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Abstract

Sugar—borates (SBs) are mono- or di-sugar—borate esters (SBEs) comprised of one or two monosaccharide molecules linked to a
boron (B) atom. SBEs occur naturally in commonly consumed herbs, vegetables, fruits, seeds, and nuts and, other than greatly
varying levels of B found in local drinking water, are the primary natural dietary sources of B-containing molecules in humans.
To date, the most studied SBE is calcium fructoborate (CaFB). CaFB represents an important example of how organic B-
containing molecules are significantly distinct from their inorganic counterparts. During these past two decades, CaFB has been
researched for its physical and biochemical characteristics, safety, and clinical outcomes. Results of these researches are presented
and discussed herein. CaFB has been characterized using Fourier-transform infrared (FTIR) spectroscopy, thermogravimetric
analysis (TGA), high-performance thin-layer chromatography (HPTLC), nuclear magnetic resonance (NMR), liquid chroma-
tography—multistage accurate mass spectrometry (LC-MSn), X-ray diffraction (XRD), Raman spectroscopy, and inductively
coupled plasma (ICP) in non-biological and biological specimens. Potential health benefits of CaFB have been clinically
investigated in pilot and efficacy studies demonstrating (i) significant reductions in knee discomfort and improved flexibility
within 7, 14, and 90 days and (ii) significant effect on blood levels of inflammatory, cardiovascular, and other biomarkers. These
studies support the use of CaFB as a dietary supplement for the management of joint discomfort. CaFB is presented here in order
to illustrate how physiological benefits are imparted by distinct organic boron-containing molecules rather than solely by the
element B itself. Considering recent National Health and Nutrition Examination Survey (NHANES) data reporting increases in
age-related joint pain and an increasing elderly demographic, SBEs offer potential for safe, natural, and effective management of
joint discomfort and improved mobility in human and animal health applications. Several of these studies may also open new
opportunities for use of SBEs for health benefits beyond joint health.
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Introduction

Of all the known elements, boron (B), after carbon, has per-
haps the most interesting speciation, due to the fact that it can
be found so frequently throughout nature. An element’s
“speciation” is defined as the dispersion of that element
amidst distinguished chemical species in a system [1]. B’s
organic speciation in the three kingdoms of life (Archaea,
Bacteria, and Eukarya) derives from the additional biochem-
ical development of boron’s inorganic species [2—4]. Organic
B biochemical species have formed the basis of B’s proven
essentiality in plants [5, 6]. More recently, B has been sug-
gested to be essential in animals [7, 8]. Such suggestion has
not yet been conclusively proven, although many hypotheses
have been postulated [4, 9]. B has the ability to complex with a
variety of cis-diol biomolecules; however, not all possible B
complexes occur in nature [10, 11]. Recent scientific data
strongly suggests that only plants have the capacity to metab-
olize boric acid (BA)/borate (inorganic B speciation) and to
transform it into sugar—borate esters (organic B speciation).
Currently, it appears that humans and other animals do not
have this capacity [4, 12]. Generally, as boric acid/borate en-
ters the human/animal cell, it blocks other biomolecules that
contain cis-diols, for example, nicotinamide adenine dinucle-
otide (NAD), S-adenosyl methionine (SAM), flavin adenine
dinucleotide (FAD), and ribonuclease (RNase) [4, 13]. Sugar—
borate complexes that occur naturally in plants are perhaps the
most recognized biogenic cis-diol organic B species [4,
14-20]. Various surveys [21-24] have demonstrated that sug-
ar—borates are crucial in the development of plants (for exam-
ple, the normal cell wall growth, membrane functions, and the
biosynthesis of lignin), but more recently, sugar—borates have
been demonstrated to be potentially important modulators of
human health [17, 18, 25, 26]. The identification of health
benefits related to sugar—borates and the subsequent clinical
validation of their significance has become an important new
extension of boron science. Thus far, out of all sugar—borate
esters, only fructoborate (calcium fructoborate—CaFB) has
been clinically proven to have measurable activity in humans
[4,17, 19, 27-30].

A main focus of this review is to distinguish and differen-
tiate the importance of the organic B species found in nature.
To date, many B scholars have exhibited a tendency to de-
scribe various B species as “forms of boron.” We respectfully
suggest here that such terminology is perhaps an unfortunate
misnomer due to the inherent implication that any activity of a
given B-containing molecule is imparted solely by B rather
than by the unique synergistic chemistry of the molecular
components. B-containing molecules are indeed vital to our
existence, but the organic B species are arguably more influ-
ential in animal biosystems than inorganic B species or free B
itself. Consequently, in support of this argument, a particular
emphasis will be placed herein on positioning sugar—borate
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esters versus inorganic B species (also found in nature), in
terms of their relative safety, dietary importance, and potential
for health benefits. Concurrently, this paper will audit previ-
ous and ongoing research related to the bioavailability and
clinical effectiveness of sugar—borate esters (SBEs), especially
the CaFB complex. In view of exceptionally encouraging in-
formation thus far, the authors envision numerous significant
opportunities for future research and applications in health and
medicine for the sugar—borates.

Natural Occurrence and Intake

The uptake, transport, and ultimate function of B in plants
clearly illustrate the importance of the plant formation of B
complexes containing sugars [7, 31]. The SBEs are a class of
boron-carbohydrate phytochemicals that bear a moderately
low amount of B [11, 16, 31, 32]. SBEs are naturally occur-
ring and have been discovered in herbs, vegetables, fruits,
seeds, and nuts common to the human diet [19, 20, 33]. The
main physiologically stable “phyto” SBEs are pectic polysac-
charide rhamnogalacturonan I (RG-II) [34], glucose and fruc-
tose borate esters, bis-sucrose borate esters, and sugar alcohol
borate esters (sorbitol, mannitol) [10, 11, 18, 35, 36].
Transported from the roots to various organs of the plant, there
are two types of SBEs: (a) water-soluble SBEs in the fluid sap
(mainly, sugar—borate esters and sugar alcohol borate esters)
and (b) structurally water-insoluble B (mainly, B-RG-II) set-
tled in the cells. Simultaneously, and within the same tissue,
these two B-containing species may assume distinctly differ-
ent roles in plant development. Despite the fact that a large
amount of B is found in the pectic portion of the cell’s wall,
(specifically at low B concentrations), more than 60% of the B
is in a soluble state [14, 21, 22, 37, 38]. The mass distribution
of water-soluble vs. structural B retrieved from one sample
was correlated with that of the mass of total B measured by
the dry ash method. These two types of B-containing moieties
yielded the following the following B concentrations: 14.1 +
2.8 mg/kg to 90.9 + 2.5 mg/kg, as water-soluble B, and 27.2 +
3.2 mg/kg to 67.1 + 1.7 mg/kg, as structural (water-insoluble)
B, respectively [39]. B has been shown to be complexed to
fructose borate esters (FBEs) and also to glucose borate esters
(GBEs) in the extracellular nectar from peach [14, 15]. FBEs
are found in various vegetables and fruits that are subsequent-
ly consumed by humans and animals [16]. Plant-based mate-
rials serve as the fundamental dietary source of organic B-
containing molecules. Plant-based materials do not serve as
a primary source of inorganic B-containing molecules. CaFB,
the most common form of FBE, is naturally found in fresh
fruits, vegetables and honey, and in dried fruits (plums, raisins,
apricots) [20]. Fructoborate is found as a protonated diester
fructoborate (PFB) resulting from the sorbitol metabolic path-
way in the phloem and extracellular peach nectar [19, 21].
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Moreover, the pH of the phloem exudate (pH 8.5) favors the
development of a bis-sucrose borate complex having weaker
stability constants of borate (compared to the higher associa-
tion constants for fructose—borate compounds) [40—43].

Today, CaFB is industrially manufactured in a nature-
identical form using a chemical synthesis according to
Miljkovic (1999) and Hunter (2016) patents [44, 45]. This
industrially produced CaFB is being widely used as a dietary
supplement for joint health, specifically for modulation of the
symptoms of age-related joint discomfort and degeneration
[17, 19]. CaFB has been presented in numerous published
papers that report its chemistry [20, 33, 46, 47].
Additionally, it has been repeatedly reported to significantly
reduce pain and improve flexibility in a clinical setting as
evidenced by improvements in Western Ontario and
McMaster Universities Arthritis Index (WOMAC) and
McGill Indices [27-30].

It is interesting that concerns related to “total B intake”
persist today despite mounting evidence that different B-
containing molecules clearly have varying levels of benefit
and/or potential toxicity. Much if not most of all toxicological
research on B has been accumulated due to animal testing after
ingestion of boric acid, despite the fact that boric acid itself
does not significantly contribute to the mammalian fruit and
vegetable diet. This early attention to boric acid/borate toxic-
ity was mostly due to the well-known presence of inorganic B
in drinking water and a (then) relatively scant amount of
knowledge related to organic B-containing molecules found
in fruits and vegetables. Inorganic B can be found in water
supplies in varying amounts throughout the world dependent
upon the locale. These variances ultimately affect both the
content of organic B-molecules in locally grown plants and
the amount of exposure to inorganic B-molecules ingested
from local drinking water. However, as will be presented here,
inorganic B-containing molecules manifest rather different
safety profiles than the organic B-containing molecules (the
SBEs) found in fruits and vegetables.

As an illustrative example of this thinking, the National
Academy of Sciences/The Institute of Medicine (NAS/IOM)
Panel on Micronutrients revealed that after taking into consid-
eration all of the potential dietary “B sources,” the approxi-
mate intake per person/day might be as high as 5 mg [48-50].
However, due to the Western diet shift from plant to animal
foods and because of the highly processed nature of the
American diet, these levels may be lower, perhaps in the range
of 0.5 to 3 mg, with 1 mg as an average. In most European
countries, total B intake from natural sources is currently
thought to be in the range of 2 to 10 mg per day [50]. In
France, for instance, the B intake has been reported between
5 and 18 mg, due to ingestion of high quantities of wine.
However, irrespective of whether or not the aforementioned
figures are accurate, it is important to note that the prevailing
current attention is clearly focused on total B intake rather than

on assessment of relative intake of distinct B-containing mol-
ecules. The following Table 1 shows a potentially more useful
comparison of total B and fructose borate ester contents of
various foods.

Depending on the plant, vegetative organ, and age of spe-
cies, different amounts of boron complexing sugars (BCs)
have been found [14, 22]. Most of the intake of fructoborate
esters (> 90%) comes from apples, grapes, onions, and wheat.
High levels of BCs (fructose and sorbitol) were measured in
apple juice (4.12-6.76 and 0.11-0.51 g/100 mL, respectively)
[14]. Normal human dietary intake of BCs also depends on the
individual’s dietary style and the nutritional status of the
ingested foods, e.g., vegetarians exhibited levels of 1.47—
2.74 mg B/day (men) and 1.29-4.18 mg B/day (women)
[50]. High amounts of B were highlighted for avocado, flax
seeds, nutty spread, wine, raisins, peanuts, and various nuts
[51].

For CaFB and related compounds, the daily average sugar—
borate intake was estimated to be about 35 mg (75 mg 95th
percentile intake) (based on IOM Committee’s estimation of
an assumed 5 mg of daily B intake). Mathematically convert-
ed, this means that the typical daily dietary intake (from fruits
and vegetables) of CaFB (containing only 2.5% B by weight)
and related complexes might be as high as 165 mg/individual/
day. When administering an encapsulated daily dose of
216 mg of industrially produced CaFB, the B intake
(5.4 mg/day) does not exceed the safe upper limits of 6—
20 mg B/day [18-20, 52], according to World Health
Organization (WHO) and Organization for Economic Co-
operation and Development (OECD) regulations.

In contrast to the aforementioned “safe upper limits,” a
recent study in rats highlighted a no-observed-adverse-effect
level (NOAEL) of 1161.3 and 1171.1 mg calcium
fructoborate/kg body weight (b.w.)/day (for males and fe-
males, respectively), which translates to 29.03 mg/kg and
29.28 mg/kg b.w. B/day for male and female rats, respectively
[53]. Based upon these results, and converted for comparison,
this would equate to > 1.7 g daily B intake in a 60 kg human,

Table 1 Total content of boron and fructoborate esters of various foods

Food item Total boron (ng/g)  Fructoborate
esters (HLg/g)

Apple 25 35

Apricot n.d. 16

Dandelion root (Taraxaci radix) 200 80

Figs 35 15

Flaxseed sprouts (Lini semen) 800 80

Honey (Mel) 12 7

Raisin n.d. 79

Tomato paste 20 7

n.d. not determined
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adding some interesting dimension to any previous consider-
ations related to B’s daily safe upper limits.

Mass spectroscopy was utilized to evaluate the existence
and quantity of CaFB in serum gathered from mice gavaged
with CaFB at a dosage of 650 pg per mouse for 30 and
60 min. Results demonstrated that CaFB was conveyed from
the gastrointestinal (GI) tract to bloodstream unmodified and
in a time-dependent manner [26, 54]. Thus, it has been con-
firmed that CaFB could (a) have a distinct purpose and bioac-
tivity of its own or (b) serve as a controlled-release supply of B
that does not convert back to BA in tissues and blood. This
opens opportunities for further investigation into SBE metab-
olism and also for use of this technology for investigation into
transport of sugar derivatives of other elements of nutritional
importance (for example, magnesium or selenium). The bio-
logical and clinical benefits observed thus far for CaFB [17,
27, 29, 30, 33, 54, 55] suggest that B-containing sugars are
indeed unique and extraordinary participants in the realm of
B-containing molecules.

Chemistry and Biochemistry

SBEs are mono- or bis-sugar—borate esters that include one or
two monosaccharide molecules connected to a B atom [16].
Active SBEs within plants are fructose borate and glucose
borate esters, bis-sucrose borate esters, sugar alcohol borate
esters (sorbitol, mannitol), and pectic polysaccharide borate
esters (RG-1II) [10, 18, 36, 56].

The stable esters of BA are complexes in which BA forms a
connection between two carbohydrate molecules, e.g.,
fructose-B-fructose [57, 58]. FB, an anion complex of com-
position (C¢H1¢Og),B ", has been identified from plants
(Fig. 1) [54, 59, 60]. The investigation of this “nature—
identical” complex has been performed using thermogravi-
metric analysis (TGA), X-ray diffraction (XRD), inductively
coupled plasma—mass spectrometry (ICP-MS), Fourier-
transform infrared (FTIR) spectroscopy, and Raman spec-
trometry techniques [46, 47, 54]. Also, using liquid- and
solid-state ''B and '*C nuclear magnetic resonance (NMR)
spectroscopy, the fructoborate anion structure was defined
[28, 33] (Fig. 1). The fructoborate complexes in plants are

Fig. 1 Fructoborate anion structure
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water-soluble and have diastereoisomer forms (R and S), but
it is still unknown which form is natural or which form pos-
sesses the biological activity [33].

The results of the thermal assay (TGA), combined with
those of XRD, FTIR and Raman spectroscopies, high-
performance thin-layer chromatography (HPTLC) [61], and
liquid chromatography—multistage accurate mass spectrome-
try (LC-MSn) [20], led to the conclusion that an industrially
produced CaFB is a similar product to the diester fructoborate
anion (Fig. 1), and identical to the fructoborate molecule
found in nature, including 2.54+0.1% B and 4.6 +0.1% Ca
[33]. Some studies have identified three types of B-
containing molecules of CaFB in aqueous solutions: free
BA, the diester, and the monoester complex (the speciation
of fructoborates is highlighted in Fig. 2) [20, 33].
Subsequently, fructoborate species may possess a biological
role such as functioning as a coenzyme or cofactor (Fig. 3)
[25, 62]. This is an intriguing concept that could be a scope of
future investigations.

Nutritional Significance

The potential nutritional significance of SBEs in the prophy-
laxis of chronic diseases has been previously acknowledged in
the global community [4, 16, 63]. Side effects of SBE insuf-
ficiency are non-specific and may include joint inflammation,
bone loss, osteoporosis, and lower immunity [19, 64]. In some
countries, borate supplementation might be helpful for pre-
vention of osteoporosis and osteoarthritis, breast and prostate
cancer, cardiovascular diseases, and, as of late, as an adjuvant
for osteochondrosis in people and animals [65]. Moreover,
SBEs were found not to be related to the collagen matrix but
are almost completely and particularly situated inside the min-
eral part of bone [66]. It is suggested that SBEs influence bone

Intake Metabolism Elimination
Diester Monoesters=———> H3B0;
[neutral] [cis/trans]

ﬁt

Monoester
[basic]

Fig. 2 FBE speciation in the human metabolism
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Fig. 3 Metabolism of FBs in
enzymatic system

Oxidized

Neutral conditions

O,
5
\OH
(6]

(e]

[ \
B (0]
/

o

\

. Reduced

form form

.~

Acidic conditions

mineralization by participating in the homeostatic regulation
of levels of serum steroid hormones (estrogen and testoster-
one) and the metabolism/and usage of other mineral and cal-
cium components of the bone [51, 67, 68]. Moreover, total B
levels in the blood and bone are known to be related to health
status and age and to diminish during disease states [4]. As
shown in Table 2, B and its species play significant nutritional
and biological roles in plants and consequently humans and
animals.

The physiological influence of dietary SBEs is typically
more pronounced during concurrent nutritional insult, espe-
cially vitamin D deficiency [16, 63]. In humans, dietary boron
influences serum calcitonin and Ca®* concentrations as well
[67]. The mechanism(s) through which B as SBE modulates
mineral metabolism in a variety of tissues, especially during
concurrent vitamin D deficiency, is under active investigation.

Low SBEs in the diet have been reported to be associated with
increased serum triglyceride concentrations [16]. The poten-
tial relationship of B, insulin secretion, and plasma glucose
concentrations is also under active investigation. Vitamin sup-
plements for animal diets typically contribute inconsequential
amounts of B to the total diet [72], and in general, B is for-
mulated within said animal supplements in an inorganic form
(i.e., BA) or a non-naturally occurring form (i.e., sodium
tetraborate or boron citrate). This may be of particular human
food chain significance as related to industrially cultivated
herbivores that would most naturally ingest organic SBEs
via grazing.

The most recent research shows that in bacteria the B sig-
naling molecule AI-2 (furanosyl borate diester) can contribute
to host health (gut flora) and to protection from pathogens
[73]. We hypothesize that since SBEs are similar to the Al-

Table 2 Fructoborate esters in
plant-based foods and in dietary
supplements

Sources

Dietary
supplements

Absorption

Salts of diester fructoborates (such as calcium, magnesium, zinc) are being stored in dried
fruits and probably in fruits, nuts, vegetables, whole grains, and honey too [19, 20].

CaFB is found on the market as FruiteX-B® (commercial name). It is also found in
multi-vitamin and multi-mineral-vitamin as ingredient in various formulations.

Fructoborates are absorbed in the small intestine. Our bodies have no capability to

synthesize them from fructose and boric acid. [69].

Interactions

Fructoborates have positive synergic interactions with calcium, magnesium, zinc, iron, and

copper. The amount of fructoborate should be increased when the amount of iodine,
fluoride, and silicon from the body increases as well.

Antagonized by

Storage

Excretion

Fructoborates are antagonized by silicon as orthosilicic acid [66], by iodine [70], and by
fluoride [71].
Fructoborates have been found in mice (bone, heart, brain, liver, and muscle) [69].

In animal metabolism (mice), fructoborates are metabolized initially in fructoboric acid and

then in boric acid and excreted mainly through urine [69].

@ Springer
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2, they may also promote probiotic capabilities in some bac-
teria and reduce virulence in others. Further research is re-
quired to confirm this hypothesis.

Toxicology
Cytotoxicity

Zinc fructoborate (ZnFB), a novel zinc—boron complex, has a
low cytotoxic effect on the normal Vero cell line. PFB and
ZnFB were tested for the inhibitory effect on the Vero kidney
cell line at different levels of concentration [69]. Cytotoxicity
was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay. The compounds ex-
hibited a low cytotoxic effect on the cell line. The cell culture
was more resistant to PFB than to ZnFB. For PFB, cell via-
bility is affected above the minimal toxic concentration of
3 mM. For ZnFB, cell culture was affected both from a mor-
phological and viability point of view (even more than the
positive cytotoxicity control) above the 0.5 mM toxic concen-
tration. ZnFB did not affect cell viability at doses ranging from
0.01 to 0.1 mM.

In Vivo Toxicity

In vivo, SBEs have been shown to be less toxic than other B-
based complexes, such as BA, inorganic borates, boronates, or
boranes [16]. CaFB has a median lethal dose of 18.75 g/kg
b.w. (0.525 g elemental B), compared with 2.6 g/kg b.w. for
BA (0.462 g elemental B) [26, 54]. Moreover, using standard
assays for bacterial and mammalian systems, sub-chronic (28-
day) and chronic (90-day) dietary administration of CaFB did
not exhibit genotoxicity or mutagenicity. The mean levels of
CaFB tested in rats were 386, 775, and 1161 mg/kg b.w./day
(for males) and 392, 784, and 1171 mg/kg b.w./day (for fe-
males), with no symptoms of toxicity, histopathological
changes or fatalities [53]. As mentioned earlier, during this
90-day toxicology study on rats, the highest dose of CaFB
administered with no signs of toxicity was 1171 mg/kg b.w.
This is equivalent to 104,517 mg CaFB (> 1700 mg elemental
B) for a 60-kg human [26, 53]. Based upon this evidence, and
directly pertaining to the aforementioned limits defined by
well-intentioned health organizations and government agen-
cies regarding potential “boron toxicity” concerns, these au-
thors respectfully argue that the limits related to boron toxicity
are now in fact misinformed, archaic, and overly narrow since
much if not all of the data used to define such levels have been
based upon previous testing that was conducted using non-
dietary, inorganic B-containing compounds (BA). Said limits
may be biologically applicable to inorganic BCCs in local
water supplies but, according to current evidence, should not
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be applied to organic SBEs (or their nature-identical equiva-
lents) found in fruits and vegetables.

Clinical Evidence
Joint Degeneration and Discomfort

During an initial clinical study organized at the Orthopedic
Clinic of the University of Novi Sad, Serbia, 20 osteoarthritis
(OA) patients were split into two groups: (a) subjects with
mild and medium OA (group A) and (b) subjects with severe
OA (group B). CaFB was administered to group A, in doses of
CaFB standardized to 6 mg of B, while group B received
doses of CaFB standardized to 12 mg/day of B (two 6 mg
doses). Mobility and flexibility returned to 50% of the patients
during the first month and to 62.5% by the end of the second
month. These early results strongly suggested that CaFB
could be effective in reducing joint discomfort and stiffness
as well as in helping to reduce the need for use of non-steroidal
anti-inflammatory drugs (NSAIDs) [26].

Another double-blind placebo-controlled pilot study re-
ported that a twice-daily 108 mg dose of CaFB significantly
improved knee discomfort during a 2-week period when com-
pared to placebo [27].

A subsequent 14-day double-blind placebo-controlled
comparative study was conducted on 60 participants with
self-reported knee discomfort. Study subjects were random-
ized into two groups, receiving either a twice-daily dose of
110 mg CaFB or placebo. Supplementation with CaFB signif-
icantly improved knee discomfort in the study subjects.
Significant reductions of mean within-subject change in
WOMAC and McGill Pain Questionnaire (MPQ) scores were
observed for the CaFB group, compared to the placebo group,
atboth 7 and 14 days after treatment. The CaFB group showed
greater improvement at both 7 and 14 days. In comparison, the
placebo group did not exhibit any change in WOMAC and
MPQ scores [29].

Also a double-blind, placebo-controlled randomized com-
parative 14-day study was conducted in order to compare and
evaluate the effects on subjects with self-reported joint dis-
comfort following treatment with (a) a blend of glucosamine
and chondroitin sulfate; (b) a blend of glucosamine, chondroi-
tin sulfate, and CaFB; or (c) a placebo. Treatment with glu-
cosamine combined with chondroitin sulfate and CaFB result-
ed in a statistically significant 24% reduction of mean
WOMAC score and a 25% reduction of mean McGill index
at day 14 over baseline. Under these experimental conditions,
results showed that short-term treatment with glucosamine
and chondroitin could be efficacious only if used in combina-
tion with CaFB [28].

Most recently, a longer-term (90-day) double-blind,
placebo-controlled randomized study was conducted in order
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to measure effects of CaFB supplementation on knee discom-
fort. In this study, the effects of once-daily and twice-daily
dosing of CaFB on knee joint discomfort for 90 days were
compared. One hundred and twenty subjects with self-
reported knee discomfort were randomized into three groups
(each group, n =40). The study groups received: (a) 108 mg
CaFB twice per day (group 1), (b) 216 mg CaFB in a single
dose (group 2), or (¢) placebo. There were no significant ob-
served differences between group 1 and group 2 results. No
changes were observed in the WOMAC and MPQ scores in
the placebo group. Both CaFB groups showed significant ear-
ly and continuously improving levels of knee comfort for the
duration of the study. Knee comfort continued to significantly
improve throughout the duration of this 90-day study. No
significant differences were observed between the once-daily
and the twice-daily doses of CaFB, thereby supporting use of
a single daily dose [30].

Anti-inflammatory Processes

CaFB has a beneficial effect on the various anti-inflammatory
processes: (a) it regulates macrophage production of inflam-
matory mediators, (b) it suppresses cytokine production, and
(¢) it inhibits the evolution of diseases associated with endo-
toxins [74]. Various tests, both on humans and animals, with
CaFB doses that delivered standardized amounts of B that
ranged between 1 and 7 mg (0.025-0.175 mg B)/kg b.w./
day resulted in a strong anti-inflammatory action [17, 54,
64]. Also, no side effects were observed on humans. CaFB
has been shown to have similar effect of w-3 fatty acids in
animal model [72]. The anti-inflammatory action of CaFB
might be the result of the modulation of serine proteases
discharged by inflammation-activated leukocytes: (i) by the
modulated leukotriene synthesis and (ii) by the decrease of
reactive oxygen species (ROS) created during neutrophils’
respiratory burst. In addition, CaFB may modulate the synthe-
sis of eicosanoids (proinflammatory prostaglandins) derived
from arachidonic acid (AA). It has been demonstrated that
high B administration leads to its inclusion in the phospho-
lipids in the cell membrane, somehow replacing the AA-
derived eicosanoids and thus building up w-3-derived
eicosapentaenoic acid [75]. In vitro studies also show that
CaFB has a serious effect, depending on its concentration,
on the human polymorphonuclear (PMN) leukocyte cells.
Therefore, a 24-h treatment with CaFB on N-
formylmethionyl-leucyl-phenylalanine (fMLP)-stimulated
PMNs ensured a dose-associated decrease of the respiratory
burst. The reduction of ROS level was noticeable even when
non-cytotoxic concentrations were used (e.g., by half at
450 uM CaFB). This emphasizes the strong possibility that
CaFB is a superoxide ion scavenger and may have anti-
inflammatory activity [25, 74]. It is reasonable to consider that
the CaFB molecule or its borate residue could modulate the

stimulation of the enzymatic complex of nicotinamide adenine
dinucleotide phosphate (NADPH)-oxidase and thereby re-
strict the molecular oxygen from producing superoxide anion.
An increase in Ca®*, interceded via the binding of fMLP to its
receptor, has been displayed as a part of a signaling cascade
that stimulates the plasma membrane-localized oxidase [74].
A relatively recent study demonstrated that the treatment of
lipopolysaccharide (LPS)-stimulated RAW264.7 macrophage
cells with CaFB achieved an inhibition of interleukin (IL)-13,
IL-6, and nitric oxide (NO) release in the cell culture media, a
generation boost of tumor necrosis factor-alpha (TNF-«), and
had no impact on the expression of LPS-induced cyclooxy-
genase-2 (COX-2) protein [75]. Even though these measure-
ments are not currently included in the routine assessment of
clinical cardiovascular risk, numerous pro-inflammatory
markers have been highly correlated with the development
of cardiovascular disease. One of the most interesting is the
monocyte chemoattractant protein-1 (MCP-1) [76]. MCP-1 is
generated by different types of cells within the arterial wall,
and various substances can induce its expression including
cytokines, minimally modified low-density lipoproteins
(LDLs), homocysteine, and shear stress, as well as other fac-
tors [77]. MCP-1 expression-induced macrophages boost ath-
erosclerosis evolution [76]. In humans, high MCP-1 plasma
levels are associated with the severity of cardiovascular issues.
Some researchers have theorized that inhibiting or decreasing
the MCP-1 expression might be useful in countering the de-
velopment of unhealthy heart conditions [78]. Moreover, the
cytokines IL-1(3 and IL-6 provide hints to the existence of
inflammatory processes. The systemic rise of these inflamma-
tory molecules, along with TNF-oc and CRP, develops during
the process of atherosclerosis. IL-13 upregulates atherogene-
sis by contributing to the inflammation of the arterial wall,
leukocyte chemotaxis/adhesion, and the rupture of atheroscle-
rotic plaques [78]. Therefore, serum levels of IL-6 alone or in
combination with other biological markers are potential trig-
gers for coronary pathologies. A reduction of blood levels of
these inflammatory cytokines (IL-1f3, IL-6, MCP-1) was re-
ported in a recent in vivo study on CaFB [64]. All results
suggest that CaFB could provide beneficial support to a
healthy cardiovascular system by positively affecting the
blood levels of these markers [4].

Other recently published clinical research has demonstrat-
ed the capacity of CaFB to regulate essential markers that are
associated with the body’s inflammatory response mecha-
nism. Particularly, the said studies report that CaFB signifi-
cantly regulated high CRP serum levels in humans [17, 27,
79]. High CRP levels in the blood are acknowledged as a risk
indicator for cardiac diseases and also is considered to have
prognostic value in coronary artery disease. As measured by
high-sensitivity (hs)-CRP, results revealed that resveratrol and
especially CaFB (39.7% decrease after 60 days) had favorable
effects, significantly lowering the hs-CRP level. These results
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for CaFB are in direct accord with prior studies in which
similar doses induced significant decreases in hs-CRP concen-
tration [27, 80]. This further supports the strong anti-
inflammatory effects of CaFB.

Oxidative Stress

In addition to the reported useful effects of B-containing mol-
ecules on knee/joint function, bone density (osteoporosis),
cognitive health, and prostate cancer, CaFB exhibited prom-
ising antioxidant properties that could have potential clinical
applications [81, 82]. In this regard, in vitro measurement of
the antioxidant activity of CaFB on the potential for healing of
skin wounds was conducted on human keratinocytes cell cul-
ture as an experimental model of human skin. In was found
that CaFB decreased the amount of intracellular ROS induced
by exposure to oxidative stress (exogenous hydrogen perox-
ide) [25].

Osteoporosis

The Department of Orthopedic Medicine at the University of
Novi Sad conducted a study to examine the relationship be-
tween CaFB intake and vitamin D3 serum levels [83]. Study
subjects were administered one capsule of 226 mg of CaFB
daily for 60 days. The study subjects were vitamin D3-
deficient at the onset of the study. The study revealed enhance-
ment regarding the vitamin D3 metabolism following CaFB
supplementation. At the end of the study, 85% of the subjects
showed an increase in vitamin D3 levels in blood. Prior re-
search results showed a connection between the deficiency of
vitamin D3 and a high risk for cardiovascular disorders as well
as a vitamin D3 influence on joint and bone health [17]. A
practical and clinical research project regarding effects of
CaFB on osteoporosis was conducted in Romania [84].
CaFB has also been reported to stimulate differentiation of
osteoblasts from bone narrowing as well as to restrict super-
oxide formation within cells [79, 85]. Additionally, it
synergizes with dexamethasone to increase the bone mineral-
ization [85].

Mechanisms of Action

The unique plant-based organic boron-containing compounds
(BCCs) (fructoborates [FBs] and glucoborates [GBs]), could
be carried by means of the sugar—active transporters, whereas
they have lowered the permeability due to the unchelated bo-
rate [16]. Although B species transporters have not yet been
conclusively identified in animals/humans [4], it is our hy-
pothesis that SBEs transport in the cell could occur via sugar
transporters (GLUTS) by facilitated diffusion [16], at the very
least for those SBEs containing non-charged trigonal borate
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(Fig. 3). GLUTs may potentially be one of the most conve-
nient avenues for introducing fructoboric acid (FBA) into cells
[16].

Non-enzymatic Metabolism: Catalyzed CO, Hydration

Recent research has shown that the development of HCO;
ion is stimulated by BCCs acting as CO, hydration catalysts. It
appears that the mechanism involved is analogous to the en-
zymatic activity of carbonic anhydrase [86]. Practically, the
buffer efficiency of the HCO3; (pH 7.4) is overtaken by the
borate anion pairing with cis-diol esters through the appear-
ance of some complexes with polyalcohols, sugars, and cis-
diol organic acids (pKa 3.5-7.4) [4].

Enzymatic Metabolism
SBEs as Pleiotropic Modulators for Cell Signaling Pathways

In addition to investigating SBEs essential association with
various regulatory and signaling molecules (as well as with
transcription factors), it could be of importance to confirm the
connection between the borate anion/sugar—borate anion/B
shortage and the Ca”* influx and to fully determine the
Ca”*-releasing systems coordinated by adenylates or
inositides [4]. Additionally, adenylates or inositides, being
potential targets for B [5, 87], could be a segment of the
signaling pathways afflicted by B deficiency. The fact that
Ca®* counters the expression of most genes that are affected
by the deficiency of B indicates that BCC metabolism may be
linked to signaling pathways mediated by Ca**. Further, it has
been shown that BA can inhibit proliferation of some tumor
cells by influencing the Ca”* release through cyclic adenosine
diphosphate ribose (cADPr). This result is based on BA’s abil-
ity to bind NAD*, which is the substrate for ADP-ribosyl
cyclase [88]. In addition to investigating an essential connec-
tion of B with transcription factors and signaling and regula-
tory molecules, such as glycans or micro-ribonucleic acids
(miRNAs), it would be intriguing to investigate and determine
whether deficiency of B alters Ca”* influx [89] and/or if B also
intervenes within the Ca®*-releasing system that is dependent
upon inositides or adenylates. Such studies would reveal new
insights regarding B’s role in the regulation of gene expression
and on the impact of the B-Ca** relation on gene expression.

The outcome of these investigations could establish the
connection between borate anion/sugar—borate anion/B and
calcium related to certain genes’ regulation and expression.
Additionally, the natural BCCs found in plants (glucose— as
well as fructose—borates) have been predicted to be implicated
within cell signaling systems of ROS [25, 62]. Different clin-
ical investigations have demonstrated the capacity of CaFB to
regulate molecular markers of inflammation, mainly CRP
[64]. Fructoborate has been recently found to be a powerful
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catalyst in various natural reactions in plants and perhaps it
even acts as a coenzyme [62]. One study analyzed whether
CaFB exerted antioxidant characteristics on cell cultures of
human keratinocytes in order to determine whether CaFB
could have potential application for use on skin wounds.
The cells were subjected to hydrogen peroxide as a means of
emulating natural oxidative stress. The results showed that
CaFB reduced the generation of intracellular ROS, thereby
implying that CaFB may impart a superoxide dismutase
(SOD)-like effect [25].

Various researches have demonstrated that hyperhomocys-
teinemia is associated with a high risk of atherosclerosis, as
well as with venous thromboembolism, defects of neural tube
in fetus, and various pregnancy-related issues. The effect of
CaFB on homocysteine levels was studied in a more extensive
human clinical trial [77, 90], in which a significant reduction
in homocysteine was reported. Results showed homocysteine
reductions to be around 5% (from baseline, mean 94.5 +
54.1%, middle 81.1%, territory 55.1-334.1%, p = 0.004) [64].

The fact that B appears in a signaling molecule in bacteria
[35] and that the borate complexes can interact with regulatory
proteins [7] suggests the intriguing probability that B often
acts in an organic form through interaction with transcription
factors, thus explaining a gene expression wide alteration [91].
B as SBEs may also act via the phosphorylation steps and may
activate some kinases. Because phosphorylation activates sev-
eral initiation factors, the same action of SBE on kinases could
also act on translation. Finally, SBEs may serve to stabilize
RNA and to regulate ribonuclease activity because it has been
reported that this enzymatic activity is increased in boron-
deficient plants [5]. It has been determined that B is concen-
trated in the cell membrane. SBEs function by creating a pos-
itive electrostatic charge in the membrane by capturing a loose
electron from a donor that is disturbed by the actions of grav-
ity, phytohormones, and light. The positive charge that is sub-
sequently generated could control the flow of ions through the
cell membrane pores. This positive charge might also attract
negatively charged molecules (such as nucleic acids) and, fur-
thermore, could facilitate, control, or initiate some vital reac-
tions important for the division and elongation of cells, as well
as in flowering in plants [92].

Subsequently, the pleiotropic activities that have been at-
tributed to CaFB result from its complex chemistry and mo-
lecular structure and from its capacity to influence several
signaling molecules such as inflammatory molecules, protein
kinases, proteasome, carrier proteins, and metal ions [17].
CaFB is a functional molecule that has the ability to regulate
the biological activity of various signaling molecules directly
or indirectly by connecting through hydrogen bonding and
covalent connections. The molecular targets affected by
CaFB can be up- or downregulated and include enzymes,
transcription factors, protein kinases, inflammatory mediators,
cell-cycle regulatory proteins, receptors, growth factors,

adhesion molecules, cytokine, and cytokine receptors. Given
these targets’ diversity, it can easily be envisioned how CaFB
may be a mediator of pleiotropic activity [4, 19].

The activity of SBEs on various processes in human cells is
also based not only on the regulation of a variety of enzymatic
activities that include cytochrome (cyt) b5 reductase, serine
proteases, messenger RNA (mRNA) splicing, glutamyl
transpeptidase, xanthine dehydrogenase (XDH), alcohol
NAD-dehydrogenases, xanthine oxidase (XOD), alkaline
phosphatase, and division of cells but also on receptor binding
imitation and on apoptosis induction [63]. SBEs form com-
plexes between the hydroxyl and amino groups in proteins
and target glutamine, histidine, lysine, proline, and serine res-
idues. Consequently, CaFB appears to be distinct from, and in
many cases superior to, BA/borate due to its complex mech-
anisms of action, both intracellularly (free BA) and extracel-
lularly (fructose—borate esters) [4, 19].

SBEs as Essential Molecules in Biological Processes (Such
as Being a Conditionally Essential Nutrient/Vitamin)

The diversity of the SBEs’ actions is further enhanced as a
result of its reactions with biological molecules that contain
adenosine or are formed from precursors of adenosine.
Diadenosine phosphates and S-adenosylmethionine have a
higher affinity for B than any other known B ligand found in
animal tissues [32]. Diadenosine phosphates exist in all ani-
mal cells and act as signal nucleotides linked to neuronal re-
sponse. As shown in Fig. 4, the monoester sugar—borate may
be a coenzyme for the oxidoreductase and might be influential
in many disorders that can be affected by the nutritional intake
of SBEs (arthritis, certain cancers, diabetes, impaired brain
function, and osteoporosis).

B additionally binds the oxidized NAD* and in this way
could impact the reactions in which it participates [4, 16]. One
of the aspects of extracellular NAD" is its binding to the plas-
ma membrane receptor CD38, which is an ADP-ribosyl cy-
clase that transforms NAD™ to cyclic ADP ribose. The cyclic
ADP ribose is released intracellularly and binds to the
ryanodine receptor, which then enables the release of Ca**
from the endoplasmic reticulum. Researches on cell cultures
demonstrate that boric acid binds to, and that it is also a re-
versible inhibitor of, cyclic ADP ribose. Hence, we estimate
that SBEs could be biologically active by binding NAD™ and/
or cyclic ADP ribose and by restricting the release of Ca®*,
which is a signal ion for numerous mechanisms in which
SBEs have appeared to have an impact, including release of
insulin, bone development, immune reaction, and brain func-
tion. In addition, SBEs can be active through the formation of
diester borate complexes with glycolipids, glycoproteins, and
phosphoinositides that contain cis-hydroxyl groups within the
membranes [4, 16]. The diester borate complex could function
as a calcium chelator as well as a redox metabolism modifier
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that influences membrane function and stability. Diester bo-
rate complexes in membranes could control the transmem-
brane partitioning of B. These theories propose that SBEs
could influence cell differentiation, embryogenesis, and or-
ganogenesis [4]. The fructoborate complex has been recently
found to be a powerful catalyst in various biological reactions
in plants, and it may act as a coenzyme (Fig. 4) [62].

Discussions and Future Perspectives
Prevention of Osteoporosis by Fructoborate Intake

The trace element B, formerly considered to be without nutri-
tional value, is naturally provided as SBEs to animal species
via their ingestion of plants and, to a greater or lesser degree,
as inorganic B via the water supply. As such, B has a pivotal
role to play in fighting against osteoporosis. B impacts
human’s steroid hormone metabolism, thereby influencing es-
trogen and testosterone levels. It has been postulated that B
interacts with steroid hormones by facilitating their hydroxyl-
ation and by protecting the steroid hormones from fast degra-
dation. Nielsen (2014) stated that supplementation of B 3 mg/
day (delivered via ingestion of boric acid) decreases the ex-
cretion of calcium and phosphorus in urine [8]. A significant
rise of plasma steroid hormones was shown in humans and
rats after B species supplementation. B species supplementa-
tion has been suggested to modulate the enzymatic catabolic
hydroxylation thereby influencing the synthesis of vitamin D
[83]. When all the evidence concerning B and Ca is consid-
ered, it is reasonable to conclude that B likely plays a favor-
able role in the metabolism of calcium. This is especially and
clinically relevant in the prevention of osteoporosis and bone
loss. Recent studies have determined that supplementation of
B (as BA) has a positive action on the development and
growth of ostrich tibia. A 200-mg/L of B supplementation in
drinking water has been shown to be the best supplementation
to boost bone development in ostrich chicks [93]. Dietary B
supplements have been shown to improve serum B content in
osteoporotic rats corroborated with data on bone formation
and reduced bone resorption, indicating a strong therapeutic
effect against osteoporosis [94]. Consequently, it is reasonable
that CaFB supplements could be an important adjuvant in
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osteoporosis treatment [84] and in women’s health. Further
research is required in this regard.

Potential Effect of Dietary Fructoborate on the Aging
Process

According to the oxidative stress theory, an imbalance of the
homeostatic balance between ROS removal and ROS produc-
tion is the main cause of aging [95]. Recent studies determined
that even low doses of different B-containing compounds
could increase the antioxidant capacity by acceleration of en-
zymatic activities [96-98]. There is also some evidence that
B-containing compounds can restrict Maillard reactions
through the formation of stable borate esters, making possible
the simultaneous chemical evolution of sugar and amino acids
in aqueous media (80-100 °C) [2]. Consequently, B may be
involved in the inhibition of glycation in living systems [99].
When a dose of CaFB was administered to canines, a greater
increase of soluble receptor for advanced glycation end prod-
ucts (SRAGE) occurred compared with placebo-fed canines
[100]. Recent studies have also showed that higher plasma
levels of SRAGE are associated with a reduced risk of coro-
nary artery disease, hypertension, the metabolic syndrome,
arthritis, and Alzheimer’s disease [101]. Advanced glycation
end products (AGEs) have been studied in relation to diabetes,
endothelial dysfunction, vascular diseases and aging itself
[102]. It has been suggested that AGEs could be associated
with numerous degenerative diseases including cardiovascu-
lar disease, dementia, diabetes, renal failure, osteoarthritis, and
loss of sight [103].

Recent data show that B-containing compounds are impli-
cated in NAD™ regeneration in the mitochondria [4, 9, 104]
and in the protection of deoxyribonucleic acid (DNA) against
damage [105]. The NAD*/NADH ratio is extremely important
for boosting the mitochondria activity in repairing the nucleic
acid, and borate has been shown to improve the NAD™/
NADH ratio in animals [104]. Borate complex diesters are
able to diminish mitochondrial toxicity due to their capacity
to scavenge boric acid [69]. Some results also suggest that
dietary B (as SBEs) is implicated in some yet unclear mech-
anism related to senescence. Both apples and chicken eggs
have the highest concentration of B in the peels and shells,
respectively, which are exposed to the environment. This
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could suggest that another biological role of B may be related
to some protective function (protein turnover) [106].

It has been shown that the birth rate in communities with
high B content (inorganic BCCs) in the drinking water was
greater than that of the reference geographic zone and of the
general population (p < 10™*). Further, the mortality rate in
communities with high B content in drinking water was less
than that of the reference geographic zone and of the general
population (p < 107). No statistical difference was noted in
the male/female gender ratios between the different zones
(p=0.45) [107, 108].

Dietary intake of the organic BCCs also provides very sig-
nificant opportunities in the life extension and quality of life
improvement. Encouraging to-date evidence warrants further
research to maximize the application of B and SBEs in human
and animal health, particularly in the areas of healthier aging
and modulation of inflammatory conditions. It has become
clear that absorption and subsequent utilization of inorganic
BCCs and the organic BCCs, such as the SBEs (and CaFB in
particular), confer decidedly distinct safety, biological, and
functional benefits in vivo. Recent papers have reported that
B is not transported as borate anion [109]. Therefore, B trans-
port in the animal cell is still considered to be an unresolved
question [110-112]. Consequently, additional research will be
required to further substantiate the mechanism of B or BCC
transport in animal cells. This research will help us to further
understand their respective potentials for applications in nutri-
tion, health, and medicine.

Conclusions

The unique properties of SBEs suggest new pathways and
opportunities to employ these molecules as supplemental
and therapeutic agents. The recent discoveries that SBEs mim-
ic enzymatic pleiotropic modulators or cofactors provide a key
consideration in our determination that some of these B spe-
cies are essential or at least conditionally essential for humans
[4, 11, 68, 113]. Based upon the evidence thus far, we propose
here that the safety, functionality, and efficacy of SBEs are
favorable for many physiological functions when compared
to inorganic boron derivatives such as boric acid/borax. This is
likely attributable to the tendency of organic boron com-
pounds to remain in their organic form (in comparison to
inorganic forms that dissociate rapidly), thereby conferring
benefits such as coenzyme or cofactor activities and/or anti-
inflammatory effects that subsequently impart the clinically
relevant benefits that have been reported [4]. Consequently,
the aim of our research going forward is to more fully under-
stand the critical role and mechanisms of action of these SBEs
and their related B species in human health and, ultimately, to
address following questions: (i) Is fructoborate an essential, or
at least a conditionally essential, nutrient for human health,

and/or (ii) could any of the aforementioned SBEs actually
have sufficient importance to be eventually considered to be
natural boron-containing vitamins?

We applaud the previous and ongoing efforts of fellow
scientists who have so passionately contributed to the ad-
vancement of B-related research and knowledge; we militant-
ly challenge the current misconceptions related to B toxicity;
finally, we encourage the world to recognize the clearly im-
portant human and animal health benefits inherent in these
various B-containing molecules, benefits that have been hid-
ing in plain sight within our plant-based diets since the very
beginning of time.
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