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Abstract

Background/Aims: Compared with non-obese individuals, obese individuals commonly store
more vitamin D in adipose tissue. VDR expression in adipose tissue can influence adipogenesis
and is therefore a target pathway deserving further study. This study aims to assess the role
of 1,25(0H),D, in human preadipocyte proliferation and differentiation. Methods: RTCA,
MTT, and trypan blue assays were used to assess the effects of 1,25(OH),D, on the viability,
proliferation, and adipogenic differentiation of SGBS cells. Cell cycle and apoptosis analyses
were performed with flow cytometry, triglycerides were quantified, and RT-qPCR was used to
assess gene expression. Results: We confirmed that the SGBS cell model is suitable for studying
adipogenesis and demonstrated that the differentiation protocol induces cell maturation,
thereby increasing the lipid content of cells independently of treatment. 1,25(0OH),D, treatment
had different effects according to the cell stage, indicating different modes of action driving
proliferation and differentiation. In preadipocytes, 1,25(0H),D, induced G1 growth arrest at
both tested concentrations without altering CDKNIA gene expression. Treatment with 100
nM 1,25(0H),D, also decreased MTT absorbance and the lipid concentration. Moreover,
increased normalized cell index values and decreased metabolic activity were not induced
by proliferation or apoptosis. Exposure to 100 nM 1,25(0H),D, induced VDR, CEBPA, and
CEBPB expression, even in the preadipocyte stage. During adipogenesis, 1,25(0H),D, had
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limited effects on processes such as VDR and PPARG gene expression, but it upregulated
CEBPA expression. Conclusions: We demonstrated for the first time that 1,25(0OH),D, induces
changes in preadipocytes, including VDR expression and growth arrest, and increases the lipid
content in adipocytes treated for 16 days. Preadipocytes are important cells in adipose tissue
homeostasis, and understanding the role of 1,25(0OH),D, in adipogenesis is a crucial step in
ensuring adequate vitamin D supplementation, especially for obese individuals.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Vitamin D, is synthesized in the skin in response to ultraviolet-B light, and it is then
converted in the liver to 25-hydroxyvitamin D, (25(0H)D,), which serves as the prohormone
for the renal production of the hormone 1a,25-dihydroxyvitamin D, (1,25(0H),D,) [1]. The
bioactive metabolite 1,25(0H),D, binds to the vitamin D receptor (VDR) with high affinity,
acting as a pleiotropic endocrine hormone and influencing many physiological processes,
including gene expression [2-4]. Ligand-bound VDR forms a heterodimeric complex with the
retinoid-X receptor and binds to the vitamin D response element in the promoter region of
target genes, thereby influencing gene expression [5,6]. In addition, vitamin D, exerts VDR-
independent non-genomic activity by affecting intracellular signaling molecules [4, 7, 8].

Evidence suggests a strong association between vitamin D deficiency and obesity [9].
The hormone 1,25(0H),D, and its metabolites are lipophilic and are stored in adipose tissue,
which might explain the low serum levels of this hormone in obese individuals [10,11].
Didriksen et al. [12] demonstrated that after treatment with 1,25(0H),D, at 20,000 IU/week
for 3-5 years, adipose tissue from obese individuals with impaired glucose tolerance and/
or impaired fasting glucose contains six-fold higher 1,25(0H),D, levels than adipose tissue
from a placebo group.

At the cellular level, the expansion of adipose tissue during obesity development
involves a higher number of pre-existing adipocytes (hypertrophy) and an elevated
number of adipocytes, which is caused by the increased proliferation and differentiation
of preadipocytes [13,14]. Understanding the mechanisms that control the proliferation
of preadipocytes and the conversion of preadipocytes to adipocytes can provide new
perspectives for understanding etiology and preventing obesity and obesity-associated
disorders [15].

Considering the obesity pandemic, interest in the modulation of factors involved in
adipogenesis, such as transcription factors [16], has steadily increased. Clemente-Postigo et
al. [17] showed that VDR expression is higher in adipose tissue from morbidly obese subjects
compared to tissue from lean subjects. The increased availability of the ligand-activated
transcription factor VDR during adipogenesis and its link with obesity could be indicative of
the effect of 1,25(0H),D, [9,18].

The aim of the current study is to describe the effects of 1,25(0H),D, on the proliferation
and differentiation of human preadipocytes. We used human SGBS (Simpson-Golabi-Behmel
syndrome) preadipocytes as a model system and treated cells with two concentrations (10
nM and 100 nM) of 1,25(0H),D..

Materials and Methods

Cell culture

Human preadipocyte SGBS cells were cultured and allowed to differentiate into mature adipocytes for
16 days, as described previously [19, 20]. To determine the optimal cell density for experiments, a titration
assay was performed in a closed-system xCELLigence Real Time Cell Analyzer (RTCA) system according to
the manufacturer’s protocol (Roche Applied Science, Germany). Based on these results, a cell density of
2,000 cells/96-well plate was used in all assays.
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Study design

All cells were seeded 24 h prior to the experiment and then divided and treated according to the assay
protocol, and all evaluations were performed using three biological replicates. The cells were cultured and
differentiated using identical procedures that varied only in the time point at which the cells were treated
with 10nM or 100 nM 1,25(0H),D, (Sigma-Aldrich, USA) or with the corresponding fresh medium. Therefore,
cells were harvested at the same stage. Single and continuous treatments were performed at different cell
stages according to the requirements of each experiment. The following experimental groups (for all online
suppl. material, see www.karger.com/doi/10.1159/000491770, Suppl. Fig. S1) were examined.

Single treatments:

i) Pre: single 2-day treatment in preadipocytes (Pre) 24 h after seeding;

ii) Adipocytes: single treatments in differentiated cells, treated at the differentiation stage (T4d) or 4
(T8d), 8 (T12d), or 12 (T16d) days post-differentiation.

Continuous treatments:

iii) Pre-T : treated from the preadipocyte stage until the endpoint of the experiment (Pre-T16d);

endpoint”
iv) TOh-T apoint’ treated from the differentiation stage in conjunction with the differentiation medium
at TOh, until the endpoint of the experiment (TOh-T16d).
Control:

v) Control: untreated.

Lipid quantification and microscopic analysis

Microscopic analysis and the quantification of triglycerides in treated preadipocytes and adipocytes
were performed using AdipoRed™ (Lonza, Switzerland). The assay was performed according to the
manufacturer’s instructions, and measurements were made on a microplate spectrophotometer (excitation,
485 nm; emission, 535/25 nm; Victor 3, PerkinElmer, USA). Two time points were chosen for lipid
quantification: single preadipocyte treatment and continuous treatment from the preadipocyte stage
(groups i and iii).

Microscopic analysis was performed using an inverted microscope with a 20x lens at an optical
magnification of 460x with conventional (control cells after 16 days of differentiation) and fluorescent light
(preadipocytes) (green filter; excitation 482/18 nm; emission 532/59 nm; FLoid® Cell Imaging Station, Life
Technologies).

RTCA on an xCELLigence system

The RTCA assay provides real-time monitoring of live cells using electric impedance. Culture plates
with projecting arrays of gold microelectrodes at the base of each well allow the measurement of electrical
impedance at certain points in the experiment (Zi) relative to the background reading (Z0) to enable the
calculation of the arbitrary unit cell index (CI) (€I = %) [21]. Normalization to the initial reading yields
the normalized cell index (NCI). This electrical impedance can be affected by the morphology, adhesion, and
mobility of adherent cells and by cell content, including lipids.

RTCA assays were performed according to the manufacturer’s instructions in 96-well E-plates (Roche
Applied Science, Germany) containing adhesion solution (fibronectin [1 mg/mL] and gelatin [0.05%]).
However, after previous assays demonstrated that the cell profiles with adhesion solution were similar to
those observed in the absence of adhesion solution after 24 h (data not shown), we decided to use the
adhesion solution only for extended treatment (19 days) in the same plate.

MTT assays

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell assay used in this study
was based on a protocol described by Mosmann [22]. Applying the same treatment design as the RTCA,
the plates were divided to contain the target treatments (preadipocytes, T4d, T8d, T12d, and T16d), single
preadipocytes (group i), continuous treatments (groups iii and iv), control treatments (group v), respective
vehicle treatments, and blanks. The assays were performed in 96-well plates without adhesion solution. After
the treatment period, the contents of the wells were removed and replaced with 100 pL of 0.5 mg/mL MTT
diluted with serum-free DMEM. The cells were incubated at 37°C for 4 h, MTT solution was removed, and
100 pL of DMSO was added. Absorbance at 540 nm was measured in a spectrophotometer (Thermoplate).
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Trypan blue assay

The trypan blue assay was performed on preadipocytes to further elucidate the profiles determined by
the RTCA and MTT assays. This assay was performed only on preadipocytes treated with 1,25(0H),D, or the
vehicle for 48 h in 6-well plates. Cell numbers were determined with the trypan blue dye by an automated
cell counter (Countess®, Invitrogen).

Real-time quantitative polymerase chain reaction (RT-qPCR)

To evaluate mRNA gene expression, RT-qPCR was performed. The human preadipocytes were treated
with the vehicle or 1,25(0H),D, (10 nM or 100 nM) according to the following groups: i) single treatment
of preadipocytes (Pre) for 48 h; single treatment of preadipocytes at the differentiation stage (TOh) for ii)
4 h (TOh-T4h) or iii) 24 h (TOh-T24h); and iv) single treatment of adipocytes 11 days after differentiation
(T12d) for 24 h.

The following genes were selected from the literature based on the pathways involved: vitamin D
receptor (VDR), transcription factors related to adipogenesis (CEBPA, CEBPB, CEBPD, PPARG), regulatory
genes of 1,25(0H),D,-mediated apoptosis (CAPN1, BCL2, CASP3, CASP9), and the cell cycle (CDKN1A);
RPL13A was considered a housekeeping gene. Primer sequences are shown in (see online suppl. material)
Suppl. Table S1, and CEBPA, CEBPB, CEBPD, and CASP9 were not evaluated at T12d. Total RNA was extracted,
and the concentration and integrity were evaluated as described by Baranoski et al. [23] cDNA synthesis
was performed as described by Felicidade et al. [24]. RT-qPCR was performed using Platinum SYBR Green
gPCR Supermix-UDG (Invitrogen) in a CFX96 Real-Time System (Bio-Rad, USA).

Cell apoptosis and cell cycle analysis

The samples were analyzed by flow cytometry (Accuri C6, BD Pharmingen, USA) using BD Accuri
C6 software according to the manufacturer’s protocol. For cell apoptosis and cell cycle analysis, the cells
received a single treatment of 1,25(0OH),D, or the vehicle at the preadipocyte (Pre) stage, at TOh (TOh-
T, dpoint)' and 11 days after differentiation (T12d). Moreover, for cell cycle analysis, the T12d treatment and
the T12d analysis after each single treatment (preadipocytes and TOh) were not performed because pilot
studies showed no difference in the mature adipocyte cell cycle (data not shown). After treatment, the cells
were analyzed as follows: i) single treatment of preadipocytes for 48 h (Pre) and 24 h (Pre-T72h), 48 h
(Pre-T96h), and 12 days after differentiation (Pre-T12d; in apoptosis analysis); ii) TOh: 4 h (TOh-T4h), 24 h
(TOh-T24h), 48 h (TOh-T48h), and 12 days after differentiation (TOh-T12d; in apoptosis analysis); and, for
apoptosis analysis, iii) T12d: 11 days after differentiation for 24 h (T12d).

After the treatment period, apoptosis analysis was performed using the Annexin V-PE Apoptosis
Detection Kit (BD Pharmingen, USA) according to the manufacturer’s protocol. Three cell populations
were defined after labeling with fluorochromes as follows: viable cells (Annexin V/7-AAD negative), initial
apoptosis (Annexin V positive/7-AAD negative), and final apoptosis/necrosis (Annexin V/7-AAD positive).

For cell cycle analysis, after treatment, the cells were detached from plates using trypsin (Gibco,
Thermo Fisher Scientific, USA) and processed as described by Marques et al. [25].

A total of 10,000 events was acquired for each sample, and three experiments were conducted for both
analyses.

Statistical analysis

Results are presented as the mean + SEM. Data from RTCA, MTT, and trypan blue assays, cell apoptosis
and cell cycle analyses, and lipid quantification were analyzed by analysis of variance (ANOVA) followed
by Dunnett’s test to compare the results of the 1,25(0H),D, treatments with those of the control or vehicle
treatments using GraphPad Prism 5.0 (GraphPad Software, USA). RT-qPCR fold changes were normalized
and calculated as described by Pfaffl et al. [26], using the pairwise method fixed reallocation randomization
test in REST software (QIAGEN, 2009, Germany). Student’s t-test was used to test the difference between
treatments (in the cell apoptosis and cell cycle analyses and in RT-qPCR) and between preadipocytes and
mature adipocytes (lipid quantification). Statistical analysis was considered significant at p < 0.05 for all
treatments.
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Results

In our cell culture model, the differentiation of human SGBS [19,20] preadipocytes into
mature adipocytes was confirmed by the presence of intracellular fat vacuoles (Fig. 1A).
In addition, intracellular lipid content was measured in preadipocytes and in untreated
(control) differentiated cells or in differentiated cells treated with vehicle (ethanol), 10 nM
1,25(0H),D,, or 100 nM 1,25(0H),D,.

We observed elevated intracellular triglyceride levels for all treatments, especially for
the 1,25(0H),D, treatments, which resulted in significantly increased lipid content compared
to the vehicle (Fig. 1B). This finding confirms the effects of 1,25(0OH),D, on human SGBS
preadipocyte cells.

Because 1,25(0H),D, can modulate preadipocyte and adipocyte metabolism, we
evaluated the treatments at all cell stages and timepoints (single or continuous treatments)
and evaluated the NCI and metabolic activity of cells using the RTCA and MTT assays,
respectively.

The NCI can be affected by several cellular properties, including adhesion force, motility,
and morphological changes. The NCI was similar between 1,25(0H),D, treatments (Fig. 2).
During proliferation (preadipocyte stage), all treatments showed an increase in NCI; this
increase in NCI was especially significant for cells treated with 100 nM 1,25(0H),D, (see
online suppl. material, Suppl. Fig.S2 and Fig. 2). After the induction of differentiation (TOh),
we observed the following three major profiles, which were similar to those observed by
Berger et al. [27]: (i) the NClI initially decreased substantially, mainly because of a reduction
in cell size without a decrease in proliferation, which was revealed by the proliferation
assay and cell apoptosis analysis (Fig. 2; see online suppl. material, Suppl Fig. S3-54); (ii)
the NCI began to increase because of an increase in cell size, and cells began to enter the
first phase of cell cycle arrest (TOh-T4d) (Fig. 2; see online suppl. material, Suppl. Fig. S5),
which is necessary for preadipocyte differentiation; and (iii) the NCI decreased because of
an increase in lipid accumulation in the cells (Fig. 2; Fig. 1), which alters the cell density and
reduces adhesion forces. The same adhesion profile observed after the single treatment of

Fig. 1. Human adipocytes after the induction of
differentiation. (A) Light microscopic images of
mature adipocytes after 16 days of differentiation
and (B) lipid quantification in preadipocytes (Pre)
and adipocytes treated continuously from the
preadipocyte stage (Pre-T16d). (A) Magnification,
460x. The arrow indicates intracellular
triglycerides. (B) Student’s t-test was used to assess
significant differences between preadipocytes and
mature adipocytes (*), and ANOVA was used to
test significant differences between 1,25(0H),D,
treatments. Dunnett’s test was used to compare
findings with vehicle results after 16 days of
differentiation (#). Data are presented as the
mean = SEM. *p<0.05 and ***/#*p<0.001. 10 nM 8000
and 100 nM: 1,25(0H]2D3 concentrations; control:
untreated cells; vehicle: cells treated with ethanol;
Pre: cells treated only during the preadipocyte
stage; Pre-T16d: cells treated continuously from 2000
the preadipocyte stage; T16d: cells treated 16 days »
after differentiation. All cells were differentiated " Treatments
at the same time, and differentiation proceeded
equally among treatments for 16 days.
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Fig. 2. Normalized cellular index curve. Treatment >
of human preadipocytes and adipocytes with (A)
10 nM 1,25(0H),D, and (B) 100 nM 1,25(0H),D,
induced proliferation for 16 days. The data are
presented as the mean + SEM. 10 nM and 100 nM: | §
1,25(0H)2D3 concentrations; control: untreated
cells; Pre: cells treated only during the preadipocyte RS 240 4Gp T San  Raw i
stage; Pre-T16d: cells treated continuously
from the preadipocyte stage; TOh-T16d: cells | §
treated continuously from the differentiation ;’
stage (TOh); T4d: cells treated only 4 days after f
differentiation; T8d: cells treated only 8 days after :

—— Control
——Pre 100M
Pre-T16d 1M
——TOh-T16d 100M
——T8d 100M
——TI2d 100M

——TI6d 100M

—— Control
——Pre 1000M
Pre-T16d 100nM
——TOh-T16d 100nM
——T8d 100nM
——TI2d 1000M
——T16d 100nM

differentiation; T12d: cells treated only 12 days

after differentiation. All cells were differentiated

at the same time, and differentiation proceeded
equally among treatments for 16 days.

Fig. 3. MTT cell viability assay of (A) preadipocytes ]
treated for 48 h, (B) adipocytes induced to
differentiate after a single preadipocyte treatment,
and (C) adipocytes treated continuously from the
preadipocyte stage. The data are presented as the
mean * SEM. ANOVA was used to test significant
differences between treatments, and Dunnet’s 02
test was used to compare results with those of the
vehicle treatment. The data are presented as the
mean = SEM. *p<0.05, **p<0.01, and ***p<0.001. !
10 nM and 100 nM: 1,25(0H),D, concentrations;
vehicle: cells treated with ethanol; Pre: cells treated
only during the preadipocyte stage; Pre-T16d: cells
treated continuously from the preadipocyte stage.
All cells were differentiated at the same time, and
differentiation proceeded equally among treatments
for 16 days. 0
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preadipocytes was observed for continuously treated preadipocytes and for preadipocytes
treated from TOh (Fig. 2), i.e., the cells showed an increase in NCI compared with the control
during the preadipocyte stage and the first 4 days after differentiation, and they showed a
decrease from T8d onwards. The NCI of these cells decreased significantly with 1,25(0H),D,
treatments at T12d and T16d compared with the control (see online suppl. material, Suppl.
Fig. S2; Fig. 2). The lipid accumulation results (Fig. 1B) are consistent with the NCI profile
in cells treated continuously from the preadipocyte stage (Pre-T16d); at T16d, these cells
exhibited the lowest NCI, which is associated with high levels of lipids droplets.

The hormone 1,25(0H),D, acted on preadipocytes. A decrease in metabolic activity
was observed in single preadipocyte treatments with 100 nM 1,25(0H),D, (Fig. 3A) even
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after 16 days of differentiation (Fig. 3B), whereas treatment with 10 nM 1,25(0H),D, led to a
decrease in metabolic activity at only T12d and T16d compared with the vehicle treatment.
These results suggest a cumulative effect of 1,25(0H),D, treatment (Fig. 3B). Any effect on
metabolic activity was observed when the preadipocytes were treated continuously from the
differentiation stage (TOh) (see online suppl. material, Suppl. Fig. S6), whereas continuous
1,25(0H),D, treatment from the preadipocyte stage had effects similar to those of the
single preadipocyte treatments (Fig. 3C). Adipocytes obtained from TOh until 16 days after
differentiation appeared to show decreased sensitivity to 1,25(0H),D, treatment (see online
suppl. material, Suppl. Fig. S6).

Furthermore, we observed a decrease in fluorescence in cells subjected to 1,25(0H),D
treatment during the preadipocyte stage (Fig. 4A). Subtle differences in cell morphology
were also observed between 1,25(0H),D, -treated cells and vehicle-treated or control cells;
1,25(0H),D-treated cells were more elongated and showed the characteristics of fibroblasts
(compared to control and vehicle), which could be consistent with the increase in NCI (Fig.
4A; Fig. 2). The results of the image analysis and the decreased MTT absorbance values
revealed that 100 nM 1,25(0H),D, decreased intracellular lipid levels (Fig. 4B), indicating a
possible decrease in metabolic activity.

The ability of 1,25(0H),D, to induce growth arrest has been widely studied in cancer
cells, butit was observed here for the first time in human preadipocytes. Human preadipocyte
cells demonstrated G1 growth arrest after 1,25(0H),D, treatment, which also decreased the
number of cells in the S phase (Fig. 4C). In addition, the increase in cells in the G2 phase

Fig. 4. Results of 1,25(0H),D, treatment of
human preadipocytes for 48 h. (A) Fluorescence
microscopy analysis, (B) lipid quantification, '
and (C) cell cycle analyses. ANOVA was used to
test significant differences between treatments,
and Dunnet’s test was used to compare results
with those of the vehicle treatment. The data are
presented as the mean * SEM. *p<0.05, **p<0.01,
and ***p<0.001. Control: untreated cells; vehicle:
cells treated with ethanol; 1,25D: 1,25(0H),D,
Pre: cells treated only during the preadipocyte
stage for 48 h; 10 nM and 100 nM: 1,25(0H),D,
concentrations.
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Fig. 5. Effects of 1,25(0H),D, on human preadipocyte .
gene expression. The data are presented as the
mean * SEM. REST software was used to calculate
significant differences between normalized fold .
changes. Student’s t-test was used to test significant
differences between 1,25(0H),D, concentrations.
1,25D: 1,25(0H),D, ***p<0.001, and tp < 0.065.

01.25D 10nM

+ mi2sp10mM

wkE
4 ok

N

observed in our cell cycle analysis after the induction of differentiation is associated with
mitotic clonal expansion. This observation is common in murine cells and is consistent with
the NCI profile observed (see online suppl. material, Suppl. Fig. S5; Fig. 2).

To confirm the effects of 1,25(0OH),D, on human preadipocytes, we evaluated the
expression of VDR and genes associated with adipogenesis. Treatment with 100 nM
1,25(0H),D, upregulated the expression of VDR, and this is the first observation of this
effect in human preadipocytes; this treatment also upregulated CEBPA and CEBPB, which
are transcription factors involved in adipogenesis (Fig. 5). Consistent with the proliferation
assay and cell apoptosis analysis, BCLZ was upregulated in the 100 nM 1,25(0H),D,
treatment (Fig. 5). In cells induced to differentiate, RT-qPCR showed significant upregulation
of CEBPA expression 24 h after treatment with 10 nM 1,25(0H),D, (p = 0.037) and a trend
toward further upregulation at 100 nM 1,25(0H),D, (p = 0.063) (see online suppl. material,
Supple. Fig. S7B). Any changes in gene expression were observed in preadipocytes treated
and differentiated for 4 h and in adipocytes treated 11 days after differentiation (see online
suppl. material, Suppl. Fig. S7B and S7D).

Fold change

CEBPA CEBFB BCL2
Genes

Discussion

Subcutaneous adipose tissue (SAT), the largest adipose tissue depot in humans, is the
preferred site for the storage of excess fat and a target organ for 1,25(0H),D, [28]. Obesity
was recently demonstrated to be a risk factor associated with vitamin D, deficiency [29, 30],
which could result from the sequestration or volumetric dilution of vitamin D, in adipose
tissue [31-33]. Because adipose tissue expresses VDR, mainly during differentiation, and
because it expresses metabolizing enzymes, e.g., CYP27B1 and CYP24A1, studying the role
of 1,25(0H),D, in human adipocytes at different stages is a relevant field of study, especially
because vitamin D, deficiency (including 1,25(0H),D, deficiency) and obesity have reached
epidemic proportions [18, 28, 33, 34].

In previous studies, adipocyte differentiation was mostly studied in immortalized
rodent preadipocyte cell lines, which are aneuploid and are therefore unable to represent
complex human mechanisms. Newly isolated human preadipocytes have also been used;
although diploid, these cells exhibit donor-dependent variability and limited viability [15].
To overcome these problems, we studied the effects of 1,25(0H),D, on the proliferation
and differentiation of SGBS preadipocytes. These cells represent a non-immortalized and
unprocessed human cell line that maintains good homogeneity between passages [20].

We confirmed that the SGBS cell model was suitable for studying adipogenesis because
this model revealed the essential cell characteristics of each stage, including ploidy and
mitotic clonal expansion. Our results also demonstrated that the protocol for differentiation
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induced cell maturation, and after 16 days, the cells showed significantly increased lipid
content independent of treatment.

In this study, we investigated the effects of 1,25(0H),D, on human preadipocyte
and mature adipocyte proliferation and adipogenesis (differentiation) using SGBS cells.
1,25(0H),D, was confirmed to play a role in preadipocyte proliferation; preadipocytes were
the main target of 1,25(0H),D, activity in this study.

Differences in 1,25(0H),D, treatment yielded varying effects according to cell stage,
which indicates different modes of action driving proliferation and differentiation. While
the differentiation stage has been well studied in vitro and in in vivo animal models, the
proliferation of preadipocytes remains poorly investigated [15].

The cells were seeded at a density established prior to the RTCA assay; this density
demonstrated an appropriate proliferation rate to evaluate the proliferation stage and
was consistent with the study by Dahl [35]. Our study is the first to also evaluate the real-
time proliferation and differentiation of human preadipocytes using SGBS cells via the
XxCELLigence system, and we demonstrated measurable changes in preadipocytes subjected
to 1,25(0H),D, treatment (see online suppl. material, Suppl. Fig. S2 and Fig. 2).

In preadipocytes, both concentrations of 1,25(0H),D, induced G1 growth arrest with
a consequent decrease in the percentage of the cell population in the S phase without
alteration in CDKN1A gene expression (see online suppl. material, Suppl. Fig. S7A). Growth
arrest was followed by decreased MTT absorbance and lipid concentration in cells treated
with 100 nM 1,25(0H),D,. Increased NCI values and decreased metabolic activity were not
induced by proliferation or apoptosis. Gene expression analysis revealed no changes in
caspase expression (see online suppl. material, Suppl. Fig. S7A), although BCL2 expression
increased significantly in cells treated with 100 nM 1,25(0H),D,. In addition, 100 nM
1,25(0H),D, induced VDR, CEBPA, and CEBPB expression, even at the preadipocyte stage.
During adipogenesis, 1,25(0H),D, had limited effects on VDR and PPARG gene expression,
but it upregulated CEBPA expression (see online suppl. material, Suppl. Fig. S7B). We also
observed that the NCI of cells treated with 100 nM 1,25(0H),D, during the adipogenesis stage
increased without any changes in MTT measurements. As expected, differentiated adipocytes
demonstrated less sensitivity to 1,25(0H),D, treatment compared with preadipocytes, which
could be the result of a known decrease in VDR expression in adipocytes [16].

The ability of 1,25(0H),D, to induce growth arrest has been widely studied in cancer
cells, such as ovarian, prostate, breast, and gastric cancer cells [36-39], but this is the first
report of this effect in human preadipocytes.

Human preadipocytes are fibroblast-like cells that constitute 15-50% of the cells in
adipose tissue [20, 40, 41]. The main role of preadipocytes is to differentiate into functional
mature adipocytes to improve insulin sensitivity and avoid ectopic fat deposition, which are
associated with insulin resistance, metabolic syndrome, and cardiovascular disease [42].
Preadipocyte differentiation follows a well-established program: i) preadipocytes enter a
state of growth arrest, ii) growth-arrested preadipocytes synchronously re-enter the cell
cycle and undergo mitotic clonal expansion when induced to differentiate, iii) cells proceed
through one or two rounds of the cell cycle, and iv) the induction of a gene expression
cascade produces the adipocyte phenotype [43]. The first transcription factors expressed
during adipogenesis are CEBPB and CEBPD, followed by PPARG and CEBPA [44].

Our data cannot prove that 1,25(0H),D, promotes preadipocyte differentiation [18,
34]. However, the observed decrease in NCI at T16d in cells treated continuously from the
preadipocyte stage and from TOh (Fig. 2 and see online suppl. material, Suppl.Fig. S2E) is
consistent with the results of Berger et al. [27], which demonstrated that cell adhesive forces
decrease due to changes in lipid content. Lipid quantification analysis further confirmed
that cells treated from the preadipocyte stage contained more triglycerides than control and
vehicle-treated cells (Fig. 1B).

Furthermore, treatment with 100 nM 1,25(0H),D, induced changes in human
preadipocyte proliferation via mechanisms similar to those described for preadipocyte
differentiation, specifically growth arrest and changes in the primary transcription factors
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of adipogenesis. Moreover, growth arrest was demonstrated to increase cell adhesion
forces and cell size, which are both consistent with the observed increase in NCI (Fig. 2
and see online suppl. material, Suppl. Fig. S2) [27]. The decrease in MTT values (Fig. 3)
was unrelated to cell death/apoptosis or to decreased cell proliferation (Fig. 4C, and see
online suppl. material, Suppl. Fig. S3-S5). Because reductions in MTT are NADH- and NAD(P)
H-dependent, decreases in metabolic activity are followed by impairments in reduction rate
[23], as verified by the impaired uptake of lipids observed in preadipocytes treated with 100
nM 1,25(0H),D, (Fig. 4C). Insulin is necessary to induce adipogenesis and lipogenesis, partly
because PPARG is activated in the presence of insulin [27]. As demonstrated by our results,
PPARG expression was not induced in preadipocytes, possibly because of the absence of
insulin in the growth medium.

We demonstrated for the first time that 1,25(0H),D, induces changes in preadipocytes,
including VDR expression and growth arrest, and increases the lipid content of adipocytes
treated for 16 days. Preadipocytes are important cells in adipose tissue homeostasis, and
understanding the role of 1,25(0H),D, in adipogenesis is a crucial step to ensure adequate
1,25(0H),D, supplementation, especially among obese individuals. Further studies on
human preadipocytes treated with 1,25(0H),D, are necessary to confirm the mechanisms
observed and elucidate the mechanisms of 1,25(0H),D, activity in adipose tissue.
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