capillary bed (Groves et al., 1993; Ge et al.,
1998). There is a quick fall in PO, due to gas exchange in
tissues near the arterial input of the capillary bed (Black et
al., 1980). The sudden transport of a lowland mammal to
altitudes greater than 3000 m causes acute hypoxia due to
the initial failure to increase ventilation and compensate
for the low PO, levels (Houston, 1998; Hoppeler and Vogt,
2001). However, hypoxia has no effect on arterial PCO,,
but the increased rate of ventilation removes CO, and thus
reduces arterial PCO, (Houston, 1998; Hoppeler and Vogt,
2001). Hence the CO, loss results in a lower [H*], the pH
rises, and thus the blood alkalinity increases (Kayser et al.,
1996). Central chemoreceptors are found in the brain, on
the side of the medulla, where they are bathed by cerebro-
spinal fluid (CSF), and the decrease in PCO, causes the
central receptors to slow down breathing (Fischer et al.,
1999; Wenger, 2000). As more carbon dioxide is excreted
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through the lungs due to the increased breathing rate, PCO,
in plasma decreases, and eventually, PCO, in CSF also
decreases, resulting in an increased pH, a signal to reduce
the breathing rate (Kayser et al., 1996; Sheafor, 2003). The
signal from the central chemoreceptors cancels out the
signal from the peripheral chemoreceptors, resulting in
a minimal net effect on lung ventilation rate (Vogt et al.,
2001). The ‘conflict’ between peripheral and central che-
moreceptors results in the continued production of neural
signals that raise ventilation slightly, causing the CSF to
become slightly alkaline. The choroid plexus responds by
secreting CSF with less HCO -, restoring the pH of the CSF
to its ‘normal’ value (Fischer et al., 1999; Wenger, 2000).
For 12-15 hours, this progressive compensation allows the
signal from the peripheral chemoreceptors to express fully,
causing ventilation to increase and PO, in the alveoli to
rise (Fischer et al., 1999; Wenger, 2000). The blood remains
alkaline for a few days, but the kidneys eventually correct
the pH by excreting excess HCO, (Kayser et al., 1996; Vogt
et al., 2001; Sheafor, 2003).

The increased oxygen-binding affinity of haemoglo-
bin is another key principle for improving the circulatory
conductance of O, in high-altitude mammals (Black et
al., 1980). Following high altitudes, red blood cells stored
primarily in the spleen are released (Weber et al., 1993).
This raises the hematocrit level, immediately increasing
the blood’s capacity to carry oxygen. Within 12 hours, the
rate at which red blood cells are formed begins to increase,
mediated by the glycoprotein hormone erythropoietin,
which stimulates cell division in hematopoietic stem cells
in the bone marrow for RBC formation (Black et al., 1980;
Beall et al., 1997). Another physiological response to high
altitude is a rise in heart rate resulting in increased cardiac
output. The amount of O, distributed to respiring tissues
is determined by the tissue’s blood flow rate and the value
in the blood and tissues (Ge et al., 1998). Cardiac output
can increase by up to five times its resting level at sea level
(Geetal., 1998). Many animals’ metabolism and body tem-
perature are reduced when their oxygen partial pressure is
low. In mammals’ central nervous system (CNS), the pre-
optic region of the anterior hypothalamus is the centre of
thermosensitive neurons that activate in response to hypo-
thalamic temperature, influencing physiological changes.
The cooling of body temperature by the hypothalamus
in response to hypoxia conditions activated thermogenic
pathways, causing shivering in animals. (Tattersall and
Milsom, 2009) The thermoregulation area in the hypothal-
amus influences mammalian circulatory and breathing
responses (Glenn and Milsom, 2009). Similarly, hypoxia
causes several physiological processes to be accelerated,
and much energy is used to keep the body in normal
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homeostasis, which eventually impacts reproduction per-
formance.

Oxygen dissociation curve

At high altitudes, oxygen saturation decreases in response
to an increase in the production of red blood cells (RBC),
which ultimately enhances haemoglobin (Hb) concentra-
tion and affinity of Hb towards oxygen (Fig. 3). Hb-O,
affinity is protective of arterial O, saturation in hypoxia,
although it can hinder O, unloading from the systemic
circulation (Black et al., 1980). Since oxygen loading in
the lungs and O, unloading in tissue capillaries must be
optimised in high-altitude vertebrates, they face a physi-
ological difficulty (Weber et al., 1993). The physicochem-
ical operating conditions for Hb in the red blood cell and
the inherent qualities of the Hb protein are reflected in the
characteristics of blood oxygenation. In the lungs, where
PO, levels are high, haemoglobin molecules load up with
oxygen and release it to the respiring tissues (Black et al.,
1980; Houston, 1998). Fig. 2 depicts an S-shaped or sigmoid
oxygen dissociation curve (ODC) for the oxygen-trans-
porting pigment haemoglobin. The P_ is the value of PO,
at which a pigment releases 50% of its maximum oxygen
capacity, and it measures the pigment’s affinity for oxygen
(Black et al., 1980; Houston, 1998). Therefore, the greater
the number of P, , the lesser the pigment’s affinity for
oxygen (Black et al., 1980; Houston, 1998). The ODC of
haemoglobin is shifted to the right when its affinity for
oxygen is reduced. In contrast, the ODC of haemoglobin is
displaced to the left when it has a strong affinity for oxygen.

Oxygen-Haemoglobin Dissociation Curve
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Fig 3. Changes in oxygen-haemoglobin dissociation curve
towards right at high-altitude (https://stepl.medbullets.com/
respiratory/117014/oxygen-hemoglobin-dissociation-curve).
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In response to hypoxia, the kidneys secrete erythro-
poietin, stimulating RBC production in the bone marrow
(Semenza, 1994). Over the course of weeks to months,
RBC mass rises in proportion to the severity of hypoxia.
Accelerated new research into erythropoietin and iron
metabolism has been made possible by two recently dis-
covered new iron-regulating hormones (hepcidin and
erythroferrone) as well as a newly discovered, highly spe-
cific erythropoietin receptor in the blood of high-altitude
athletes (Ganz, 2013; Kautz et al., 2014; Villafuerte et al.,
2014; Gassmann and Muckenthaler, 2015; Buratti et al.,
2015; Kuhn, 2015). The rise in haemoglobin observed one
to two days after ascent is attributable to haemoconcen-
tration produced by reduced plasma volume rather than
increased RBC mass.

The rate at which haemoglobin releases oxygen to tis-
sues is governed by erythrocytes 2,3-diphosphoglycerate
(2,3-DPQ@), with an increase in 2,3-DPG levels decreasing
oxygen affinity and vice versa (MacDonald, 1977). These
bovine P_ values are comparable to those found in other
mammals. However, Fronticelli (1990) explains that the
chloride ion (CI") activity affects the cattle’s low oxygen
affinity of Hb. The Hb affinity to oxygen in cattle is par-
ticularly sensitive to the CI™ level, acting as an alternate
effector of the standard 2,3-DPG in humans and other
animals. This is because human Hb and cow Hb have
structural variances (Fronticelli, 1990; Clerbaux et al.,
1993). The pH influence on cow ODC curves is lower than
in humans, dogs, and horses. So, when an abrupt shift of
the ODC is necessary to compensate for cellular hypoxia,
then decreased pH is an unfavourable factor for adequate
oxygen compensation to tissues level (Clerbaux et al,
1993). These hypoxic environmental conditions disturb
cellular energy metabolism and normal physiological pro-
cesses in cattle more considerable than the other species.
However, their impact on overall body homeostasis and
hormonal secretions needs to be studied and associated
with the health and production of cattle. Furthermore,
this study could also help identify other compensatory
mechanisms to deal with hypoxia.

Poor cellular development and tissue
necrosis

Many developmental processes and normal tissue homeo-
stasis are regulated by oxygen. Oxidative metabolism,
energy supply via ATP generation, and cell survival require
oxygen (Rankin and Giaccia, 2016). Hypoxia is a primary
reason for snoring, ischemic stroke, and heart disease; it
can damage endothelial cells, hippocampal neurons, and
myocardial cells, among many other cell types. These cell
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types play a critical role in the development and progres-
sion of these disorders (Wang et al., 1993; Feng et al., 2012;
Faa et al., 2014). Studies have demonstrated that hypoxia
damages and even kills cells primarily by oxidative stress,
inflammation, acidosis (Distler et al., 2005; Guo et al.,
2019), and apoptosis (Saraste and Pulkki, 2000). Hypoxia
has been linked to apoptosis in numerous studies. Hypoxia
can lead to apoptosis by inducing mitochondrial damage,
calcium excess, an increase in oxygen free radicals, and so
on (Guo et al., 2019).

Chronic hypoxia at high altitudes has been proven
in numerous studies to affect muscle structure, result-
ing in a considerable reduction in fibre density (Green et
al., 1989; Howald and Hoppeler, 2003). Reports revealed
that altitude exposure affects enzyme activities up to
30% involved in aerobic oxidative metabolism and mod-
erately decreases oxidative muscle capacity (Hoppeler
and Vogt, 2001). In addition, skeletal muscle and RBCs
include more proteins for the cellular transport of bicar-
bonate, protons, and lactates (Juel et al., 2003; Saunders et
al., 2009). Chronic exposure to hypobaric hypoxia, which
reduces cellular O, availability, was hypothesised to be the
primary cause of decreased muscle cross-sectional area
and oxidative activity (Hoppeler and Vogt, 2001). These
changes correspond with decreased body weight and total
muscle mass at high-altitude (San et al., 2013). In addition,
hypoxia produces muscle exhaustion in the diaphragm
and abdominal muscles, reducing breathing ability. Neary
et al. (2013) investigated the arterial pressure in newborn
calves and cows at high altitudes following transport from
lowland to highland. He showed cows had a lower haema-
tocrit but higher oxyhaemoglobin saturation than calves.
This is significant since pulmonary hypertension in cattle
is predicted by poor oxyhaemoglobin saturation (Will et
al,, 1962). Since foetal haemoglobin has a high affinity for
oxygen and is detectable in calf blood 6-7 months after
birth, one may predict calves have higher oxyhaemoglo-
bin saturation than cows (Lee, 1971). The oxyhaemoglobin
dissociation curve, on the other hand, is sigmoidal. When
oxygen pressure is less than 60 mm Hg, oxyhaemoglobin
saturation drops precipitously. The mean calf PO, pressure
was as low as 52.6 mmHg (1 month) and was continuously
lower than the mean value of 59.4 mmHg in cows (Neary
etal., 2013).

Microvesicles (MVs) are subcellular components pro-
duced by many cell types. Normal cells can create a lim-
ited quantity of MVs, while activated or apoptotic cells
make the vast majority. Under normal circumstances, cells
create a negligible number of MVs; however, when cells
are activated by hypoxia or oxidative stress, MV generation
increases significantly (Zhao et al., 2015). M Vs are crucial
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during developing and progressing hypoxia-related dis-
eases, inflammation, and apoptosis (Distler et al., 2005).
The brain consumes nearly 20% of the body’s oxygen
consumption; hence, the brain is significantly affected at
high altitudes (Li et al.,, 2013). Even though compensa-
tory hyperventilation, tachycardia, and increased cerebral
blood flow can partially maintain cerebral oxygen deliv-
ery at high altitudes, these mechanisms are insufficient (Li
et al., 2013). Hypobaric hypoxia causes significant brain
damage in humans and rats, altering cerebral blood flow,
energy metabolism, and cognitive functions, including
learning and memory (Semenov et al., 2008; Goodman
et al., 2011; Babbar and Agarwal, 2012). In mitochondria,
adequate oxygen is critical to producing ATP for cell via-
bility, and hypoxic situations can disrupt the metabolic
energy route, resulting in severe cell death and damage
(Kann and Kovacs, 2007; Chen et al., 2013). Furthermore,
Li et al. (2013) proved that nerve cells morphologically
changed after rats were exposed to hypobaric hypoxia;
however, as the exposure time increases, it causes severe
damage to nerve cells and, in extreme cases, results in cere-
bral edema. Although no study on cell apoptosis in cattle
at high-altitude hypobaric-hypoxia has been published so
far, Nishimura et al. (2008) investigated whether hypoxia
causes apoptosis in bovine luteal cells in in-vivo condi-
tions. Since ovarian blood flow drops in ewes and cows
during luteolysis, hypoxia plays a role in ruminant luteol-
ysis (Wise et al., 1982; Acosta et al., 2002). Furthermore,
hypoxia inhibits progesterone synthesis in bovine luteal
cells by decreasing mitochondrial cytochrome P450 side-
chain cleavage enzyme activity, implying that hypoxia
accelerates functional luteolysis (Nishimura et al., 2006).
The cow could not conceive due to lateral cell death and
decreased progesterone concentration. However, most
investigations on high altitude and hypoxia have focused
on the loss of embryos or foetuses, the restriction of growth
within the uterus, and the lowering of birth weight in ani-
mals (Hartinger et al., 2006). Under hypoxic conditions,
the development of bovine follicles is constrained due to
the suppression of the ER (Ma et al., 2019).

Cellular and systemic adaptive responses activate the
Hypoxia-inducible factor (HIF) (Sendoel and Hengartner,
2014). HIF stimulates the expression of various genes
involved in angiogenesis, cellular metabolism, prolifera-
tion, extracellular matrix production, and apoptosis regu-
lation based on the cellular context (Wenger et al., 2005).
So, HIF expression is crucial for folliculogenesis and luteol-
ysis. Hence, several factors could influence female fertility
by affecting the efficacy of the hypothalamus-hypophy-
sis-ovarian axis, cyclic ovulatory activity, the quality of pre-
ovulatory follicles/oocytes/embryos, and eventual embryo/
fetus viability. All of these essential functions require a fully
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functional corpus luteum. Therefore, hypoxia and oxida-
tive stress may contribute to poor corpus luteum activity in
high-altitude cattle, resulting in low fertility.

Poor placental development

The placenta is the primary facilitator of nutrient trans-
port from the mother to the foetus; its morphological
and functional development is vulnerable to hypoxia;
hence, the placenta is crucial in evaluating the impact of
attitude on foetal outcomes (Robertson and Wilsterman,
2020). Hypoxia increases oxidative stress, which can
cause damage to the placenta during parturition. High
altitude-native mammals live in mountainous areas all
year and go through their whole reproductive cycle in
conditions of prolonged cold and hypoxia, which affects
their reproductive health, and therefore, human and
domesticated animals living at high altitudes are less
fertile as compared to those living at sea level and lower
altitude (Parraguez et al., 2006). So, low-lander, poorly
adapted dairy cattle experience high degrees of infertility.
Compared to adults, pre-natal, post-natal, and physiolog-
ically immature young mammals face more physiological
challenges in cold, hypoxic conditions at high altitudes
(Robertson and Wilsterman, 2020). The placenta is
divided into two compartments: one for nutrient exchange
and the other for connecting the mother and fetus vascu-
lature and orchestrating the mother’s physiology during
pregnancy. However, gestational hypoxia affects both
compartments, although the effect on foetal growth is
unknown (Robertson and Wilsterman, 2020).

Soares et al. (2017) reported that gestational hypoxia
leads to hypertrophy in the placenta’s endocrine region,
also known as the junctional zone in rodents. Some of
the changes observed in guinea pigs and rats, gestational
hypoxia, significantly impact the invasive trophoblast, a
kind of trophoblast that arises from the intersection zone
and is to account for invading and remodelling maternal
vasculature (Soares et al., 2017). Interestingly, short expo-
sure to hypoxia increases triggers these cells to migrate
into maternal tissues, perhaps permitting more substantial
vascular remodelling; chronic hypoxia inhibits these cells’
remodelling behaviour (Zhou et al., 2013). Inadequate tro-
phoblast remodelling results in inadequate blood flow or
high blood pressure that could cause the placenta’s struc-
ture to collapse and halt the nutrient and gas exchange
between mother and fetus (Robertson and Wilsterman,
2020). Trophoblast inversion can lead to impaired fetus
development or embryonic death in mammals; there is no
report on cattle for such disorders, and further cattle stud-
ies are required to determine its effect.
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A reduction in the diameter of foetal capillaries at
high altitudes also characterises the vascular compart-
ment of the placenta. This reduction in diameter may
increase the surface area to volume ratio of the surface
over which gas and nutrient exchange occur (Espinoza
et al., 2001; Parraguez et al., 2010; Khalid et al., 2016).
Similar reductions in foetal capillary width have been
observed in humans that have adapted to live at high
altitudes, which suggests that the rise in surface area
to volume ratio is an adaptive response (Jackson et al.,
1987). These impacts foetal and embryonic development
when viewed through the perspective of pregnancy and
embryonic development studies at high altitudes. So,
hypoxia or oxygen tension significantly controls and
facilitates foetal and embryonic development at high
altitudes (Moore et al., 2011). Hence, understanding
how hypoxia affects foetal and embryonic development
is crucial because it highlights the relevance of pre-na-
tal development concerning the risk of cardiovascular
or other illnesses later in life (Barker, 1992; Moore et al.,
2011). According to reports, the birth weight of new-
borns residing at high altitudes decreases compared to
sea levels during the same gestation periods. However,
not all newborns born to residents who stay at high alti-
tudes are relatively small, and the majority of newborns
fall within the typical weight range for their gestational
age (Moore et al., 1998; Zamudio, 2003).

Contrary to suggestions that growth restriction at
altitude is typical and allows for adaptation to reduced
atmospheric pressure, many studies show that growth
restriction at altitude is related to higher infant mortal-
ity and morbidity (Moore et al., 1998; Zamudio, 2003).
The human foetus at high altitude is susceptible to hypo-
baric-hypoxia, which results in decreased maternal arte-
rial PO, and uterine blood flow (Zamudio et al., 1995).
The uteroplacental vascular growth factors produced by
the placenta and human placental growth hormone can
influence maternal metabolism to change the concentra-
tions of nutrients needed for foetal growth in the blood
(Parraguez et al., 2013; Parraguez et al., 2015). High-
altitude women are more likely than their low-altitude
counterparts to experience life-threatening pregnancy
issues because of the placenta’s potential influence on
uterine blood flow and foetal growth. Although no data
is available on the placenta development in cattle at high
altitudes, the human and mouse data has been discussed
to get a physiological mechanism of the effect of hypo-
baric hypoxia on placental development. Likewise, we
can hypothesise that cattle may face similar difficulties
in placental and fetal development under hypoxia.
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Effect on reproductive
hormone profile

Various physiological alterations, including altered hor-
mone secretion, occur due to acute and chronic exposure
to high altitudes. According to researchers, high altitude
hypobaric-hypoxia could also affect the regulation and
secretion of reproductive hormones, prolactin, and growth
hormone (Humpeler et al., 1980; Knudtzon et al., 1989;
Benso, 2007). In reaction to hypoxia, some endocrine or
neuroendocrine mechanisms are triggered, while others
are suppressed. Although adjacent zones in the same
organ release cortisol and aldosterone hormones, hypoxia
increases cortisol while decreasing aldosterone (Richalet et
al,, 2010).

In most studies, thyroid hormone levels have been
reported to rise at higher altitudes, but TSH secretion is
unaffected, and the processes underlying this dissociation
remain unknown (Barnholt et al., 2006). TSH levels remain
stable, but higher levels of total and free fractions of T3 and
T4 are consistent with most prior investigations, implying
that moderate hyperthyroidism may be required to tolerate
the severe conditions of high altitudes (Basu et al., 1995;
Ramirez et al., 1995). Increased amounts of 2,3-diphos-
phoglyceric acid in erythrocytes caused by thyroid hor-
mones facilitate oxygen delivery to tissues by shifting the
oxyhaemoglobin dissociation curve to the right, which is
beneficial in hypoxia (Snyder and Reddy, 1970). The TSH-
independent T4 spike has been explained in several ways.
A change in the pace of hormone production, a disruption
in the clearance process, or a haemoconcentration and vas-
cular shift can all affect hormone levels. The increase in T4
at high altitudes cannot be exclusively attributed to haemo-
concentration as determined by the total plasma protein
concentration and dehydration (Surks, 1966). T3 uptake
is unchanged or increased at high altitudes, implying a
standard binding capacity; the finding corroborates that
levels of free hormones increase along with those of total
hormones (Basu et al., 1995). Increased basal metabolic
rate has been linked to increased thyroid hormone levels
at high altitudes (Surks et al., 1967). At altitude, cold can
be an aggravating factor for thyroid function. Thyroid hor-
mone imbalances in cattle have severe consequences and
may affect the molecular mechanisms that control sexual
development and behaviour, menstrual and estrous cycle
control, ovulation, maternal capacity, pregnancy mainte-
nance, post-natal and foetal growth, and lactation in cattle
(Vasudevan et al., 2002; Leite et al., 2008; Silva et al., 2012).
Both the direct action of THs in the reproductive organs
and the activity of THs on the bioavailability of other
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hormones and growth factors, which are also essential for
the proper functioning of the female reproductive system,
are responsible for these effects (Forhead and Fowden,
2014; Duarte-Guterman et al., 2014, Silva et al., 2018).

Neurotransmitters dopamine and noradrenaline have
been shown to suppress prolactin release at high elevations,
which may lead to pituitary depression (Ben-Jonathan and
Hnasko, 2001). However, noradrenaline increases consis-
tently under hypobaric-hypoxic conditions, but dopamine
changes are inconsistent; as a result, prolactin secretions
vary (Serebrovskaya et al., 2000; Panjwani et al., 2006).
In response to hypoxia, erythropoietin (EPO) secretion
increases in several central nervous system regions, pro-
moting dopamine release and, as a result, inhibiting pro-
lactin secretion (Markianos et al., 2006). Lacasse et al.
(2019) reviewed the evidence that prolactin is required to
initiate lactation in dairy cattle at parturition. Parturition
in cattle is associated with high prolactin levels, whereas
lowering prolactin levels prevents lactogenesis.

Increased levels of thyroid hormones, dopamine, and
norepinephrine at high altitudes also regulate Growth
Hormone (GH) secretion (Page et al., 1988). The action
of catecholamines at varied regulatory levels and their rise
in hypoxia may explain the varying GH responses at high
altitudes. Prolonged exposure to altitude hypoxia induces
significant hormonal alterations not driven by changes in
the hypothalamic-hypophyseal axis (Richalet et al., 2010).
Gonadotrophs contain GH binding proteins (GHBPs)
and GH receptors (GHRs), and as GH concentration falls,
so does LH/FSH secretion (Hull and Havery, 2002). GH
insufficiency can have various effects, depending on the
species of animal and the stage of reproduction it is in.
GH can have stimulatory, inhibitory, or minimal effects
on the secretion of LH and FSH (Hull and Havery, 2002).
According to Sirotkin (2005), Rodent gonadotropin secre-
tion is more responsive to GH regulation than the gonado-
tropin secretion of ruminants and primates.

There is a decrease in FSH and LH basal concentra-
tions (Friedl et al., 1988). Catecholamines influence LH
secretion; however, different catecholamines have opposite
effects, like dopamine inhibits while noradrenaline stimu-
lates gonadotropin levels (Richalet et al., 2010). According
to Ma et al. (2019), hypoxic conditions disrupt estrogen
levels, affecting folliculogenesis and resulting in infertility
and ovarian cancer in sheep and mice. In-vitro hypoxia
studies on bovine luteal cells by Nishimura et al. (2006)
revealed that it inhibits progesterone synthesis, implying
that hypoxia accelerates functional luteolysis, which fur-
ther affects normal reproductive physiology.
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So far, no such studies on cattle have been published
that describe the consequences of being at a high altitude
on cattle. Nonetheless, there are few studies on sheep, mice,
and humans. As previously discussed, numerous studies
have demonstrated that animals living at high altitudes
suffer from health problems and have reduced reproduc-
tion. The detailed analysis of hypobaric-hypoxias func-
tion in cattle reproduction has not been discussed. The
hypobaric hypoxic condition affects the hormonal profile
of cattle by causing luteal death, which alters the normal
secretion of reproductive hormones, resulting in infertility
or other reproductive diseases in cattle.

Haematology and blood biochemical
changes under hypoxic condition

There is a significant loss of metabolic energy when deal-
ing with high altitude stress, resulting in less energy avail-
able for production and reproduction, resulting in poor
health and production of dairy cattle at high-altitude (Giri
etal.,, 2017). Due to hyperventilation, both calves and cows
developed respiratory alkalosis at high altitudes in the
hypoxic environment, and this physiological condition is
more common in lowlander animals when reared at high
altitudes (Monge and Leonvelarde, 1991). Heamoglobin,
erythrocytes count and mean corpuscular level are
increased under hypoxia, which helps in acclimatisation at
high altitudes (Brun-Hansen et al., 2006; Mohri et al., 2007;
Bharti et al., 2017). However, these changes are insufficient
to compensate for the decrease in atmospheric oxygen ten-
sion induced by high altitude and poor oxygen transport
from the alveoli into the pulmonary circulation. Various
researchers observe adverse changes in liver and kidney
function in dairy cattle, which has a deleterious effect on
neural-endocrine functions, resulting in an imbalance in
various reproductive hormones. Therefore, the primary
objective of restoring reproductive hormone levels and
improving reproductive health in dairy cattle is to improve
their nutrition and microenvironment. These farm man-
agemental changes in high-altitude will reduce the adverse
effect of hypoxia and cold stress on body homeostasis and
improve neuro-endocrine function.

Conclusion

Hypobaric hypoxia at high-altitude brings physiological
stress to dairy cattle through modulation of blood bio-
chemical, endocrine, and other cellular functions. The
reproductive health of native cattle and low-lander exotic
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high-producing species are adversely affected due to
hypoxia-induced changes in neuroendocrine secretions.
It alters the average profile of hormones and metabolic
functions in dairy cattle, leading to increased infertility
and abortion. However, compared to exotic breeds at high
altitudes, native cattle had a lower incidence of infertility.
Therefore, there is a need to evaluate their reproductive
health and physiology at high-altitude to develop amelio-
rative measures and breeding programs for higher fertility
and cattle health.
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