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Abstract
Vascular calcification can be triggered by oxidative stress and inflammation. Although boron possesses antioxidant and 
anti-inflammatory properties, its effect on osteogenic differentiation of vascular smooth muscle cells (VSMCs) has yet to 
be examined. Therefore, we aimed to investigate the effect of boric acid (BA), the main form of boron in body fluids, on 
the osteogenic differentiation of VSMCs. Following the isolation of VSMCs, the effects of BA on cell proliferation were 
determined by MTT. The impact of various BA concentrations on the osteogenic differentiation of VSMCs was evaluated by 
Alizarin red S and alkaline phosphatase (ALP) stainings and the o-cresolphthalein complexone method. In addition, mRNA 
expressions of osteogenic-related (Runx2 and ALP) and antioxidant system-related genes (Nrf2 and Nqo1) were detected 
using qRT-PCR analysis. BA treatments did not alter the proliferation of VSMCs. Osteogenic differentiation of VSMCs 
treated with 100 and 500 μM BA (moderate and high plasma concentrations) was no different from untreated cells. However, 
increased osteogenic differentiation was observed with the lowest blood level (2 μM) and extremely high BA concentration 
(1000 μM). Consistent with these results, mRNA expression of Runx2 increased with 2 and 1000 μM BA treatments, while 
Nrf2 and Nqo1 expressions increased significantly with 100 and 500 μM BA. BA has different effects on VSMCs at various 
concentrations. The low blood level and too high BA concentration appear detrimental as they increase the osteogenic differ-
entiation of VSMCs in vitro. We propose to investigate BA’s effects and mechanism of action on vascular calcification in vivo.
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Introduction

Cardiovascular diseases are the leading cause of morbid-
ity and mortality worldwide [1]. Vascular calcification is 
one of the most important determinants of cardiovascular 
risk, characterized by thickening and loss of elasticity of 
muscular artery walls. Vascular calcification is highly asso-
ciated with cardiovascular disease mortality, especially in 
high-risk patients with diabetes and chronic kidney disease. 
Calcification of both intimal and medial layers is an active 
and tightly regulated process driven primarily by vascular 
smooth muscle cells. (VSMCs) [2, 3].

VSMCs play a critical role in vascular calcification as 
they can change their phenotype into osteoblast-like cells 
and secrete extracellular matrix. This transformation pro-
cess is accompanied by the accumulation of calcium salts 
(such as hydroxyapatite) in the extracellular matrix, mim-
icking bone formation [4]. The osteogenic differentiation of 
VSMCs can be stimulated by factors like oxidative stress, 
inflammatory mediators, and elevated levels of inorganic 
phosphate (mineral imbalance). Oxidative stress plays an 
important role in the pathogenesis of vascular calcification 
and contributes to atherogenesis. Excessive reactive oxygen 
species (ROS) contribute to the activation of signal transduc-
tion pathways in calcification of VSMCs [3, 5]. Differentia-
tion of VSMCs to an osteoblast-like phenotype is associ-
ated with the expression of osteogenesis markers such as 
runt-related transcription factor 2 (Runx2), collagen type I 
(Col1), osteocalcin, and alkaline phosphatase (ALP) [2, 5]. 
Runx2, as an osteogenic transcription factor, is pivotal in 
regulating the expression of osteoblast marker genes involv-
ing ALP, Col1, and osteocalcin [5].
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Boron is an essential trace element for maintaining the 
health of all living things. Boron-based compounds also 
have widespread industrial and commercial use. Boron is 
found in various foods (e.g., fruits and legumes) and bever-
ages but is also widely used as a dietary supplement (e.g., 
boron ascorbate and calcium fructoborate). Although boron 
is mainly taken orally through various foods, it also enters 
the body through the dermal and inhalation routes [6, 7]. 
Boron supports bone health, improves brain function, regu-
lates immune and inflammatory responses, and influences 
how the body responds to oxidative stress. Boron can play 
a crucial role in metabolism by regulating enzymes and 
hormones [6–8]. Numerous studies have substantiated the 
beneficial effect of boron on the cardiovascular system [7, 
8]. A significant decrease in serum boron concentrations 
was noticed in atherosclerotic patients compared to healthy 
subjects [9]. Moreover, patients with stable angina who 
received boron supplementation experienced a decrease in 
C-reactive protein (CRP), low-density lipoprotein (LDL), 
and total cholesterol levels, along with an improvement 
in high-density lipoprotein (HDL) levels [10]. It has been 
reported that regular boron supplementation to healthy indi-
viduals provides a significant decrease in LDL, total choles-
terol, triglyceride, CRP, interleukin-1β (IL-1β), interleukin-6 
(IL-6), and monocyte chemoattractant protein-1 (MCP-1) 
levels and an increase in HDL [11]. Another study reported 
that higher plasma boron levels were linked to a healthy 
diet, associated with reduced body mass index and a more 
favorable cardiometabolic risk profile [12]. After consump-
tion of boron compounds, boron undergoes hydrolysis, pri-
marily transforming into boric acid (BA), the primary form 
of boron in the bloodstream and other body fluids [8]. Blood 
boron levels have been reported to range from 21 to 1232 ng 
boron/g blood (equivalent to 2 to 120.8 µM BA) depending 
on the individual’s dietary habits and geographical location 
[12, 13]. It has been reported that daily boron intakes for 
adults eating standard diets can be estimated to be roughly 
1–3 mg/day [7, 13]. However, in countries with high boron 
reserves, especially China and Turkey, environmental and 
occupational boron exposure may be approximately 20 to 
40 times higher [14]. Therefore, in the present study, we 
investigated the effects of 2, 100, 500, and 1000 µM BA 
on osteogenic differentiation of VSMCs. It is reported that 
boron plays a vital role in osteogenesis and bone mainte-
nance, and its deficiency negatively affects bone develop-
ment and regeneration [7]. Boron has also been reported to 
enhance osteogenic differentiation of bone marrow stromal 
cells (BMSCs) [15].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an 
ubiquitously expressed key transcription factor, plays a 
crucial role in combating oxidative stress, and regulates 
various antioxidant enzymes such as NAD(P)H quinone 
oxidoreductase-1 (Nqo1), heme oxygenase-1 (HO-1), 

glutathione reductase, and peroxiredoxins [16–18]. Boron 
compounds and BA have antioxidant effects in various tis-
sues through their effects on antioxidant systems such as 
Nrf2 and enzymes such as malondialdehyde (MDA), super-
oxide dismutase (SOD), catalase (CAT), glutathione (GSH), 
and glutathione peroxidase (GPx) [7, 19, 20]. A relationship 
between decreased boron concentration and atherosclero-
sis has been demonstrated [9], but to date, the effects of 
boron on osteogenic differentiation of VSMCs have not been 
reported. In this study, we aimed to evaluate the effect of BA 
on vascular calcification and Nrf2 expression under in vitro 
conditions.

Materials and Methods

Preparation of Boric Acid Solution

Molecular biology grade BA (Sigma-Aldrich, USA) was dis-
solved in ultrapure water (Gibco, USA) mixed until com-
pletely dissolved. The solution was sterilized by filtration 
through a 0.22-μm syringe filter to obtain a 100 mM sterile 
stock solution. The stock solution prepared BA at final con-
centrations in the growth medium.

Isolation and Culture of VSMCs

VSMCs were isolated from the thoracic aorta of 4- to 
6-week-old Sprague–Dawley rats. This study was per-
formed in line with the principles of the Declaration of 
Helsinki. Approval was granted by the Ethics Committee 
of Erciyes University (date 03.02.2021/No 21/35). VSMCs 
were isolated according to the method in the literature and 
maintained in Dulbecco’s modified Eagle’s high glucose 
(DMEM, Sigma, St. Louis, MO, USA) growth medium 
supplemented with 10% fetal bovine serum (FBS, Gibco, 
USA), 1% glutamax (Gibco, USA), and 1% penicillin/strep-
tomycin (Gibco, Paisley, UK) in a humidified atmosphere of 
air/5%  CO2 at 37 °C [21]. The medium was changed every 
2–3 days. VSMCs were used between passages 3 and 6.

Characterization of VSMCs

VSMCs were identified by their typical hill-and-valley 
growth patterns and immunofluorescence staining of 
α-smooth muscle actin (α-SMA) protein. Briefly, VSMCs 
seeded on glass coverslips were rinsed with phosphate-
buffered saline (PBS) and then fixed with formaldehyde 
(10%) for 10 min. Next, VSMCs were permeabilized by 
0.3% Triton-X solution for 3 min and then treated with 10% 
bovine serum albumin (BSA) for 2 h. For staining, α-SMA 
polyclonal antibody (E-AB-34268, Elabscience, USA, 1:240 
µL) was diluted in 1% BSA, added to each coverslip, and 
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incubated overnight at + 4 °C in the dark. On the subse-
quent day, the coverslips underwent a PBS wash and were 
incubated with an Alexa Fluor 488-goat anti-rabbit IgG 
(ab150077, Abcam, UK, 1:400 µL) secondary antibody 
diluted in 1% BSA. After 1 h of incubation, coverslips were 
rinsed with PBS and covered on a slide with a DAPI-con-
taining medium, and images were obtained using immuno-
fluorescence microscopy (Nikon Ni-E, Japan).

Cell Proliferation

Cell proliferation was determined by MTT assay. VSMCs 
were seeded at 3000 cells/well in 96-well plates and left 
to attach overnight. Subsequently, cells were treated with 
different concentrations of BA (0, 1, 10, 20, 50, 100, 200, 
500, and 1000 µM) and incubated at 37 °C for 24 and 72 h. 
Afterward, 10 μL MTT (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide) solution (5 mg/mL, 
Sigma-Aldrich, USA) was added to each well and incubated 
for an additional 3 h. The medium was discarded, and 100 
μL of dimethyl sulfoxide was added to each well. Then, the 
absorbance was measured at 560 nm on a spectrophotometer 
(Glomax Multimode Plate Reader, Promega, USA). Results 
were standardized to the control group and presented as per-
cent proliferation [22].

Induction of Calcification

Cells were treated with different concentrations of BA to 
determine the effect of BA on osteogenic differentiation 
of VSMCs. VSMCs were seeded at 20,000 cells/well of a 
12-well plate and randomly assigned into six groups. The 
groups consisted of a negative control group receiving 
growth medium only, a positive control group receiving oste-
ogenic medium, and four treatment groups, each receiving a 
different concentration of BA (2, 100, 500, and 1000 μM) in 
the presence of osteogenic medium. The osteogenic medium 
was prepared by the addition of 10 mM β-sodium glycer-
ophosphate (Sigma-Aldrich, USA) and 50 μg/mL ascorbic 
acid (Sigma-Aldrich, USA) to the growth medium [23]. The 
effect of BA on the calcification process was observed at two 
different time points (14 and 21 days). The day when the 
osteogenic medium was first applied was considered day 1. 
BA treatment and osteogenic media application were used 
simultaneously on the same day, and culture media were 
changed every 2–3 days. The effect of weak acid BA on the 
pH of the medium was examined by pH measurements 24 
and 48 h after BA treatments.

Determination of Calcification

The calcified matrix was evaluated by Alizarin red S stain-
ing. On days 14 and 21, VSMCs cultured in a 12-well plate 

were rinsed with PBS and subsequently fixed with 10% for-
maldehyde for 10 min at room temperature. Subsequently, 
the cells were rinsed with distilled water and stained with 2% 
Alizarin red solution (pH 4.2) for 30 min in the dark. Then, 
the plates were rewashed with distilled water, and images 
were taken under an  inverted microscope (Leica DMi1, 
Germany). ImageJ program (NIH, Bethesda, MD) was used 
to quantify Alizarin red S-stained red areas in microscopic 
photo images. The staining area was measured in three 
experiments, using the percentage of areas in at least three 
randomly taken images from each well.

To measure the calcium concentrations in the cell layers, 
VSMCs were decalcified using 0.6 M hydrochloric acid for 
1 day at + 4 °C. The supernatant was collected in centrifuge 
tubes and determined by the o-cresolphthalein complexone 
(Sigma-Aldrich, USA). When combined with calcium, this 
reagent produces a purple color, and its absorbance was 
measured at 560 nm by a plate reader. The cells were rinsed 
with cold PBS (without Ca2 + and Mg2 +) and scraped 
from the culture plate to measure the total protein content. 
According to the manufacturer’s instructions, the total pro-
tein content was calculated using the BCA protein assay kit 
(Pierce, USA). Calcium content was normalized to protein 
concentration and expressed as µg/mg protein.

Alkaline Phosphatase (ALP) Staining

The enzymatic activity of ALP was assessed on days 14 and 
21. The reaction of ALP enzyme with a mixture of nitro-blue 
tetrazolium chloride (NBT) and 5-bromo-4-chloro-3’-in-
dolephosphate b-toluidine salt (BCIP) leads to the develop-
ment of insoluble purple-black precipitates. VSMCs were 
fixed in 10% formaldehyde for approximately 10 min, then 
500 µL of NBT/BCIP substrate solution (1-Step NBT/BCIP, 
Thermo Fisher, USA) was added to each well of 12-well 
plates and incubated in the dark for approximately 15 min. 
To remove excess dye, wells were rinsed, and ALP-stained 
blue-purple field images were randomly taken by an inverted 
microscope (Leica DMi1, Germany) and quantified using the 
ImageJ program. The staining area was measured in three 
experiments, using the percentage of areas in at least three 
randomly taken images from each well.

RNA Extraction and Quantitative Real‑Time PCR 
(qRT‑PCR)

To extract total RNA from VSMCs, TRIzol reagent (Tran-
szolUp, Transgenbiotech, China) was used following the 
manufacturer’s instructions. Subsequently, the extracted 
RNA was reverse transcribed using the OneScript Plus 
cDNA synthesis kit (ABM, Canada) according to the pro-
vided instructions.
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Expression levels of osteogenic-related (Runt-related 
transcription factor 2; Runx2 and ALP) and antioxidant 
system-related genes (Nrf2 and Nqo1) were determined 
using qRT-PCR. For this analysis, predesigned FAM™-
labeled TaqMan assays and TaqMan™ fast advanced mas-
ter mix (Thermo Fisher, 4444557) were employed. The 
Step One Plus™ real-time PCR system (Thermo Fisher, 
USA) was used to run the PCR reactions. The mRNA lev-
els of Runx2 (Rn01512298_m1), ALP (Rn01516028_m1), 
Nrf2 (Rn00582415-m1), and Nqo1 (Rn00566528_m1) 
were quantified using the  2−ΔΔCT method, with beta-
actin (Rn00667869_m1) serving as the reference gene for 
normalization.

Statistical Analysis

The results are the mean ± standard deviation (SD) of three 
independent experiments for each assay. Statistical analyses 
were conducted using SPSS 22.0 (IBM, USA). The normal-
ity of the data was assessed using the Shapiro–Wilk nor-
mality test. Student’s t-test analyzed statistical differences 
between the two groups. For comparisons between multiple 
groups, one-way ANOVA was performed, followed by post 
hoc Tukey HSD based on homogeneity of variance analysis. 
Statistical significance was considered at p < 0.05.

Results

Characterization of VSMCs

The morphology of cells was observed under an inverted 
microscope. As shown in Fig. 1a, the cells exhibited a spin-
dle-shaped appearance with a characteristic “hill-and-val-
ley” pattern at the confluence; this indicates that the isolated 
cells are VSMCs. To characterize VSMCs and determine 
their purity, immunofluorescence staining was performed for 
α-SMA (Fig. 1b). Of the 257 cells counted in 10 randomly 
picked images, 251 cells were determined to be stained with 

α-SMA. Based on this result, cells in culture were mainly 
composed of VSMCs, with a purity of 97.6%

The Effect of BA on VSMC Proliferation

To investigate the effect of BA on VSMC proliferation, cells 
were treated with eight different concentrations (1–1000 μM) 
of BA for 24 and 72 h. BA had no significant effect on the 
proliferation of VSMCs compared with the control group 
(p > 0.05) (Fig. 2). In addition, it was observed that the pH 
values of BA-treated cells at 24- and 48-h incubation were 
not much different compared to the control group (Table 1).

Determination of Calcification

On 14 and 21 days of treatment, no Alizarin red staining 
was observed in the negative control group, while calcium 
deposits were observed in the positive control and BA-
treated groups (Fig. 3 A, B). Quantitative analysis of calcium 
revealed a significant increase in the positive control group 
compared to the negative control group on days 14 and 21 
(p: 0.005 and p: 0.000, respectively). On day 14, a signifi-
cant increase in calcium deposit was observed only in cells 

Fig. 1  Characterization of the 
VSMCs by morphology and 
immunofluorescence staining. 
a Inverted microscope image 
of isolated VSMCs at passage 
2 (× 20, scale bar: 100 μm); b 
immunofluorescence staining 
of isolated VSMCs for α-SMA 
(green) and DAPI (blue) (× 20, 
scale bar: 100 μm)
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Fig. 2  The effect of BA on the proliferation of VSMCs was measured 
by MTT assay at 24 and 72  h. Values are presented as mean ± SD, 
n = 3. *p < 0.05 compared to control
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Table 1  pH values of growth 
media in the presence of BA at 
24 and 48 h

H Negative control Positive control BA μM 

2 100 500 1000

24 h 8.56 8.58 8.48 8.47 8.47 8.49
48 h 8.07 8.06 8.05 8.06 8.05 8.07
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Fig. 3  Alizarin red S staining images and calcium content of VSMCs 
cultured in culture medium (negative control group, C −), osteogenic 
medium (positive control group, C +), and osteogenic medium with 
BA for 14 and 21  days. A Photos of Alizarin red S-stained wells, 
B microscopic images of Alizarin red S-stained cells (scale bar: 

100  μm, × 10), C quantification of mineralized areas stained with 
Alizarin red S (%), and D quantitative analysis of calcium content. 
Bars represent the mean ± SD, n = 3. *p < 0.05 and **p ≤ 0.005 com-
pared to C + , #p < 0.05 and ##p ≤ 0.005 compared C − group
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treated with 1000 µM BA compared to the positive control 
group (p: 0.032). On day 21, a significant increase in calcium 
deposits was observed in both the 2 and 1000 µM BA-treated 
groups compared to the positive control group (p: 0.007 and 
p: 0.042, respectively, Fig. 3C). Per the results of Alizarin 
red staining, a significant increase in calcium amount was 
determined in the 1000 µM BA-treated group compared to 
the positive control group on day 14 (p: 0.001). On day 21, 
significant increases in calcium levels were observed in the 
2- and 1000-µM BA-treated groups compared to the positive 
control group (p: 0.039 and p: 0.011, respectively). In con-
trast, there was no significant difference between the 100-µM 
and 500-µM BA-treated groups compared to the positive 
control group at both periods (Fig. 3D).

ALP Activity

ALP activity was examined by immunohistochemical stain-
ing with NBT/BCIP dye on days 14 and 21. The results 
showed no notable change in ALP activity in the BA-treated 
groups compared to the positive control group on day 14. 
However, on day 21, there was a significant increase in the 
group treated with 1000-µM BA compared to the positive 
control group (p: 0.006) (Fig. 4b).

Gene Expression Assay

Osteogenic differentiation of VSMCs is associated with 
increased mRNA expression of osteoblast markers (Runx2 
and ALP). Similar to results obtained in Alizarin red S 
staining and calcium measurements, there was a signifi-
cant increase in mRNA expression of Runx2 in the groups 
treated with BA 2 and 1000 μM compared to the positive 
control group cells (p: 0.008 and p: 0.013, respectively). 
No significant difference was observed in the 100- and 
500-μM BA-treated cells compared to the control cells (p: 
0.679 and p: 0.997, respectively) (Fig. 5A).

Similarly, mRNA expression of ALP increased signifi-
cantly in the 1000-μM BA-treated group compared to the 
control group (p: 0.008). There was no difference in ALP 
expression in the 2-, 100-, and 500-μM BA-treated groups 
compared to the control group (p > 0.05) (Fig. 5A).

Nrf2 and Nqo1mRNA expressions increased signifi-
cantly in the groups treated with 100- and 500-μM BA 
compared to the control group (p < 0.05). However, there 
was no significant change in the mRNA expressions of 
Nrf2 and Nqo1 in groups treated with 2- and 1000-μM 
BA compared to the positive control group (p > 0.05) 
(Fig. 5B).

Fig. 4  ALP staining images and 
stained area of VSMCs cultured 
in culture medium (negative 
control group, C −), osteogenic 
medium (positive control 
group, C +), and osteogenic 
medium + BA (2, 100, 500, and 
1000 μM) for 14 and 21 days. 
A Microscopic images of 
ALP-stained cells (× 10, scale 
bar: 100 μm, and B quantifica-
tion by ImageJ-based analysis 
for % mineralized area on days 
14 and 21. Values represent 
the mean ± SD, n = 3. *p < 0.05 
compared to positive control

B
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Discussion

This study demonstrated that moderate and high plasma 
concentrations of BA (100 and 500 μM, respectively) did 
not affect VSMC calcification. In comparison, low plasma 
concentration (2 μM) and extremely high concentration 
(1000 μM) caused a significant increase in the calcification 
process. The concentration-dependent effect of BA may 
be substantial as plasma boron concentrations may vary 
depending on the individual’s dietary habits, boron concen-
trations in the soil, and use of boron dietary supplements 
[12, 13]. In addition, environmental and occupational boron 
exposure is extremely high around the boron mining areas. 
The highest average total daily boron exposure levels in min-
ing areas or processing facilities in China and Turkey were 
reported to be 41.2 and 47.17 mg/day, respectively [14]. 
Furthermore, since boron is not accepted as an essential 
element, human requirements for boron have not yet been 
defined. However, while the tolerable upper limit for adults 
in the USA is reported to be approximately 20 mg/day [24], 
the European Food Safety Authority has set the upper intake 
level for adults at 10 mg/day [25]. Therefore, this study is 
crucial as it provides information on whether BA has any 
effect on the calcification of VCMCs and also reveals the 
concentration-dependent effects of BA on the calcification 
process.

To date, boron compounds have been shown to have many 
beneficial effects. Their anti-inflammatory [11, 19] and anti-
oxidant effects [19, 20, 26, 27] make them important protec-
tive agents against many diseases, including the cardiovas-
cular system [8]. Lower boron levels have been reported in 
the bloodstream of patients diagnosed with atherosclerosis 
compared to healthy individuals [9]. Additionally, 1 month 
of boron supplementations in healthy subjects resulted in a 
significant decrease in IL-1β, IL-6, CRP, and MCP-1 com-
pared to the placebo group [11]. Similarly, boron supple-
mentation caused a reduction in total cholesterol and LDL 
levels along with an increase in HDL levels [10, 11]. On 
the other hand, there is an association between high serum 

calcium and the development of vascular calcification in 
chronic kidney disease [2], and boron supplementation led 
to a decrease in urinary calcium excretion and an increase 
in plasma calcium levels [28]. Additionally, excess vitamin 
D has been shown to induce vascular calcification in animal 
models and VSMC culture [29, 30]. Boron has been shown 
to increase serum vitamin D levels, possibly by decreasing 
catabolism [31]. Therefore, excessive boron consumption 
may increase calcium and active vitamin D levels, which 
may cause harmful effects such as vascular calcification. In 
addition, it was reported that plasma estradiol concentrations 
increased significantly due to boron supplementations of 
patients [32] and postmenopausal women [28]. In a clinical 
study, higher plasma estradiol levels were associated with 
reduced atherosclerosis progression in early postmenopausal 
women but increased progression in late postmenopausal 
women [33]. Another explanation for BA-induced vascular 
calcification may be due to the histone deacetylase inhibi-
tor activity of boron compounds and BA [7, 34]. Several 
histone deacetylase inhibitors have been shown to promote 
osteoblast maturation by enhancing Runx2-dependent tran-
scriptional activation [7]. Recently, butyrate, a histone dea-
cetylase inhibitor, has been shown to accelerate osteogenic 
differentiation of VSMCs [35].

A relationship has been reported between the serum level 
of ALP, a cell membrane-associated enzyme that promotes 
vascular calcification, and the coronary artery calcification 
score in maintenance hemodialysis patients [36] and chronic 
kidney disease rats [34]. In the present study, BA at 100 
and 500 μM did not cause a significant change in calcium 
accumulation in VSMCs but led to a substantial increase at 
extremely low (2 μM) and extremely high concentrations 
(1000 μM). In accordance, BA at 100 and 500 μM did not 
cause any significant increase in ALP and Runx2 mRNA 
expressions. Similar to our results, Hakki et al. demonstrated 
that the effects of BA on Runx2 mRNA and bone morphoge-
netic proteins (BMP)-4, -6, and -7 protein expressions dur-
ing osteoblastic differentiation of MC3T3-E1 cells were time 
and dose dependent [37]. Ying et al. observed that calcium 

Fig. 5  Relative mRNA expres-
sions of A Runx2 and ALP, and 
B Nrf2 and Nqo1 of VSMCs 
cultured with osteogenic 
medium (C +) and osteogenic 
medium + BA (2, 100, 500, and 
1000 μM) for 21 days. Values 
are presented as mean ± SD, 
n = 3. *p < 0.05, p** < 0.005 
compared to C + group
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deposits increased in BMSCs treated with 1 and 10 ng/ml 
BA and significantly reduced in the 100 and 1000 ng/ml BA 
groups [15].

Oxidative stress is one of the key factors in stimulating 
the osteogenic differentiation of VSMCs, and it is closely 
related to atherosclerosis and chronic kidney disease [5]. 
Wei et al. demonstrated that high inorganic phosphate con-
centrations promote the accumulation of ROS in VSMCs 
and exacerbate calcification following Nrf2 knockdown in 
these cells [17]. As a critical mediator against ROS pro-
duction, Nrf2 has been reported to ameliorate intracellular 
oxidative stress and calcium accumulation in VSMCs under 
high inorganic phosphate conditions [16]. Activation of the 
Nrf2 antioxidant signaling pathway has also been reported 
to protect against the onset and progression of vascular cal-
cification associated with chronic kidney disease in rats by 
reducing intracellular oxidative stress [16]. Studies have 
shown that activation of the Nrf2 system by agents such 
as dimethyl fumarate or butyl hydroquinone reduced the 
calcification process in VSMCs [16, 17]. Indeed, the pri-
mary function of Nrf2 is to maintain cellular homeostasis 
by activating genes that encode cytoprotective and antioxi-
dant enzymes, such as Nqo1 and HO-1 [18]. Activation of 
Nrf2 also leads to increased levels and/or activity of the key 
enzyme gamma-glutamylcysteine ligase, the rate-limiting 
enzyme for GSH synthesis [38]. It has been reported that 
boron activates the antioxidant system through the Nrf2 
pathway to protect many tissues from oxidative damage. 
In a nitrite-induced hepatorenal dysfunction animal model, 
lithium borate significantly increased the Nrf2/HO-1 sign-
aling pathway [26]. Another study reported that BA had an 
antioxidant effect due to increased Nrf2 and Nqo1 mRNA 
expressions in mouse embryonic fibroblast and human pros-
tate cancer cells [39]. BA administration to ostrich chicks 
significantly increased Nrf2 and HO-1 mRNA expressions 
in kidney tissues and inhibited apoptosis [27]. Similar to our 
results, the expressions of Nrf2 and its direct target Nqo1 
were reported to significantly increase in rats with chronic 
kidney disease to respond favorably to kidney injury and 
play a critical role in developing vascular calcification [16]. 
Our study observed that moderate plasma concentrations 
of BA enhanced the expression of antioxidant genes (Nrf2/
Nqo1). The upregulation of Nrf2 and Nqo1 mRNA expres-
sions explains why, despite calcification induction, Runx2 /
ALP expressions were not significantly increased in BA 100- 
and 500-μM-treated groups compared to the control group. 
In addition, while there was no significant increase in mRNA 
expression of antioxidant genes in the groups administered 2 
and 1000 μM BA, an increase in calcification was observed.

There are certain limitations to the present study. First, 
we did not examine whether BA causes calcification with-
out beta-glycerophosphate in VSMCs. Therefore, we do 
not know whether BA induces calcification if there is no 

environmental calcification factor. Additionally, the pre-
sent research was conducted using an in vitro model, which 
allows us to understand the effect of boron on the calcifi-
cation process under specific conditions. However, in vivo 
vascular calcification is affected by numerous factors due to 
complex systemic feedback regulatory mechanisms. There-
fore, performing this research in vivo allows us to investigate 
the effects of BA with all the factors that contribute to the 
calcification of blood vessels.

In conclusion, this is the first time the relationship 
between BA and the calcification of VSMCs has been 
investigated. Our study revealed the concentration-depend-
ent effects of BA on the calcification of VSMCs. Low or 
extremely high plasma levels of BA led to a significant 
increase in the differentiation of VSMCs in vitro. However, 
it is interesting that medium and high plasma concentrations 
of BA did not alter the calcification profile of VSMCs in 
the osteogenic environment, consistent with their effects on 
antioxidant system-related gene expressions. Based on these 
results, we recommend additional studies on the impact and 
mechanism of action of different doses of boron on the cal-
cification of blood vessels in vivo.
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