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ARTICLE INFO ABSTRACT

Evidence that boron is a beneficial bioactive trace element is substantial. The
evidence has come from numerous laboratories that have use a variety of
experimental models, including humans. In nutritional amounts, boron promotes
bone health and brain function, modulates the immune or inflammatory response,
and influences the response to oxidative stress. Boron apparently has diverse
effects through influencing a cell signaling system or the formation and/or activity
of an entity involved in many biochemical processes. Based on findings from both
animal and human experiments, an intake of boron near 1.0 mg/day would be
a reasonable suggestion for an adequate intake that would assure the benefits
provided by boron.
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should be recognized as a reasonable dietary recommendation.

1. Introduction

Boron has been shown to be essential for the comple-
tion of the life cycle (i.e., deficiency cause impaired
growth, development, or maturation such that procre-
ation is prevented) for organisms in all phylogenetic
kingdoms [1]. In the animal kingdom, deprivation of
boron was shown to adversely affect reproduction and
embryo development in both the African clawed frog
(Xenopus laevis) and zebra fish [2, 3]. Experiments
with mammals have not shown that the life cycle can
be interrupted by boron deprivation, nor has a definite
biochemical function been defined for it. However,
substantial evidence has been reported indicating that
boron in nutritional and supra nutritional amounts has
numerous diverse effects beneficially affecting the
health and well-being of animals and humans. Since
2008, the focus of most reports has been on boron
beneficially affecting bone growth and maintenance
and the modulation of oxidative and inflammatory
stress, which ultimately affect the susceptibility to and/
or severity of pathological conditions such as arthritis,
cardiovascular disease, osteoporosis and cancer.

2. Health effects
2.1. Bone growth and Maintenance

The first report indicating that boron could beneficially
affect bone health appeared in 1981 [4]. Boron depri-
vation was found to exacerbate gross bone abnormali-
ties in chicks fed marginal amounts of vitamin D. In
1994, Hunt et al [5] reported that boron deprivation

decreased chondrocyte density in the zone of prolif-
eration of the bone growth plate in chicks. Boron de-
privation was reported to decrease bone strength in
pigs [6] and rats [7] in 2000 and 2004, respectively. In
2008, boron deprivation (0.7 vs. 3 mg/kg diet) in rats
was reported to decrease the repair of alveolar bone
(primary support structure for teeth) that is initiated im-
mediately after tooth extraction [8]. The osteoblast sur-
face was decreased and the quiescent bone-forming
surface was increased in the alveolus. Boron depriva-
tion also was found to decrease alveolar bone forma-
tion without tooth extraction in mice [9]. Boron depriva-
tion decreased the osteoblast surface and increased
the quiescent bone-forming surface in both the lingual
and buccal sides of periodontal alveolar bone. Con-
sistent with these findings were the findings that boric
acid supplementation (3 mg/day for 11 days or 15 mg/
day for 15 days) inhibited alveolar bone loss in rat peri-
odontitis models [10,11], and 3 mg boron gavage/kg
body weight/96 hours increased alveolar bone mineral
density in rabbits fed a high-energy diet [12].

Since the findings above, over 20 reports have ap-
peared indicating that boron can beneficially affect
bone growth and maintenance. Cell culture studies
have been prominent in these reports. They have
shown that boron enhances osteogenic differentiation
of human tooth germ stem cells [13] and bone marrow
stromal cells [14], differentiation and osteogenic abil-
ity of differentiated bone marrow mesenchymal stem
cells [15], and differentiation and gene expression of
pre-osteoblastic cells and osteoblasts [16, 17].
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Mineralized tissue genetic expression and biochemi-
cal changes found in the cell culture studies include
increased mRNA expression of type 1 collagen, os-
teopontin, bone sialoprotein, osteocalcin and RunX2
in osteoblasts treated with 1 and 10 mg/mL boron vs.
controls not receiving boron [16]. The boron treat-
ments also increased bone morphogenetic proteins 4,
6, and 7 levels. Subsequent reports also found that
boron supplementation of cultured cells increased the
genetic expression of osteocalcin, collagen type 1,
vascular endothelial growth factor, RunX2, and bone
morphogenetic protein 7 [13, 14, 17]. In addition, the
boron supplementation increased bone alkaline phos-
phatase activity [13, 14].

Modification of bioactive glasses, which is used for
bone tissue engineering and regeneration, to contain
boron also indicates that this element has beneficial
bioactivity in bone. This modification enhances bone
formation [17-20]. Some of this beneficial activity has
been attributed to increasing osteoblast gene expres-
sion of alkaline phosphatase, osteocalcin, collagen
type 1, RunX2, and bone sialoprotein in osteoblasts
[17, 20]. Another reported suggestion is that boron
enhances angiogenesis (blood vessel formation) criti-
cal for wound repair and tissue engineering. lonic
dissolution of borosilicate bioactive glass resulting in
stimulated umbilical vein endothelial cell proliferation
and migration associated with phosphorylation of ex-
tracellular signal-related kinase %2, focal adhesion ki-
nase, and p38 protein was attributed to the release of
boron [21]. Boron from ionic dissolution of bioactive
glass also was assessed as the factor that promoted
angiogenesis in embryonic quail chorioallantoic mem-
brane [22].

Supra nutritional or pharmacological intakes of bo-
ron also have been found to beneficially affect bone.
These intakes have been found to stimulate bone for-
mation induced by orthopedically expanded suture in
rabbits [23], improve fracture healing in rats [24], and
increase tibia bone density in ostrich chicks [25].

A recent supplementation study supports the conten-
tion that boron has beneficial effects on bone in hu-
mans. Six mg of boron as calcium fructoborate, a natu-
rally occurring complex commonly found in fruits and
vegetables, was incorporated into margarine and fed
to 100 patients with osteoporosis for six months [26].
Bone density was improved in 66 of the patients. This
finding indicates that more studies are needed to de-
termine whether boron intake can be a factor affecting
bone health in humans.

2.2. Modulation of inflammatory and oxidative
stress

In 1990, the first indication that boron could affect in-
flammatory and oxidative stress appeared [27]. In a
double-blind study, 15 individuals with confirmed os-

teoarthritis, which is associated with chronic inflamma-
tion, were given either a supplement of six mg of bo-
ron or placebo daily for eight weeks. Five of the seven
subjects consuming the boron supplement reported
improved subjective measures such as less pain on
movement and less swelling of their arthritic joints and
less use of analgesic pain relievers. Only one of eight
subjects consuming the placebo reported improve-
ment of their arthritic condition. Similar results were
described in a 2009 report describing the effect of a
daily boron supplement of 6 mg/day as calcium fruc-
toborate on subjective measures of mild, moderate,
or severe osteoarthritis in 20 subjects [28]. After eight
weeks of supplementation, 80% of the mild or moder-
ate arthritic individuals reported reduced or eliminated
use of pain killers. In addition, joint rigidity essentially
disappeared and mobility was markedly increased.
These findings, however, were weakened by the non-
blinding to treatment and lack of placebo controls.

Early animal studies also indicated that boron inhibits
inflammatory stress such as that found in arthritic con-
ditions. Feeding a supplemental 2 mg boron/kg diet
decreased the swelling and the onset of induced ar-
thritis in rats fed a diet containing 0.1 mg boron/kg [29,
30]. Supplementing 5 mg boron/kg to a diet containing
2 mg boron/kg decreased the skinfold thickness re-
sponse to an intradermal injection of phytohemagglu-
tinin in pigs [31]. The boron-supplemented pigs also
had increased serum concentrations of the inflamma-
tory cytokine tumor necrosis factor-a (TNF-a) [32].

Since 2008, over 25 reports have appeared indicating
that boron can modulate the response to inflamma-
tory and oxidative stress. These reports have involved
studies with animals and cells with induced oxidative
stress and supplementation and epidemiological stud-
ies of individuals with elevated oxidative and inflam-
matory stress.

Among the cell culture studies are those showing that
boric acid inhibited lipopolysaccharide (LPS)-induced
TNF-a formation through a thiol-dependent mecha-
nism in human monocytic leukemia THP-1 cells [33];
calcium fructoborate decreased interlukin-13 (IL-1B)
and interlukin-6 (IL-6) release by LPS-stimulated
murine macrophage RAW 264.7 cells [34]; borate in-
hibited micronucleus and sister chromatid exchange
formations induced by aflatoxin B1 [35]; boric acid pro-
vided protection against the induction of DNA strand
breaks and micronuclei by lead and cadmium toxicity
[36]; and boric acid protected chromosome structure
in human primary alveolar epithelial cells treated with
nicotine [37] .

Among the animal studies are those showing that bo-
ric acid increased the anti-oxidant capacity of spleens
in rats [38]; boric acid had anti-oxidant action that pre-
vented damage to membranes of the cerebral cortex
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of rat pups induced by alcohol treatment of dams [39];
boric acid inhibited lipid peroxidation induced by arse-
nic trioxide in rats [40]; and boron increased serum to-
tal anti-oxidant activity, and hepatic expression of both
Cu-Zn superoxide dismutase and Mn-superoxide dis-
mutase mRNA in in rats injected with sheep red blood
cells in the footpad [41].

The cell and animal studies showing boron has anti-in-
flammatory and anti-oxidant activities support the find-
ings indicating boron has similar actions in humans.
In a 2011 report [42], 60 individuals with primary os-
teoporosis were divided into groups of 15 and supple-
mented with a placebo or boron at 3, 6, or 12 mg daily
as calcium fructoborate for 15 days in a double-blind
fashion. When compared to the placebo group, all bo-
ron-supplemented individuals grouped together exhib-
ited improved inflammation biomarkers of C-reactive
protein (CRP), fibrinogen, and erythrocyte sedimenta-
tion rate. The strength of this anti-inflammatory effect
of boron was weakened by the shortness of supple-
mentation and the lack of an indication of the boron
status of the individuals, such as boron dietary intake
or plasma concentration, at the start of the study.
However, some of the individuals may have had a low
boron status because, in another study, the mean se-
rum boron concentration was significantly lower in 43
individuals with knee osteoarthritis than in 18 healthy
controls [43]. Serum boron negatively correlated with
the duration and severity of the osteoarthritis. Also,
mean sedimentation rate and white blood cell count
were higher in osteoarthritic individuals than controls.
Rheumatoid arthritis also is characterized by chronic
inflammation. In a cross-sectional study the mean se-
rum boron concentration was significantly lower in 107
patients with rheumatoid arthritis than in 214 controls
matched in age and sex [44].

Two studies have found that boron supplementation
reduced CRP in individuals with serum CRP concen-
trations greater than 3.0 mg/L, which is considered
an indicator of chronic inflammatory stress. In a ran-
domized, double-blind, parallel clinical trial, boron
supplemented at 6 mg/day as calcium fructoborate
significantly decreased elevated CRP in 29 patients
with stable angina pectoris, while 29 patients without
supplementation showed no change at both 30 and 60
days [45]. In another double-blind, placebo-controlled
clinical study, groups of 26-28 healthy individuals with
mean serum concentrations greater than 3.0 mgl/L
were given a placebo or supplemented with boron at
either 3 or 6 mg/day as calcium fructoborate for 30
days [46]. Compared to the placebo group, both boron
supplementations significantly reduced serum con-
centrations of CRP, IL-6, and monocyte chemoattrac-
tant protein-1.

Because inflammation and oxidative stress also has
been associated with the risk for cancer, recent find-

ings showing an association between low boron status
and some cancers might be related to anti-inflamma-
tory and antioxidant bioactivity of boron [47]. In 2004,
an epidemiological study found an inverse associa-
tion between dietary boron and prostate cancer [48].
Subsequently, reports have described the inhibitory
effect of boron on the growth or proliferation of some
types of cultured prostate cancer cells [49-51]. Boron
supplementation also was found to decrease growth
and mitotic figures in human prostate adenocarcinoma
tumors in nude mice [52].

Boron also has been inversely associated with other
forms of cancer. Cervical smears from 587 women with
a mean boron intake of 1.26 mg/day found 15 cases
with cytopathological indications of cervical cancer,
but none was found in 472 women with a mean boron
intake of 8.41 mg/day [53]. In a study of 763 women
with lung cancer and 838 matched controls, boron was
inversely associated with the incidence of lung cancer
[54]. Boron was found to inhibit the proliferation of cul-
tured breast cancer cells in a dose-dependent manner
[55].

2.3. Central vervous system function

Findings showing that nutritional intakes of boron have
beneficial effects on central nervous system function
are among the most supportive of the concept that bo-
ron is a beneficial bioactive trace element for humans.
In the 1990s, boron supplementation after deprivation
under well-controlled dietary conditions resulted in
electroencephalograms indicating improved behavior
activation (e.g., less drowsiness and increased mental
alertness) in men and women [56, 57]. Psychomotor
skills of motor speed and dexterity, and cognitive pro-
cesses of attention and short term memory were also
improved. Unfortunately, no further studies of these ef-
fects of boron have been reported.

Limited studies with animal models have supported the
human central nervous system findings. Early studies
with rats found that boron deprivation affected brain
electrical activity in a manner similar to nonspecific
malnutrition and heavy metal toxicity [58]. Boron-de-
ficient zebrafish were found to develop photophobia,
which apparently was caused by photoreceptor dys-
trophy [59]. More recently, boron-deprived rats were
found to be less active than boron-supplemented rats
based on variables determined in a spontaneous ac-
tivity evaluation [60].

3. Mechanisms of action

The diverse beneficial effects reported for boron as
summarized in Table 1 have made it difficult to deter-
mine the primary mechanisms of action for its bioactiv-
ity. The diverse responses are probably secondary to
boron influencing a cell signaling system, or the for-
mation and/or activity of an entity that is involved in
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many biochemical processes. The biochemistry of bo-
ron may be indicating the possible basis for its bioac-
tivity. Boric acid forms ester complexes with hydroxyl
groups of organic compounds [61]. This preferably oc-
curs when the hydroxyl groups are adjacent and in the
cis orientation. This property results in the formation of
complexes with several biologically important sugars,
including ribose [61].

Ribose is a component of adenosine. Some of the di-
verse actions of boron could occur through its reac-
tion with biomolecules containing adenosine or formed
from adenosine precursors. These compounds in-
clude S-adenosylmethionine (SAM) and diadenosine
phosphates that have higher affinities for boron than
any other recognized boron ligand in animal tissues
[62]. Diadenosine phosphates are present in all ani-
mal cells and function as signal nucleotides associ-
ated with neuronal response. S-Adenosylmethionine
is one of the most frequently used enzyme substrates
in the body. About 95% of SAM is used in methylation
reactions, which influence the activity of DNA, RNA,
proteins, phospholipids, hormones, and transmitters.

Support for the suggestion that boron beneficial
bioactivity may be associated with SAM is the finding
that the bacterial quorum-sensing signal molecule,
auto-inducer-2 (Al-2), is a furanosyl borate ester
synthesized from SAM [63]. Quorum-sensing is
the cell-to-cell communication between bacteria
accomplished through the exchange of extracellular
signaling molecules (auto-inducers). Support also
is provided by the finding that boron deprivation
increased plasma homocysteine (formed from SAM)
and decreased liver SAM in rats [64]. High circulating
homocysteine and depleted SAM have been implicated
in many of the disorders suggested to be affected by

nutritional intakes of boron, including osteoporosis,
arthritis, cancer, diabetes, and impaired nervous
system function.

Boron also strongly binds oxidized nicotinamide ad-
enine dinucleotide (NAD). Thus, boron could influence
reactions in which oxidized NAD is involved. One role
of oxidized NAD is binding to the plasma membrane
receptor CD38, which is an adenosine diphosphate
(ADP) ribosyl cyclase that converts oxidized NAD to
cyclic ADP ribose. Cell culture studies show that bo-
ron in physiological concentrations binds to and is a
reversible inhibitor of cyclic ADP ribose [65]. Cyclic
ADP ribose is released intracellularly and binds to
the ryanodine receptor, which results in the release of
Ca?* from the endoplasmic reticulum and thus lowers
its Ca?* content. Low endoplasmic reticulum Ca?* can
induce endoplasmic stress which activates the eukary-
otic initiation factor 2a (elF2a) and increases activat-
ing transcription factors 4 (ATF4) and 6 (ATF6) [65,
66]. The increase in ATF6 induced by boron increases
the expression of downstream genes binding immuno-
globulin protein (BiP), calreticulin, endoplasmic reticu-
lum degradation enhancer mannosidase (EDEM), and
GR94 [51]. ATF4 and BiP are involved in osteogen-
esis, calreticulin is required for tumor suppressor p53
function, and Bip and EDEM prevent the aggregation
of misfolded opsins that leads to retinal degeneration
[51]. As indicated above, low boron status has been
associated with impaired bone formation and mainte-
nance, increased cancer risk, and retinal degenera-
tion.

Another hypothesized mechanism through which boron
is bioactive is the formation of diester borate complex-
es with phosphoinositides, glycoproteins, and glycolip-
ids, which contain cis-hydroxyl groups, in membranes

Table 1. Diversity of Beneficial Bioactivity of Boron

Beneficial action

Health impact

Supporting references

Anti-Inflammatory/Anti-Oxidant Osteoporosis 26
Osteoarthritis 27-30
Oxidant Stress Pathology 33-41
Inflammatory Stress Pathology 42-46
Cancer 47-52
Cell Membrane Function Embryo development 3
Central Nervous System Function 59
Gene Expression/Enzyme Activity Bone growth/development 5-20, 65-66
Angiogenesis 21-22
Hormone Facilitator
Estrogen Bone Health 72-75
Insulin Energy metabolism 46, 76
Progesterone Reproduction 2
Thyroid Hormone Energy Utilization 2,31,46,70
Vitamin D Bone growth/structure 4,69
S-Adenosylmethionine Function Cardiovascular disease 62, 63
Bone Health 62, 63
Signal Transduction Modulator Central Nervous System Function 56-58, 60, 62
Hormone and Ca*" Action 63, 68
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[67]. These diester borate polyl complexes could act
as calcium chelators and/or redox metabolism modi-
fiers that affect membrane integrity and function. The
finding that the borate transporter NaBC1, which ap-
parently is essential for boron homeostasis in animal
cells [68], conducts Na* and OH- across cell mem-
branes in the absence of boron supports the sugges-
tion that boron affects the transduction of regulatory
ions across cell membranes. Modification of cell mem-
brane integrity and function may partly responsible for
the findings that boron can influence animal and hu-
man responses to some hormones, including vitamin
D (4, 5, 69) thyroid hormones [2, 31, 70], progesterone
[71], estrogen [72-75], and insulin [76].

Boron also might affect health through increasing the
abundance of the quorum sensing Al-2 in the microbi-
ome. Recently, it was found that increasing the amount
of Al-2 in the gut of antibiotic-treated, mice help rein-
state the populations of beneficial bacteria [77].

3.1. Beneficial intakes

Both animals and humans deprived of boron exhibit
beneficial responses to intakes of boron that may
be achieved through dietary means or in nutritional
amounts. In human depletion-repletion experiments,
participants responded to a 3 mg/day boron supple-
ment after consuming a diet supplying boron at only
0.2-0.4 mg/day [56, 57, 78]. There is a report that
about 1 pyg boron/g diet meets the needs of most all
chicks [79]. Using an assumption that humans may
consume 500 g diet per day, this animal study sug-
gests a boron intake of at least 0.5 mg/day would be
beneficial to many individuals, and this is consistent
with the human studies. The human and animal find-
ings were used to arrive at a mean population boron
intake of 1.0 mg/day to meet the normative needs
of adults [80]. Thus, achieving a boron intake of 1.0
mg/day should provide optimal beneficial activity in
healthy adults. Higher amounts might be beneficial
in individuals with pathological conditions associated
with chronic inflammatory and oxidative stress.

Boron is relatively non-toxic food component. The safe
upper intake level (UL) of boron in the United States
and Canada has been set at 20 mg/day [81]. The
World Health Organization first suggested that 13 mg/
day would be a UL [80], but later increased this to 0.4
mg/kg body weight or about 28 mg/day for a 70 kg per-
son [82]. The European Union established an UL for
total boron based on body weight that results in about
10 mg/day for adults [83].

An intake of 1.0 mg/day can be easily achieved by
consuming foods of plant origin. Foods rich in boron
include fruits, leafy vegetables, nuts, legumes, and
pulses [84, 85]. Beverages based on fruits and grains,
such as wine, beer and cider are also good sources of
boron.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

[14]

Hunt C. D., Dietary boron: Evidence for essentiality
and homeostatic control in humans and animals, Ad-
vances in Plant and Animal Boron Nutrition, Springer,
Dordrecht, The Netherlands, pp. 251-267, 2007.

Fort D. J., Rogers R. L., McLaughlin D. W., Sellers
C. M., Schlekat C. L., Impact of boron deficiency on
Xenopus laevis, A summary of biological effects and
potential biochemical roles, Biol. Trace Elem. Res., 90,
117-142, 2002.

Rowe R. ., Eckhert C. D., Boron is required for zebraf-
ish embryogenesis, J. Exp. Biol., 12, 221-233, 1999.

Hunt C. D., Nielsen F. H., Interaction between boron
and cholecalciferol in the chick, Trace Element Metab-
olism in Man and Animals, TEMA-4, Australian Acad-
emy of Science, Canberra, Australia, pp. 597-600,
1981.

Hunt C. D., Herbel J. L., Idso J. P., Dietary boron modi-
fies the effects of vitamin D, nutriture on indices of en-
ergy substrate utilization and mineral metabolism in the
chick, J. Bone Miner. Res., 9, 171-181, 1994.

Armstrong T. A, Spears J. W., Crenshaw T. D., Nielsen
F. H., Boron supplementation of a semipurified diet
for weanling pigs improves feed efficiency and bone
strength characteristics and alters plasma lipid metab-
olites, J. Nutr., 139, 2575-2581, 2000.

Nielsen F. H., Dietary fat composition modifies the ef-
fect of boron on bone characteristics and plasma lipids
in rats, BioFactors, 20, 161-171, 2004.

Gorustovich A. A., Steimetz T., Nielsen F. H., Gugliel-
motti M. B., Histomorphometric study of alveolar bone
healing in rats fed a boron-deficient diet, Anatomical
Record (Hoboken), 291, 441-447, 2008.

Gorustovich A. A., Steimetz T., Nielsen F. H., Gug-
lielmotti M. B., A histomorphometric study of alveolar
bone modeling and remodeling in mice fed a boron-
deficient diet, Arch. of Oral Biol., 53,677-682, 2008.

Saglam M., Hatipoglu M., Késeoglu S., Esen H. H., Ke-
lebek S., Boric acid inhibits alveolar bone loss in rats
by affecting RANKL and osteoprotegerin expression,
Journal of Periodontal Research, 49, 472-479, 2014.

Balci Yuce H., Toker H., Goze F., The histopathological
and morphometric investigation of the effects of sys-
temically administered boric acid on alveolar bone loss
in ligature-induced periodontitis in diabetic rats, Acta
Odontol. Scan., 72, 729-736, 2014.

Hakki S. S., Malkoc S., Dundar N., Kayis S.A., Hakki E.
E., Hamurcu M., Baspinar N., BasogluA., Nielsen F. H.,
Gotz W., Dietary boron does not affect tooth strength,
micro-hardness, and density, but affects tooth mineral
compostion and alveolar bone mineral density in rab-
bits fed a high-energy diet, J. Trace Elem. Med. Biol.,
29, 208-215, 2015.

Tash P. N., Dogan A., Demirci S., S$ahin F., Boron en-
hances odontogenic and osteogenic differentiation of
human tooth germ stem cells (hnTGSCs) in vitro, Biol.
Trace Elem. Res., 153, 419-427, 2013.

Ying X., Cheng S., Wang W., Lin Z., Chen Q., Zhang
W., Kou D., Shen Y., Cheng X., Rompis F.A., Peng L.,
Lu C.Z., Effect of boron on osteogenic differentiation of

157



Neilsen F. H., /BORON 2 (3), 153 - 160, 2017

[15]

(16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

human bone marrow stromal cells, Biol. Trace Elem.
Res., 144, 306-315, 2011.

Majafabadi B. M., Abnosi M. H., Boron induces early
matrix mineralization via calcium deposition and eleva-
tion of alkaline phosphatase activity in differentiated
rat bone marrow mesenchymal stem cells, Cell J.,
(Yakhteh), 18, 62-73, 2016.

Hakki S. S., Bozkurt B. S., Hakki E. E., Boron regulates
mineralized tissue-associated proteins in osteoblasts
(MC3T3-E1), J. Trace Elem. Med. Biol., 24, 243-250,
2010.

Wu C., Miron R., Sculean A., Kaskel S., Doert T.,
Schulze R., Zhang Y., Proliferation, differentiation and
gene expression of osteoblasts in boron-containing
associated with dexamethasone deliver from mesopo-
rous bioactive glass scaffolds, Biomater., 32, 7068-
7078, 2011.

Gorustovich A. A., Lépez J. M. P., Guglielmotti M. B.,
Cabrini R. L., Biological performance of boron-modi-
fied bioactive glass particles implanted in rat tibia bone
marrow, Biomed. Mater., 1, 100-105, 2006.

Xie Z., Liu X., Jia W., Zhang C., Huang W., Wang S.,
Treatment of osteomyelitis and repair of bone defect
by degradable bioactive borate glass releasing vanco-
mycin, J. Contr Rel., 139, 118-126, 2009.

Dogan A., Demirci S., Bayir Y., Halici Z., Karakus E.,
Aydin A., Cadirci E., Albayrak A., Demirci E., Karaman
A., Ayan A.K., Gundoglu C., Sahin F., Boron containing
poly-(lactide-co-glycolide) (PLGA) scaffolds for bone
tissue engineering, Mater. Sci. Eng., C, 44, 246-253,
2014.

Haro Durand L. A., Goéngora A., Porto Lopez J. M.,
Boccaccini A. R., Zago M. P., Baldi A., Gorustovich
A., In vitro endothelial cell response t ionic dissolution
products from boron-doped bioactive glass in the SiO,-
Ca0-P,0,-Na,O system, J. Mater. Chem. B, 2, 7620-
7630, 2014.

Haro Durand L. A., Vargas G. E.., Romero N. M.,
Vera-Mesones R., Porto- Lopez J. M. Boccaccini A.
R., Zago M. P, Baldi A., Gorustovich A., Angiogenic
effects of ionic dissolution products released from a
boron-doped 45S5 bioactive glass, J. Mater. Chem. B,
3, 1142-1148, 2015.

Uysal T., Ustdal A., Sonmez M. F., Ozturk F., Stimula-
tion of bone formation by dietary boron in an orthope-
dically expanded suture in rabbits, Angle Orthodontist,
79, 984-990, 2009.

Golge U. H., Kaymaz B., Arpaci R., Kbmircu E., Gok-
sel F., Glven M., Glzel Y., Cevizci S., Effects of boric
acid on fracture healing: An experimental study, Biol.
Trace Elem. Res., 167, 264-271, 2015.

Cheng J., Peng K., Jin E., Zhang Y., Liu Y., Zhang N.,
Song H., Liu H., Tang Z., Effect of additional boron on
tibias of African ostrich chicks, Biol. Trace Elem. Res,
144, 538, 549, 2011.

Scorei R. |, Rotaru P., Calcium fructoborate — potential
anti-inflammatory agent, Biol. Trace Elem. Res., 143,
1223-1238, 2011.

Fracp R. L. T., Rennie G. C., Newnham R. E., Boron
and arthritis: the results of a double-blind study, J.
Nutr. Med., 1, 127-132, 1990.

[28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

[37]

(38]

(39]

[40]

[41]

[42]

Miljkovic D., Scorei R. I., Cimpoiasu V. M., Scorei I.
D., Calcium fructoborate: Plant-based dietary boron for
human nutrition, J. Diet. Supp., 6, 211-226, 2009.

Hunt C. D., Idso J. P., Dietary boron as a physiologi-
cal regulator of the normal inflammatory response: a
review and current research progress, J. Trace Elem.
Exp. Med., 12, 221-233, 1999.

Hunt C. D., Dietary boron: An overview of the evidence
for its role in immune function, J. Trace Elem. Exp.
Med., 16, 291-306, 2003.

Armstrong T. A., Spears J. W, Lloyd K. E., Inflammato-
ry response, growth, and thyroid hormone concentra-
tions are affected by long-term boron supplementation
in gilts, J. Anim. Sci., 79, 1549-1556, 2001.

Armstrong T. A., Spears J. W., Effect of boron sup-
plementation of pig diets on the production of tumor
necrosis factor-a and interferon-y, J. Anim. Sci., 81,
2552-2561, 2003.

Cao J., Jiang L., Zhang X., Yao X., Geng C., Xue X,
Zhong L., Boric acid inhibits LPS-induced TNF-a for-
mation through a thiol-dependent mechanism in THP-
1 cells, J. Trace Elem. Med. Biol., 22, 189-195, 2008.

Scorei R. |, Ciofrangeanu C., lon R., Cimpean A,
Galateanu B., Mitran V., lordachescu D., In vitro effects
of calcium fructoborate upon production of inflamma-
tory mediators by LPS-stimulated RAW 264.7 macro-
phages, Biol. Trace Elem. Res., 135, 334-344, 2010.

Turkez H., Geyikoglu F., Dirican E. Tatar A., In vitro
studies on chemoprotective effect of borax against af-
latoxin B1-induced genetic damage in human lympho-
cytes, Cytotechnology, 64, 607-612, 2012.

Ustiindag A., Behm C., Féllmann W., Duydu Y., Degen
G., Protective effect of boric acid on lead- and cad-
mium-induced genotoxicity in V79 cells, Arch. Toxicol.,
88. 1281-1289, 2014.

Tirkez H., Arsian M. E., Ozdemir O., Chikha O., Ame-
liorative effect of boric acid against nicotine-induced
cytotoxicity on cultured human primary alveolar epithe-
lial cells, BORON, 1, 104-109, 2016.

HuQ., LiS., Qiao E., Tang Z., Jin E., Jin G., Gu Y, Ef-
fects of boron on structure and antioxidative activities
of spleen in rats, Biol. Trace Elem. Res., 58, 73-80,
2014.

Sogut ., Oglakci A., Kartkaya K., Ol, K. K., Sogut M.
S., Kanbak G., Inal M. E., Effect of boric acid on oxi-
dative stress in rats with fetal alcohol syndrome, Exp.
Therap. Med., 9, 1023-1027, 2015.

Kucukkurt 1., Ince S., Demirel H.H., Turkmen R., Akbel
E., Celik Y., The effects of boron on arsenic-induced
lipid peroxidation and antioxidant status in male and
female rats, J. Biochem. Mol. Toxicol., 29, 564-571,
2015.

Bhasker T. V., Gowda N. K. S., Mondal S., Krish-
namoorthy P., Pal D.T., Mor A., Bhat S. K., Pattanaik A.
K., Boron influences immune and antioxidant respons-
es by modulating hepatic superoxide dismutase activ-
ity under calcium deficit abiotic stress in Wistar rats, J.
Trace Elem. Med. Biol., 36, 73-79, 2016.

Scorei R., Mitrut P., Petrisor |., Scorei |., A double-
blind, placebo-controlled pilot study to evaluate the ef-

158



Neilsen F. H., /BORON 2 (3), 153 - 160, 2017

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

fect of calcium fructoborate on systemic inflammation
and dyslipidemia markers for middle-aged people with
primary osteoarthritis, Biol. Trace Elem. Res., 144,
253-263, 2011.

Mahmood N. M. A., Barawi O. R., Hussain S. A., Re-
lationship between serum concentrations of boron and
inflammatory markers, disease duration, and severity
of patients with knee osteoarthritis in Sulaimani city,
Nat. J. Physiol. Pharm. Pharmacol., 6 (online first),
DOI: 10.5455/njppp.2015.5.0809201576, 5 p., 2015.

Al-Rawi Z. S., Gorial F.I., Al-Shammary W. A., Muhsin
F., Al-Naaimi A. S., Kareem S., Serum boron concen-
tration in rheumatoid arthritis: Correlation with disease
activity, functional class, and rheumatoid factor, J.
Exp. Integr. Med., 3, 9-15, 2013.

Militaru C., Donoiu |., Craciun A., Scorei |. D., Bulearca
A. M., Scorei R. |, Oral resveratrol and calcium fructo-
borate supplementation in subjects with stable angina
pectoris: Effects of lipid profiles, inflammation mark-
ers, and quality of life, Nutr., 29, 178-183, 2013.

Rogoveanu O.-C., Mofosanu G. D., Bejenaru C., Be-
jenaru L.E., Croitoru O., Neamtu J., Pietrzkowski Z.,
Reyes-lzquierdo T., Bita A, Scorei I. D., Scorei R. 1.,
Effects of calcium fructoborate on levels of C-reactive
protein, total cholesterol, low-density lipoprotein, tri-
glycerides, IL-1B, | L-6, and MCP-1: A double-blind,
placebo-controlled clinical study, Biol. Trace Elem.
Res., 163, 124-131, 2015.

Scorei R. |., Popa R., Sugar-borate esters — potential
chemical agents in prostate cancer prevention, Anti-
Canc. Agents Med. Chem., 13, 901-909, 2013.

Cui Y, Winton M. L., Zhang Z. F., Rainey C., Marshall
J., De Kemion J. B., Eckhert C. D., Dietary boron in-
take and prostate cancer risk, Oncol. Rep., 11, 887-
892, 2004.

Barranco W. T., Eckhert C. C., Boric acid inhibits hu-
man prostate cancer cell proliferation, Cancer Lett.,
216, 21-26, 2004.

Korkmaz M., Avci C.B., Gunduz C., Aygunes D., Er-
baykent-Tepedelen B., Disodium pentaborate decahy-
drate (DPD) induced apoptosis by deceasing hTERT
enzyme activity and disrupting F-actin organization
of prostate cancer cells, Tumor Biol., 35, 1531-1538,
2014.

Kobylewski S. E., Henderson K. A., Yamada K. E.,
Eckhert C. D., Activation of the EIF2a/ATF4 and ATF6
pathways in DU-145 cells by boric acid at the concen-
tration reported in men at the US mean boron intake,
Biol. Trace Elem. Res., DOl 10.1007/s12011-016-
0824-y (Epub ahead of print).

Gallardo-Williams M. T., Chapin R. E., King P. E. Moser
G. J., Goldsworthy T. L., Morrison J. P., Maronpot R.
R., Boron supplementation inhibits the growth and lo-
cal expression of IGF-1 in human prostate adenocarci-
noma (LNCaP) tumors in nude mice, Toxicol. Pathol.,
32, 73-78. 2004.

Korkmaz M., Uzgoéren E., Bakirdere S., Aydin F. Ata-
man O. Y., Effects of dietary boron on cervical cytopa-
thology and on micronucleus frequency in exfoliated
buccal cells, Environ. Toxicol. Chem. 22, 17-25, 2007.

Mahabir S., Spitz M. R., Barrera S. L., Dong Y. Q.,
Eastham C., Forman M. R., Dietary boron and hor-

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

(66]

[67]

(68]

(69]

(70]

mone replacement therapy as risk factors for lung can-
cer in women, Am. J. Epidem., 167, 1070-1080, 2008.

Scorei R., Ciubar R., Ciofrangeanu C. M., Mitran V.,
Cimpean A., lordachescu D., Comparative effects of
boric acid and calcium fructoborate on breast cancer
cells, Biol. Trace Elem. Res., 122, 197-205, 2008.

Penland J. G., Quantitative analysis of EEG effects fol-
lowing experimental marginal magnesium and boron
deprivation, Magnesium Res., 8, 341-358, 1995.

Penland J. G., The importance of boron nutrition for
brain and psychological function, Biol. Trace Elem.
Res., 66, 299-317, 1998.

Penland J. G., Eberhardt M. J., Effects of dietary boron
and magnesium on brain function of mature male and
female Long-Evans rats, J. Trace Elem. Exp. Med., 6,
53-64, 1993.

Eckhert C. D. , Rowe R. |., Embryonic dysplasia and
adult retinal dystrophy in boron-deficient zebrafish, J.
Trace Elem. Exp. Med., 12, 213-219, 1999.

Nielsen F. H., Penland J. G., Boron deprivation alters
rat behavior and brain mineral composition differently
when fish oil instead of safflower oil is the fat source,
Nutr. Neurosci., 9, 105-112, 2006.

Hunt C. D., Regulation of enzymatic activity, One pos-
sible role of dietary boron in higher animals and hu-
mans, Biol. Trace Elem. Res., 66, 205-225, 1998.

Ralston N. V., Hunt C. D., Diadenosine phosphates
and S-adenosylmethionine: novel boron binding bio-
molecules detected by capillary electrophoresis, Bio-
chim. Biophys. Acta, 1527, 20-30, 2001.

Chen X., Schauder S., Potier N., Van Dorsselaer A.,
Pelezer |., Bassier B. L., Hughson P. M., Structural
identification of a bacterial quorum-sensing signal con-
taining boron, Nature, 415, 545-549, 2002.

Nielsen F. H., Boron deprivation decreases liver S-
adenosylmethionine and spermidine and increases
plasma homocysteine and cysteine in rats, J. Trace
Elem. Exp. Med. Biol., 23, 204-213, 2009.

Henderson K., Stella S. L., Jr., Kobylewski S., Eck-
hert C. D., Receptor activated Ca?* release is inhibited
by boric acid in prostate cancer cells, PLoS one, 4,
€6009, 2009.

Henderson K. A., Kobylewski S. E., Yamada K. E.,
Eckhert C. D., Boric acid induces cytoplasmic stress
granule formation, elF2a phosphorylation, and ATF4 in
prostate DU-145 cells, Biometals, 28, 133-141, 2015.

Wimmer M. A., Lochnit G., Bassil E., Mihling K. H,
Goldbach H. E., Membrane-associated, boron-in-
teracting proteins isolated by boronate affinity chro-
matograpy, Plant Cell Physiol., , 50, 1292-11304, 2009.

Park M., Li Q., Shcheynikov N., Zeng W., Muallem S.,
NaBC1 is a ubiquitous electrogenic Na*-coupled bo-
rate transporter essential for cellular boron homeosta-
sis and cell growth and proliferation, Molecular Cell,
16, 331-341, 2004.

Bai Y., Hunt C. D., Dietary boron enhances efficacy of
cholecalciferol in broiler chicks, J. Trace Elem. Exp.
Med., 9, 117-132, 1996.

Nielsen F. H., Penland J. G., Boron supplementation
of peri-menopausal women affects boron metabolism

159



Neilsen F. H., /BORON 2 (3), 153 - 160, 2017

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

and indices associated with macromineral metabo-
lism, hormonal status and immune response, J. Trace
Elem. Exp. Med., 12, 251-261, 1999.

Fort D. J., Boron deficiency disables Xenopus laevis
oocyte maturation events, Biol. Trace Elem. Res., 85,
157-169, 2002.

Sheng M. H. C., Taper L. J. Veit H., Thomas E. A,,
Ritchey S. J., Lau K. H. W., Dietary boron supplemen-
tation enhanced the action of estrogen, but not that of
parathyroid hormone, to improve trabecular bone qual-
ity in ovariectomized rats, Biol. Trace Elem. Res., 82,
109-123, 2001.

Sheng M. H. C. Taper L. J., Veit H., Thomas E. A,,
Ritchey S. J., Lau K. H. W., Dietary boron supplemen-
tation enhances the effects of estrogen on bone min-
eral balance in overiectomized rats, Biol. Trace Elem.
Res., 81, 29-45, 2001.

Nielsen F. H., Gallagher S. K., Johnson L. K., Nielsen
E. J., Boron enhances and mimics some effects of es-
trogen therapy in postmenopausal women, J. Trace
Elem. Exp. Med., 5, 237-246, 1992.

Wang Y., Zhao Y., Chen X., Experimental study on the
estrogen-like effect of boric acid, Biol. Trace Elem.
Res., 121, 160-170, 2008.

Bakken N.A., Hunt C. D., Dietary boron decreases
peak pancreatic in situ insulin release in chicks and
plasma insulin concentrations in rats regardless of
vitamin D or magnesium status, J. Nutr., 133, 3577-
3583, 2003.

Thompson J. A., Oliveira R. A., Djukovic A., Ubeda
C., Xavier K. B., Manipulation of the quorum-sensing
signal Al-2 affects the antibiotic-treated gut microbiota,
Cell Reports, 10, 1861-1871, 2015.

Nielsen F. H., Evidence for the nutritional essentiality
of boron, J. Trace Elem. Exp. Med., 9, 215-229, 1996.

[79]

(80]

(81]

(82]

(83]

(84]

(85]

Hunt C. D., Boron homeostasis in the cholecalciferol-
deficient chick, Proc. North Dak. Acad. Sci., 42, 60,
1988.

World Health Organization, Trace Elements in Human
Nutrition and Health, Chap. 13: Boron, World Health
Organization, Geneva, 1996.

Food and Nutrition Board, Institute of Medicine, Di-
etary Reference Intakes for Vitamin A, Vitamin K, Ar-
senic, Boron, Chromium, Copper, lodine, Iron, Man-
ganese, Molybdenum, Nickel, Silicon, Vanadium, and
Zinc, Chap. 13, Arsenic, boron, nickel, silicon, and va-
nadium, National Academy Press, Washington, D. C.,
2001.

World Health Organization, International Programme
on Chemical Safety, Environmental Health Criteria 204
— Boron, World Health Organization, Geneva, 1998.

European Food Safety Authority, Opinion of the scien-
tific panel on dietetic products, nutrition, and allergies
on a request from the commission related to the toler-
able upper intake level of boron (sodium borate and
boric acid), Eur. Food Saf. Auth. J., 80, 1-22, 2004.

Hunt C. D., Meacham S. L., Aluminum, boron, calcium,
copper, iron, magnesium, manganese, molybdenum,
phosphorus, potassium, sodium, and zinc: Concentra-
tions in common Western foods and estimated daily
intakes by infants, toddlers; and male and female ado-
lescents, adults, and seniors in the United States, J.
Am. Diet. Assoc., 101, 1058-160, 2001.

Choi M. K., Jun Y. S., Analysis of boron content in fre-
quently consumed foods in Korea, Biol. Trace Elem.
Res., 126, 13-26, 2008.

160



