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copper in dairy cow

Nutritional biochemistry of minerals: zinc, manganese, selenium, and
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Introduction

The authors present “Nutritional biochemistry of minerals: zinc, manganese, selenium, and copper in
dairy cow”. This chapter analyzes mineral biology, reviews the historical background, and highlights the
importance of minerals in biochemistry and human and animal medicine. The content is organized into
seven sections. Tables and figures summarizing relevant and supplementary information are included.
Section i) presents the main historical background of mineral research, beginning with the microscopy
revolution in the 17" century and ending with the identification of 22 minerals at the end of the 20"
century. This section highlights our theoretical and practical understanding of minerals, progressing from
passive molecules to elements that regulate metabolism and homeostasis. Section ii) analyzes the general
functions of minerals. It covers their participation in osteogenesis, enzymatic activity, antioxidant
defense, and cell communication. Section iii) analyzes mineral absorption and transport. Special attention
IS given to bioavailability, intake, and physiological requirements during growth, production, and
reproduction. Section iv) discusses the chemical properties of zinc (Zn). It details their absorption,
storage, and role in immunity, proteogenesis, and genetic regulation. Section v) examines manganese
(Mn). It highlights its redox activity, enzymatic functions, and importance in osteogenesis and
antioxidant defense. Section vi) analyzes the discovery of selenium (Se). It describes its metabolic
pathways, its role in the structure of selenoproteins (SelPs), and its relationship with vitamin E in
antioxidant regulation. Section vii) reviews the absorption and storage of copper (Cu). It also studies the
antagonistic effects of molybdenum (Mo) and sulfur (S) in ruminant diets. In summary, the document
emphasizes the importance of trace minerals.

1. Background of the study of minerals
Research on minerals in animal organisms, conducted between the 17" and 20" centuries (Figure 1),
exposed their fundamental biological significance (Brown et al., 2025). Ciosek et al. (2023) indicated

that early studies established that all living tissues contain mineral, primarily in the form of inorganic
compounds, e.g., i) oxides, ii) phosphates, iii) carbonates, and iv) sulfates.
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Box 1

The invention of the microscope
allowed scientists to observe
tissues and begin linking
structure with mineral content

Calcium in bones

Researchers identified
calcium salts (mainly cal

Iron in blood

The identification of
h lobin’s iron

phosphate) as the structural
basis of bones and teeth,
establishing minerals as

essential for skeletal strength

Phosphorus in metabolism

h

explained oxygen transport,

marking a breakthrough in
understanding mineral
function in physiology

Trace elements recognized

Discovery of phosphorus
compounds in animal tissues
connected minerals to energy

metabolism and growth

El ts like iodine (thyroid
function) and zinc (enzyme
activity) were discovered to
play critical roles, showing

that even minute mineral
quantities were vital

Rise of biochemistry

Systematic chemical analysis
of animal tissues expanded
knowledge of mineral
distribution and function

Nutritional science

Minerals were firmly established
as dietary essentials, with
deficiencies linked to di
(e.g., rickets from lack of
calcium/vitamin D, anemia from
iron deficiency)

Physiological integration

Research demonstrated
minerals’ involvement in nerve
conduction, muscle contraction,
enzyme catalysis, and hormone
regulation

Trace element explosion

By mid-century, copper,
manganese, selenium, and
others were identified as
crucial, cementing the idea
that minerals underpin nearly
all biological processes

Figure 1

Timeline of mineral research (17""-20" century)
Source: own elaboration based on (Brown et al., 2025)
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A major revolutionary in this field was the identification of calcium phosphate [Cas(PO.):] as a
structural component of bone (Libera et al., 2021). This was followed by the discovery of potassium (K)
in plant residues, which provided the foundation for the emerging chemistry of essential minerals (Cui
and Tcherkez, 2021). Vlok et al. (2023), indicated that the physiological importance of these elements
became evident when observations showed that certain bird species required supplemental calcium (Ca?*)
to maintain health and reproductive success. These findings ultimately led to the therapeutic application
of mineral supplementation, notably in the prophylaxis of mineral pathologies e.g., rickets (Pettifor,
2004).

Leung et al. (2024), identified that iron (Fe) is a central constituent of blood, with its deficiency
directly associated with anemia. Concurrently, the essential role of sodium (Na) in livestock nutrition
was established (Arthington and Ranches, 2021), and the detrimental consequences of Ca®* deficient
diets in dairy cows were demonstrated (Libera et al., 2021). Gutierrez et al. (2015), exposed that the bone
eating behavior observed in certain animals represented a compensatory response to phosphorus (P), and
Pearce and Zimmermann (2023), highlighted that iodine (1) deficiency in the environment promoted the
development of goiter in both humans and animals.

Research conducted during the first half of the 20" century further consolidated the relationship
between minerals and other nutrients, e.g., vitamin D, by demonstrating its regulatory role in Ca/P
metabolism (Grunberg, 2023). Collectively, these findings established that minerals are not passive
constituents, but vital elements required for sustaining health, growth, and the physiological functions of
humans and animals (Prados et al., 2017).

By 1981, the recognition of 22 mineral as essential for life had been established. These comprised
seven macronutrients: i) Ca, ii) P, iii) K, iv) Na, v) chlorine (ClI), vi) magnesium (Mg), and vii) S, and
fifteen micronutrients: i) Fe, ii) 1, iii) Zn, iv) cobalt (Co), v) Cu, vi) Mn, vii) Mo, viii) tin (Sn), ix) Se, X)
chromium (Cr), xi) vanadium (V), xii) nickel (Ni), xiii) fluorine (F), xiv) silicon (Si), and xv) arsenic
(As) (Suttle, 2022c). Allen (2020), pointed out that recognition extended the conceptual framework of
minerals beyond their roles as structural or catalytic agents, highlighting their importance as modulators
of metabolic processes and regulators of homeostasis.

Research throughout the twentieth century demonstrated that minerals are not passive constituents
but active participants in the formation of intracellular molecules, e.g., metalloproteins (Selvaraj et al.,
2024). For example, Allen (2020), showed that K utilize at least ten distinct transport mechanisms across
cellular membranes. Zhang et al. (2022), highlighted that Zn deficiency alter gene expression governing
the synthesis of uroguanylin (peptide involved in satiety regulation), and Wang et al. (2021), indicated
that Cu, contributes to alkylation reactions and can activate methionine synthase, suggesting that it may
partially substitute for Co, in certain metabolic pathways. In the 21™ century, evidence has demonstrated
that protein bound Se, and selenite elicit immune responses in birds with heat stress (Jain et al., 2021).
Lopez (2021), showed that Co, by contrast, represents a singular case among mineral, as its biological
role derives from its incorporation into the nucleus of cobalamin (B:2). Contemporary understanding
recognizes that minerals fulfill diverse functions, which can be categorized in: i) structural, ii)
physiological, iii) catalytic, and iv) regulatory (Lautrou et al., 2021).

2. General functions of minerals

Minerals perform a wide array of essential functions in animal organisms. Elements, e.g., Ca, P, and Mg
are fundamental to the osteogenesis and formation of teeth (Gutierrez et al., 2015; Prados et al., 2017),
with Si further contributing to their mechanical strength. Within myofibrillogenesis in skeletal muscle,
P and S are critical for maintaining the integrity and stability of cellular structures. Similarly, Zn and P
enhance the stability of membranes and polymers in which they are incorporated (Grunberg, 2023).

Ramirez et al. (2024) exposed that minerals also act as electrolytes in body fluids. Na, K, ClI, Ca,
and Mg are central to osmotic/oncotic regulation, acid/base balance and cell membrane permeability, as
well as for muscle innervation (Lautrou et al., 2021). Several trace minerals serve as enzymatic cofactors
and metalloenzymes in various biological systems (Suttle, 2022c). As a general rule, they activate
enzymes that participate in the removal of reactive oxygen species (ROS). Selvaraj et al. (2024). exposed
that through these roles, they facilitate anabolic and catabolic reactions, alongside oxidative and
antioxidant mechanisms indispensable to life.
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Beyond these functions, minerals exert direct influence on cellular processes, e.g., replication and
differentiation (Arthington and Ranches, 2021). Ca?*, for example, are key mediators of intracellular
signaling, while selenocysteine (Sec) modulates gene expression. The latter has been denominated as
twenty-first amino acid discovered in the early'80s (Lautrou et al., 2021).

3. Absorption, transport, and mineral requirements

Mineral absorption begins in the intestinal mucosa, where minerals interact with the apical membranes
of enterocytes (Goff, 2018). Suttle (2022c) pointed out that digestive processes may liberate minerals
bound to organic molecules, thereby facilitating absorption, or conversely restrict uptake through the
formation of insoluble complexes. Unlike organic nutrients, minerals are not subject to digestion; their
bioavailability depends primarily on their chemical form and on interactions with other dietary
components (Overton and Yasui, 2014). Transport mechanisms can be either active and energy
dependent, e.g., ATPase activated Na pumps or passive, occurring through diffusion or solvent drag
(Goff, 2018).

The absorption of microminerals frequently involves competition among elements that share
transport pathways (Genther and Hansen, 2014). For example, Fe and Mn utilize the same divalent metal
transporters (DMT1) and subsequently associate with transferrin to ensure safe circulation (Charan,
2022). Goff (2018) showed that in certain cases, minerals are absorbed as organic molecules for example,
e.g., Se or Mn bound to methionine which can significantly influence their bioavailability.

Following absorption, minerals are transferred from the enterocytes of the intestinal mucosa to
hepatocytes in the liver via the portal vein (Stein, 2024). Within circulation, they may exist in free form
or bound to plasma proteins (Byrne and Murphy, 2022). From the liver, minerals are distributed through
peripheral blood to diverse tissues and organs, where uptake is mediated by specific transporters located
in cell membranes (Hambidge, 2003). Mineral turnover rates vary across tissues: they are rapid in the
enterocytes of the intestinal mucosa and hepatocytes of the liver, moderate in soft tissues, and slow in
osteocyte (Millward, 2017). Suttle (2022c) exposed that these rates are highly responsive to physiological
conditions, e.g., pregnancy and lactation, as well as to nutritional states of deficiency or excess.

Studies employing radioisotopes have enabled the quantification of mineral fluxes, e.g., those of
Ca?" and P (Sokolova and Epple, 2021). These investigations have demonstrated and characterized the
accumulation and mobilization of minerals from osteocytes during lactation (Prados et al., 2017). At the
cellular level, calmodulin functions as a critical transporter, facilitating both the intestinal uptake of Ca2*
and its intracellular mobilization (Yang and Tsai, 2022). In contrast, microminerals, e.g., Cu require
highly specific transport systems at each cellular interface (Suttle, 2022a).

The concept of maintenance mineral requirement refers to the obligatory losses that must be
replenished to sustain homeostasis (Suttle, 2022c). Such losses occur through perspiration, urinary
excretion, exhalation, and fecal elimination, including minerals contained in shed intestinal cells,
unabsorbed secretions, and microbial debris (Hambidge, 2003). When mineral intake exceeds
physiological needs, animals regulate homeostasis by enhancing intestinal or urinary excretion or by
reducing intestinal reabsorption, thereby preventing toxic accumulation (Hambidge, 2003). Mineral
requirements vary according to physiological and productive activities:

—  Work: Increased energy expenditure slightly elevates mineral demand, particularly for Na, P, and
Cl, due to sweat losses (Baker et al., 2018). Enhanced oxidative metabolism during exercise also
raises requirements for Se and other elements involved in antioxidant defense (Suttle, 2022d).

—  Reproduction: Mineral requirements rise during fetal growth and placental development,
increasing exponentially toward the end of gestation (Kapper et al., 2024). Elements, e.g., Cu and
Se depend on maternal nutrition to establish fetal reserves (Suttle, 2022d; Zambrano et al., 2025).
Caixeta and Omontese (2021) highlighted that although maternal physiology prioritizes mineral
supply to the fetus, temporary deficits can be compensated through mobilization of bone and tissue
reserves. Classical studies have shown that animals maintained on marginal Ca?* and P diets can
sustain normal reproductive cycles if recovery periods are allowed between lactations, though
longevity and bone integrity may be compromised (Tufarelli et al., 2024).
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—  Production: Requirements are defined by the mineral content of the product generated (e.g., meat,
milk, and wool) (Suttle, 2022c). However, under deficiency conditions, animals may alter the
composition of tissues and products, often at the expense of structural quality (National Research
Council, 2001). For example, the strength of wool fibers or eggshells is critical for maintaining
vital functions (Anas et al., 2023).

—  Growth: Mineral requirements depend on body mineral density, which varies with age and tissue
type (Suttle, 2022c). The skeleton, rich in Ca?* and P, contributes substantially during early growth,
but its relative contribution declines with maturity (Gross, 2023). Animals also employ homeostatic
strategies by storing or mobilizing minerals according to dietary availability (Arthington and
Ranches, 2021).

4.7Zinc

The Zn placed in the 30" position in the periodic table, is a transition metal characterized by a relatively
low melting point (Aqgarab et al., 2021). Its electronic configuration is [Ar]3d*%4s?, with Zn>* being its
most common oxidation state (Jomova et al., 2025). Although redox inactive, Zn plays a crucial role in
antioxidant protection mechanisms (Hubner and Haase, 2021). In tropical and subtropical soils, Zn
availability is frequently limited by environmental factors, e.g., pH (Suttle, 2022¢). Agarab et al. (2021),
identified that in alkaline soils (pH>7.5), Zn precipitates as insoluble oxides, thereby reducing its
bioavailability. Moreover, interactions with other soil minerals, e.g., P, can inhibit Zn uptake (Verma et
al., 2022).

Absorption of Zn occurs in enterocytes of the intestinal mucosa, from which it is subsequently
released into the bloodstream (Mittag et al., 2022). In circulation, Zn is transported primarily by albumin
(ALB), a-macroglobulin (aM), and transferrin (Tf) (Stiles et al., 2024). Intracellular Zn levels regulate
the expression of metallothioneins (MTs), proteins rich in cysteine residues that serve as intracellular
reservoirs of Zn (Maares and Haase, 2020; Krezel and Maret, 2021). Beyond this storage system, Zn is
also maintained in protein bound and vesicle bound reserves (Stiles et al., 2024). Approximately 80-90%
of total body Zn is located in myocytes and osteocytes (Molenda and Kolmas, 2023), while about 10%
is distributed across the: i) liver, ii) gastrointestinal tract, iii) skin, iv) kidneys, v) brain, vi) lungs, and
vii) prostate (Frederickson and Bush, 2001).

Intracellular Zn can be mobilized from MTs in response to oxidative stress through
sulfide/disulfide exchange mechanisms (Krezel and Maret, 2021). Once released, Zn functions as a
modulator of both innate and adaptive immunity. It promotes polymorphonuclear lymphocyte
chemotaxis and macrophage phagocytosis (Planeta, 2022), while in adaptive immunity it activates T cells
by facilitating autophosphorylation of the tyrosine kinase via interactions with the cytoplasmic domains
of helper T cells (CD4) and cytotoxic T cells (CDs) (Bonaventura et al., 2015). Dendritic cell maturation
also depends on Zn, particularly through the activity of Zn transporters (Shao et al., 2024).

Extracellular Zn serves as a mediator in multiple signaling pathways: i) endocrine, by regulating
hormone secretion (Shao et al., 2024); ii) autocrine, by facilitating the release of chemical messengers
(Frederickson et al., 2005); and iii) paracrine, by transmitting signals to adjacent cells (Millward, 2017).
Lim et al. (2013) exposed that as a trace mineral, Zn is indispensable for proteogenesis, being an integral
component of approximately 2 500 proteins. Also, contributes to cell development, reproductive health
(Kiouri et al., 2023), and neuronal excitation by enabling neurotransmitter release for intercellular
communication (Ren et al., 2020).

Zn plays a fundamental role in genetic regulation, preserving the structural integrity and
deoxyribonucleic acid (DNA) binding capacity of more than 2 000 transcription factors (Qu et al., 2023).
It also acts as a cofactor in over 300 enzymes, e.g., dihydroorotases, alanyl-tRNA synthetases, and class
I tRNA synthetases (Vasu et al., 2021). Also, Zn stabilizes sulfhydryl groups, thereby protecting against
oxidative reactions (Agarab et al., 2021).

Zn interacts with other minerals: 1) it competes with Fe for intestinal transporters (Kondaiah et
al., 2021), ii) elevated Ca?" levels can reduce Zn absorption (Stiles et al., 2024), and iii) Cu, at high
concentrations, acts as an enzymatic antagonist (Maret and Sandstead, 2006). Molenda and Kolmas
(2023), exposed that Zn deficiency is frequently associated with increased oxidative tissue damage.
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This manifests as elevated lipid peroxidation and enhanced oxidation of lipoproteins and DNA
(Suttle, 2022e). Deficiency also stimulates the secretion of proinflammatory mediators, including
interleuking (IL-g), tumor necrosis factor alpha (TNF.), and interleukine (IL.s), thereby directly
amplifying the inflammatory response (Kim and Lee, 2021).

Zn supplements can be taken orally in the form of salts of organic acids, , e.g., Zn/gluconate,
Zn/acetate, or Zn/propionate. Table 1 summarizes the Zn requirements across different physiological
stages in dairy cow.

Table 1
Zinc requirements in dairy cow

Milk production Period
kg/d
<20 | 20-30 | 30-40 | prepartum | lactation | dry period
15d 45d
CC 3.5 3.5 3.0 3.5
Zn, ppm 40.0 40.0 40.0 40.0

CC: body condition, Zn: zinc. Source: (National Research Council, 2001)
5. Manganese

The Mn placed in the 25" position in the periodic table, is the fifth most abundant metal in the Earth’s
crust (Studer et al., 2022). Its electronic configuration, [Ar]3d°4s?, enables participation in redox
reactions and catalytic activity in chemical processes (Jomova et al., 2025). Baj et al. (2023), exposed
that Mn can exist in six distinct oxidation states In its natural form. Mn is commonly found in the reduced
Mn?* state, which dissolves readily in water. It can also occur as Mn**, forming various insoluble oxides
(Liu et al., 2024).

In circulation, Mn is primarily present as Mn?" and Mn** (Karyakina et al., 2022). The Mn?* form,
is typically bound to molecules, e.g., ALB (84%), hexahydrate ions (6%), bicarbonate (6%), citrate (2%),
and transferrin (1%) (Silva and Rangel, 2022; Su et al., 2022). By contrast, Mn** is mainly associated
with transferrin (Liu et al., 2021). Serum Mn concentrations are generally lower than those in whole
blood, as approximately 85% of Mn is bound to hemoglobin within erythrocytes (Baj et al., 2023).

Mn absorption occurs in enterocytes of the intestinal mucosa via active transport, with diffusion
contributing when dietary intake is high (Suttle, 2022b). Fe plays a critical role in Mn homeostasis, since
both elements utilize transferrin for transport and absorption. Consequently, Mn absorption decreases
when dietary Fe content is elevated. Functionally, Mn serves as a cofactor for numerous enzymes, e.g.,
superoxide dismutase (SOD), arginase (Arg), and glutamine synthetase (Cane et al., 2025).

These enzymes are essential for processes, e.g., ammonia (NH3) detoxification, proteogenesis,
and DNA replication (Jomova et al., 2025). Mn also participates in gluconeogenesis and lipogenesis
through its role in pyruvate carboxylase (Sun et al., 2023). As a key component of mitochondrial SOD,
Mn provides the primary defense against ROS (Studer et al., 2022). Additionally, Mn contributes to
prothrombin synthesis, thereby supporting blood clotting (Oliveira-Paula et al., 2024).

The importance of Mn in animal nutrition was first established in poultry, where deficiency led
to skeletal malformations and pathologies, e.g., perosis (Suttle, 2022b). Subsequent research has
demonstrated its fundamental role in numerous physiological functions, particularly in livestock species.
Mn deficiency can compromise the integrity of the enterocytes of the intestinal mucosa and increase the
expression of proinflammatory cytokines, e.g., TNF., (Baj et al., 2023). It is also associated with reduced
bone density, thereby heightening susceptibility to fractures. In addition, Mn plays a critical role in
vitamin B1 metabolism (Kippler and Oskarsson, 2024).

Table 2 summarizes the Mn requirements across different physiological stages in dairy cow.
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Table 2
Manganese requirements in dairy cow
Milk production Period
ka/d
<20 | 20-30 | 30-40 | prepartum lactation dry period
15d 45d

cC 35 35 3.0 35
Mn, ppm 40.0 40.0 40.0 40.0

CC: body condition, Mn: manganese. Source: (National Research Council, 2001)
6. Selenium

The Se was discovered in 1817 by the Swedish chemist Berzelius, in the course of research on a new
method of producing sulfuric acid (Kieliszek and Bano, 2022). The Se placed in the 34" position in the
periodic table, is an essential trace mineral whose scientific understanding has evolved considerably
(Raturi et al., 2025). Early investigations emphasized its potential toxicity (Ryabova et al., 2024), as
excessive intake was linked to alkaline pathologies, which initially fostered a negative perception of the
Se (Wagar, 2025).

In 1973, Se was discovered to be an important component of the active center of the enzyme
glutathione peroxidase (GPx). However, subsequent studies revealed that small amounts of inorganic Se
were indispensable for preventing specific pathologies, e.g., hepatic necrosis in mice (Ahsan et al., 2025),
lower response in the immune organs of broilers with exudative diathesis due to Se deficiency (Pan et
al., 2018), and in oxidative stress in coccidiosis of domestic animals (Razavi et al., 2024).
Supplementation was also shown to alleviate muscle degeneration in lambs and calves, prompting a
reassessment of Se as a nutrient of both preventive and functional importance (Marin et al., 2025).

From a metabolic perspective, the uptake and utilization of Se in mammals depend on its chemical
form (Zhao et al., 2024). Inorganic species include selenate (Na>SeOs) and selenite (Na2SeOs) (Kieliszek
and Blazejak, 2013), while organic forms comprise selenomethionine (SeMet) and selenocysteine
(SeCys) (Kieliszek and Bano, 2022). In plants, the absorption of Na>SeOsz and NaxSeOs is generally
greater in alkaline soils than in acidic soils, although environmental factors, e.g., altitude and vegetative
growth stage also influence availability (Kieliszek and Blazejak, 2013).

Within animals, organic and inorganic forms follow distinct metabolic pathways (Zhao et al.,
2024). SeMet and SeCys are absorbed through the enterocytes of the intestinal mucosa; SeMet enters
general protein pools via the methionine pathway, whereas SeCys is uniquely incorporated into SelPs
(Yuan et al., 2024a). The major SelPs and their functions in the body are elaborated in Table 3.

Collectively, the SelPs control redox stability and protein quality. As research advanced, Se
deficiency was increasingly associated with impaired growth, fertility, and overall health, often in
conjunction with vitamin E (Suttle, 2022d). This led to recognition of the synergistic interaction between
Se and vitamin E in antioxidant defense systems (Chen et al., 2022). A pivotal discovery was the
identification of SelPs, whose primary function is the transport and delivery of Se to peripheral tissues
(Yuan et al., 2024a).

At the molecular level, Se exerts its biological functions predominantly through SelPs, of which
at least 25 have been identified in mammals (Little et al., 2025). Most possess oxidoreductase activity,
playing a critical role in cellular protection against ROS (de Man et al., 2025). While ROS are
unavoidable by products of oxidative metabolism, they can also initiate damaging peroxidation chain
reactions (Tinkov et al., 2020; Saadh et al., 2024). Se, through its incorporation into SelPs, provides a
vital defense against these processes (Banerjee et al., 2022).
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Table 3
Mammalian selenoproteins

Name Abbreviation Function
Glutathione peroxidase GPx Prevents oxidative stress, regulation of antitumor immunity
lodothyronine deiodinase | DIO Regulation of thyroid gland secretion, neuron health
Selenoprotein H SelH Cell cycle regulation and cancer prophylaxis
I Sell Phospholipid biosynthesis
K SelK Immunity and inflammation
M | SelM Maintenance of Ca?*
N SelN Growth and development of muscles
0 SelO Redox reactions
P SelP Transportation of Se to brain and other tissues of body
S SelS Regulation of inflammation and redox reactions
T SelT Regulation of endocrine secretion
\Y SelV Expression of taste
W | Selw Oxidative stress regulation, bone remodeling
Thioredoxin reductase TrxR1-3 Tumor cell apoptosis, oxidative stress, and reduction of disulfide bonds

Source: (Kotepui et al., 2023; Yuan et al., 2024a; Shahidin et al., 2025)

Among the most extensively studied SelPs are the GPx, widely regarded as the principal
mediators of Se antioxidant activity (Sun et al., 2022). These enzymes reduce hydrogen peroxide (H205),
and diverse hydroperoxides by utilizing glutathione as a substrate, thereby preventing the propagation of
oxidative damage to lipids and proteins (Trigueira et al., 2025). At least six GPx isoforms with distinct
functions have been identified. GPx1, the most abundant and first to be characterized, plays a central role
in cytosolic antioxidant defense. However, its absence does not necessarily result in pathology due to
compensatory activity from other peroxidases (Kotepui et al., 2023).

GPx2 is localized primarily in the enterocytes of the intestinal mucosa, where it protects against
hydroperoxides of dietary and metabolic origin (Mohideen et al., 2023). GPx3, an extracellular enzyme
synthesized mainly in the kidney and lung, contributes to plasma antioxidant defense and facilitates Se
transfer into milk (Zinellu and Mangoni, 2021). GPx4, a phospholipid hydroperoxidase, uniquely
safeguards cell membranes and maintains structural stability, with its activity preserved even under Se
deprivation (Barbosa et al., 2022).

In the endocrine system, Se is indispensable for iodothyronine deiodinases (DIOs) and
thioredoxin reductases (TrxR) (Zuhair et al., 2024). These selenoenzymes demonstrate that Se role
extends beyond neutralizing ROS to include modulation of hormonal activity, transcriptional regulation,
and preservation of tissue integrity (Shahidin et al., 2025). DIOs catalyze the activation and inactivation
of thyroid hormones through selective iodine removal (Giri and Mugesh, 2025). Specifically,
iodothyronine 5'-deiodase type | (ID1) converts thyroxine (T4) to triiodothyronine (Ts3) by deiodinating
the outer (5') ring (Kohrle and Fradrich, 2022). Se deficiency disrupts this conversion, elevating the
plasma T4:T3 ratio in cow and sheep (Giri and Mugesh, 2025).

Thioredoxin reductases (TrxR1-3) constitute another group of SelPs involved in gene
transcription, recycling of antioxidant vitamins, e.g., C and E, and modulation of mineral absorption
(Yuan et al., 2024b). They also contribute to bone health by protecting osteoblasts and osteoclasts from
ROS induced damage during bone remodeling (Kotepui et al., 2023; Shahidin et al., 2025). Taken
together, the functional diversity of SelPs underscores Se role as a key micromineral in maintaining redox
balance, endocrine metabolism, and regulation of inflammation (Hariharan and Dharmaraj, 2020; Qazi
et al., 2020). Its importance extends to reproductive health across species. In poultry, Se yeast, as an
organic food additive, is utilized to enhance laying performance and egg quality in aged laying hens and
extending the laying cycle (Liu et al., 2023).
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The feeding organic Se to sows during pregnancy significantly increased newborn piglet weight,
piglet weight at weaning, litter weight at weaning, Se content in sow colostrum, milk and serum, and
GPx activity in piglet serum (Zhou et al., 2021). Maad (2024), exposed that ensuring that sheep have
access to enough Se helps to maintain optimal semen quality and reproductive performance In cattle, the
Se can prevent uterine pathology, ensure uterine development, and maintain pregnancy (Wu et al., 2025).
The organic supplementary forms of Se include SeMet and SeCys. Table 4 summarizes the Se
requirements across different physiological stages in dairy cow.

Table 4
Selenium requirements in dairy cow

Milk production Period
ka/d
<20 | 20-30 | 30-40 | prepartum lactation dry period
15d 45d
cC 35 35 3.0 35
Se, ppm 30.0 30.0 30.0 30.0

CC: body condition, Se: selenium. Source: (National Research Council, 2001)
7. Copper

The Cu placed in the 29" position in the periodic table (Byrne and Murphy, 2022). Neonatal animals
generally begin life with significant hepatic Cu reserves (Ciosek et al., 2023). These initial reserves
reflect the maternal dietary Cu history, and maternal deprivation can markedly reduce neonatal reserves,
thereby accelerating subsequent depletion (Jomova et al., 2025). As animals mature, dietary Cu
absorption is mediated by specific transport proteins, e.g., Crt1 (Suttle, 2022a), as well as nonspecific
DMT: located in the enterocytes of the intestinal mucosa (Byrne and Murphy, 2022). In monogastric
animal, Cu absorption and biliary secretion are efficiently regulated, ensuring effective enterohepatic
recycling (Hambidge, 2003). In contrast, ruminants exhibit poor Cu absorption and rely heavily on
hepatic storage (Wang et al., 2025). Wang et al. (2021), highlighted that inefficiency originates in the
rumen, where Mo, in conjunction with S, substantially reduces Cu bioavailability. These elements form
non-absorbable tetrathiomolybdate (TTM) complexes, a small inorganic tetrahedral molybdenum sulfur
anion (MoS4%) which can lead to hypocuprosis (Rupp and Weiss, 2019). The TTM reduces Cu, yielding
a stable non-catalytic cluster, Mo/S/Cu, through a Cu/TTM interaction (Figure 2), known as Mo/Cu
antagonism (Suttle, 2022a).

blood / tissue

omasum
intestine

reticulum

S-aa ' mo-rich plant CHDCLE

dietary S-amino acids ‘—7—’

Figure 2
Tetrathiomolybdate (TTM) complexes

Source: Own Elaboration based on (Suttle, 2022a).
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The problem is not confined to ruminal metabolism, as Mo and S are also present in soils
(Fernandez-Villa et al., 2025). Consequently, several Cu deficiency pathologies have been documented
in grazing animals (van Ryssen and Bath, 2024). Mo concentrations in pastures increase with soil pH,
and both Mo and S tend to be elevated in soils rich in organic matter (Shi et al., 2023).

Pastures that rely on legumes as a nitrogen source, rather than fertilizers, are particularly
susceptible to hypocuprosis in Mo-rich soils, since legumes readily accumulate Mo (Banerjee and Nath,
2022). Similarly, animal production in coastal regions, where pasture S levels are high, often requires Cu
supplementation to mitigate deficiency risks (Clarkson et al., 2025).

Experimental studies in Pernambuco, northeastern Brazil have demonstrated that neonatal,
delayed, and atypical ataxia can be induced in ruminants fed diets deficient in Cu or enriched with
antagonists, e.g., Mo and S (Almeida et al., 2022). Cattle are generally more susceptible to hypocuprosis
than sheep, with breed-specific differences also observed (Hussein et al., 2025). For example, Simmental
cattle are more vulnerable to Cu deficiency compared to Aberdeen Angus (Sager and van Saun, 2023).

Horses, however, appear unaffected by Mo-rich pastures, likely because TTM complexes does
not occur until ingesta reaches the large intestine, by which time most dietary Mo has already been
absorbed (Rupp and Weiss, 2019). Nevertheless, impaired growth has consistently been reported across
species as a hallmark of hypocuprosis, typically associated with Mo exposure (Almeida et al., 2022).

Dietary Cu concentration alone has limited diagnostic value due to substantial variability in
bioavailability (Byrne and Murphy, 2022). More reliable indicators include dietary Cu:Mo ratios, with
thresholds ranging from greater than 2:1 for normal growth in cattle to approximately 4:1 for the
prophylaxis of enzootic ataxia (Sager and van Saun, 2023).

Clinical manifestations of hypocuprosis include incoordination, hind limb paralysis, blindness,
deafness, and anemia (Solaiman et al., 2024). Rosa et al. (2016) identified that at the cellular level,
blastogenesis is impaired in ovine and bovine cell cultures deprived of Cu. Both in vitro and in vivo
studies have demonstrated that restricted Cu transport hinders wound healing by slowing smooth muscle
cell migration (Zhang et al., 2020). Furthermore, coagulation factors V and VIII are cuproproteins with
Cu dependent activity; thus, Cu deficiency may compromise hemostasis by weakening platelet adhesion
(Marongiu et al., 2023). Histopathological findings reveal cerebellar lesions and loss of Bergmann glial
cells (Locatelli and Farina, 2025). The primary cause of most cerebellar lesions is impaired function of
Cu dependent enzymes (Table 5).

Table 5
Copper dependent enzymes

Name Function

Amine oxidase (Flavin containing) | Metabolism of neurotransmitters, e.g., noradrenaline, dopamine, serotonin
and selected dietary amines

Lysyl oxidase Cross/linking of collagen and elastin during connective tissue synthesis

CuAO Metabolism of amines, histamines, putrescine, and cadaverine

Cytochrome C oxidase Oxidative phosphorylation, and electron transport in the mitochondrial
membrane

Cu/Zn-SOD4 Antioxidant and free radical scavenger

Ceruloplasmin Oxidation of Fe** to Fe*', Cu storage and transport, antioxidant and free
radical neutralizer

Ferroxidase Oxidation of Fe** to Fe* in enterocytes of the intestinal mucosa

Dopamine f-monooxygenase Conversion of dopamine into norepinephrine

Tyrosinase Melanin synthesis

Adenosylhomocysteinase Conversion of S-adenosyl-L-homocysteine to homocysteine: a central step
in the methylation cycle

CuAO: copper aminooxidase. Source: (Kardos et al., 2018; van Ryssen and Bath, 2024)
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Particularly SOD, which protects tissues from oxidative stress generated by ROS during
respiration (Islam et al., 2022). Three isoforms of SOD (SOD1, SOD,, and SOD3) catalyze the conversion
of Oz into H.0: (Bandodkar et al., 2025). Notably, SOD: activity in neutrophils is reduced when dietary
Cu is insufficient, further underscoring the systemic consequences of deficiency (Yang et al., 2024). The
complementary form of organic Cu is mainly the complex of Cu in combination with gluconic acid
(Wang et al., 2021). Table 6 summarizes the Cu requirements across different physiological stages in
dairy cow.

Table 6
Copper requirements in dairy cow

Milk production Period
kg/d
<20 | 20-30 | 30-40 | prepartum lactation dry period
15d 45d
cC 3.5 3.5 3.0 3.5
Cu, ppm 10.0 10.0 10.0 10.0

CC: body condition, Cu: copper. Source: (National Research Council, 2001)
Conclusions
Minerals are essential molecules for animal nutrition. They have evolved from being considered passive
molecules to regulatory and active elements. They play a fundamental role in i) osteogenesis, ii)
enzymatic processes, iii) antioxidant defense, iv) cell communication, v) protein translation, vi) genetic
control, vii) nerve signaling, viii) formation of selenoproteins, ix) hormone regulation, and x) the immune
response. Deficiencies can lead to bone, cardiovascular, and neuromuscular pathologies. Maintaining
adequate mineral levels through a balanced diet and appropriate supplementation is essential for good
health. This material will be particularly useful for students, as it provides a clear, organized, and
scientifically sound overview of mineral biochemistry in animal nutrition.
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