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Abstract
Over the past years, adipose tissue has become an invaluable source of mesenchymal stem cells (MSCs) due to development of
improved isolation methodologies. In a recent work, our group established a primary culture of human adipose-derived stem cells
(hADSCs), which were characterized for their stem cell characteristics in detail and studied their myogenic differentiation
potential in presence of boron. In the current study, we focused on the effects of a boron-containing compound, sodium
pentaborate pentahydrate (NaB), on the adipogenic differentiation of hADSCs. Incorporation of boron in various chemical
derivates has been a novel interest in drug-discovery attempts due to increasing number of reports on their anticancer, antibac-
terial, antiviral, and antifungal activities. In this report, a striking suppressive activity of boron on adipogenic differentiation of
hADSCs is observed in a dose-dependent manner. Higher concentrations of NaB (20, 50, and 100 μg/mL (68, 170 and 340 μM))
resulted in a progressive decrease of lipid deposition, suppressed master regulators of adipogenesis transcriptional programming
at the mRNA and protein levels, while having no evident cytotoxicity on the cells. The findings of this study are encouraging to
undertake further investigations on potential beneficial effects boron in terms of its impact on normal and dysfunctional adipose
biology. In that respect, these results pave the path to evaluate boron-based compounds in prevention and treatment of obesity
which is a modern age pandemic that is predominant worldwide and found in strong association with comorbidities, including
type 2 diabetes, hypertension, cardiovascular disease, cancers, and others.^
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Introduction

Obesity is considered as a chronic disease due to exces-
sive increase in fat deposition, particularly at the visceral
level [1]. The prevalence of obesity in 2014 has almost
tripled—particularly—in industrialized parts of the world
since 1975; therefore, it is recognized as one of the major
health challenges of the twenty-first century. For example,
650 million being obese, more than 1.9 billion adults
(18 years and older), were recorded as overweight in
2016. Furthermore, based on 2016 numbers, the

prevalence of childhood obesity is also on an alarming
rise, 41 million children under the age of 5 and 340 mil-
lion children between 5 and 19 were overweight or obese
[2]. Worryingly, 70 million children under the age of 5 are
predicted to be obese by 2025 [3]. Obesity is a complex
disease, being often comorbid with type 2 diabetes
mellitus, cardiovascular disease, hypertension, dyslipid-
emia, liver disease, and also various types of cancer, is
thought to account for approximately 65% of all deaths
and other debilitating health consequences, medical care
for which creates profound economic burden worldwide
[4]. Although precise mechanisms underlying its patholo-
gy are not fully understood, recent studies point to the
dysregulation of the adipose tissue in terms of its response
to many factors and/or those that it secretes, which are
specifically termed as adipokines. Adipogenesis is a cell
differentiation process and plays an important role in ad-
ipose development and systemic energy homeostasis.
Furthermore, uncontrolled hyperplasia and/or hypertrophy
of adipocytes are also recognized as major contributors of
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obesity development [5]. It is regulated by several tran-
scription factors including CCAAT-enhancer-binding pro-
teins (C/EBPα) and peroxisome proliferator-activated re-
ceptor gamma (PPARγ). Moreover, PPARγ is also re-
quired for the maintenance of differentiation and fat de-
position mechanism [6].

Several strategies with a wide targeting range, including
those that act on central nervous system (CNS) in control of
satiety and appetite, to those targeting adipose tissue itself or
other peripheral regulatory sites of energy homeostasis pro-
duced a number of pharmacotherapeutic agents. The perfor-
mance of currently available antiobesity drugs is mostly insuf-
ficient in terms of achieving targets in weight loss and revers-
ing unfavorable consequences of obesity and often results in
severe side effects including hypertension, cardiovascular
problems, liver complications, and psychological disorders.
Hence, novel treatment methods that focus on targeting path-
ways in control of lipid metabolism to limit lipid storage and
adipocyte generation with minimal side effects are in need [3].
That being mentioned elemental boron and its derivatives
have been proposed to possess a therapeutic activity on these
metabolic processes in recent studies [7, 8].

Elemental boron (B) is a semi-metal that is known to
be essential for plants since the 1920s. Increasing evi-
dence points to beneficial effects of boron not only for
plants, but also for most animals and human cells.
Boron has been associated with the bone development
and maintenance, brain function, regulation of certain ste-
roid hormones, and immune response [9]. It was reported
that boron deprivation significantly affects both physio-
logical and metabolic systems (lipid, mineral, bone, ener-
gy metabolism, and endocrine function) in mammalians
[10–15]. Previous studies have shown that low-dose oral
boric acid intake reduces body weight [16, 17]. Kucukkurt
et al. indicated that 100-mg/kg boron supplementation in
diet decreased body weight in rats [18]. In another study,
moderate body weight reduction was observed in chicks
that were kept on a diet supplemented with 3-mg/kg bo-
ron compounds [19]. In another work, severe body weight
reduction was observed in male rats fed with boron com-
pounds for 90 days [20]. To date, a limited number of
studies reported weight loss inducing effects of boron
and its derivatives. However, precise intracellular mecha-
nisms underlying the antiobesity action of boron are not
fully understood. To our knowledge, the current study is
the first attempt to uncover the molecular pathways that
are altered in response to presence of boron in a primary
culture of human cells that were established from a
lipoaspirated adipose tissue sample.

The aim of this study was to investigate the dose-dependent
effect of sodium pentaborate pentahydrate (NaB) on in vitro
adipogenesis and lipid formation in human adipose-derived
stem cells (hADSCs).

Materials and Methods

Cell Culture and Maintenance

Mesenchymal stem cells (MSCs) used in the differentiation
protocols of this study were obtained from Yeditepe
University Biotechnology Laboratories [21]. hADCSs were
cultured in complete growth medium which is composed of
Dulbecco’s modified Eagle’s medium (DMEM) supplement-
ed with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v)
penicillin-streptomycin-amphotericin (PSA) (10.000 units/
mL penicillin, 10.000 μg/mL streptomycin, 25 μg/mL
amphotericin B; Invitrogen, Gibco, UK). Culture medium
was changed every other day. After reaching 80–90%
confluency, the cells were transferred to a T-150 flask
(Zelkultur Flaschen, Switzerland) and were maintained at
37 °C and 5% CO2 in a humidified incubator. Cells from
passages 4–6 were used in all experiments.

Characterization of hADSCs

hADSCs were from our prior study were also used as the in
vitro model in the current study Preservation of stem cell
markers by these cells that were at late passages was verified
according to the protocol described previously [22]. For char-
acterization, cells were trypsinized and incubated with prima-
ry antibodies against CD14 (ab82434), CD31 (ab28364),
CD34 (ab18227), CD44 (ab157107), CD45 (ab134202),
CD73 (ab157335), CD90 (ab95700), CD105 (ab53321),
Integrin (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), and CD29 (Zymed, San Francisco, CA, USA) that
were prepared in phosphate-buffered saline (PBS). After be-
ing washed with PBS, cells were incubated with the conjugat-
ed antibodies at 4 °C from 2 h to overnight. Flow cytometric
analysis of the cells was performed using Becton Dickinson
FACS Calibur flow cytometer system (Becton Dickinson, San
Jose, CA, USA).

Cytotoxicity Assay

Five different concentrations of NaB (National Boron
Research Institute-BOREN (Ankara, Turkey) including, 10,
20, 50, 100, and 150 μg/mL (34, 68, 170, 340, and
510 μM), 20% dimethyl sulfoxide (DMSO) (Fisher
Scientific, New Jersey, cat. no. BP231-100) as a positive con-
trol (PC) and negative control (NC) were prepared in complete
growth medium. Cells were seeded in 96-well-plates
(BIOFIL, TCP, Switzerland) at a density of 5,000 cells/well.
The following day, cells were treated with different concen-
trations of NaB and 20% (v/v) DMSO as PC. Cell viability
was measured by the [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay (CellTiter96 Aqueous One Solution, Promega,
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UK) according to the manufacturer’s instructions. MTS is a
yellow tetrazolium salt which is catabolized to formazan by a
dehydrogenase enzyme in mitochondria of the living cells.
Formazan is a purple compound, and the detection in this
assay is based on the measurement of formazan compounds
by an ELISA plate reader. After incubating the cells with NaB
for 24, 48, and 72 h, treatment medium was replaced with a
mix of 10 μL MTS and 100 μL full growth medium, where
the cells were incubated for another 2 h before measuring the
absorbance at 490 nm in a plate reader (BioTek Instruments,
Inc., VT, USA).

Differentiation of hADSCs

The adipogenic differentiation process was triggered to allow
differentiation of hADSCs into adipogenic cells using a pre-
viously published method [23]. Twenty-four hours after
seeding hADSC cells in 6-well plates at a density of 1.5 ×
105cells/well, complete growth medium was replaced by the
differentiation medium that was composed of DMEM, 10%
(v/v) FBS, 1 μM dexamethasone, 100 μM indomethacin
(Sigma, USA), 500 μM IBMX (Calbiochem, Merck
Millipore, Germany), and 0.01 mg/mL insulin (Gibco, UK).
Twenty-four hours after medium change, cells were incubated
with different concentrations (20, 50, and 100 μg/mL (68,
170, and 340 μM)) of NaB or without at 37 °C and 5% CO2

for a 10-day period when the culture medium was changed
every other day. Positive control groups were treatedwith only
differentiation medium while negative control groups were
cultured only in complete medium.

Oil Red O Staining

Oil Red O is a staining protocol that allows an accurate visu-
alization of lipid droplets as an indicator of adipogenic differ-
entiation. Oil Red O solution was prepared by dissolving 0.5 g
Oil Red O (Sigma, USA) in 100 mL isopropanol. The cells
were then fixed with 2% (w/v) paraformaldehyde for 30 min
followed by three washes in PBS. The cells were then incu-
bated with Oil Red O solution (diluted at 6:4 ratio in PBS) for
1 h for staining. Cells were washed with PBS and observed
under the light microscope [24].

Reverse Transcription Polymerase Chain Reaction
Analysis

Total RNA isolation from differentiated cells was performed
using the High Pure RNA Isolation Kit (Roche, Germany)
according to the manufacturer’s instructions. Complementary
DNA (cDNA) synthesis from isolated RNA samples was done
using High Fidelity cDNA Synthesis Kit (Roche, Germany).
Real-time PCR was performed using Maxima SYBR Green/
ROX (Fermentas, USA) to determine the expression levels of

marker genes after differentiation. cDNAs from the differenti-
ated cells were used as template and were mixed with primers
and Maxima SYBR Green/ROX qPCR Master Mix (2X). The
housekeeping gene, glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), was used for the normalization of the data.
The results of real-time PCR data were normalized to the
mRNA level of GAPDH. Primer sequences for marker genes
are shown in Table 1.

Protein Isolation and Western Blot Analysis

Whole-cell pellets were dissolved in RIPA buffer containing
phosphatase and proteinase inhibitors (sc-24,948; Santa Cruz
Biotechnology), and total protein concentrationswere estimat-
ed using a Pierce BCA Protein Assay Kit (Thermo Fisher).
Proteins (20 μg) were loaded on Mini-PROTEAN TGX
Precast Gels (Bio-Rad) and transferred to nitrocellulose mem-
branes (Thermo Fisher). Themembranes were incubated over-
night at 4 °C with the following primary antibodies: anti-
CEBPα (#2295), anti-PPARγ (#2430), and GAPDH
(#5174) (Cell Signaling Technology). The membranes were
then probed with horseradish peroxidase (HRP)-conjugated
anti-rabbit antibody (Cell Signaling Technology) for 1 h at
room temperature. The images were taken using a
luminometer system (Bio-Rad), and band intensities were
measured by Image Lab Software V.5.2.1.

Statistical Analysis

All data are shown as the means ± standard errors (S.E.). The
statistical analysis of the results was analyzed with one-way
ANOVA with the multiple comparison Tukey’s test using

Table 1 The list of primers used in RT-PCR analysis

Marker Sequences (5′-3′)

Adiponectin TATCCCCAACATGCCCATTCG

TGGTAGGCAAAGTAGTACAGCC

PPARγ CCTATTGACCCAGAAAGCGATT

CATTACGGAGAGATCCACGGA

LPL ACAAGAGAGAACCAGACTCCAA

AGGGTAGTTAAACTCCTCCTCC

αP2 AACCTTAGATGGGGGTGTCCT

TCGTGGAAGTGACGCCTTTC

CEBPα GCGGGAACGCAACAACATC

GTCACTGGTCAACTCCAGCAC

GAPDH TGGTATCGTGGAAGGACTCA

GCAGGGATGATGTTCTGGA

PPARγ peroxisome proliferator-activated receptor gamma, LPL lipopro-
tein lipase, αP2 adipocyte protein 2, CEBPα CCAAT/enhancer-binding
protein alpha, GAPDH glyceraldehyde 3-phosphate dehydrogenase
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GraphPad Prism statistical software 5.0 (GraphPad Prism,
USA). Statistical significance was determined at p < 0.05.

Results

Isolation and Characterization of Mesenchymal Stem
Cell-Derived from Human Fat Tissue

hADSCs, which were successfully isolated and expanded
from lipoaspirated fat tissue samples, showed fibroblast-like
cell morphology. Isolated cells at passage 3 were characterized
for their MSC surface markers using flow cytometry. hADSCs
were characterized for the surface markers including CD29,
CD34, CD45, CD73, CD90, CD105, CD133, and CD166 by

flow cytometry. Cells were positive for CD29, CD44, CD73,
CD90, and CD105, MSC surface markers, whereas they were
negative for CD14, CD34, and CD45, hematopoietic stem cell
(HSC), surface markers, and for CD31, endothelial cell mark-
er (Fig. 1a).

Cytotoxicity of NaB in hADSCs

The impact of various NaB concentrations (10, 20, 50, 100,
and 150 μg/mL (34, 68, 170, 340, and 510 μM)) on hADSC
viability were tested for 3 days at 24, 48, and 72-h time points
using the MTS assay. The results showed that none of the
concentrations tested NaB was found to be toxic to hADSCs
(Fig. 1b). On the contrary, NaB increased the survival of cells
at each concentration for days 2 and 3 when compared to NC.

Fig. 1 a Characterization of
hADSCs. b Cytotoxicity of
different concentrations of NaB
treatment on hADSCs at days 1,
2, and 3. *p < 0.05 versus the NC.
NaB, sodium pentaborate
pentahydrate; hADSCs, human
adipose-derived stem cells; NC,
negative control; DMSO,
dimethyl sulfoxide
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Assessment of Adipogenesis in Presence of NaB

The impact of NaB on adipogenic differentiation at different
concentrations (20, 50, and 100μg/mL (68, 170, and 340 μM)
was studied based on fat droplet size and changes in gene
expression levels of key transcriptional factors both at
mRNA and protein levels.

Fat Droplet Visualization During Adipogenic
Differentiation

Oil Red O staining was performed to visualize the intracellular
lipid vesicles after adipogenic differentiation at day 10. Lipid
vesicles were detected in high abundance in the PC. hADSCs
were exposed to NaB at different doses (20, 50, and 100 μg/
mL (68, 170, and 340 μM)), and cell differentiation was per-
formed by incubating cells in the differentiation medium. As
shown in Fig. 2, treatment of hADSCs with NaB markedly
inhibited adipocyte differentiation in a dose-dependent man-
ner. These results indicated that NaB may have efficiently
suppressed adipocyte differentiation and has potential anti-
obesity effects on hADSCs.

Changes in Gene Expression Levels in Key
Transcription Factors

Expression levels of markers for terminal adipocyte differen-
tiation, including adiponectin, adipocyte protein 2 (αP2),
Lipoprotein lipase (LPL), CEBP α, and peroxisome
proliferator-activated receptor γ (PPAR-γ), were detected by
real-time PCR analysis at day 10. During adipogenic differen-
tiation, cells treated with NaB showed lower mRNA expres-
sion levels for all of the above-mentioned marker genes com-
pared to the levels detected in the PC at all concentrations of
NaB (20, 50, and 100 μg/mL (68, 170, and 340 μM)). Since
the mRNA levels of all the terminal marker genes were
completely diminished at 100 μg/mL (340 μM) NaB com-
pared to the maximal levels seen in PC, this NaB treatment
is the most effective in blocking adipogenic differentiation
(Fig. 3).

Quantification of PPAR-γ and CEBPα Protein Levels

To determine the effects of NaB treatment on adipogenic pro-
tein expression, CEBPα and PPAR-γ protein levels were de-
tected. Levels of PPAR-γ protein were decreased significantly
at the end of 10-day-differentiation period in all of the NaB
treatment groups (20, 50, and 100 μg/mL (68, 170, and
340 μM)). Twenty-microgram per milliliter and 50-μg/mL
NaB treatment exerted similar effect on PPAR-γ protein level
compared to that seen in 100-μg/mL NaB treatment. On the
other hand, expression levels of CEBPα protein were lowered
in a dose-dependent manner throughout the NaB treatment
gradient (20, 50, and 100 μg/mL (68, 170, and 340 μM)).
Maximal repression in CEBPα and PPAR-γ protein levels
was detected at the 100-μg/mL NaB concentration (Fig. 4).

Discussion

Adipogenesis plays a central role in mechanisms controlling
fat deposition by regulating adipose development and system-
ic energy homeostasis that is often deregulated in obesity [25,
26]. PPARγ and C/EBPα are two of the key transcription
factors in regulat ion of fat deposit ion [27]. Up/
downregulation of PPARγ modulates adipogenesis in MSCs
by controlling fat deposition [28–30]. In addition, C/EBPα
triggers adipogenesis via PPARγ-related pathways [27, 31].
Targeting the activities of these transcription factors in control
of adipogenesis has been proposed as a promising approach
for the treatment of obesity and related diseases [32–35].
There are challenges in antiobesity drug development, be-
cause multiple factors ranging from imbalance in energy me-
tabolism, mutations in genes responsible for metabolism, to
the differences in habits in artificial food consumption
amongst individuals impact development of obesity [31].
Moreover, antiobesity drugs, that have been developed so
far, performed limited therapeutic effect due to their cytotoxic
and other unfavorable side effects. Therefore, novel therapeu-
tic approaches that are more effective, specific, safe, and
better-tolerated are in need for the treatment of obesity.
Findings from previous studies point to the antiobesity activity

Fig. 2 Effects of NaB on adipocyte differentiation in hADSCs. Oil Red O
staining of hADSCs undergoing adipogenic differentiation at 20, 50, and
100 μg/mL (68, 170, and 340 μM) NaB concentrations. Scale bar

100 μm. NaB, sodium pentaborate pentahydrate; hADSCs, human
adipose-derived stem cells; PC, positive control; NC, negative control
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of boron or boron-containing compounds in animal cells [36];
however, details of molecular circuitry underlying their
mechanism-of-action are not fully understood.

In this study, both the toxicity and the potency to inhibit
adipogenic differentiation for NaB were investigated in the
human ADSC in vitro model. First, characteristics of MSCs
isolated from fat tissue were confirmed using flow cytometry.
Cells were positive for MSC cell-surface marker and negative
for HSC surface marker criteria for which are determined by
the International Society for Cellular Therapy (ISCT) [37].

In the present study, potential cytotoxic effects of NaB at
five different concentrations on hADSCs were investigated by
measuring cell viability on the first, second, and third day

using MTS assay. According to the MTS results, no signifi-
cant differences in cell viability were observed in any of the
five treatment groups for each NaB concentration compared to
the NC (p < 0.05).

In order to evaluate the effects of different concentrations
of NaB on adipogenesis, the hADSCs were induced to differ-
entiate for 10 days. Following induction, adipogenesis and fat
formation in the cells were confirmed by Oil Red O staining,
mRNA expression levels of adiponectin, αP2, LPL, CEBPα,
and PPAR-γ, and protein levels of CEBPα and PPAR-γ.

According to our results from the Oil Red O staining, the
dose-dependent decrease in extent of staining observed in
NaB treatment groups suggested suppression of fat deposition

Fig. 3 Relative mRNA
expression levels of genes related
to adipogenesis including
adiponectin, αP2, LPL, PPAR-γ,
and CEBPα on NaB-treated
groups, adipogenic differentiated
cells as a PC and non-
differentiated cells as a NC. *p <
0.05 versus the PC
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at increasing concentrations of NaB in hADSCs compared to
the parallel cultures incubated in the adipogenic differentiation
medium alone (PC). Due to their sensitivity in detecting
changes both in mRNA and protein levels, RT-PCR and
Western blot analysis were performed, respectively, as a
read-out for adipogenesis in cell culture. mRNA expression
levels of adiponectin, αP2, LPL, CEBPα, and PPAR-γ were
evaluated. While hADSC cultures induced for adipogenic dif-
ferentiation (positive control) progressively expressed
adipogenesis-related markers, including adiponectin, αP2,
LPL, and PPAR-γ, there were statistically significant de-
creases in the expression of these markers in NaB-treated
hADSC cultures in a dose-dependent manner.

These results are pioneering in the sense that they open a
whole new discussion about using boron-based compounds in
treatment of obesity and its comorbidities. Current studies in
our laboratory focus on how boron alters adipose biology in
vivo animal models. To further investigate how boron impacts
adipose physiology, changes in levels of several other factors
in control of adipogenesis must be determined. Both in the
current and the previous study, a suppressive activity of boron
on differentiation of pre-adipocytes into mature adipocytes
was observed which are the predominant cell type found in
adipose tissue in addition to pre-adipocytes and endothelial
and immune cells that are other components of adipose archi-
tecture [38]. Transitions between the three major mammalian
types of adipocytes of the white adipose tissue (WAT), brown

adipose tissue (BAT), and beige adipose tissue draw attention
due to their therapeutic potential in battling obesity. One
worthwhile question to address is whether boron would have
an impact on transition of WAT adipocytes into thermogenic
and heat-dissipating BAT adipocytes [39]. Finally, a chronic
inflammatory response that is mediated by an acute and ab-
normal accumulation of macrophages in obese WAT was
shown to become a systemic effect that could be responsible
for the steady increase in adiposity and insulin resistance in
mouse models of obesity through the enhancement of
adipolysis and—thereby—increasing the plasma levels of free
fatty acid [40]. While abundance of macrophages is estimated
as 5% of the cells in lean adipose tissue, this number becomes
as high as 50% in obese adipose tissue. Although the precise
shift in anti-inflammatory-to-pro-inflammatory role of macro-
phages in lean versus obese adipose tissue, respectively, is
only beginning to be understood; impact of boron on this
switch and metabolic activity of macrophages should be in-
vestigated for a comprehensive evaluation of boron-based
compounds as antiobesity agents [41].

Conclusion

To our knowledge, this is the first study that demonstrates the
effects of NaB on adipogenic differentiation of ADSCs that
were isolated from human adipose tissue. The results showed

Fig. 4 Western blot analysis for
CEBPα and PPAR-γ under 20,
50, and 100 μg/mL (68, 170, and
340 μM) NaB treatment
conditions in hADSCs at day 10,
*p < 0.05 versus PC
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that the NaB does not have any cytotoxic effect on the cells
isolated from fat tissue at the five different concentrations
tested. In addition, adipogenic differentiation capacity of
hADSCs is suppressed by the NaB treatment in a dose-
dependent manner. Hence, based on our observation that bo-
ron exerts a suppressive effect on fat deposition in the hADSC
model, NaB should be further evaluated for its therapeutic
potential in the treatment of obesity. The results of this study
are promising both for the management and for the treatment
of obesity and related disorders. However, further studies need
to be performed to reveal the impact of boron both on meta-
bolic activities of all major cell types of the adipose niche and
plasticity of the these cell types in order to establish its place-
ment in the obesity armamentarium.
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