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ABSTRACT. Boron is a metalloid that plays an important role in the functioning
of cell membrane, enzymatic reactions and the hormonal and mineral metabo-
lism of animals. Boron is also thought to be an essential metalloid for animals.
Boron compounds have a wide range of physiological effects in living organ-
isms when occurring at low levels, while toxic at high levels. Boron does not
accumulate efficiently in soft tissues; but it accumulates efficiently in the bones.
More than 90% of the excessive amount of borate in mammals is excreted as
boric acid in the urine. Boron has an impact on skeletal metabolism, thus it af-
fects bone growth and compositional properties of soft tissues in animals and
humans. Boron-rich diets have a beneficial impact on the calcification and main-
tenance of mammalian bones, central nervous system functions, and also play
a positive role in maintaining the structural integrity and function of cell mem-
branes. Borate in the perinatal diet of cattle improves animal metabolic status
stimulating glucose metabolism and limiting lipolysis intensity. The main purpose
of the present review was to recapitulate the most important findings regarding
the biochemical mechanisms responsible for beneficial physiological effects of
boron in animals and humans.

et al., 2015). Interestingly, the effects of boron com-
pounds on carcinogenesis are extensively studied;

Dietary boron supplementation affects the me-
tabolism of substances such as Ca, Mg, triglycerides,
glucose, amino acids, reactive oxygen and nitrogen
species, hormones such as 17-estradiol, calcitonin,
25-hydroxy-cholecalciferol (Nielsen, 2002; 2014;
Kot, 2009). Moreover, some boron-compounds (like
calcium fructoborate, boric acid or borax) have anti-
oxidant or/and anti-inflammatory properties (Scorei,
2011). On the other hand, boron-deficient diets have
been linked to many pathological conditions, includ-
ing several forms of osteoporosis and osteoarthritis
and cancers (Geyikoglu and Turkez, 2008; Horiguchi

numerous current studies define biological effects of
boron (like anticancerogenic activity) based on cell
cultures, metabolic and cellular processes in animals
(Bakke, 1991; Rudd, 1991; Penland, 1998; Hunt and
Idso, 1999; Hunt, 2003; Geyikoglu and Turkez, 2008;
Dogan et al., 2017).

In previous systematic investigations on the bio-
logical significance of boron to nutritional, hormon-
al, metabolic and physiological processes it was also
documented that boron supports normal biological
functions of higher animals and humans (Kabu and
Akosman, 2013). However, the nesessity of boron
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for humans has not been definitively reported, de-
spite this boron is considered as a probably essential
element by the World Health Organization (WHO,
1996). Therefore, the principal purpose of this re-
view was to recapitulate the most important findings
about the biochemical mechanisms responsible for
the beneficial physiologic effects of boron especial-
ly in reference to farm animals (like ruminants, pigs
or poultry). Moreover, the aim of the present review
was to summarize progress made in understanding
biological roles of boron in animal and human nutri-
tion.

General properties of boron,
its characteristics and occurrence

Boron was discovered as an element by Sir
Humphry Davy, Gay-Lussac and Thenard in 1808,
whereas pure boron was first produced by the Ameri-
can chemist Ezekiel Weintraub in 1909 (Bolafios
etal., 2004). Boron, an unequal metalloid with atomic
number 5, is a semiconductive element with proper-
ties of a nonmetal and a metal. Boron, which bears the
symbol B in the periodic table, is similar to carbon in
its chemical capability to form stable molecular co-
valently bonded networks. Boron is very rare in the
Universe and the Solar System due to trace forma-
tion in the Big Bang and in stars. Boron is formed
in small amounts in cosmic ray spallation nucleosyn-
thesis and may be found uncombined in meteoroid
materials and cosmic dust. It is suggested that boron
and molybdenum catalysed the synthesis of RNA on
Mars with life being transported to Earth via a mete-
orite around 3 billion years ago. In the high oxygen
environment of Earth, boron is oxidized to borate,
usually as alkali or alkaline earth borates or as boric
acid (Kabu and Akosman, 2013). Therefore, this very
rare element does not appear on Earth in elemental
form. Thus, boron is a naturally occurring microele-
ment that is found in the form of borates in sedimen-
tary rocks, shale, oceans, coal and soil. This microel-
ement is widely dispersed in the Earth’s crust, with
contents of ~4.5 mg B/l in the ocean and ~10 mg B/kg
in the Earth’s crust (range: ~5 mg B/kg in basalts to
~100 mg B/kg in shales). The most important world
boron reserves are located in the USA and Turkey, to-
gether with its deposits found in Russia, China, Chile,
Argentina, Peru, Iraq, Syria, Egypt, Libya and Mo-
rocco (Tanaka and Fujiwara, 2008). Boron naturally
occurs as isotopes '’B and !'B, with the latter making
up ~80% of natural boron isomer mixture. °B isotope
has a number of uses as a neutron-capturing agent,
e.g., within the core of nuclear reactors, as well as

in boron neutron capture therapy used in the experi-
mental treatment of some human cancers (Hopewell
et al., 2011; Horiguchi et al., 2015).

Boron is the lightest element having an electron
in a p-orbital in its ground state (Davidson et al.,
2000). The chemically properties of boron resembles
that of silicon more than aluminium. Although, boron
is similar to carbon in its uncial capability to form
stable covalently bonded molecular networks. In the
most popular compounds (like oxides, sulphides,
nitrides or halides), boron has the formal oxidation
state III. However, boron forms a lot of compounds
with formal oxidation state less than three (like B(I)
or B(II) halides). Interestingly, metal borides contain
boron in negative oxidation states (e.g., MgB,); each
boron atom has a formal —1 charge, while metal atom
has a formal +1 charge (e.g., Mg in MgB, has the
charge of +2). The most unusual compounds of bo-
ron are the hydrides, e.g., dodecaborate ([B,,H,,]*),
decaborane (B, H ,) and carboranes (C,B, H,). At
present, a large number of organic boron compounds
is also known like alkylideneboranes, carboranes,
phenylborate-compounds and mono- or di-sugar—bo-
rate esters. Organic boron (III) compounds are usu-
ally tetrahedral or trigonal planar, e.g., tetra-phenyl-
borate ([B(CH,),]") or triphenylborane (B(C H,),).
Furthermore, multiple boron atoms combining with
each other have a tendency to form dodecahedral or
icosahedral structures composed of boron atoms, or
with varying numbers of carbon heteroatoms.

Boron, like Se, Zn or Cu (Rozbicka-Wieczorek
etal.,2016; Czauderna et al.,2017), was classified as
a trace element by the WHO in 1980 (WHO, 1996).
Currently, there is a need to re-classify boron as an
essential microelement with the recently discovered
beneficial impact on human health when consumed
at Tolerable Chronic Intake Level (Nielsen, 2014).

Boron is a chemically dynamic trace element that
forms, usually with other elements, ~280 mineral
species. The mostimportant minerals and commercial
boron products are borax, borax pentahydrate,
sodium perborate, colemanite, boric acid and ulexite.
Boron compounds are not degraded or transformed
in the environment. However, transformations of
boron species are affected by changes in the natural
environment (like moisture level or soil pH). The
level of boron in plants is affected by soil boron
content and soil pH (Kabata-Pendias, 2000). Thus,
different forage plants are able to provide diverse
levels of boron required for growth and reproduction
of various farm animals. For example, alfalfa, clover
and other legumes require 20—70 mg B/kg dry mass
(DM) in plant to prevent boron deficiency in farm
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animals (like pigs or horses). On the other hand,
grasses and grain crops (monocotyledon species)
require only 5-10 mg B/kg DM in plant to prevent
boron deficiency in ruminants (Fry et al., 2010).

Recent studies strongly documented that only
plants have the ability to metabolize inorganic boron
compounds (like boric acid or borates) and to convert
these boron compounds into mono- or di-sugar—bo-
rate esters (SBEs), e.g., glucose and fructose borate
esters, bis-sucrose borate esters, pectic polysac-
charide borate esters or sugar alcohol borate esters
(Hunter et al., 2019). In contrast, animals and hu-
mans do not have the capacity to transform boric acid
or borates into SBEs (Hunter et al., 2019). SBEs are
found in herbs, seeds, fresh leafy vegetables, fruits,
legumes, certain nuts, wine, cider, beer and especially
in flaxseed sprouts, dandelion root and raisin. SBEs
of plant origin are efficiently assimilated by human
and animal cells. The nutritional significance of SBEs
in the prophylaxis of chronic diseases has been ac-
knowledged in the global community. SBEs in the
diet stimulate bone mineralization by participating in
the homeostatic regulation of serum levels of testos-
terone and estrogen, and metabolism of mineral and
Ca components of bones (Soriano-Ursua et al., 2014).
The physiological effect of SBEs is more pronounced
during concurrent nutritional insult, particularly vita-
min D, deficiency.

Vegetables, fruits and honey are the basic
sources of fructoborates (fructoborate esters, FB),
mainly in the form of calcium (Ca?*) fructoborate
complex (Pietrzkowski et al., 2014; 2018; Donoiu
et al., 2018). Fructoborates have positive synergic
interactions with ions of Ca, Mg, Zn, Fe and Cu; FB
have a better interaction capacity with glycoproteins
versus that of the boric acid or borate (Mogosanu
et al., 2016; Hunter et al., 2019). In contrast, FB
are antagonized by Si (as orthosilicic acid), iodine
and fluoride (Hunter et al., 2019). Fructoborate
complexes with metal ions like Zn, Mg, Fe or Cu
and a protonated diester fructoborates (HBF; the
FB complex with H") have negligible physiological
significance as compared to calcium FB complex
(CaFB). A novel zinc—boron complex (ZnFB) reveals
low cytotoxic effect (Hunter et al., 2019). It must be
stated that CaFB (Ca[(CH,O,),B],-4H,0) is the
most common natural sugar—borate ester complex,
typically manifested as the specific bis-fructose ester
(Tepedelen et al., 2017). CaFB has been usually
isolated from plants but it can be also produced by
chemical synthesis (Scorei and Rotaru, 2011). CaFB
is an excellent source of soluble boron in three forms:
diester, monoester and boric acid (Mogosanu et al.,

2016). CaFB in human and animal diets reveals
many beneficial physiological properties that might
have a therapeutic potential (e.g., anti-inflammatory
antioxidant, antiosteoporosis and antitumor) (Scorei,
2011; Scorei and Rotaru, 2011; Militaru et al.,
2013; Pietrzkowski et al., 2014; Rogoveanu et al.,
2015). In fact, CaFB prevents the harmful effects of
vitamin D, deficiency and improves the metabolism
of vitamin D, after dietary boron supplementation.
CaFB acts as an antioxidant and stimulates the
overexpression of apoptosis-related proteins and
eventual apoptosis. Diets supplemented with CaFB
and n-3 polyunsaturated fatty acids (n-3PUFA)
improve farm animals’ health condition and the
production quality. In the USA, CaFB is applied
as a supplement into human diets for bone health
and modulation of symptoms of arthritis and joint
degeneration. Moreover, it was revealed that CaFB
added to human diets has a beneficial impact on
various anti-inflammatory processes (Hunter et al.,
2019). CaFB regulates macrophage production of
inflammatory mediators, inhibits the evolution of
diseases associated with endotoxins and suppresses
cytokine formation. It has been demonstrated that
CaFB is an effective superoxide ion scavenger and
may have anti-inflammatory activity. In humans and
other mammals, the anti-inflammatory activity of
CaFB might be the result of the modulation of serine
proteases discharged by inflammation-activated
leukocytes: a) by the modulated leukotriene synthesis;
and b) by reduced concentrations of reactive oxygen
species created during neutrophils respiratory burst.
Moreover, CaFB may also modulate the biosynthesis
of proinflammatory prostaglandins derived from
arachidonic acid.

To generalize, plants have higher boron con-
centrations (from 0.1 to 0.6 mg B/100 g) than food
of animal origin (from 0.01 to 0.06 mg B/100 g).
Another important source of boron compounds is
water where the concentration of this element var-
ies according to geographic location. Boron com-
pounds are ingested with food on a daily basis.
Humans consume plenty of products containing
boron compounds; these boron compounds exist
abundantly in fruits, vegetables, nuts and their by-
products (Baker et al., 2011; Uluisik et al., 2018). It
has been established that for healthy humans boron
concentration in whole-blood is 0.020-0.078 ng/
ml for men and 0.019-0.062 pug/ml for women. In-
terestingly, the adequate reference range for hair
boron concentration is 0.77-6.51 p/g for men and
0.47-3.89 pg/g for women (Devirian and Volpe,
2003).
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When administered to healthy humans and
higher animals, inorganic boron compounds are
rapidly absorbed and then metabolized into boric
acids and assimilated through mucosal surfaces.
Orally ingested boric acid or borates are readily
and nearly completely (>90%) absorbed from the
gastrointestinal tract; boric acid or borates are not
degraded in the body. Indeed, catabolism may not
be feasible because of a huge amount of energy
(523 kJ/Mol) that is apparently required to break
the boron-oxygen bonds. Boric acid or borates can
form complexes with various biomolecules (like
carbohydrates or proteins) in mammal tissue. Thus,
these boron compounds have a considerable affinity
for thiol, amino and hydroxyl groups of biomolecules.
Complex formation between borate compounds and
these biomolecules in mammal tissues is reversible
and concentration-dependent (U.S. Department of
Health and Human Services, 2010). The electron
structure of boron atom makes boron containing
molecules electrophilic with the trigonal planar
structures. The additional bond with boron allows
the formation of nucleophilic tetravalent anions with
tetrahedral structures. Some of boron containing
molecules are analogues of natural biomolecules and
have therapeutic properties. These boron containing
molecules include an antibacterial and antimalarial
agent diazaborine, antibacterial diphenyl borinic
esters, antibacterial oxazaborolidines, antifungal
agent benzoxaborole or a B-N bond containing
estrogen receptor modulator (Scorei, 2011). Recent
studies indicate that the nicotinamide adenine
dinucleotide (NAD) and nicotinamide adenine
dinucleotide phosphate (NADPH) ribose contain
components that have a very strong affinity for boron
and these biomolecules are very active in energy
metabolism (Dessordi et al., 2017). Therefore, the
connection between the bio-molecules and boron
may affect some processes of specific metabolic
pathways. Thus, the chemical structure of boron
compound allows to react with many other enzymes
and metabolites, which can change the mineral and
energy metabolism in ruminants (Sizmaz et al.,
2017), monogastric animals as well as in humans
(Hunt, 2012). Dietary boron does not efficiently
accumulate in soft tissues of mammals, which
has been documented in earlier studies by lack
of considerable incorporation of boron in testis
and epididymis (U.S. Department of Health and
Human Services, 2010). On the contrary, dietary
boron efficiently accumulates in bones, reaching
steady-state concentrations approximately four-fold
higher than plasma concentrations after 1-4 weeks,

depending on the amount of boron in diets (U.S.
Department of Health and Human Services, 2010).
In animal and human bodies about 96% of boron
is present as an unchanged boric acid (B(OH),/
H,BO,) and as a small concentration of borate anion
(B(OH),") (Uluisik et al., 2018). Fortunately, boron
is not deposited in any edible tissues of farm animals
or animal products to an extent that would be of
a potential toxicological concern for humans. More
than 90% of excessive amounts of borate in healthy
human or animals are excreted (by glomerular
filtration) as boric acid in the urine, regardless
of the route of exposure or administration. In the
case of humans, excretion of boron is rapid, with
a half-life of boron elimination of 24 h or less (U.S.
Department of Health and Human Services, 2010).
For instance, boron is cleared from the plasma with
a half-life of about 21 h. The elimination kinetics
of boron from human bone is different from soft
tissues and body fluids. However, regarding humans
with kidney problems, boron intake, as with any
mineral supplement (especially potassium), should
be carefully monitored as impaired kidney function
could reduce excretion, resulting in excessive
accumulation of boron in the human body. Thus,
alterations of renal function result in increased
residence time of boron in mammal tissues.
Decrements of renal function will increase its internal
exposure and may predispose affected individuals to
greater risk.

In humans oral exposures to high concentrations
of boron (as borate or boric acid) have resulted in
a minute or unnoticeable toxicity, as seen in poison-
ings up to 88 g of boron, while 90% of the cases
were asymptomatic (Litovitz et al., 1988; Restuccio
etal., 1992). Chronic exposure to boron compounds
(>84 mg B/kg body weight (BW) per day) stimu-
lates neurological, gastrointestinal, cardiovascular
and hepatic diseases, as well as diarrhoea, anorexia,
kidney damage and testicular atrophy. Other symp-
toms of boron poisoning include rash, light-headed-
ness, headache and lethargy. Moreover, toxic doses
of boron (from 100- to 1000-fold greater than physi-
ological) have been shown to cause specific adverse
effects in the male reproductive tract in the case of
all animal species. In fact, it has been observed that
the dose of 58.5 mg B/kg BW per day resulted in tes-
ticular atrophy and complete suppression of fertility
of laboratory rats (Van Paemel et al., 2010). Further-
more, signs of boron toxicosis include decreased
body, spleen, kidneys and pancreas weight. Toler-
able upper intake levels (UL) of boron are shown
in Table 1. The UL of boron is the highest content
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Table 1. Tolerable upper intake levels (UL) of boron'?

Life stage Boron Life stage Boron
group mg/day group mg/day
Infants Females

0 to 6 months ND
6 to 12 months ND

9to13years 11
14to 18 years 17
19to 30 years 20

Children 31to 50 years 20

1to 3 years 3 51to 70 years 20

4 to 8 years 6 > 70 years 20
Pregnancy

Males 14to 18 years 11

9to 13 years "
14 t0 18 years 17
19 to 30 years 20
3110 50 years 20
5110 70 years 20 19to 30 years 20
> 70 years 20 31to 50 years 20
"the UL represents total intake from food, water, and supplements;
Zthese data were obtained from www.nap.edu: ‘Dietary Reference
Intakes (DRIs): Tolerable Upper Intake Levels, Elements Food

and Nutriton Board’; Institute of Medicine, National Academies,
Washington, DC (USA); ND - no data

19to 30 years 20

31to 50 years 20
Lactation

14to 18 years 11

of daily nutrient intake that is likely to pose no risk
of adverse health effects to humans in the general
population. On the other hand, the acute lethal dose
of inorganic boron compounds for humans is esti-
mated to be in the range of 0.4-0.9 g/kg BW (EPA,
2004). For boric acid, the minimum lethal dose by
oral exposure is about 2-3 g for infants, 5-6 g for
children and 15-20 g for adults (EPA, 2004; U.S.
Department of Health and Human Services, 2010).
In vitro and in vivo studies document that bo-
ron compounds (like boric acid) reveal an affinity
for cis-hydroxyl groups and this may account for the
mechanism by which boric acid exhibits some of its
biologically important effects (Kabu and Akosman,
2013). Indeed, the boron atom is small in compari-
son with other IIIA elements (like Al, Ga, In or TI)
in the periodic table. Boron, with three valence elec-
trons, acts as weak Lewis acid (a compound accepts
a pair of nonbonding electrons), efficiently accepting
hydroxyl anions (i.e. Lewis base donates a pair of
nonbonding electrons). Therefore, boron complexes
with organic molecules possessing hydroxyl groups,
especially those with more than two hydroxyl groups,
react very efficiently. As a consequence, boron ef-
fectively reacts with molecules of biological inter-
est (like pyridine nucleotides, riboflavin, pyridoxine,
dehydroascorbic acid or polysaccharides) (Uluisik
et al., 2018). Thus, it can be stated that formed or-
ganoboron complexes, which contain B-O or B-N
bonds like orthoborates, fulfil plenty of important

functions within human, animal and plant tissues.
In fact, numerous studies on the biological signifi-
cance of boron show that boron is an essential ele-
ment for higher plants (Kabu and Akosman, 2013).
Consistently, these studies revealed that boron is
important in sugar transport, carbohydrate metabo-
lism, RNA metabolism, membrane transport, res-
piration and bioaccumulation of other biologically
essential elements. Minute amounts of boron com-
pounds play a strengthening role in the cell walls
of all plants (Blevins and Lukaszewski, 1998; Kabu
et al., 2015; Sizmaz et al., 2017). In fact, very im-
portant elements for animals and higher plants
growth are N, P, K, Ca, Mg, S, Cl, Fe, Mg, Zn, Cu,
Mo and Ni (Rozbicka-Wieczorek et al., 2016). In
addition to these essential elements, there are also
listed other beneficial elements as Si, Na, Co and Se
(Czauderna et al., 2017), which promote growth but
are not absolutely necessary for completion of the
plant life cycle (Blevins and Lukaszewski, 1998).
Furthermore, there are many evidences that boron is
an essential element for embryological development
of frogs and fish which does not proceed normally in
the absence of dietary boron.

Boron compounds in embryogenesis
and reproduction

It is well recognized that boron is required to
complete the life cycle of some species (Abdelnour
etal., 2018). The most important evidences of boron-
requirement comes from preliminary investigations
on zebrafish (Danio rerio) and particular frog species
(Xenopus laevis) (Nielsen, 2002). It was revealed
that more than 80% of embryos from frogs fed for
120 days a boron-deficient diet died before 96 h of
development (Fort et al., 1999b). On the other hand,
survival of embryos from frogs fed enriched boron
diet at 96 h (1.85 mg/kg) exceeded 75%. Subsequent
studies document that both, 28 and 120 days of
boron deprivation, affected the reproductive system
of the adult male and female frogs; testis as well as
ovaries were atrophied (Fort et al., 1999a). Boron-
deprived male frogs exhibited decreased sperm
counts and sperm dysmorphology. Moreover, in the
female frogs, boron deprivation impaired oocyte
maturation. On the other hand, culturing stage 1 and
2 oocytes from boron-adequate frogs in a medium
containing progesterone resulted in successful
maturation to stage 5 or 6 oocytes.

Unfortunately, investigations carried out on
mammals have not been as definitive as those on
frogs. However, there are some studies showing that
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low boron deficiency impairs early development
of rodents; and that boron is beneficial for pig
or ruminant reproductive process (Armstrong
et al., 2002; Kabu and Civelek, 2012; Kabu and
Akosman, 2013; Kabu et al., 2013). Indeed, the
number of implantation sites and foetuses was
slightly higher in rats fed 2 pg B/g diet than in rats
fed a low boron diet (~0.04 ppm B). Recent studies
document that boron supplementation plays a vital
role in embryogenesis, immunity and psychomotor
functions (Pizzorno, 2015; Dessordi et al., 2017).
Conversely, low boron diets (~2 pg B/g diet) have no
noticeable effects on foetal growth and development
(Lanoue et al., 1998). Fortunately, the most extensive
evidence for boron requirement is based on studies
on gilts (Amstrong et al., 2002). Diets enriched
with 5 ppm of boron (as sodium borate) tend to
increase the number of live embryos in the uterus
at day 35 of gestation and decrease the number of
mummified foetuses at parturition. Moreover, diets
supplemented with boron positively influence the
birth weight and significantly increase pig weaning
weight. Furthermore, diets enriched with boron
decrease Ca concentrations in the embryo, oviduct
and uterus and P concentrations in the pig ovary,
uterus and liver. Similarly, dietary sodium borate
(30 g B per day) improves the metabolic status of
cattle during periparturient period by stimulating
glucose metabolism, limiting lipolysis intensity and
increasing serum concentrations of P, Mg and Ca,
hence preventing metabolic ailments in dairy cattle
(Kabu and Civelek, 2012; Kabu and Akosman,
2013; Kabu et al., 2013; 2015; Sizmaz et al., 2017).

Interestingly, laboratory studies reveal that
plasma testosterone concentrations increase in rats
fed 2 mg B per day, but raising boron dose to 12.5 or
25 mg per day results in lower plasma testosterone
contents (Naghii and Samman, 1996; 1997).
Similarly, testicular testosterone contents decrease
with increasing boron dose in diets. It seems that
Leydig cells, responsible for biosynthesis of
testosterone, are intact in laboratory rats fed 25 mg
B per day in spite of testicular atrophy. Moreover,
testicular histopathology was found in rats fed
23-30 mg B per day for 90 days, and atrophy when
boron content in the testes was greater than 20 ppm
(U.S. Department of Health and Human Services,
2010). In multigeneration studies of subchronic and
chronic toxicity of boron (as borax or boric acid) no
adverse effects on reproduction or gross pathology
were found in Sprague-Dawley rats dosed with
5.9 or 17.5 mg B/kg per day that were examined
to the F3 generation. Litter size, appearance and

weight of progeny were normal when compared with
control rats. On the other hand, the experimental
rats receiving 58.5 mg B/kg per day were found
sterile. In these rat groups, males showed lack of
spermatozoa in atrophied testes and females showed
decreased ovulation in the majority of the examined
ovaries. An attempt to obtain litters by mating
the treated females with the males fed control
diet was not successful. The lowest-observed-
adverse-effect level (LOAEL) of 58.5 mg B/kg
per day and the no-observable-adverse-effect level
(NOAEL) of 17.5 mg B/kg per day were identified
in this investigation (U.S. Department of Health and
Human Services, 2010).

Dietary boron action in the body,
bone growth and maintenance
in mammals and poultry

A lot of factors involved in the biological activity
of boron can be found in numerous studies; of
these concurrent, nutritional variables are the most
important (Hunt, 1998; Rondanelli et al., 2013;
Bozkurt and Kiiciikyilmaz, 2015; Dessordi et al.,
2017). It has been confirmed that nutritional state
and dietary levels of vitamin D,, Se, Ca, Mg, P, F,
Al, Mo, n-3PUFA and proteins may have a significant
impact on the biological activity of boron and levels
of its supplementation (Nielsen and Penland, 1999;
Armstrong and Spears, 2001; Rondanelli et al., 2013).
Thus, there are many reasons for the inconsistent
results of boron supplementation in eliciting beneficial
responses in animals (Jin et al., 2014).

Distribution of boron in higher animals and
humans appears to occur by passive diffusion
throughout the body fluids. In contrast to blood
and soft tissues, bones show selective uptake and
remarkably longer retention times of boron. There
are numerous experimental and epidemiological
investigations showing the beneficial effects of both
nutritional and pharmacological intakes of boron
compounds, n-3 long-chain PUFA (n-3LPUFA) and
conjugated PUFA on metabolic balance as well as
bone formation and mineralization, bone mechanical
properties and maintenance in mammals (Armstrong
et al., 2000; 2002; Armstrong and Spears, 2001;
Bialek et al., 2017; Sizmaz et al., 2017). The research
also indicate the influence of boron compounds on
the response to hormones involved in bone turnover
such as estrogen and vitamin D, in higher animals
and humans (Rondanelli et al., 2013; Nielsen, 2014;
Bozkurt and Kiiglikyilmaz, 2015; Uluisik et al.,



M. Biafek et al.

313

Table 2. Boron role in animal nutrition

Beneficial impact

Actions

References

Bone growth and
mineralization

Growth performance

Boron in diets deficient
in Ca, Mg and/or P

Boron as the antioxidant

Anti-inflammatory
properties of boron

Effect of boron
compounds on the aging

Boron stimulates bone mineralization by influencing serum concentra-
tions of estrogen and testosterone, and the utilization and metabolism
of Ca, P and other elements of bone; boron increases morphogenetic
proteins in bones. Boron contents in bone and blood increase with
age and health state and decrease with disease conditions. Boron im-
proves bone mechanical properties and maintenance in farm animals.
Boron deficiency causes osteoporosis.

Dietary boron improves feed efficiency (feed:gain ratio) in pigs; en-
hances nutrient digestibility and growth of animals. Dietary boron de-
creases a percentage of bone lipid in pigs. Appropriate supplements
of boron (<100 mg in litre of drinking water) improve growth of immune
organs in broilers; higher doses of boron (>200 mg/l) inhibit growth of
immune organs of broilers and exhibit toxic effects. Weight gain of
animals was improved by boron added to diets deficient in Ca.

Boron added to diets deficient in Ca and P improves growth per-
formance and some bone, serum and faecal characteristics. Boron
administration elevates serum levels of Ca, Mg and P in peripartum
cows. Dietary boron enhances gut absorption of Ca. Boron stimulates
calcification. Boron supplementation reduces urinary Ca excretion.

Boron as Ca-fructoborate complex (CaFB) exhibits promising antioxi-
dant properties. Boric acid or borate supplementation improves anti-
oxidant defence mechanism. Boron stimulates activities of catalase,
superoxide dismutase, glucose-6-phosphate dehydrogenase, glutathi-
one-S-transferase and glutathione peroxidase enzymes. Boron detoxi-
fies reactive oxygen (ROS) and nitrogen (RNS) species, and alleviates
heat stress. Boron reduces DNA damage and lipid peroxidation.

Boron influences macrophage production of inflammatory mediators.
CaFB, boric acid or borates suppress cytokine production, and inhibit
progression of endotoxin-associated diseases. As a regulator of respira-
tory burst by suppression of serine proteases released by inflammation
activated white blood cells, boron reduces leukotriene synthesis. CaFB
decreases the biosynthesis of pro-inflammatory prostaglandins derived
from arachidonic acid. Boron decreases the reactive oxygen species
levels within the cells. CaFB is an effective superoxide ion scavenger;
CaFB inhibits interleukin (IL)-1B, IL-6 and nitric oxide release in the cul-
ture media. CaFB increases the tumor necrosis factor-a production.

An imbalance of the homeostatic balance between removal and
formation of ROS and RNS is the main cause of aging. Therefore,
dietary sugar-borate esters (SBEs; CaFB in particular) provide very
significant opportunities in the life extension and quality of life im-
provement (especially in the areas of healthier aging, bone calcifi-
cation and modulation of inflammatory conditions). Dietary organic
boron compound (especially SBEs) improves livestock welfare.

Armstrong et al., 2000; 2002; Armstrong
and Spears, 2001; Palacios, 2006; Hakki
et al., 2013; Soriano-Ursla et al., 2014;
Mogosanu et al., 2016; Sizmaz et al., 2017;
Hunter et al., 2019

Armstrong et al., 2000; Armstrong and
Spears, 2001; Jin etal., 2014; Vijay Bhasker
etal.,, 2016

Scorei and Rotaru, 2011; Kabu et al., 2013,
2015; Bozkurt and Kigikyilmaz, 2015;
Mogosanu et al., 2016; Hunter et al., 2019

Tlrkez et al., 2007; Hu et al., 2014;
Ince et al., 2014; Celikezen et al., 2015;
Boyacioglu et al., 2017; Abdelnour et al.,
2018; Uluisik et al., 2018; Hunter et al.,
2019

Hunt, 2003; 2008; Naghii et al., 2011; Scorei
and Rotaru, 2011; Scorei, 2011; Nielsen,
2017; Hunter et al., 2019

Trifunovic and Larsson, 2008; Hunter et al.,
2019

2018). Examinations in pre- and post-menopausal
women document that diets enriched in boron were
able to increase Ca and Mg absorption (Palacios,
2006; Hakki et al., 2013). Scientific evidence shows
that Ca retention was improved in sheep receiving
75 or 200 mg of dietary boron per day in relation
to those receiving 30 mg of dietary boron per day
(Brown et al., 1989). Boron-rich diets have a well-
documented beneficial impact on bone calcification
and maintenance in mammals, as well as have
a positive role in maintaining structural integrity and

functions of cell membranes (Abdelnouretal.,2018).
There are several experimental studies showing the
positive effects of 5 ppm B or 15 ppm B in pig diets
on bone strength in comparison with pigs fed diet
containing only 0.98 ppm B (Nielsen, 2002). There
is also evidence that pharmacologic diets containing
200 or 1 000 ppm B, as well as toxic diets with
3 000 or 9 000 ppm B increase vertebral resistance
to a crushing force by ~10% in rats. In fact, dietary
boron supplementation has a positive influence on
plasma Ca concentration and alkaline phosphatase
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activity, particularly at low dietary concentrations
of D, (6.25 pg/kg). Interestingly, the relationship
between dietary boron and Mg is more effective than
the one between P and Ca. Moreover, dietary boron
supplementation alleviates perturbations in mineral
metabolism that are especially characteristic for
vitamin D, deficiency (Bozkurt and Kiigiikyilmaz,
2015; Kabuetal., 2015). It has been shown that three
particular mechanisms are involved in the vitamin
D,-boron interaction in mammals: a) dietary boron
supplementation compensates for disturbances in
energy-substrate utilization; b) boron compounds
enhance concentrations of macroelement in normal
bones; c¢) higher physiological amounts of boron
in diets positively influence components of bone
growth cartilage. Dietary boron supplementation
mitigates defects in cartilage growth, maturation
and calcification induced by vitamin D, deficiency
(Kabu et al., 2015). Interestingly, it seems possible
that boron-deficient diets are causal agents in Kashin-
Beck disease which is a bone disease resulting in
high incidence in China.

Similarly, boron-deficient diets decrease dry
weight and concentrations of Ca, Cu and Zn in
femurs of poultry (e.g., chickens or turkeys).
These effects are particularly significant when
concentrations of vitamin D, in diets are lower than
adequate (Kot, 2009). On the other hand, broiler
diets containing 60—120 ppm of boron considerably
improved feed conversion ratio and growth rate of
birds. Unfortunately, dietary boron may be toxic
at high doses: 400 mg/kg dietary boron decreased
body weight, feed consumption, egg production and
egg weight of layers (Wang et al., 2014). Similarly,
160 mg of boron (as boric acid) added to drinking
tap water improved growth performance and meat
quality of African ostrich chicks. On the other hand,
higher concentrations of boron in drinking water
decreased both: performance and meat quality of
chicks (Wang et al., 2014). Past researches show that
low-supplemental boric acid (especially 80 mg B
per litter of water) could promote intestinal mucosal
immunity; these doses of boron in drinking water
could promote intestinal cell proliferation and inhibit
apoptosis. On the contrary, pharmacological dosages
of boric acid (320 and 640 mg/l) cause destruction
of the intestinal mucosal barrier function. High dose
of boron in drinking water stimulates cell apoptosis
but increases intestinal cell proliferation, which
acts as compensatory adaptation (Sun et al., 2016).
It was also found that the diets containing 50 and
100 mg B/kg (nutritional dosages) significantly
increased shear force of tibia and femur, shear

stress of tibia and shear fracture energy of femur of
chickens. Moreover, dietary boron supplementation
alleviates growth cartilage abnormalities in chickens
and layer hens fed diets containing marginally
inadequate vitamin D, levels (Nielsen, 2002; 2014).
Interestingly, diets supplemented with phosphate
glass with boron and CaFB significantly increase
concentrations of boron in breast and breast fillet,
as well as in the tibia of chicken broilers (Stef et al.,
2014).

There are also studies showing that dietary bo-
ron supplementation stimulates eye development
and structure in the zebrafish and frog adult off-
spring of the first generation (Fort et al., 1999a; Kot,
2009). It has also been revealed that diets enriched
with boron affect serum or plasma contents of some
hormones (like 17B-estradiol, calcitonin, triiodo-
thyronine or 25-hydroxycholecalciferol) involved
in bone turnover in animals and humans (Nielsen,
2002; 2014; Uluisik et al., 2018). Thus, for humans,
boron intakes of 1-3 mg per day have beneficial ef-
fects on bone and brain health (Nielsen, 2008).

Dietary boron has been proved to increase some
steroid hormones, like testosterone or estrogens.
Therefore, boron-rich diets may play important role
in the prevention of some diseases such as osteo-
porosis and arthritis (Devirian and Volpe, 2003).
Moreover, supra concentrations of boron in diets
(=10 mg B/kg diet) increase plasma and testicular
testosterone contents and temporarily increase the
1,25-hydroxycholecalciferol content in plasma of
rats (Naghii and Samman, 1997). The 173-estradiol
concentration in serum of perimenopausal women
was also higher during the boron supplementation
period than during the placebo period. Diets en-
riched in boron (10 mg B per day) also cause sta-
tistically significant increase of plasma estradiol
contents and tend to increase plasma testosterone in
male humans.

As a consequence, the boron-rich diets protect
against prostate cancer. In fact, elevated levels of
circulating estradiol and testosterone in male humans
have been proposed to decrease prostate cancer
risk. The concentration of boron in diets inversely
correlated with risk of this type of cancer. Actually,
the prostate cancer occurrence was one third smaller
for men ingesting more than 1.8 mg dietary B/day,
relative to 0.9 mg dietary B/day (Scorei, 2011).
Experimental evidences show that dietary boron
(as boric acid or borates) inhibits prostate cancer
cell growth by decreasing cyclin A-E expression
(Barranco and Eckhert, 2006). Moreover, it seems
likely that dietary boron reduces prostate cancer risk
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through its influence on steroid hormones (especially
androgens) (Scorei, 2011). Furthermore, in humans
an increased boron consumption has been associated
with a decreased incidence of several types of
cancers (e.g., lung, cervical or breast cancer) (Hunt,
2008; Scorei, 2011). In fact, negative correlations
have been found between the concentration of boron
in diets and the incidence of lung cancer. It has been
proved that in the case of postmenopausal women,
17B-estradiol may be used to decrease lung cancer
risks associated with low estrogens concentrations.
Fortunately, boron supplementation increased
17B-estradiol contents. Interestingly, high contents of
boron in diets reduced lung cancer risks for smokers,
whereas the highest risk exists in case of smokers
with low concentrations of boron in diets (Mahabir
et al., 2008). According to the recent studies, boron
intake at a minimum of 10 mg of B/day reduces the
17B-estradiol concentration, as well as increases
the testosterone concentration. These regulations of
sex steroid hormones assure a hormone-dependent
protection against breast cancer (Naghii et al., 2011).
Unfortunately, cervical cancer is the second most
frequent cancer in women. Genetic, environmental,
social and infectious factors (like human papilloma
virus; HPV) are the main and generally known
reasons for this cancer (Scorei, 2011). Boron exists in
human body mostly in the form of boric acid, which
is an inhibitor of serine proteases. It is thought that
consumption of high doses of boron with drinkg water
can reduce HPV transformation, thereby decreasing
the risk of cervical cancer (Korkmaz et al., 2007).
Thus, women with increased risk factors for cervical
and breast cancers should increase their intake of
boron-rich groceries (like broccoli, avocado, raisins
and nuts), as well as supplement their diets with
boron to decrease the risk of developing these two
diseases. Interestingly, these women should increase
their intake of food rich in boron (around 20 mg B
per day) and n-3PUFA (i.e. an adequate 4:1 balance
between n-6PUFA and n-3PUFA in nutrition). Also
CaFB may have both preventive and therapeutic
potential in cancers (Tepedelen et al., 2017).

Effect of dietary boron on some
enzymes and hormones in mammals

Experimental nutrition studies document that
dietary boron compounds (like borates) can affect
the utilization or metabolism of many substances
involved in crucial life processes, including Mg,
Ca, Cu, N, glucose, triglycerides, reactive oxygen
and nitrogen species, vitamin D,, insulin, thyroid

hormone, estrogens or progesterone (Trifunovic
and Larsson, 2008; Abdelnour et al., 2018). Bo-
ron compounds may play an important role in cell
membrane functions, which affects response to
hormone actions, transmembrane signalling and
transmembrane movement of regulatory ions. Bo-
ron compounds may act as a metabolic regulator
in some enzymatic systems (Nielsen, 2002; 2008;
2017; Sizmaz et al., 2017). Boron compounds can
affect the composition of mammal body systems
including muscles, blood, skeleton or the central
nervous system (especially the brain) (Nielsen,
2002; 2008; 2014). Recent findings indicate that
boron supplementation can facilitate insulin action.
Subsequently, dietary boron compounds may pre-
vent inflammatory disease because some key regu-
latory enzymes in the inflammatory response are
inhibited by physiological amount of boron in diets
(Hunt and Idso, 1999; Hunt, 2003; 2008). Dietary
boron compounds play significant role in hormonal
and mineral metabolism, cell membrane functions
and enzyme reactions. Indeed, boron, in several
chemical forms, has an impact on the activities of
at least 26 enzymes, most of which are necessary
for energy substrate metabolism in higher animals
and humans (Hunt, 2003; 2008; 2012; Bozkurt and
Kii¢iikyilmaz, 2015). Moreover, there are numer-
ous studies showing that dietary boron supplemen-
tation appears to have positive effects on the central
nervous system (especially the brain) of mammals
and on cognitive performance especially in older
men and women (Nielsen, 2002; 2014; 2017; Kot,
2009). Interestingly, orally supplemented borates
are used to treat epilepsy.

On the other hand, boron-deficient diets can
contribute to a lack of energy, ability to stay fo-
cused on tasks and mental alertness. The electroen-
cephalogram changes induced by inadequate boron
intake are similar to that found in heavy metal tox-
icity (like mercury or lead) and non-specific mal-
nutrition. Moreover, diets with low levels of boron
reduce behavioural activation and mental alertness
and are associated with weakened performance in
psychomotor tasks and vigilance (Penland, 1998).
Boron-deficient diets are related to decrease in
electrical activity of brain and short-term memo-
ry, while diets supplemented with boron stimulate
brain functions of higher animals and humans.
The above mentioned effects could be attributed
to changes in membranes providing nerve-impulse
transmission by boron (Kot, 2009).

On the other hand, neurological disorders
have been noted in humans after ingestion of high
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amounts of boron (U.S. Department of Health and
Human Services, 2010). Newborn infants who in-
gested 4.5-14 g of boric acid or sodium tetrabo-
rate showed central nervous system (CNS) symp-
toms. A dose of ~0.5 g B/kg per day revealed CNS
symptoms, like tremors, headaches, restlessness
and convulsions followed by weakness, coma and
death. Histological examination of infants revealed
degenerative changes in brain neurons, congestion
and brain and meninges oedema with perivascular
haemorrhage and intravascular thrombosis.

Obesity and associated co-morbidities (like
cancer, type 2 diabetes, hypertension, cardiovas-
cular disease and posttraumatic stress disorder)
are worldwide medical problems resulting in seri-
ous morbidity and mortality. However, dietary bo-
ron acid or borates were showed to reduce weight
in experimental animals. Boron supplementation
restrained the expression of adipogenesis-related
genes and proteins (like peroxisome proliferator-
activated receptor vy (PPARy) or CCA AT-enhancer-
binding protein o) by regulating decisive growth
factors, B-catenin, a serine/threonine-specific pro-
tein kinase and extracellular signal-regulated kinase
signalling pathways (Dogan et al., 2017). Further-
more, dietary boron depressed mitotic clonal expan-
sion by regulation of cell cycle genes.

Most mutagenicity investigations show that bo-
ron is not genotoxic. In fact, results of mammalian
mutagenicity studies are all negative. Boric acid
or borates are ineffective in inducing unscheduled
DNA biosynthesis in primary cultures of male F344
rat hepatocytes (Bakke, 1991). Similarly, boric acid
does not induce mutations at the thymidine kinase
locus in the L5178Y mouse lymphoma cells in, ei-
ther the absence or presence, of a rat liver activation
system (Rudd, 1991; U.S. Department of Health and
Human Services, 2010). Furthermore, many boron
compounds (like borax, boric acid, probertite and
kernite) have a protective activity against genotoxic
effects in cultured human lymphocytes (Geyikoglu
and Turkez, 2008; Turkez et al., 2010).

Numerous studies show that boron supplemen-
tation may interfere with lipid metabolism in ani-
mals and humans (Nielsen, 2002; 2008; 2014; 2017,
Bozkurt and Kiigiikyilmaz, 2015; Sizmaz et al.,
2017). It is known that diets enriched with borate
exert a protective effect against fatty liver disease
(Basoglu et al. 2002; 2010). Dietary sodium borate
(100 mg/kg BW per day) during early lactation of
dairy cattle reduces the risk of fatty live develop-
ment. Researchers have also indicted that diets en-
riched with sodium borate significantly decrease

concentrations of total cholesterol, triglycerides,
very low density lipoprotein, low-density lipopro-
tein, high-density lipoprotein, glucose, insulin, and
non-esterified fatty acids in blood of dairy cattle
during periparturient period (Basoglu et al., 2002;
Kabu and Civelek, 2012). The precise molecular
mechanisms underlying the anti-adipogenic activity
of dietary boron are usually intangible. Analysis of
the cellular components affected by boron in adi-
pocytes may facilitate the development of more ef-
fective treatment modalities. One potential target is
the Ca?" balance inside mammal cells. Interestingly,
boric acid or borates interact with NAD" and inhibit
cyclic ADP ribose-activated Ca?* release from ry-
anodine receptor, leading to decreased endoplasmic
reticulum luminal Ca*" concentrations (Henderson
etal., 2015). Extracellular and intracellular Ca** ho-
meostasis is decisive for almost all of steps of ad-
ipogenic differentiation (Meldolesi, 2008; Graham
etal., 2009). The recent studies show that increasing
concentrations of boric acid or sodium pentaborate
considerably reduces lipid accumulation in mam-
mal tissues in a concentration-dependent manner
(Dogan et al., 2017).

Numerous investigations suggest the ben-
eficial impact of dietary boric acid or borate sup-
plementation in improving antioxidant defence
mechanism (like catalase, superoxide dismutase,
glucose-6-phosphate dehydrogenase, glutathione-
S-transferase and glutathione peroxidase enzyme
activities) thereby stimulating the ability of biologi-
cal system to detoxify reactive intermediates (like
reactive oxygen and nitrogen species) or to repair
resulting damage (e.g., DNA damage or lipid per-
oxidation in mammals) (Ince et al., 2010; Celikezen
et al., 2015; Boyacioglu et al., 2017; Uluisik et al.,
2018). Therefore, dietary boron reduces heat stress
in livestock species (Abdelnour et al., 2018). In
tropical areas, high temperatures are a restraint to
livestock production having the most damaging im-
pact on physiological, productive and immunologi-
cal variables (Abdelnour et al., 2018). Thus, high
temperatures cause decline in livestock production.

Moreover, boron supplementation can decrease
PUFA peroxidation by increasing the antioxidant
enzyme activity and improving free radical clear-
ance ability (Hu et al., 2014). Simultaneously, bo-
ron shows hepatoprotective and DNA damage pre-
venting properties (Ince et al., 2014). Moreover,
boric acid has antiseptic, antifungal and antiviral
properties, and for these reasons is applied as water
clarifier in swimming pool water treatment. Mild
solutions of boric acid are used as eye antiseptics.
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Also, boron supplementation significantly increas-
es the concentrations of total glutathione, its ana-
logues, other neutralizing agents, as well as total an-
tioxidant capacity (Tiirkez et al., 2007). In another
study, it is suggested that reactive oxygen species
formation in leukocytes may be reduced through the
inhibitory actions of boron on 6-phospho-gluconate
dehydrogenase.

Numerous studies document that dietary boron
is implicated in immune system functioning (Hunt
and Idso, 1999; Nielsen and Penland, 1999; Hunt,
2003; Vijay Bhasker et al., 2016). It has been found
that boron supplementation affects the humoral im-
mune response by stimulating antibody biosynthe-
sis in response to dosed antigen in laboratory rats
(Bozkurt and Kiiglikyilmaz, 2015). Laboratory rats
fed a boron-deficient diet (0.15 mg B/kg) had lower
levels of anti-typhoid IgM and IgG titres in com-
parison with animals fed diets supplemented with
boron following injection of typhoid vaccine. Thus,
this finding indicates that boron supplementation
may also affect the adaptive immune response (Bai
et al., 1997). Moreover, the impact of boron supple-
mentation on immune response may be associated
with the ability of boron to change the biosynthesis
efficiency of various cytokines (Hunt, 2003; Vijay
Bhasker et al., 2016; Abdelnour et al., 2018).

Conclusions

Boron is a vital micro-element for plants and
undoubtedly for animals and humans. This bioactive
element has many beneficial physiological effects
on living organisms at a low level; however boron
is toxic at higher concentrations in diets. In vitro
and in vivo animal and human studies have shown
that boron is a bioactive element in nutritional
amounts that can affect the utilization or metabolism
of many substances involved in key life processes,
including Ca, Mg, P, Cu, N, glucose, triglyceride,
reactive oxygen and nitrogen species, vitamin D,
insulin, thyroid hormone, estrogen or progesterone.
Compounds containing boron may play an important
role in the functioning of cell membrane, which affects
the action of hormones, transmembrane signalling
and transmembrane movement of regulatory ions.
Especially organic boron compounds favourably
induce bone growth and metabolism, the functioning
of central nervous and immune systems, alleviate
arthritic symptoms, facilitate hormone action and
are associated with a reduced risk for some types
of cancers. Boron reduces the risk of inflammatory
diseases and also relieves heat stress. Besides, boron

(in particular its organic compounds) is an effective
natural antioxidant and detoxifying agent. Dietary
boron intake has a positive impact on livestock
production as well as health. Therefore, more in-depth
research is needed to understand the true mechanisms
of boron action in humans and animals, and to adopt
boron requirements in different animal species.
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