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Effects of vitamin D_, magnesium and vitamin C
on bone-associated miRNAs expression in
adipose-derived mesenchymal stem cells
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Abstract

Introduction: Vitamin D,, magnesium and also vitamin C have a limited role in calcium homeostasis and bone
physiology. Among other things, they have pleiotropic effects on various cell types, such as e.g. adipose-derived
mesenchymal stem cells (ADMSCs). Aim of the study: The goal of the present study was to gain new insight into
the impact of magnesium, cholecalciferol (vitamin D,) and ascorbic acid (vitamin C) on potential changes in the
cultivation and differentiation of ADMSCs. Recent research has revealed the involvement of number of bone-de-
rived miRNAs in the regulation of bone physiology/pathology. Therefore, we also focused on analysing changes of
miRNAs expression in this cultivation condition. Methods: The individual samples of ADMSCs were cultivated for
24 h in complete culture medium with the addition of various concentrations of vitamin D,, magnesium, and vita-
min C. Changes in the expression of selected bone-associated miRNAs (miRNA-1, miRNA-29b, miRNA-1333, and
miRNA-499) were determined using reverse transcription polymerase chain reaction (RT-PCR). Results: After the
pharmacological influence of cells with vitamin D,, the expression of all the miRNAs observed was significantly
increased. Under the influence of magnesium, a statistically significant increase in miRNA-T and miRNA-29b ex-
pression was recorded comparing to the control sample. Increased concentrations of vitamin C significantly af-
fected the structure and morphology of the monitored cells and there were significant changes in the expression
of miRNA-29b and miRNA-499. Conclusion: This study has confirmed the possibility of positive pharmacological
treatment of stem cells with vitamin D, magnesium and also vitamin C in regulating expression of bone-associ-
ate mMiRNAs.

Key words: adipose-derived mesenchymal stem cells — cholekalciferol = magnesium — miRNA — vitamin C
— vitamin D,

Abstrakt

Uvod: Vitamin D,, hor¢ik, ale aj vitamin C zohrévaju limitovanu rolu vo vapnikovej homeostaze a fyziologii kosti.
Okrem iného maju aj pleiotropné Ucinky na rézne typy buniek, akymi st napr. mezenchymové kmenové bunky od-
vodené z tukového tkaniva (Adipose-Derived Mesenchymal Stem Cells — ADMSCs). Ciel studie: Cielom tejto Studie
bolo ziskat novy pohlad na vplyv magnézia, cholekalciferolu (vitaminu D,) a kyseliny askorbovej (vitaminu C) na
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potencialne zmeny v kultivacii a diferenciacii ADMSCs. Neddvny vyskum odhalil zapojenie mnohych mikroRNA
(miRNA) pochdadzajucich z kostnej hmoty do regulécie fyzioldgie/patoldgie kosti. Preto sme sa tiez zamerali na
analyzu zmien expresie miRNA v tomto kultivatnom stave. Metédy: Jednotlivé vzorky ADMSCs sa kultivovali
24 hodin v kompletnom kultivatnom mediu s pridavkom réznych koncentracii vitaminu D,, hor¢ika a vitaminu C.
Zmeny v expresii vybranych miRNA kostnej hmoty (miRNA-1, miRNA-29b, miRNA-133a a miRNA-499) sa urili
pomocou reverznej transkripcie polymerézovej retazovej reakcie (Reverse Transcription Polymerase Chain Reac-
tion — RT-PCR). Vysledky: Po farmakologickom ovplyvneni buniek pridanim vitaminu D, sa vyznamne zvysila ex-
presia vSetkych pozorovanych miRNA. Pod vplyvom horc¢ika bolo zaznamenané $tatisticky vyznamné zvySenie
expresie mMiRNA-1T a miRNA-29b v porovnani s kontrolnou vzorkou. ZvySené koncentracie vitaminu C vyznamne
ovplyvnili $truktdru a morfoldgiu sledovanych buniek, pricom doslo k vyznamnym zmendam v expresii miRNA-29b
a miRNA-499. Zaver: Tato Studia potvrdila moznost pozitivneho farmakologického ovplyvnenia kmenovych buniek
vitaminom D,, hor¢ikom, a taktiez vitaminom C v rémci reguldcie expresie miRNA pochadzajucich z kostnej hmoty.

Klacové slova: cholekalciferol — magnézium — mezenchymové kmenové bunky odvodené z tukového tkaniva —

mMiRNA — vitamin C — vitamin D,

Introduction

Mesenchymal stem cells (MSCs) are adult stem cells tra-
ditionally found in the bone marrow. However, MSCs can
also be isolated from other tissues, such as placenta,
umbilical cord blood, adipose tissue, adult muscle, cor-
neal stroma and dental pulp of deciduous baby teeth
[1,2]. Adipose tissue is one of the richest sources of
MSCs. There are more than 500 times more stem cells
(ADMSCs) in 1 gram of fat than in 1 gram of aspirated
bone marrow. Mesenchymal stem cells are multipotent
cells that adhere to plastic, have a fibroblast-like mor-
phology, express a specific set of surface antigens and
differentiate into adipocytes, chondrocytes, osteoblasts
and myocytes [3]. There are a few mechanisms how
ADMSCs can repair or regenerate tissues. ADMSCs ap-
plied to injured or diseased tissue can excrete cytokines
and growth factors that stimulate recovery in a paracrine
way [4]. The literature data demonstrate an inverse re-
lationship between the differentiation of adipocyte and
osteogenic cells in the culture system and are consistent
with the possibility that the regulation of adipogenesis
and osteogenesis can occur at the level of a common
precursor in vivo [5,6].

Stem cells and miRNA

Microribonucleic acid (microRNA, miRNA) is a recently
discovered group of eukaryotic, endogenous, non-cod-
ing ribonucleic acid (RNA) that plays a key role in regulat-
ing gene expression [7]. The new studies suggest that the
exchange of miRNA between cells is an integral part of
the communication between MSCs and damaged tissue
cells. The transport of miRNA is ensured through the
microvesicles (MVs) which are released from the original
cell. Thus, the biological fluids can reach the target cell.
This exchange of genetic information can lead to a re-
programming of the MSCs phenotype, thereby obtain
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the MSCs acquire the characteristics of damaged tissue
cells. At the same time, MVs from MSCs can also acti-
vated regenerative mechanisms in many different types
of damaged tissue cells [8].

MiRNAs have been under investigation for the past
twenty years and there is lots of information on miRNAs
in diseases such as cancer and immunology. Only re-
cently, miRNAs have shown a promise as a mechanism
for intervention with respect to diseases of the bone
and adipose tissue. MiRNAs regulate bone metabolism
and balance of bone homeostasis and therefore in pa-
thology miRNA signaling pathways contribute to the
onset and progression of skeletal disorders. In MSCs
differentiation, alterations in miRNA expression pat-
terns can differentially promote an osteogenic, adipo-
genic, or myogenic phenotype [6]. This pivotal experi-
mental work is focused on the examination of miRNA
associated with bone and adipose tissue biology and
disease.

There is a growing evidence that bone-associated
MIRNAs (MiRNA-T, miRNA-29b, miRNA-133a and miRNA-
499) should be modulators of osteoblast-mediated bone
formation and osteoclast related bone resorption, thereby
contributing to the maintenance of bone mass [9-11].
These miRNAs are only partially able to affect this pro-
cess. However, by adding additional specific factors
and molecules that can drive cell transdifferentiation, this
process can be improved and made more effective.

Several experimental studies have shown the ability
of vitamin D, [12], magnesium [13] and vitamin C [14] to
improve the differentiation of stem cells. The aim of this
study is to evaluate the influence of vitamin D,, magne-
sium and vitamin C on the morphology of isolated adipose
derivated mesenchymal stem cells from adipose tissue
and on expression of bone-associate MIRNAs (MiIRNA-1,
MIRNA-133a, miRNA-29b, miRNA-499).
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Material and methods

Isolation and culture of ADMSCs

A sample of human subcutaneous adipose tissue was
collected by aseptic liposuction into the PBS + 5% Peni-
cillin/Streptomycin solution (Sigma-Aldrich). Within 24 h
the tissue was washed with PBS and after separation of
components, it was cut with a sterile scalpel. The fatty
tissue was incubated with an equivalent amount of
0.2% collagenase type | (Sigma-Aldrich) for 2 h at 37 °C.
Cell pellet and supernatant (oil, fat and adipocytes)
were formed by centrifugation at 400 g for 30 min. After
the aspiration of the top layers the pellet was washed
in PBS + 0.1% BSA (Sigma-Aldrich) and resuspended
in 10 ml complete culture medium (CCM) consisting
of DMEM/F12 + 10% foetal bovine serum + 5% Peni-
cillin/Streptomycin (all from Sigma-Aldrich). The cells
were then cultured in a 75 cm? flasks at 37 °C with 5%
CO, /95% air atmosphere. Non-adherent hematopoi-
etic cells were removed by medium change every 24 h
for 3 days. The complete culture medium was replaced
every 2 days until the cells reached 80-90% conflu-
ence. Afterward, the cultures were passaged.

Flow cytometry analysis

Quantitative and qualitative characterization of the
cells was made utilizing a flow cytometry method
(MACSQuant Analyzer, Miltenyi Biotec, Germany). The
MSC Phenotyping Kit/human, isotype control cock-
tail and CD34/CD133 Stem Cell Cocktail with control
cocktail (all from Miltenyi Biotec) were used to detect
and quantify ADMSCs. In human MSC Phenotyping
cocktail the monoclonal antibodies are conjugated to
the following fluorochromes: CD90-FITC; CD105 - PE;
CD73 - APC; CD14, CD20, CD34, CD45 — PerCP. At the
same time the presence of surface markers CD34 and
CD133 were examined by CD34 / CD133 Stem Cell Coc-
tail. The MSC Phenotyping kit allows identification of
MSC cells by positive staining for markers CD90, CD 105

and CD73. The intercalating agent Propidium iodide -P!I
(Miltenyi Biotec) was used to determine the viability of
the cells. Pl binds to nucleic acids after passing through
broken membranes of dead cells and this binding is de-
tectable by suitable fluorescence detectors.

Individual cell cultures of ADMSCs were released
from the bottom of the culture flask by 0.25% trypsin.
Subsequently, they were diluted with CCM to a volume
of 10 ml, transferred to a falcon (15 ml) and centri-
fuged at 300G for 10 minutes. After removing the su-
pernatant, the pellet was resuspended in T ml of PBS
and centrifuged (300G, 10 minutes). Washing with PBS
was repeated three times and pellet was finally resus-
pended in 400 pl AutoMACS Running Buffer. 50 pl of
a well-diluted sample (about 1 x 106=107 cells/ml) was
incubated with 5 pl of antibody for 10 minutes at 4 °C.
Subsequently, 450 pl of the AutoMACS Running Buffer
was added and just before measuring withal 5 ul of Pl
in each sample. For the identification of the popula-
tion manual “gating” strategy on two-dimensional spot
points was used.

Culturing with selected drugs

For the experiment, the sixteenth passage (16p) of
ADMSCs was used. These cells were cultured for 24 h
in CCM supplemented with vitamin C (Acidum ascor-
bicum sol. inj., Biotika), magnesium (Magnesium sul-
furicum, sol.inj.,, Biotika) and vitamin D, (Vigantol gtt.,
Merck). Drugs were added at different concentrations
calculated based on the declared therapeutic doses
commonly used in clinical practice. Based on this, the
analysed samples were divided in the table. To record
any structural and morphological changes, individual
samples were observed under an inverse microscope.

Real-time RT-PCR

The reverse transcription method followed by poly-
merase chain reaction (RT-PCR) is used when the start-
ing material is RNA. In this case, transcription from total

Table | Drugs and their concentrations used to treatment of ADMSCs

control sample

ADMSCs cultured for 24 h in pure CCM

ADMSCs cultured for 24 h in CCM with vitamin C 1 pl /10 ml (10 mM)

low concentrations of vitamin C

ADMSCs cultured for 24 h in CCM with vitamin C 25 pl /10ml (25 mM)
high concentration of vitamin C ADMSCs cultured for 24 h in CCM with vitamin C 50 pl /10 ml (50 mM)
low concentration of magnesium ADMSCs cultured for 24 h in CCM with magnesium 40 pl /10ml (40 mM)
high concentration of magnesium ADMSCs cultured for 24 h in CCM with magnesium 89 ul /10ml (89 mM)
low concentration of vitamin D, ADMSCs cultured for 24 h in CCM with vitamin D, 1l /10 ml (0.05 mM)

high concentration of vitamin D, ADMSCs cultured for 24 h in CCM with vitamin D, 10 pl /10 ml (0.5 mM)
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RNA or mRNA to complementary DNA (cDNA) must be
performed by the reverse transcriptase enzyme. The
cDNA then serves as template for the PCR reaction.
After 24 h incubation with selected drugs the total RNA
was extracted from 10.000 of ADMSC-cells using TRI
Reagent™ Solution (Invitrogen™) according to the manu-
facturer’s instructions and using of phenol-chloroform
extraction. For quantitative real-time reverse-transcrip-
tion PCR analysis, a TagMan MicroRNA Reverse Tran-
scription Kit (Applied Biosystems) was used. Quanti-
tative PCR was performed with the TagMan Universal
PCR Master Mix Il (Applied Biosystems). Each sample
was analysed in triplicate. Every batch of amplifications
included 3 water blanks as negative controls for each
of the reverse-transcription and PCR steps. All data
were collected and analysed with LinReg PCR. We con-
ducted TagMan MicroRNA Assays for hsa-miR-1, hsa-
miR-29b-3p, hsa-miR-133a-3p, MiR-449-5p and U6

snRNA (Invitrogen™). Statistical analyses were perfor-
med with T-Test.

Results

Flow cytometry analysis

MSCs isolated from human adipose tissue were chara-
cterized by positive staining for markers CD90, CD105
and CD73, and negative staining for markers CD14,
CD20, CD34 and CD45 (figure 1). The viability and
amounts of cells positive for MSC-markers were deter-
mined after selection of “debris”, clusters of cells and
dead cells. The viability of cells was more than 90% in
all treated cells.

Structure and morphology of the ADMSCs
After 24 h of culture, the structure and morphology of
ADMSCs-16p cells were observed under an inverse mi-

Figure 1 | Characterization of ADMSCs by flow cytometry. ADMSCs were positive for markers CD90, CD105, CD73
and negative for markers CD14, CD20, CD34 and CD45

Figure 2 | Morphological and structural changes of ADMSCs observed under an inverse microscope (20x).
A - control sample B — vitamin D3 0.5 mM C — magnesium 89 mM D - Vitamin C 50 mM

Clin Osteol 2019; 24(1): 27-35
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croscope. Cells in control sample cultured in pure CCM
showed no significant changes compared to the pre-
vious day. No significant structural and morphological
changes were also detected in cells treated with two
concentrations of vitamin D, and magnesium. Cells were
similar in appearance to the control sample. However,
changes were observed in samples vitamin C 25 mM
and 50 mM. The cells changed their appearance and
their ability to adhere to the plastic was significantly
weakened (figure 2).

The effect of selected drugs on miRNA-1
expression

No significant changes in miRNA-1 expression were re-
corded in vitamin C 25 mM and 50 mM samples. How-
ever, more significant effects on the expression of this
miRNA had vitamin D, and magnesium. In the case of
vitamin D,, approximately the same rate of miRNA-1 ex-
pression was observed at both used concentrations.
Upon cultivation of the cells with magnesium a more
pronounced increase in MiIRNA-T expression was ob-
served in sample magnesium 40 mM (figure 3).

The effect of selected drugs on miRNA-133a
expression

In the case of MIRNA-1333a, its increased expression
was seen against the control sample in all cases. The
most pronounced increase in expression was for the

sample magnesium 89 mM. A significant increase in
the expression was also observed for samples of vita-
min D, at both used concentrations. A gradual increase
in expression was recorded for samples cultured with
vitamin C. Expression increased directly in proportion
to the increasing concentrations with a statistically sig-
nificant change in sample vitamin C 50 mM (figure 4).

The effect of selected drugs on miRNA-29b
expression

As with miRNA-133, the miRNA-29b expression analy-
sis also showed an increase in all pharmacologically-af-
fected samples compared to control sample. Individual
drugs at all used concentrations resulted in significant
increase in the expression of this miRNA.

The most striking results were observed after cultur-
ing the cells with vitamin C. Already at the lowest con-
centration there was a significant increase in the ex-
pression of miRNA-29b. At higher concentrations of
vitamin C, expression differences were even more re-
markable comparing to the control sample. After the
cultivation of the cells with magnesium, there was also
a significant increase in MiIRNA-29b expression at both
used concentrations, but a more pronounced increase
in expression was observed at a lower concentration of
magnesium (40 mM). The effect of two used concen-
trations of vitamin D, on miRNA-29b expression was
approximately the same (figure 5).

Figure 3 | Relative miRNA-1 expression after pharmacological treatment of ADMSCs compared to the control
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Figure 4 | Relative miRNA-133a expression after pharmacological treatment of ADMSCs compared to the control
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Figure 5 | Relative miRNA-29b expression after pharmacological treatment of ADMSCs compared to the control
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The effect of selected drugs on miRNA-499
expression

The results of MiIRNA-499 expression in the samples
were very heterogeneous comparing to other miRNAs.
Under the influence of vitamin C there was a decrease
in the expression of this parameter, most notably in the
sample vitamin C 25 mM. Conversely, increased ex-
pression of miRNA-499 was observed in samples cul-
tured with vitamin D,. Almost the same level of miRNA-
499 expression was achieved at both concentrations of
this drug. Interesting was the evaluation of changes in
expression of this miRNA in cells after 24 hours of cul-
tivation with magnesium. While a significant decrease
in MiRNA-499 expression was observed in the sample
magnesium 40 mM, there was a slight increase in ex-
pression in the sample magnesium 89 mM relative to
the control sample. However, this change was not sta-
tistically significant (figure 6).

Discussion

In our study we worked with the 161" passage of ADMCs,
which showed almost 100% uniformity in the positiv-
ity characteristic for CD90, CD105 and CD73 markers,
and negativity for CD14, CD20, CD34 and CD45 mark-
ers, as reported in the methodology. So far there is only
one published work [15], which reports the same MSC

potential from different types of mesenchymal cell iso-
lation from adipose tissue. Also, in the process of pu-
rifying MSC from adipose tissue, all types of adipose
tissue cells (both white and brown fat) and all published
papers reported only a single type of ADMSCs, charac-
terized by the above-mentioned markers. And so, we do
in our study.

Growing experimental data confirm the key role of
miRNAs in regulation of bone metabolism and bal-
ance of bone homeostasis. MiRNAs play a crucial role
in repressing or promoting the expression of specific
mRNAs involved in the signaling pathways of cell dif-
ferentiation and therefore in pathology, miRNA signal-
ing pathways may contribute to the onset and progres-
sion of skeletal disorders. In ADMSCs differentiation,
alterations in miRNA expression patterns can differen-
tially promote an osteogenic, adipogenic or myogenic
phenotype [3] and miRNAs expression can shift the
balance between adipogenesis and osteogenesis, e.g.
miR-17, miR-204 and miR-211 modulate switching be-
tween specific phenotype cell's [16-18]. Therefore, it is
important to search difference in miRNAs expression
between differentiate down a specific lineage myo-
genic, adipogenic or osteogenic to push the balance
and favour phenotype [6]. A comprehensive recognition
of the biogenesis of miRNAs during differentiation of

Figure 6 | Relative miRNA-499 expression after pharmacological treatment of ADMSCs compared to the control
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ADMSCs may give greater insight into mechanisms for
intervention and treatment of different diseases. This is
the first evidence showing that ADMSCs during in vitro
activation significantly changed expression of miRNAs
associate with bone pathology (miRNA-1, -29b, -133,
and -499) [9-11].

MIRNAs are only partially able to affect the cell’s dif-
ferentiation process. However, a specific pharmacolog-
ical intervention should be able to drive cell transdiffer-
entiation, and this process can be improved and made
more effective. Several experimental studies have
shown the ability of vitamin D3 [12], magnesium [13]
and vitamin C [14] to improve the differentiation of stem
cells. In our experiment after a short-term (24 hours) in-
cubation of the cells with vitamin C no significant effect
on the expression of miRNA-1T was observed. But the
levels of MiRNA-133a were increased proportionally to
the concentration of added vitamin C. Statistically sig-
nificant increase compared to control sample was re-
corded in the sample with the highest concentration
of vitamin C — 50 mM. MiRNA-T and miRNA-133a are
preferentially expressed in cardiac and skeletal muscle,
but there is first evidence that they could take part also
in the regulation of differentiation and proliferation of
ADMSCs [19]. In our experimental cells, under the influ-
ence of vitamin C, changes in miRNA-499 expression
were also observed. In this case a negative effect of vi-
tamin C was observed and the expression of this miRNA
was statistically significantly reduced comparing to the
control sample. The physiological as well as pathologi-
cal bone function of mMiRNA-499 was described only re-
cently and is still very questionable [9,20]. Only in the
case of MiRNA-29b a significant increase in its expres-
sion under the influence of vitamin C were observed.
Overexpression and delivery of miR-29 family members
promote osteoblast differentiation and bone formation,
and inhibit osteoclast differentiation [10,21].

Much greater increase in the expression of miRNA-1
and miRNA-133a was observed after the addition of vi-
tamin D,. Vitamin D, in culture conditions also signifi-
cantly increased the expression of miRNA-499. Inter-
estingly, both concentrations of used drug (0.05 mM
and 0.5 mM) affected the expression of the referred
miRNA about the same extent. Similarly, expression
of miRNA, was evaluated and recorded in the case of
cells which were cultured for 24 h in media with ad-
dition of two different magnesium concentrations.
A study demonstrated the positive effect of magne-
sium on growth and proliferation of human stem cells.
After addition of various concentrations of magnesium
in the form of magnesium salts, increased number of
viable cells over time was observed in the samples with
higher concentrations of magnesium [22]. In the eval-

Clin Osteol 2019; 24(1): 27-35

uation of our results, varied effect of two magnesium
concentrations (40 mM and 89 mM) was observed for
the expression of all the miRNAs. Under the influence
of magnesium, the expression of the three miRNAs
was increased, namely miRNA-1, miRNA-133a and miR-
NA-29b. Whereas the expression of miRNA-T and miR-
NA-29b was more profound in the experimental sam-
ples treated by lower concentration of magnesium,
mMiRNA-133a had more increase in expression with con-
centration 89 mM.

In conclusion, our study has confirmed the possibil-
ity of influencing isolated adipose derivated mesenchy-
mal stem cells not only by altered conditions, but also
by pre-treatment of incubated cells with drugs. After
the pharmacological intervention of vitamin D,, mag-
nesium and vitamin C the expression of the observed
MIiRNAs (miR-1,-29b, -133, -499) was significantly mod-
ifled. Because the alterations in miRNA expression pat-
terns are involved in mechanisms where ADMSCs can
repair or regenerate tissues, the pre-treatment of stem
cells during culturing prior to their transplantation could
be a new and effective strategy for the cell therapies.
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