pharmaceuticals

Article

The Potential Role of Boron in the Modulation of Gut Microbiota
Composition: An In Vivo Pilot Study

Nermin Basak Sentiirk !, Burcu Kasapoglu 20, Eray Sahin 37, Orhan Ozcan

40, Mehmet Ozansoy %,

Muzaffer Beyza Ozansoy b, Pinar Siyah 7, Ugur Sezerman 3-%* and Fikrettin Sahin 1*

check for
updates

Citation: Sentiirk, N.B.; Kasapoglu, B.;
Sahin, E.; Ozcan, O.; Ozansoy, M.;
Ozansoy, M.B.; Siyah, P.; Sezerman, U.;
Sahin, F. The Potential Role of Boron
in the Modulation of Gut Microbiota
Composition: An In Vivo Pilot Study.
Pharmaceuticals 2024, 17, 1334.
https://doi.org/10.3390/ph17101334

Academic Editor: Sabina

Lachowicz-Wisniewska

Received: 9 July 2024
Revised: 13 September 2024
Accepted: 24 September 2024
Published: 6 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Genetics and Bioengineering, Faculty of Engineering, Yeditepe University, 34755 Istanbul,
Turkey; basak.senturk@yeditepe.edu.tr (N.B.S.); burcu.kasapoglu@abdiibrahim.com.tr (B.K.)

Abdi Ibrahim Pharmaceuticals, Biotechnological Products Production Facility (AbdiBio),

34538 Istanbul, Turkey

Biostatistics and Bioinformatics PhD Program, Institute of Health Sciences, Acibadem Mehmet Ali Aydinlar
University, 34752 Istanbul, Turkey; sahin.eray89@gmail.com

Cryptomicrobiology, 41400 Kocaeli, Turkey; orhn.ozcn@hotmail.com

Department of Physiology, International School of Medicine, Istanbul Medipol University, 34810 Istanbul,
Turkey; mozansoy@medipol.edu.tr

Department of Physical Therapy and Rehabilitation, Faculty of Health Sciences, Fenerbahge University,
34758 Istanbul, Turkey; beyza.ozansoy@fbu.edu.tr

Department of Biochemistry, School of Pharmacy, Bahgesehir University, 34353 Istanbul, Turkey;
pinar.siyah@med.bau.edu.tr

Department of Biostatistics and Medical Informatics, Faculty of Medicine, Acibadem Mehmet Ali Aydinlar
University, 34752 Istanbul, Turkey

Correspondence: ugur.sezerman@acibadem.edu.tr (U.S.); fsahin@yeditepe.edu.tr (ES.)

Abstract: Background/Objectives: The role of the gut microbiome in the development and pro-
gression of many diseases has received increased attention in recent years. Boron, a trace mineral
found in dietary sources, has attracted interest due to its unique electron depletion and coordination
characteristics in chemistry, as well as its potential role in modulating the gut microbiota. This
study investigates the effects of inorganic boron derivatives on the gut microbiota of mice. Methods:
For three weeks, boric acid (BA), sodium pentaborate pentahydrate (NaB), and sodium perborate
tetrahydrate (SPT) were dissolved (200 mg/kg each) in drinking water and administered to wild-type
BALB/c mice. The composition of the gut microbiota was analyzed to determine the impact of
these treatments. Results: The administration of BA significantly altered the composition of the gut
microbiota, resulting in a rise in advantageous species such as Barnesiella and Alistipes. Additionally,
there was a decrease in some taxa associated with inflammation and illness, such as Clostridium XIVb
and Bilophila. Notable increases in genera like Treponema and Catellicoccus were observed, suggesting
the potential of boron compounds to enrich microbial communities with unique metabolic functions.
Conclusions: These findings indicate that boron compounds may have the potential to influence
gut microbiota composition positively, offering potential prebiotic effects. Further research with
additional analyses is necessary to fully understand the interaction between boron and microbiota
and to explore the possibility of their use as prebiotic agents in clinical settings.

Keywords: boron derivatives; gut microbiota; obesity; cancer; diabetes; neurodegenerative diseases

1. Introduction

Growing emphasis has been given in recent years to the role that the gut microbiome
and its metabolites play in the onset and course of many diseases [1,2]. The human
gastrointestinal system [3] contains over 100 trillion microbes, the majority of which are
bacteria, but there are also viruses, fungi, and protozoa [4], all participating in basic
metabolic, physiological, and immune functions [5]; therefore, the human gastrointestinal
system can be considered as one of the organs of the human body [6]. The human genome
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includes roughly 23,000 genes. However, the microbiome has about 3 million genes that
produce thousands of metabolites that play roles in numerous host functions, affecting
the host’s physical fitness, phenotype, and health in the process [4]. In recent years, there
has been a tremendous amount of interest in microorganisms, with the emergence of their
potential role in disease pathogenesis and treatment.

The greatest diversity of human bacteria is found in the gut microbiome, especially in
the colon [7]. The bioactive substances produced by these gut bacteria affect the general
health and illness of the host [8].

Gastrointestinal (GI) inflammation caused by inflammatory bowel disease (IBD) modi-
fies the commensal microbiome [9,10]. Numerous diseases in both humans and animals,
such as obesity, allergies, Type I-1I diabetes, autism, and colorectal cancer, have also been
associated with dysbiosis [11,12]. IBD, which includes Crohn’s disease (CD) and ulcerative
colitis (UC), is a GI tract inflammatory disorder that is both chronic and recurrent [13].

Over the past few decades, the gut microbiota has been shown to play a role in
promoting weight gain, insulin resistance, and fat storage [14,15]. Indeed, by acquiring
energy from food through fermentation and the production of short-chain fatty acids
(SCFAs), the gut microbiota contributes to energy homeostasis [16,17]. Changes affecting
the dominant phyla Firmicutes and Bacteroidetes were initially observed in obese animals,
and it has been demonstrated that there is a decrease in Bacteroidetes accompanied by an
increase in Firmicutes [18].

In 2011, the first study published by Giongo et al. investigated the association be-
tween Type 1 diabetes mellitus (T1DM) and gut microbiota [19]. According to previous
research, the gut microbiome of children with TIDM exhibited a lower Shannon diversity
and a larger Bacteroidetes / Firmicutes ratio. The first study on the gut microbiota of Type 2
diabetes mellitus (T2DM) patients in 2010 found a notable decline in Clostridia and Firmi-
cutes abundance, while Betaproteobacteria increased and correlated positively with plasma
glucose [20].

Colorectal cancer (CRC) is associated with intestinal dysbiosis, characterised by an
elevated presence of potentially pathogenic bacteria and a concurrent decrease in the
proportion of butyrate-producing bacteria among CRC patients. Studies have reported
diminished production levels of Proteobacteria, Bifidobacteria, Prevotella, and short-chain fatty
acids (SCFA), while an increase has been observed in Firmicutes, Bacteroidetes, Enterobacteri-
aceae, and Fusobacteria [11,21].

The intestine has a very close relationship with the central nervous system (CNS).
While it connects with the CNS via the sympathetic and parasympathetic nervous systems
(Brain—Gut Axis/Connection), the CNS communicates with the intestinal muscle and
mucosal layers through autonomic pathways. In this manner, the brain regulates mucus
secretion, immunity, permeability, and bowel motions [22]. An increasing number of studies
suggest that dysbiosis in the gut microbiota contributes to senescence, oxidative stress,
cytokine production, and neuroinflammation in the early phases of Alzheimer’s disease
pathogenesis [23]. Recent research found abnormalities in the microbiome of patients with
multiple sclerosis (MS), a neuroinflammatory autoimmune disease [24]. Associations with
abnormalities in the gut microbiota have also been discovered in psychiatric diseases, such
as depression and autism spectrum disorder (ASD) [25,26]. In a study of amyotrophic
lateral sclerosis (ALS), a decrease was reported in the density of bacteria that produce
butyrate, such as Butyrivibrio fibrosolvens, and an increase in serum and intestinal cytokine
IL-17 levels in their stool samples [27]. It was discovered that treatment with probiotics
such as Akkermansia muciniphila ameliorated the symptoms and provided positive results in
the course of ALS in SOD1 transgenic mice [28,29].

1.1. Boron

Boron is a naturally occurring trace element [30], and for many species, it is classified
as a prebiotic playing a crucial role in the origin and development of life and serves as a mi-
cronutrient vital for certain bacteria, plants, fungi, and algae [31]. It can be found in healthy
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tissues as borate or boric acid [32,33]. There are many uses for boron due to its special
electron depletion and coordination characteristics in the fields of chemistry, energy re-
search, materials science, and biological sciences [34]. Evidence has accumulated that boron
exhibits a variety of pleiotropic actions, including anti-bacterial [35-37], anti-inflammatory,
and wound-healing actions [38—40], as well as modulating other physiological systems.
It has been found to be used in several metabolic processes, including bone growth and
maintenance [41], hormone activity [42], and mental processes [43,44]. These discoveries
have brought attention to the designs of boron-based medicines [45,46].

Many bioactive compounds with boron atoms have been developed over decades [47].
The antioxidant properties of boron compounds are also well-known [48]. The FDA-
approved bortezomib (PS-341), also marketed as Velcade, is a dipeptide boronic acid and
proteasome inhibitor for the treatment of multiple myeloma [49,50]. Moreover, in a study
conducted using a small-cell lung cancer cell model in 2022, the efficacy of derivatives of
boric acid (BA), sodium pentaborate pentahydrate (NaB), and sodium perborate tetrahy-
drate (SPT) was demonstrated to exhibit anti-cancer effects [32]. Tavaborole (AN2690), one
of the benzoxaboroles, was FDA-approved in 2014 to treat onychomycosis after it was recog-
nised in 2006 for its antifungal qualities [51,52]. Furthermore, a number of organoboron
compounds have potent antibacterial properties, especially against Gram-negative bacteria.
The antibiotic oxaborole AN3365/GSK2251052 [53] is one prominent example.

Inorganic boron compounds, like borates and boron clusters, are utilised in thera-
pies such as Boron Neutron Capture Therapy (BNCT) for cancer treatment, leveraging
their unique structural and chemical properties to target tumours [54,55]. Some inor-
ganic compounds used in BNCT Therapy are Boronophenylalanine (BPA) and Sodium
Borocaptate (BSH).

In the early 1990s, the first potential link between boron, diet, and brain activity was
discovered [43]. The first study performed on adult rats revealed that adding more boron to
a diet containing less boron improves brain electrical activity [43]. Human studies have been
conducted to investigate the effects of boron compounds on brain electrical activity and the
performance of various mental and motor activities based on the findings from the previous
study [44]. The effects of boron derivatives, boric acid (BA), and sodium borate decahydrate
(borax decahydrate) on amyloid beta (A) toxicity were examined in a study conducted by
Ozansoy et al. [56]. The results suggest that BA protects against Af3;_4 toxicity in vitro,
and it can also be considered a preventive medication thanks to its capacity to boost Sirt1
expression [56]. It has also been confirmed that boron nitride nanotubes (BNNTs) keep
peptides of Af31_4, trimer apart and appear to limit self-aggregation, exhibiting the ability
to behave as a therapeutic option for AD treatment [57].

Recent research has shown that boron, when consumed as a dietary supplement, pro-
motes both short- and long-term weight loss [58,59]. In 2017, an in vitro study showed that
BA and NaB inhibited adipogenesis by controlling crucial growth factors and suppressed
the expressions of the genes associated with adipogenesis [60]. It has also been shown
that a diet high in boron significantly reduced the levels of serum total cholesterol, LDL,
VLDL, and triglycerides and changed the lipid profile in humans. Additionally, it was
demonstrated that body weight, body fat weight, and BMI decreased [61].

1.2. Boron and Microbiota: Exploring Links

Boron (B) is an essential element for human host microbiota, and a deficiency of
boron can lead to dysbiosis due to a deficiency of the autoinducer-2—furanosyl borate
diester (AI-2B) signalling molecule and the degradation of the mucus gel layer in the
mucin gel structure, due to a B concentration deficiency in the mucin gel composition, and
thereby infections caused by the direct interactions of the bacterial biofilm with the host
cell due to an impaired mucus gel layer [31,62-64]. These observations helped to create
a new perspective regarding the capability of the AI-2B signalling molecule to modulate
microbiota [31,65].
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Naturally occurring organic boron (NOB) species have emerged as promising prebiotic
candidates and have proven to be essential in fostering symbiotic relationships [31,66]. The
mechanism of action of NOB species involves acting through the B signalling molecule
AI-2B and enhancing the colonic mucus gel layer via their uptake by B-rich diets. Both
the microbiota and colonic mucus gel layer are potential targets of NOB, emphasising its
significance [31,66,67].

In light of these findings, our study aimed to investigate the potential effects of inor-
ganic boron derivatives on the gut microbiota of wild-type mice as a pilot study. Inspired
by the promising prebiotic potential of naturally occurring organic boron (NOB) species,
we explored whether certain inorganic boron compounds, known for their pleiotropic
health effects, could offer similar benefits. These compounds include NaB (NaB5Og-5H,0),
known for its wound-healing (anti-inflammatory) [39], antimicrobial [37], anti-cancer [32],
and anti-obesity properties [58,60]. SPT (NaBO3-4H;0) is recognised for its application
as an industrial bleaching agent [68] and its anti-cancer effects [32], and BA (H3BO3) is
found in tissues, exhibits wound-healing (anti-inflammatory) [40], anti-cancer [32], anti-
obesity [58,60], and neuroprotective effects in in vitro Alzheimer models [56]. The cytotoxi-
city assessments for these compounds were performed using in silico techniques. Through
our investigation, we sought to elucidate the potential effects of these boron derivatives on
the gut microbiota composition in wild-type mice, contributing to the understanding of
their biological effects in a preclinical context.

2. Results
2.1. In Silico Toxicity Assay

The toxicity profiles of the compounds were screened using the eMolTox tool [69]
(Tables S5-57). Predictions were carried out to assess the potential effects of these com-
pounds on critical organs and systems, including the heart, blood, endocrine system, and
liver. For the BA compound, predictions indicated that it is unlikely to interact significantly
with the Beta-2 adrenergic receptor, suggesting a low likelihood of adverse cardiovascular
and hematological effects. Similarly, BA is predicted not to modulate the Vascular En-
dothelial Growth Factor Receptor (VEGFR), indicating a low cardiovascular health risk.
Furthermore, it was found to lack substantial antagonistic effects on the Estrogen Receptor
Alpha (ER-«), suggesting a low risk of endocrine disruption. However, predictions related
to phospholipidosis induction were inconclusive, and the acute oral toxicity potential of the
BA compound also yielded ambiguous results. Analysis of the SPT compound suggested
that it does not significantly interact with the Beta-2 adrenergic receptor, indicating a low
probability of causing adverse effects on the heart and blood. It was also predicted that
VEGEFR would not modulate significantly, supporting a favourable cardiovascular safety
profile. For the NaB compound, the analysis indicated that it does not significantly interact
with the Beta-2 adrenergic receptor, suggesting a low likelihood of adverse cardiovascular
and hematological effects. The compound was also predicted to have a low risk of VEGFR
modulation, which is positive for cardiovascular health. However, predictions regard-
ing the potential antagonistic effects of both NaB and SPT on Estrogen Receptor Alpha
and predictions related to phospholipidosis induction were inconclusive. The docking
studies to evaluate the binding of three candidate compounds to the hERG (human ether-
a-go-go-related gene) channel were performed [70]. Based on the docking scores (Table
S8), the reference compound [71] had a binding affinity score of —4.456 kcal/mol. The
resulting binding affinity scores for the candidate compounds were relatively low (NaB:
—3.301 kcal/mol, SPT: —2.990 kcal/mol, and BA: —2.904 kcal/mol), suggesting that these
compounds are unlikely to inhibit the hERG channel.

2.2. Gut Bacterial Diversity in Mice Treated with Different Boron Compounds

Based on a general view of the bacterial composition at the phylum level, Firmicutes,
Bacteroidetes, and Proteobacteria were the three dominant groups in all mice groups both
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before and after the treatments (Figure 1a). On the other hand, such homogeneity could
not be observed in median relative abundance at the genus level (Figure 1b).
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Figure 1. General view of the gut microbiota compositions in each group at the beginning and
at the end of treatments based on (a) the top 3 phyla and (b) the top 10 genera with respect to
median relative abundance values. Water (1 = 5), BA: boric acid (1 = 4), NaB: sodium pentaborate
pentahydrate (1 = 5), SPT: sodium perborate tetrahydrate (n = 4).

Alpha and beta diversity metrics are used to explain within and between sample
diversity, respectively. In alpha diversity measurements, richness and evenness within
a sample are evaluated by counting different features and measuring the distribution
of the features based on their relative abundance, respectively [72]. In this study, three
metrics were employed to analyse alpha diversity. First, observed features were used to
explain bacterial richness only [72]. Secondly, the Shannon diversity index, which takes both
richness and evenness into account by providing equal weight to both, was used [72]. Lastly,
the Simpson index, another metric examining both richness and evenness like Shannon
diversity, was used. Unlike the Shannon index, it gives more weight to evenness [72]. All
metrics were calculated separately at the phylum (Figure 2a) and genus (Figure 2c) levels.
When the percentage of changes between two time points was calculated, and changes in
treatment groups were compared to the changes in the control (water) group in time, and
the BA vs. control group changes and comparisons only gave statistical significance at the
phylum level for Shannon and Simpson indices (Observed: KW p value = 0.249. Shannon:
KW p value = 0.046; BA vs. Control p.adj = 0.043, NaB vs. Control p.adj = 0.763, SPT vs.
Control p.adj = 0.900. Simpson: KW p value = 0.049; BA vs. Control p.adj = 0.054, NaB
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vs. Control p.adj = 0.561, SPT vs. Control p.adj = 0.812.) (Figure 2a). On the other hand,
none of the comparisons yielded significance at the genus levels for any of the three indices
based on p.adj values (Observed: KW p value = 0.098; BA vs. Control p.adj = 0.309, NaB vs.
Control p.adj = 0.385, SPT vs. Control p.adj = 0.675. Shannon: KW p value = 0.102. Simpson:
KW p value = 0.109).
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Figure 2. Diversity analysis of mouse intestinal microbiota compositions before and after treatment
for each group. (a) Changes in the three alpha diversity metrics at the phylum level based on the
observed features, Shannon index, and Simpson index; (b) PCoA plots of beta diversity in phylum-
level compositions before and after treatments based on Bray-Curtis dissimilarity; (c) changes in
the three alpha diversity metrics at the genus level based on observed features, Shannon index, and
Simpson index; (d) PCoA plots of beta diversity in genus-level compositions based on Bray-Curtis
dissimilarity before and after treatments. BA: boric acid, NaB: sodium pentaborate pentahydrate, SPT:
sodium perborate tetrahydrate, and the control group was supplied with water. For alpha diversity,
data were represented by mixed violin and box plots for each time point. Subject-specific changes
before and after treatment are shown by red, blue, or grey lines to represent increased, decreased,
or even values, respectively. Adjusted p values for respective pairwise comparisons were added if
the respective KW p value < 0.1. For beta diversity, the time points were represented by different
colours for before and after treatments. Points represent each mouse sample. Ellipses correspond to
95% confidence intervals for each of the treatment groups. Water (1 = 5), BA: boric acid (n = 4), NaB:
sodium pentaborate pentahydrate (n = 5), SPT: sodium perborate tetrahydrate (1 = 4).



Pharmaceuticals 2024, 17, 1334

7 of 23

Beta diversity analysis, which is used to analyse community-level differences between
sample diversity, was carried out, and the communities between two time points were
statistically tested at both the phylum (Figure 2b, Supplementary Table 52) and genus
(Figure 2d, Supplementary Table S2) levels. In phylum-level time comparisons based
on Bray—Curtis, there was no significant difference between the control (Water_After vs.
Water_Before p value = 0.898) and SPT (SPT_After vs. SPT_Before p value = 0.425) groups.
However, both BA (BA_After vs. BA_Before p value = 0.03) and NaB (NaB_After vs.
NaB_Before p value = 0.018) treatments caused a significant shift in bacterial compositions.
In genus-level time comparisons, in agreement with phylum-level results, no significance
was obtained from the control (Water_After vs. Water_Before p value = 0.158) and SPT
(SPT_After vs. SPT_Before p value = 0.13) groups, while there was a significant change
observed in response to treatment with BA (BA_After vs. BA_Before p value = 0.03) or NaB
(NaB_After vs. NaB_Before p value = 0.027) for Bray—Curtis. Jaccard dissimilarity index-
based calculations and analysis also showed similar results (Figure S3, Tables S2 and 54).

2.3. Alterations in Gut Microbiota Compositions in Response to Boron

In order to determine the significant treatment-specific changes compared to the
control group, log2 fold changes in each taxonomic group were compared as treatment vs.
control at the phylum and genus levels. In phylum-level comparisons, visually, the changes
in two of the most dominant phyla, Bacteroidetes and Firmicutes, were in opposite directions
(Figure S1). While Bacteroidetes levels increased after administration of boron derivatives,
Firmicutes levels decreased much more clearly in BA and NaB group subjects. When we
tested whether those changes had any significance, timewise comparisons yielded no
significance for both phyla (Firmicutes: Control_After vs. Control_Before p.adj value = 1.00,
BA_After vs. BA_Before p.adj value = 0.333, NaB_After vs. NaB_Before p.adj value = 0.468,
SPT_After vs. SPT_Before p.adj value = 1.00. Bacteroidetes: Control_After vs. Control_Before
p.adj value = 1.00, BA_After vs. BA_Before p.adj value = 0.333, NaB_After vs. NaB_Before
p.adj value = 0.375, SPT_After vs. SPT_Before p.adj value = 0.60). When we compared
log?2 fold changes between time points for each treatment group and tested the changes
in each treatment group compared to the control based on the KW test, p values were less
than 0.1 for three phyla, Actinobacteria (KW p value = 0.091), Bacteroidetes (KW p value
= 0.061) and Proteobacteria (KW p value = 0.076), and Firmicutes/Bacteroidetes ratio (FB
ratio) (KW p value = 0.075). However, none of the pairwise comparisons of the changes in
each treatment group compared to the control (water) group were revealed as significant
(Actinobacteria: BA vs. Control p.adj = 0.107, NaB vs. Control p.adj = 0.597, SPT vs. Control
p.adj = 0.824. Bacteroidetes: BA vs. Control p.adj = 0.127, NaB vs. Control p.adj = 0.127,
SPT vs. Control p.adj = 0.845. Proteobacteria: BA vs. Control p.adj = 0.325, NaB vs. Control
p.adj = 0.354, SPT vs. Control p.adj = 0.625. FB ratio: BA vs. Control p.adj = 0.152, NaB vs.
Control p.adj = 0.152, SPT vs. Control p.adj = 0.812).

At the genus level, timewise comparisons of each genus showed no significant dif-
ference (Wilcoxon p.adj > 0.1) (Figure 54). When we tested the log2 fold changes of each
genus in response to treatment compared to changes in the control group, we obtained
significant changes in eleven genera (Figure 3, Table S3). Among three treatments vs.
water comparisons, the BA treatment caused the most diverse alterations in the mouse
gut bacteria genus, as shown by seven of the eleven genera based on statistical analy-
sis from the BA vs. control changes comparison (Figure 3, Table S3). Of these, Alistipes
(BA 10g2(FC)median = +1.27, p.adj = 0.091), Anaerobacterium (BA 10g2(FC)median = +1.46,
p.adj = 0.094), Barnesiella (BA 10g2(FC)median = +1.81, p.adj = 0.028), Streptococcus (BA
log2(FC)median = +1.61, p.adj = 0.03), and Treponema (BA = from 0% relative abundance to a
median of 0.029% relative abundance, p.adj = 0.051) levels increased with BA; on the other
hand, Costridium XIVb (BA 10g2(FC)edian = —1.45, p.adj = 0.039) and Eisenbergiella (BA
1og2(FC)median = —1.37, p.adj = 0.0096) abundance decreased.
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Figure 3. Log2 fold change comparisons of eleven genera in response to each treatment. Data were
represented by mixed violin and box plots for each time point. Subject-specific changes before and
after treatment are shown by red, blue, or grey lines to represent increased, decreased, or even values,
respectively. Adjusted p values for respective pairwise comparisons were added if respective KW
p value < 0.1. Water (n = 5), BA: boric acid (n = 4), NaB: sodium pentaborate pentahydrate (1 = 5),
SPT: sodium perborate tetrahydrate (1 = 4).

NaB treatment caused a significant shift in the abundance of Clostridium XIVb and
Catellicoccus (Figure 3). While the direction change was positive for Catellicoccus (NaB = from
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0% relative abundance to a median of 0.02% relative abundance, p.adj = 0.025), it was
negative for Gemmiger (NaB log2(FC)median = 0, p.adj = 0.096) and Clostridium XIVb (NaB
log2(FC)median = —1.19, p.adj = 0.088).

Finally, SPT treatment enhanced Bilophila levels (SPT log2(FC) pedian = +3.23, p.adj = 0.046)
and Clostridium XVIII levels (SPT 10g2(FC)pedian = +1.29, p.adj = 0.065) and decreased
Gemmiger (SPT log2(FC)median = 0, p.adj = 0.096) and Clostridium XIVb relative abundance
(SPT 1og2(FC)median = —1.49, adjusted p value = 0.039) (Table S3).

3. Discussion

Commensal bacteria are vital elements of the gut microbiota that are essential to the
preservation of human health [73]. Deficient host immune systems, exhibiting innate and
adaptive reactions to bacterial encounters, arise from the lack of commensal bacteria [74,75].
This imbalance in intestinal homeostasis also leads to increased gut permeability and
intestinal inflammation, which can cause intestinal bacteria to translocate, aggravating the
inflammatory response and causing tissue damage [76]. Therefore, commensal bacteria
are essential for immune system training and improving infection resistance. Additionally,
they have a key role in the synthesis of immunomodulating substances that enhance
immune responses, such as short-chain fatty acids (SCFAs), secondary bile acids, amino
acids, and vitamins [74,75]. While Actinobacteria, Proteobacteria, Fusobacteria, Firmicutes, and
Verrucomicrobia are the main microbial phyla that make up the gut microbiota, 90% of the
gut microbiota is comprised of Firmicutes and Bacteroidetes. The Firmicutes phylum includes
genera such as Lactobacillus, Bacillus, Enterococcus, and Ruminococcus. Clostridium species
account for ninety-five percent of the Firmicutes phylum [75].

In recent years, the role of boron in modulating microbiota and its potential use as a
prebiotic has emerged [31,62-67,77]. More recent studies have shown that the signalling
molecule containing B in bacteria—furanosyl borate diester, also known as autoinducer-2-
borate, or AI-2B—contributes to the health of the animal host through intestinal flora and
defence against infections [66,67,78]. Sugar alcohol B esters (SBEs) have also been shown to
be potential human health modulators in recent years, similar to NOB species [66,79-81].
It has been suggested that SBEs can both decrease virulence in some bacteria and boost
their helpful qualities in others [31] due to their resembling AI-2B [66]. In this study, we
aimed to investigate the impact of supplementation of three different boron compounds
in the gut bacterial composition of wild-type BALB/c mice. NaB, SPT, and BA are the
boron derivatives we used that have demonstrated various health benefits, including
wound-healing, anti-inflammatory [38-40], antimicrobial [35-37], anti-cancer [56], anti-
obesity [58,60], and neuroprotective effects [56].

The toxicity profiles of the compounds were screened using the eMolTox prediction
tool. Predictions were carried out to assess the potential effects of these compounds on
critical organs and systems, including the heart, blood, endocrine system, and liver. A com-
bination of statistical classification models and molecular docking experiments was used to
evaluate the toxicity profiles of BA, SPT, and NaB. Although the findings indicate that the
compounds are unlikely to have a significant effect on the Vascular Endothelial Growth
Factor Receptor (VEGFR), which is important for angiogenesis and cardiovascular health,
or the Beta-2 adrenergic receptor, which controls breathing and cardiovascular processes,
some predictions, including the induction of phospholipidosis and interactions with the
Estrogen Receptor Alpha (ER-), appeared inconclusive. The hERG (human ether-a-go-
go-related gene) channel was also given particular consideration. This channel is essential
for evaluating drug-induced long QT syndrome, which can result in serious and possibly
lethal cardiac arrhythmias. When the hERG channel is inhibited, the electrocardiogram
(ECG)’s QT interval is extended, which can lead to torsades de pointes and other serious
heart rhythm abnormalities. Positively, docking experiments showed that the likelihood
of cardiotoxicity was low due to the low binding affinities of BA, SPT, and NaB to the
hERG channel. Nonetheless, the inconclusive predictions regarding phospholipidosis and
ER-o interactions emphasise the necessity for more thorough assessments. In statistical
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classification models, an outcome is “inconclusive” when both active (pl) and inactive
(p0) predicted probabilities exceed or fall below a set threshold (¢), indicating insufficient
similarity to training set compounds or structural uncertainty [69]. This may explain the
ambiguity in phospholipidosis and ER-« interactions, highlighting the need for more pre-
cise molecular assessments. These findings imply that additional research may be needed
to elucidate the structural characteristics of these compounds in order to determine their
potential for toxicity, especially concerning liver health and endocrine disruption. These
results provide early information about the safety profiles of the compounds based on a
pilot study. In order to provide more reliable data on their behaviour in biological systems,
future research should overcome uncertainties through in vivo toxicity assessments.

In our study, boron application through gastric gavage has specific effects on the bacte-
rial populations in gut microbiota. The microbial diversity within and between the samples
was assessed using alpha and beta diversity indices. Three metrics were used to measure
alpha diversity at the phylum and genus levels: the observable features and the Shannon
and Simpson indices. When comparing the BA treatment group to the control, notable
variations were seen at the phylum level, especially for the Shannon (p.adj = 0.043) and
Simpson (p.adj = 0.054) indices. None of the measurements, however, revealed statistically
significant differences between the groups at the genus level. Bray—Curtis dissimilarity
was utilised to evaluate community-level variations in beta diversity. At the phylum and
genus levels, there were significant changes in the bacterial composition after treatments
with BA (p = 0.03) and NaB (p = 0.018). In contrast, there were no significant changes at
the phylum level in the control (p = 0.898) or SPT-treated (p = 0.425) groups. Similarly,
significant changes were seen for BA (p = 0.03) and NaB (p = 0.027) at the genus level but not
for control or SPT. Similar findings from the Jaccard dissimilarity index study supported
the notion that BA and NaB treatments significantly alter microbial diversity.

Two dominant phyla, Bacteroidetes and Firmicutes, levels changed in opposite directions
for all the treatment groups. Even though BA and NaB administration decreased Firmicutes
and increased Bacteroidetes, both changes were not determined to be significant. We also
tested the changes in the Firmicutes/Bacteroidetes ratio, which is widely used as an obesity
indicator [82]. Despite that p.adj values are slightly above for NaB and BA, considering
the small size of the study, it is noteworthy that supplementation of those two derivatives
caused a reduction in the Firmicutes/Bacteroidetes ratio. In this context, as mentioned
by Dogan et al., it may be considered that BA, in conjunction with other utilised boron
derivatives, possesses potential anti-obesity properties. However, further investigations
with a larger sample size are necessary to confirm these initial findings more precisely.
Actinobacteria were mostly missing in many subjects but still survived in the filtering
procedure. The abundance of Actinobacteria increased in the treatment groups, especially in
the BA-treated group; however, no significant variations were found between the treatment
groups and the control group. The Actinobacteria phylum is a regular member of gut
microbiota in both mice and humans. Numerous studies have revealed the beneficial roles
of Actinobacteria members, including the biodegradation of certain molecules, immune
maturation and modulation, and probiotic features [83].

A total of eleven genera were found to be significantly altered in response to the
different boron derivative treatments, most of which differences were determined to be
associated with BA. Only one genus responded negatively to all three boron derivative
treatments, Clostridium XIVb. The relative abundances of the Alistipes, Anaerobacterium,
Barnesiella, Streptococcus, and Treponema genera significantly increased in BA-treated mice
compared to the differences in the control group. Conversely, Eisenbergiella levels dropped
after BA treatment. Significant changes in the bacterial composition were also seen after
the NaB treatment; Catellicoccus abundance increased, and Clostridium XIVb and Gemmiger
levels decreased. On the other hand, SPT treatment increased the amount of Clostridium
XVIII and Bilophila and reduced the amount of Gemmiger and Clostridium XIVb.

The relative abundance of the Barnesiella genus increased significantly with BA treat-
ment, compared to the control group. Barnesiella is an anaerobic genus under the Bac-
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teroidetes phylum and Barnesiellaceae family and plays a role in short-chain fatty acid (SCFA)
production [84]. Barnesiella was been one of the most annotated taxa in a study where
a subset of the healthy faecal samples collected for the Human Microbiome Project was
re-analysed to identify novel taxonomic groups of human gut microbiota [85]. It has also
been listed as one of the mouse core microbiota members and as critical for immune reg-
ulation [86]. To date, several beneficial roles of the bacteria belonging to the Barnesiella
genus have been revealed. In one of those early studies, a negative correlation between
gut Barnesiella abundance and vancomycin-resistant Enferococcus faecium colonisation has
been shown, and its potential role in treatment against these antibiotics-resistant bacteria
was suggested [87]. Elevated Barnesiella levels were reported in the treatment of T2DM
using a traditional Chinese herb, Xiexin Tang, which is correlated with increased caecal
faecal iso-butyric acid and butyric acid concentrations in rat models [88]. Moreover, the
protective role of Barnesiella against dextran sulfate sodium-induced colitis in respective
mouse models has been shown [87-90]. On the other hand, there are also other findings
associating higher Barnesiella levels with disease study groups. For example, of the gut
microbiota compositions of the faecal samples from healthy controls and two patient groups
with Parkinson’s Disease with normal cognitive ability or mild cognitive loss, Barnesiella
genera levels were found to be higher in patients with mild cognitive loss [91]. In another
study, higher levels of Barnesiella bacteria but lower butyrate concentrations were reported
in children diagnosed with autism spectrum disorders accompanied by constipation [92].

The second genus found to be increased with respect to BA treatment was Alistipes.
Alistipes are anaerobic bacteria, which were identified after an analysis of human clinical
samples in 2003, and members of the Bacteroidetes phylum [93]. They are healthy mouse core
microbiota members, and their levels have been reported to increase as the mouse gets older,
contrary to our observations in the water group [86]. Animal-based protein-rich diets have
been shown to enhance Alistipes abundance in gut microbiota and correlate with increased
branched-chain fatty acid concentrations [94,95]. Alistipes bacteria have also been associated
with the production of some SCFAs like propionate and acetate [96]. Research carried out
on mice fed with a high-fat diet revealed the production of sphingolipids, which had been
shown to have different beneficial properties such as anti-inflammatory properties, through
two gut community members, Alistipes and Odoribacter [97,98]. Conflicting findings define
the role of the Alistipes species as a member of gut microbiota. Several members of this
genus have been linked with the prevention of illnesses like liver fibrosis, gut inflammation,
and cancer [96]. As one example, higher levels of Alistipes have been reported in healthy
gut microbiota compared to patients diagnosed with non-alcoholic fatty liver disease [99].
One of the current reports revealed the protective role of one species belonging to Alistipes
genus, Alistipes putredinis, against Candida albicans colonisation in the human gut [100].

Another member of this genus, Alistipes finegoldii, has been implicated in protection
for dextran sulfate sodium-induced colitis in mouse subjects [101]. Contrarily, elevated
levels of Alistipes bacteria and pathogenic effects have been associated with the promotion
of several diseases such as autism, mood disorders, cancer, and cardiovascular diseases [96].
Correlations with opposite effects in the same pathologies highlight the necessity of further
detailed analyses to reveal the exact role and mechanism behind the development and
maintenance of health or disease status.

Streptococcus was another genus whose density increased as a result of the BA treat-
ment. It is a genus of facultative anaerobic bacteria and one of the first inhabitants in the
establishment of the gut microbiota, which are then replaced by other bacteria, such as the
hostages [102]. In a large cohort study, there was a direct relationship between the quantity
of Streptococcus and joint inflammation and pain in the knee [103]. A study carried out on
infants to investigate the impact of gut microbiota on atopic dermatitis has established
a positive correlation between Streptococcus abundance and disease severity and pointed
out the possible involvement in the establishment of dysbiosis in early childhood [104]. A
correlation between the relative abundance of Streptococcus in the upper intestinal mucosa
microbiome and functional dyspepsia has been proposed in a study carried out by Fukui
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and colleagues [105]. One of the species belonging to the Streptococcus genus, Streptococcus
gallolyticus subsp. Gallolyticus, has been classified as an opportunistic pathogen and linked
with several pathologies, including bacteremia, infective endocarditis, and colorectal can-
cer [106]. Despite such pathogenic roles, another species of this genus, S. thermophilus, has
been shown to exhibit several beneficial effects in diseases like T2DM, inflammation, and
sepsis and is used as a prebiotic supplementation [107-109]. A species-level sequencing
for Streptococcus could provide clearer insight into the potential effects of its derivatives
on the microbiota.

The abundance of members within the Anaerobacterium genus showed a significant
rise exclusively in the BA treatment group. The genus was discovered through analysis
of soil samples in 2014 [110]. Analyses of stool samples from mice and rats from two
different studies have shown that having a high-fat diet elevates Anaerobacterium, high-
lighting potential involvement in diet-based obesity development [111,112]. It has also
been listed among non-persistent genera in probiotics supplementation [113]. One of the
current studies in Alzheimer’s disease (AD) to investigate the relationship between gut mi-
crobiota and clinical scores regarding cognitive functions and neuropsychiatric symptoms,
besides reduced abundance in AD patients compared to healthy controls, Anaerobacterium
levels have been correlated with better cognitive status and less neuropsychiatric symp-
toms in AD patients [114]. Higher taxonomic resolution down to strain level through
shotgun metagenomics could provide clearer insights into the effects of the derivative
supplementation on gut microbiome composition within the context of the gut-brain axis
in neurodegenerative diseases.

Three of the eight genera, namely, Clostridium XIVb, Eisenbergiella, and Bilophila, were
found to be less abundant with respect to the boric acid derivative supplementations.

Clostridium is a genus of anaerobic bacteria under the Firmicutes phylum [115]. One
of the clusters within this genus, Clostridium XIVb, has been proposed to be classified as a
new genus called Tyzzerella [116]. Hence, the following literature information was retrieved
using both the Clostridium XIb and Tyzzerella genus names. Clostridium XIVb abundance
levels were further decreased in mice treated with all boron derivatives compared to the
levels in the control mice group. Clostridiium XIVb has been listed among bacteria with
elevated levels in the gut microbiota of patients with Rett’s Syndrome compared to healthy
controls, which is a neurological disease with comorbidities related to gastrointestinal
functions [117]. Tyzzerella abundance has been linked to higher cardiovascular disease [118].
On the other hand, in comparison to esophageal cancer and healthy control subjects,
Tyzzerella bacteria has been detected at higher levels in the control group [119]. Gut
microbiota composition analysis in cirrhotic patients has pointed out that the presence of
Ruminococcus and Clostridium XIVb might be associated with better cognitive function in
these patients [120]. An increase is reported in the abundance of opportunistic pathogenic
bacteria (Clostridium hathewayi, Clostridium symbiosum, and Clostridium ramosum) in T2DM
patients [121]. Clostridium XVIII is a genus whose relative abundance is significantly
reduced by SPT. Intestinal failure was interestingly associated with decreased counts of
some Clostridium species in clusters III, IV, and XIVa [122]. Furthermore, these Clostridium
species are thought to be excellent options for treating intestinal dysfunctions. After taking
17 strains of Clostridium clusters IV, XIVa, and XVIII orally, the symptoms of colitis and
allergic diarrhoea were shown to improve [123]. It was discovered that these strains
enhanced the growth and differentiation of Treg cells, which lessened colitis and allergic
diarrhoea in mice. Crucially, none of the strains possessed genes linked to virulence,
like phospholipase C or collagenase, which are often present in pathogenic Clostridia
species [123,124]. Therefore, the increase in Clostridium XVIII abundance following SPT
treatment may be beneficial, as this genus has been associated with the alleviation of
intestinal disorders such as colitis and allergic diarrhoea.

Another genus whose relative abundance of members decreased significantly with
BA treatment was Eisenbergiella, compared to the control group. Eisenbergiella was first
identified in a blood sample of a patient in 2014 and shown to produce several SCFAs,
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including butyrate, lactate, acetate, and succinate [125]. Two Eisenbergiella species, E. tayi
and E. massiliensis, have been observed in higher abundance in fibromyalgia patients com-
pared to healthy individuals [126]. Another possible beneficial involvement of Eisenbergiella
bacteria has been described in a study, and a lower abundance has been associated with
chronic intestinal inflammation [127]. Another study has shown decreased Eisenbergiella
levels in high-fat- and high-sucrose-fed and obesity-induced mice [128]. Eisenbergiella has
been listed among disrupted genera in functional dyspepsia as being in reduced abundance
compared to healthy control in rats [129]. Notably, elevated Eisenbergiella levels have been
shown in Echinococcus granulosus infection and are associated with a Th2 response [130].

Bilophila is one of the genera determined to be significantly changing with SPT treat-
ment; its relative abundance elevated after SPT supplementation compared to the control
group. Bilophila genus was first identified with Bilophila wadsworthia species obtained from
specimens collected from patient appendicitis and faecal samples in 1989 [131]. It is an
anaerobic, nitrate-reducing bacterium with urease and catalase activities and belongs to
the Proteobacteria phylum [131,132]. A detailed study carried out on mice with high fat
intake has revealed that this diet regimen causes an increase in B. wadsworthia abundance,
which will result in elevated inflammation and gut permeability, decreased butanoate
metabolism and butyrate production, a disruption in glucose metabolism and hepatic
homeostasis, dysregulations in bile acid metabolism and increased taurine-conjugated bile
acid concentrations [133]. Taurine metabolism activity and hydrogen sulfide production in
these bacteria provide more evidence of their role in inflammation [134]. In parallel to these
findings, the pathogenic potential of these bacteria has also been shown in a study carried
out by Feng et al.; when they transferred B. wadsworthia obtained from faecal samples
of patients with latent autoimmune diabetes to healthy mice, decreased weight and fat
mass and elevated immune signatures were reported [135]. Apart from inflammatory
properties, obesity-related gut microbiota research carried out on children with different
weight profiles has revealed a higher Bilophila abundance in the obese group [136].

One of the genera whose relative abundance dropped after receiving both NaB and
SPT treatments is Gemmiger. It was discovered that, in comparison to infants with the
gastrointestinal bleeding type of Henoch-Schonlein Purpura (HSP), children with the renal
damage type had a much higher abundance of Gemmiger (the genus to species levels).
Furthermore, in children with HSP, the abundance of Gemmiger was positively linked with
serum levels of IL-6, IgA, and IgG, indicating a possible connection between Gemmiger
and the immune system in this disease [137]. Research has shown that, when it comes to
inflammatory bowel illnesses (IBD), such as Crohn’s disease (CD) and ulcerative colitis
(UQ), healthy individuals usually have larger Gemmiger abundances than IBD patients.
This implies that Gemmiger may be a component of a balanced gut microbiota and that a
decrease in it may be linked to a dysbiotic state in IBD [138]. Therefore, a shift towards a
dysbiotic gut environment may be indicated by the reduction in Gemmiger by NaB and SPT
boron compounds; however, this has to be read within the larger framework of the compo-
sition and function of the entire microbiome. To completely comprehend the therapeutic
ramifications of these variations in Gemmiger levels, more investigation is required.

Treponema is defined to be a part of the ancient human gut microbiome and can
still be observed in rural community members with a non-Western diet [139]. Treponema
succinifaciens is a known carbohydrate metaboliser in swine. Referring to their roles in the
swine microbiome, the genus may also be involved in carbohydrate metabolism [139].

These results have shown that BA induces a significant increase in the Treponema
genus. Treponema (Treponema pallidum ssp. pallidum) is primarily known for its association
with syphilis [140], but different species within the genus can also be part of the normal
microbiota in certain body sites. The importance of these bacteria in health and disease
continues to be explored in scientific research.

Catellicoccus bacteria are facultative anaerobic organisms and are widely found in the
gut microbiota of gulls [141]. In a study on humans to investigate the impacts of Ramadan
fasting, a positive association has been defined between Catelliococcus and the consumption
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of sweets [142]. In the group treated with NaB, an increase in the relative abundance of the
Catellicoccus genus has been observed, making it the only genus in this study to exhibit a
significant increase in response to the NaB derivative.

Lactobacillus, a Gram-positive genus, is prevalent in the gastrointestinal tract and
fermented foods [143]. It constitutes about 6.0% of the duodenum’s and 0.3% of the colon’s
bacterial populations [144]. These bacteria can attach to the intestinal lining and produce
antimicrobial substances like ethanol, hydrogen peroxide, acetic acid, lactic acid, and
succinic acid, helping to inhibit potentially harmful bacteria [145]. Certain Lactobacillus
strains may boost the immune system by activating macrophages, NK cells, and cytotoxic
T-lymphocytes, along with promoting cytokine release. Additionally, they can enhance
gut immunity by increasing IgA(+) cell recruitment [144]. Although the adjusted p values
exceed the threshold, it is noteworthy that an increase in the relative abundance of the
Lactobacillus genus, which is known for its rather beneficial properties, was observed across
all groups treated with boron. Enhancing the sample size in future studies could enable the
acquisition of clearer outcomes within this context.

Based on our results, our investigation of boron supplementation’s effect on the gut
microbiota composition in BALB/c mice provides important new information about the
possible therapeutic advantages of this dietary intervention. However, in order to support
our conclusions, a number of limitations must be addressed in future studies, including
the small sample size and short study duration. Additionally, the mechanisms behind
the observed changes in the gut microbiota should be investigated. Indeed, although
notable alterations were noted in specific bacterial taxa, the exact processes responsible for
these modifications are yet unknown. There are various possible mechanisms that could
mediate these effects. First of all, boron compounds such as boric acid have the ability to
change the pH of the surrounding environment [146], which may increase the growth of
beneficial bacteria while suppressing the growth of harmful bacteria. Furthermore, boron
has the ability to affect the metabolic pathways of bacteria, hence affecting the synthesis of
vital metabolites like short-chain fatty acids (SCFAs) [64], which are critical for gut health.
Boron has also been shown to have immunomodulatory properties, which may change
the immunological environment in the gut and, thus, indirectly influence the diversity of
the gut microbiota [147]. A healthy gut microbiota may also be promoted by some boron
compounds that function as prebiotics [31,62-67,77], supporting the growth of beneficial
bacteria like Bifidobacterium and Lactobacillus [31]. These findings demonstrate boron’s
potential as a gut microbiota modulator and imply that the mechanistic relations between
the boron and the bacterial genera showing alterations must be clarified further. Our study
might be considered an initial step in elucidating these mechanistic relations.

In particular, the consumption of boric acid (BA) revealed significant alterations in the
gut microbiota, including rises in advantageous genera such as Barnesiella and Alistipes,
which are connected to various health advantages like the synthesis of short-chain fatty
acids and possible anti-obesity properties. These beneficial bacterial alterations imply
that BA, in particular, deserves more research as a potential prebiotic. Therefore, future
research should focus on determining the precise processes by which boron compounds
affect gut microbiota, with a particular emphasis on their possible prebiotic benefits, in
light of the results of this pilot study. Research using cutting-edge omics technologies,
including metabolomics and metatranscriptomics, may shed light on how boron affects
the metabolic processes and gene expression of microorganisms, thereby pointing to new
areas for therapeutic intervention. However, larger experimental groups and species-
specific sequencing are also necessary to comprehend the underlying mechanisms of
boron-microbiota interactions fully. Consequently, it may also be possible to determine
the role of boron in avoiding inflammatory and metabolic illnesses by doing long-term
research that evaluates the effects of continuous supplementation during various life stages
and health conditions. Furthermore, due to boron’s diverse biological activity, it is also
important to investigate how it interacts with other dietary elements, such as fibre or
polyphenols, in order to maximise its health-promoting qualities and create comprehensive
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dietary plans. Understanding these pathways is essential for fully utilising boron and its
derivatives in therapeutic contexts for the prevention and treatment of disorders associated
with gut dysbiosis.

4. Materials and Methods
4.1. Ethical Approval

All animal procedures were conducted in accordance with the guidelines approved by
the Animal Experiments Local Ethics Committee of Istanbul Medipol University (IMU-
HADYEK, Istanbul, Turkey) (10 October 2019/70)).

4.2. Mouse Model Handling and Boron Application

Wild-type BALB/c mice were bred in our facility, and 6-week-old male mice were
preferred for the study in order to eliminate any uncertainties linked to the gender-based
variations. They were fed ad libitum with the standard chow diet with constant access to
water under a 12:12 h light/dark cycle as previously described [148]. Mice were randomly
divided into four groups, each consisting of at least four animals, with some groups
containing five animals. All groups were treated with boron derivatives dissolved in
their drinking water. Sodium pentaborate pentahydrate (NaB), boric acid (BA), or sodium
perborate tetrahydrate (SPT) was administered to mice by gavage at 200 mg/kg every
other day for three weeks. The dosage was adapted from the work of Ozansoy et al.
(2020) [56]. Only water was given to the control groups (Table 1). Faecal samples were
collected immediately before the first and after the last boron treatment.

Table 1. Characteristics of the mice groups used in this study.

Groups Species of Animal Substance to Be Applied
Group I (n=5) BALB/c wild type Control (water)
_ . Sodium pentaborate
Group II (n = 4) BALB/c wild type pentahydrate (NaB)
_ . Sodium perborate
Group III (n = 4) BALB/c wild type Tetrahydrate (SPT)
Group IV (n =5) BALB/c wild type Boric acid (BA)

4.3. DNA Isolation, Library Preparation, and Sequencing

All fresh faecal samples were stored at —80 °C after collection. For DNA isolation,
up to 200 mg of faecal sample was processed using a ZymoBIOMICS DNA Miniprep
Kit (Zymo Research, Orange, CA, USA, Cat. No. D4300). DNA concentrations were
measured using a Qubit dsDNA HS Assay Kit (Invitrogen, San Diego, CA, USA, Cat.
No. Q32854). The library preparation was carried out using a 165 barcoding kit (Oxford
Nanopore Technologies, Oxford, UK, Cat. No. SQK-RAB204) following the manufacturer’s
guidelines (version RAB_9053_v1_revL_14Aug2019). Prepared libraries were loaded to
R9.4.1 FLO-MIN 106 flow cells, and sequencing was performed on a MinlON sequencer
(Oxford Nanopore Technologies).

4.4. In Silico Analysis

The molecular names were retrieved from PubChem, and the corresponding SMILES
codes were input into the prediction tool for a toxicity assessment. In silico docking studies
were conducted using methodologies consistent with those in our prior research [149].
Briefly, the hERG channel structure was obtained from the Protein Data Bank (PDB) with
the access code 5VA1. Missing loops and side chains within the channel structure were
meticulously reconstructed using the Prime module [150], ensuring a complete and ac-
curate representation. The structure was then prepared under physiological conditions,
specifically at a pH of 7.4, to simulate the human body’s environment accurately. Compre-
hensive optimisations and energy minimisations were carried out to achieve an energet-
ically favourable and biologically relevant conformation. The protein was prepared for
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docking using Maestro’s Glide module, and the active binding site was identified based on
the literature [71], focusing on key amino acid residues essential for channel function. A
grid box was established around these critical residues to allow precise docking analysis.
The ligands were subjected to detailed optimisation procedures, which included maintain-
ing a physiological pH of 7.4, followed by energy minimisation to simulate physiological
conditions accurately. The hERG blocker CHEMBL1257698 [71] was used as the reference
compound for evaluation. Subsequently, these optimised ligands were docked into the
predefined grid box, and their binding affinities were calculated.

4.5. Bioinformatics and Statistical Analysis

Raw FAST5 reads were converted to fastq format using Guppy (ver. 6.0.5). The
primer sequence removal from amplicon reads and quality trimming was carried out by
BBTools (ver. 38.94) [151]. Reads passing quality filtering were clustered by magicblast
(ver. 1.6.0) [152] using the reference of 165 rRNA regions of bacteria associated with the
human microbiome by the Human Microbiome Project. The consensus sequences were
created, and .sam files were produced by Samtools (ver. 1.12) [153]. Taxonomic annotations
were determined through BLAST (ver. 2.12.0) in the NCBI nr database, using a sequence
identity threshold of 95% for the genus level. Finally, relative abundance percentages
were calculated at the phylum and genus levels. All microbiota analyses were carried out
at the taxonomic levels of phylum and genus. All data analysis steps were carried out
in R (version 4.1). The Phyloseq package (version 1.36) was used to calculate alpha and
beta diversity metrics. Before diversity calculations, a rarefaction was performed with a
rarefaction depth of 51,662. The significance of the changes in alpha diversity metrics was
assessed using the Kruskal-Wallis H (KW) test, followed by a post hoc Dunn’s test with
Benjamini-Hochberg correction, and an adjusted p value of 0.1 was used as a threshold
for both the KW p value and p.adjusted value from Dunn’s test. Beta diversity analysis
was carried out based on the Bray-Curtis dissimilarity index, and statistical significances of
the differences between time points were checked using the adonis function in the vegan
package (version 2.5.7) [154]. For significant changes between groups at the phylum and
genus levels, count data were transformed into relative abundance percentage values, and
taxa with a relative abundance of less than 0.0001% in more than 20% of all samples were
filtered out before downstream analysis. The differences in bacterial abundances before
and after treatments were quantified as log2 fold changes for each treatment group. The
calculated fold changes between the treatment and control (water) groups were tested
using the KW test, followed by a post hoc Dunn’s test with Benjamini-Hochberg correction,
and an adjusted p value of 0.1 was used as a significance threshold.

5. Conclusions

The importance of the gut microbiota in human health and illness is widely acknowl-
edged. Our study highlights the potential therapeutic benefits of boron supplementation by
offering important insights into the impact of boron compounds on the composition of the
gut microbiota in BALB/c mice. In particular, the administration of boric acid (BA) showed
noteworthy changes in the gut microbiota, including notable increases in beneficial genera
like Barnesiella and Alistipes, which are linked to a number of health benefits, including the
production of short-chain fatty acids and potential anti-obesity effects. Although there were
no significant changes in the Firmicutes/Bacteroidetes ratio in any of the treatment groups,
the observed decreases point to the possibility that boron compounds may have an impact
on metabolic health and obesity markers. In this study, the gut microbiome of mice is
examined in relation to dietary supplements that contain boric acid (BA) and its deriva-
tives. Our research indicates that these substances may alter the gut flora’s composition,
causing some genera—such as Streptococcus, Anaerobacterium, and Treponema—to increase
and other genera—such as Clostridium XIVb (Tyzzerella), Eisenbergiella, and Bilophila—to
decrease. All of these changes could have an impact on the health of the host; they include
the harmful relationships between Streptococcus and Bilophila as well as the advantageous
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properties of Anaerobacterium and possibly even Lactobacillus, even if the latter’s increase
did not achieve statistical significance. The decline in disease-causing taxa, like Clostridium
XIVb and Bilophila, in reaction to BA treatments may suggest a positive adjustment of the
intestinal environment, lowering the risk or intensity of illness. Additionally, although the
precise roles of these taxa in the context of boron supplementation are still unclear, the rise
in Treponema and Catellicoccus highlights the potential for boron compounds to enrich micro-
bial communities that may have distinct metabolic functions or health implications. While
these modifications could potentially enhance general health outcomes, we believe future
studies, including larger experimental groups, longer study durations, species-specific
sequencing, and advanced omics technologies, are necessary to gain a deeper comprehen-
sion of the fundamental mechanisms underlying boron-microbiota interactions in various
disease conditions.

Understanding these mechanisms is crucial in order to fully utilise boron and its
derivatives for the prevention and treatment of disorders linked to gut dysbiosis as well as
to investigate their potential application as prebiotic agents in clinical settings.
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