Bzl SPANDIDOS
7] ,§, PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 38: 1135-1140, 2016

Metformin-suppressed differentiation of human visceral
preadipocytes: Involvement of microRNAs
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Abstract. Visceral adipose tissue contributes to the patho-
physiology of metabolic syndrome. Metformin has been
reported to suppress lipogenesis in a murine preadipocyte
cell line. However, the effect of metformin on the differen-
tiation of human visceral adipose tissue remains unknown.
MicroRNAs (miRNAs or miRs) have been suggested as
therapeutic targets because of their involvement in the differ-
entiation and maturation of fatty cells. The aim of this study
was to determine whether metformin suppresses the differ-
entiation of human preadipocytes and to identify miRNAs
associated with the regulation of lipid metabolism. Human
visceral preadipocytes (HPrAD-vis) were preincubated in
growth media and then cultured with differentiation media
containing metformin for 1 or 2 weeks. Adipogenic differen-
tiation of the cells was assessed by Oil Red O staining, and
soluble adiponectin in the culture media was measured using
an enzyme-linked immunosorbent assay. Cell proliferation was
assessed using a WST-8 assay, and the gene and protein expres-
sion of peroxisome proliferator-activated receptor y (PPARY)
and CCA AT-enhancer-binding protein a (C/EBPa) was deter-
mined by RT-qPCR and western blot analysis, respectively.
miRNAs were profiled using human miRNA Oligo chips
after total RNA was extracted and labeled. Oil Red O staining
showed that metformin suppressed the accumulation of lipid
droplets in HPrAD-vis cells. The adiponectin concentration
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in the culture media was also decreased in metformin-treated
cells. The WST-8 assay revealed no effect on proliferation or
growth inhibition following metformin treatment, although
metformin suppressed the expression of PPARy and C/EBPa.
miRNA profiling further revealed differences between the
metformin-treated group and control HPrAD-vis cells. Thus,
the findings of the present study demonstrated that metformin
suppressed the differentiation of human preadipocytes in vitro
and altered the miRNA profile of these cells. Thus, the
miRNAs whose expression levels were altered by metformin
may contribute to the observed suppression of HPrAD-vis cell
differentiation.

Introduction

Visceral adipose tissue contributes to the pathophysiology
of metabolic syndrome, which includes conditions such as
insulin resistance, hypertension, hyperlipidemia and hyperuri-
cemia (1,2). The basic strategy to treat metabolic syndrome
is diet and exercise to prevent patients from cardiovascular
disease and diabetes mellitus (3). However, visceral obesity
negates efforts to cut down on the energy supply and metabo-
lize excess energy (1). Medication or surgery is considered
when lifestyle alteration fails, although the indication for
bariatric surgery is limited to severely obese cases and those
complicated with organ failure (4). Thus, the majority of meta-
bolic syndrome cases with no response to diet and exercise are
treated with medication.

Metformin is an oral biguanide drug that was intro-
duced into clinical practice in the 1950s for the treatment of
type 2 diabetes (5). Although metformin has been reported
to suppress lipogenesis in a murine preadipocyte cell line,
in contrast to thiazolidine, which induces the maturation of
preadipocytes (6,7), the effect of metformin on human visceral
adipose tissue has not been clearly demonstrated.

MicroRNAs (miRNAs or miRs) have been suggested as
therapeutic targets in metabolic syndrome due to their role in
the maturation of fat cells and the differentiation of adipo-
cytes from mesenchymal stromal stem cells (8-10).

The aim of the present study was to determine whether
metformin suppresses the differentiation of human
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preadipocytes and to identify miRNAs associated with the
regulation of lipid metabolism in these cells.

Materials and methods

Reagents. Primary antibodies for peroxisome prolifer-
ator-activated receptor y (PPARY) (cat. no. ab27649) and
CCAAT-enhancer-binding protein a (C/EBPa) (cat. no.
ab40761) were supplied by Abcam (Cambridge, UK). The
primary antibody for 3-actin (cat. no. AC-15) was obtained from
Sigma Aldrich (St. Louis, MO, USA). The primers and probes
used in RT-qPCR for PPARY (Assay ID: Hs01115513_m1),
C/EBPa (assay ID: Hs00269972_s1) and p-actin (assay ID:
Hs01060665_g1) were supplied by Life technologies (Carlsbad,
CA, USA).

Cell line and culture. Poietics™ human visceral preadipocytes
(HPrAD-vis) were purchased from Lonza (Walkersville, MD,
USA). Cells were plated and subcultured according to the
manufacturer's instructions. Briefly, the cells were suspended in
growth media at 1x10° cells/ml, and 1.5 ml of the cell suspen-
sion was seeded in 6-well dishes. The cells were incubated for
24 h. For the treated group, 1.5 ml of differentiation media
(containing insulin, dexamethasone, indomethacin and isobutyl-
methylxanthine) including 2 or 10 mM metformin was added
to the growth media in each well, yielding final concentrations
of metformin of 1 and 5 mM, respectively. As a control, 1.5 ml
of differentiation media without metformin was added to the
control cells in growth media. Cells or media were harvested at
the indicated time points.

Oil Red O staining. Adipogenic differentiation of the
cells was assessed with Oil Red O staining as previously
described (11). The cells were washed with PBS and fixed
in 4% paraformaldehyde for 10 min. The cells were then
washed with 3% isopropanol, followed by staining with
newly filtered Oil Red O staining solution for 10 min. After
washing with distilled water, the cells were destained in 100%
isopropanol for 15 min. The stained area was measured using
Image J (NIH, Bethesda, MD, USA).

Enzyme-linked immunosorbent assay for adiponectin in
culture media. The adiponectin concentration in the culture
media was measured using an enzyme-linked immunosor-
bent assay with human Adiponectin/Acrp30 (R&D systems,
Minneapolis, MN, USA) (12). The assay was performed
according to the manufacturer's protocol.

Cell proliferation assay. Cell proliferation was evaluated
using a WST-8 assay, as previously described (13,14). Briefly,
cell growth was measured with 10% WST-8 (Dojindo
Laboratories, Tokyo, Japan) in a microplate reader according
to the absorbance at 450 nm at the indicated time point.

RT-qPCR. Reverse-transcription and qPCR were performed
to measure changes in messenger RNA (mRNA) expression
following metformin treatment. Tagman® Gene Expression
Assays (Life Technologies) were used to determine the expres-
sion level of mRNAs, and [-actin was used as an internal
control. mRNAs were reverse transcribed using the Tagman®
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RNA Reverse Transcription kit (Life Technologies) according
to the manufacturer's protocol. Briefly, total RNA was extracted
using the RNeasy Mini kit (Qiagen, Venlo, The Netherlands)
and diluted to 1.0 ng/ul. Reverse transcription was performed
in a 20 pl reaction volume consisting of 10 ul of RNA, 2 ul
of 10X RT random primers and 8 ul of reverse transcription
master mix. As a result, 0.5 ng/ul of cDNA was produced per
tube. The PCR reaction was performed in a final volume of
20 pl, consisting of 2 ul of cDNA (0.5 ng), 1 pl of 20X qPCR
assay mix, 7 pl of nuclease-free water and 10 ul of Tagman®
Fast Universal Master mix according to the manufacturer's
protocol. The cDNA was amplified and quantified using
StepOnePlus™ (Life Technologies). The mRNA expression
levels were standardized to 3-actin.

Western blot analysis. The cell lysates were processed as
previously described (15). All the steps were carried out at
4°C. Protein concentrations were measured using a spectro-
photometer Nano Drop 2000 (Thermo Fisher Scientific Inc.,
Wilmington, DE). The samples were electrophoresed using
10% SDS-PAGE gels, and the proteins were transferred
to nitrocellulose membranes. The membranes were then
incubated with primary antibodies after being blocked and
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies. Immunoreactive proteins were visual-
ized with an enhanced chemiluminescence detection system
(PerkinElmer, San Jose, CA, USA) on X-ray film, as previ-
ously described (13,14).

miRNA array analysis. Total RNA of cultured cells was
extracted using the miRNeasy Mini kit (Qiagen) as previ-
ously described (13,14,16-21). The samples were labeled using
a miRCURY Hy3 Power Labeling kit (Exiqon, Vedbaek,
Denmark) and hybridized onto a human miRNA Oligo chip,
version 14.0 (Toray Industries Inc., Tokyo, Japan). Scanning
was conducted using a 3D-Gene Scanner 3000 (Toray
Industries Inc.). 3D-Gene extraction software (ver. 1.2, Toray
Industries Inc.) was used to read the raw intensity of the
image. The raw data were analyzed with GeneSpringGX
ver. 10.0 (Agilent Technologies, Santa Clara, CA, USA)
and quantile normalized (22). The fold-changes in miRNA
expression level between the treated and control groups were
calculated. Hierarchical clustering was accomplished using
the furthest neighbor method and Pearson's product-moment
correlation coefficients as a metric.

Results

Metformin suppresses the differentiation of preadipocytes
with no proliferative effect on the cells. We studied the effect
of metformin on the maturation of HPrAD-vis cells through
morphological analysis with Oil Red O staining. Metformin
(1 and 5 mM) significantly reduced lipid droplet accumulation
in preadipocytes, as shown in Fig. 1A and B.

We also analyzed adiponectin secretion by measuring
the concentration in the culture media. As shown in Fig. 1C,
metformin decreased the adiponectin concentration on days 7
and 14 of culture. However, according to the WST-8 assay,
metformin did not have any proliferative or growth-inhibitory
effect on the cells.
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Figure 1. Metformin suppresses the maturation of human visceral preadi-
pocytes with no suppression of cell growth. (A) Metformin suppresses lipid
droplet accumulation in human visceral preadipocytes. Oil Red O staining of
HPrAD-vis cells was performed after 2 weeks of culture with or without met-
formin. The stained area was reduced in metformin-treated cells compared
to non-treated cells, x200. (B) The relative stained area of metformin-treated
cells and non-treated cells. Cells were cultured for 1 or 2 weeks with or
without metformin. The stained areas per x200 field were measured using
Image J. (C) Adiponectin secretion from HPrAD-vis cells is decreased fol-
lowing treatment with metformin. The cells were cultured for 1 or 2 weeks
with or without metformin (n=3). The adiponectin concentration in the cul-
ture media was determined by ELISA with the specific antibody Acrp30. (D)
Metformin did not suppress the growth of fatty cells. Cells were incubated
with or without metformin for 1 week. Cell proliferation was measured using
a WST-8 assay (n=6). (E) Genes involved in the differentiation and matura-
tion of preadipocytes are downregulated by metformin. Cells were incubated
for 1 week with or without metformin. The relative expression of PPARy and
C/EBPa in metformin-treated cells compared to non-treated cells was deter-
mined using RT-qPCR with relative quantification (n=3). f-actin was used
as an internal control gene. (F) Effect of metformin on gene expression was
confirmed by western blot analysis. The cells were incubated for 1 week with
or without metformin. The protein expression level of C/EBPa decreased
after treatment. HPrAD-vis, human visceral preadipocytes; ELISA, enzyme-
linked immunosorbent assay; PPARY, peroxisome proliferator-activated
receptor v; C/EBPa, CCA AT-enhancer-binding protein a.
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Table I. Statistical results and chromosomal locations of
miRNAs in HPrAD-vis cells treated with 5 mM metformin for
1 week compared to control cells (P<0.05).

Fold-change

Name (treated/control) SD  P-value Location
miR-664a-5p 2.57 0.406 0.0090 1
miR-3687* 2.34 0910 0.0229 21
miR-4664-3p 2.30 0904 0.0153 8
miR-1246° 1.78 0.363 0.0107 2
miR-4783-3p 1.74 0.183 0.0010 2
miR-4656 1.58 0.266 0.0019 7
miR-1539 0.64 0362 0.0136 18
miR-148b-3p* 0.64 0.198 0.0109 12
miR-4638-3p 0.63 0.165 0.0170 5
miR-515-5p 0.62 0.325 0.0205 19
miR-134 0.61 0273 0.0313 14
miR-939-5p 0.60 0.239 0.0360 8
miR-378a-3p* 0.54 0.069 0.0004 5
miR-378i* 0.49 0.090 0.0115 22
miR-422a* 0.45 0.066 0.0068 15
miR-425-3p 042 0.185 0.0420 3
miR-661 0.42 0307 0.0244 8
miR-615-5p 0.40 0.233 0.0481 12
miR-3160-3p 0.21 0.019 0.0037 11

miRNAs were matched to miRNAs extracted from cells treated
with 5 mM metformin for 2 weeks as shown in Table II. miRNAs,
microRNAs; HPrAD-vis, human visceral preadipocytes; SD, standard
deviation.

We then examined whether the expression levels of key genes
involved in adipocyte differentiation (PPARYy and C EBPa)
were altered by metformin. The mRNA expression of PPARy
and C/EBPa was downregulated by metformin treatment on
day 7 (Fig. 1D). Downregulation of C/EBPa translation was
confirmed by western blot analysis (Fig. 1E). These experi-
ments were repeated three times, and identical results were
obtained.

Differences in miRNA expression in HPrAD-vis cells
cultured in vitro with and without metformin. Using custom
microarrays, we analyzed the expression of human miRNAs
in HPrAD-vis cells treated with or without metformin. As
shown in Table I, for HPrAD-vis cells treated with or without
5 mM metformin, 6 miRNAs were significantly upregulated
after 1 week of metformin treatment, while 13 miRNAs were
downregulated. After 2 weeks of 5 mM metformin treatment,
27 miRNAs were significantly upregulated and 6 miRNAs
were downregulated compared to the control (Table II). As
shown in Tables I and II, 2 upregulated miRNAs (miR-3687
and miR-1246), 4 downregulated miRNAs including
miR-378 family members were observed in the cells cultured
for 1 and 2 weeks with metformin. The expression level of
miR-1246 increased in a time-dependent manner.
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Table II. Statistical results and chromosomal locations of
miRNAs in HPrAD-vis cells treated with 5 mM metformin for
2 weeks compared to control cells (P<0.05).

Fold-change

Name (treated/control) SD  P-value Location
miR-1246* 322 0.450 0.0006 2
miR-600 2.58 1.002 0.0052 9
miR-1238-5p 241 0441 0.0017 19
miR-3687* 2.28 0423 0.0034 21
miR-1185-1-3p 2.28 0.233 0.0012 14
miR-1229-5p 2.08 0.160 0.0017 5
miR-671-5p 2.03 0314 0.0209 7
miR-371a-5p 2.02 0.241 0.0225 19q13
miR-5006-5p 1.99 0.306 0.0339 13
miR-651 1.97 0497 0.0448 X
miR-4465 1.93 0.222  0.0079 6
miR-4756-5p 191 0.208 0.0352 20
miR-4632-3p 1.88 0.584 0.0251 1
miR-643 1.87 0397 0.0319 19
miR-513a-5p 1.85 0.259 0.0039 X
miR-1292-5p 1.85 0416 0.0155 20
miR-4714-3p 1.77 0.693 0.0408 15
miR-1185-2-3p 1.75 0271 0.0359 14
miR-1273a 1.72 0.369 0.0236 8q22.2
miR-202-5p 1.71 0437 0.0495 10
miR-4747-3p 1.66 0.239 0.0134 19
miR-4787-3p 1.63 0.356 0.0431 3
miR-4321 1.62 0.267 0.0262 19
miR-1343 1.60 0.233 0.0008 11
miR-4257 1.58 0.149 0.0014 1
miR-4688 1.57 0.152 0.0014 11
miR-675-5p 1.51 0.041 0.0003 11
miR-148b-3p* 0.65 0.064 0.0285 12
miR-22-5p 0.64 0.049 0.0007 17
miR-145-5p 0.64 0.067 0.0014 5
miR-4697-3p 0.61 0.308 00115 11925
miR-581 0.59 0.281 0.0168 5
miR-4443 0.59 0.045 0.0005 3
miR-224-5p 0.59 0.065 0.0004 X
miR-143-3p 0.58 0.064 0.0015 5
miR-335-5p 0.56 0.101 0.0166 7
miR-484 0.55 0.084 0.0030 16
miR-339-5p 0.54 0.133 0.0070 7
miR-223-3p 0.52 0.149 0.0311 X
miR-652-3p 048 0.246 0.0226 X
miR-1255a 047 0.156 0.0074 4
miR-422a* 0.46 0.048 0.0020 15
miR-378b 045 0.370 0.0192 3
miR-135b-5p 043 0.239 0.0201 1
miR-548b-5p 043 0.252 0.0045 6
miR-302e 0.42 0250 0.0209 11pl5
miR-378a-3p* 041 0.044 0.0001 5
miR-3616-5p 041 0.229 0.0208 20
let-7e-3p 0.40 0.208 0.0055 19
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Table II. Continued.

Fold-change

Name (treated/control) SD  P-value Location
miR-4444 0.40 0.118 0.0455 2
miR-378c 0.40 0.091 0.0055 10
miR-377-5p 0.38 0203 0.0325 14
miR-378i 0.37 0.120 0.0014 22
miR-517-5p 0.36 0274 0.0225 19
miR-183-3p 0.34 0.180 0.0222 7

“miRNAs were matched to miRNAs extracted from cells treated
with 5 mM metformin for 1 week as shown in Table I. miRNAs,
microRNAs; HPrAD-vis, human visceral preadipocytes; SD, standard
deviation.

Unsupervised hierarchical clustering analysis, using
Pearson's correlations, showed that HPrAD-vis cells treated
in vitro for 1 or 2 weeks with metformin clustered separately
from the untreated cells (Fig. 2). The subset of 19 miRNAs in
HPrAD-vis cells treated for 1 week with metformin and the
33 miRNAs detected in HPrAD-vis cells treated for 2 weeks
were found to exhibit >1.5-fold alterations in the expression
levels between the metformin-treated and control groups.
These microarray data are registered at the NCBI Gene expres-
sion Omnibus (GEO) under accession number GSE55665.

Discussion

In the present study, metformin suppressed lipid accumula-
tion and adiponectin secretion with no suppression of cell
growth. In addition, the expression levels of PPARy and
C/EBPa in HPrAD-vis cells were altered following treatment,
indicating that metformin suppressed the differentiation of
human preadipocytes (6,23,24). Additionally, the miRNA
profiles of metformin-treated preadipocytes and control cells
showed differential clustering. In particular, the expression
of miR-1246 and miR-3687 increased following metformin
administration, while the expression of miR-378 family
members was decreased.

Differentiation of preadipocytes is associated with the
accumulation of lipid droplets in the cells. Preadipocytes
differentiate in mature fatty cells when they are exposed to an
excess energy supply, such as through overnutrition (7). Mature
adipocytes secrete several types of adipokines, including
adiponectin (23). Additionally, the differentiation of adipo-
cytes from mesenchymal stromal stem cells is characterized
by alterations in genes such as PPARy and C/EBP (25). Indeed,
PPARY and C/EBPa are representative of the genes upregu-
lated in preadipocytes during the differentiation process from
preadipocytes to mature adipocytes (24).

In a previous report, metformin was shown to suppress
lipid droplet accumulation in murine preadipocytes (6).
Similarly, in the present study, human preadipocytes showed
reduced lipid accumulation without a decrease in cell numbers.
Furthermore, the secretion of adiponectin, the mRNA expres-
sion of PPARy and C/EBPa and the protein expression of
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Figure 2. Hierarchical clustering of miRNAs from HPrAD-vis cells. Hierarchical clustering was performed for miRNA expression profiles of control
HPrAD-vis cells and cells cultured with 5 mM metformin for 1 (left-side panel) or 2 weeks (left-side panel). The samples are arranged in columns and
miRNAs in rows. The miRNA clustering tree is shown on the left, and the sample clustering tree is shown at the top of each heat map. The heat maps show the
relative expression intensity for each miRNA in which the base-2 logarithm of the intensity is median-centered for each row. The color-coding is indicated as
a horizontal bar at the bottom left. The six miRNAs with an asterisk are common between data from 1 week incubation with metformin (P<0.05) and 2 weeks
incubation with the reagent (P<0.005) regardless of fold-change (n=5). miRNAs, microRNAs; HPrAD-vis, human visceral preadipocytes.

C/EBP in human preadipocytes decreased under metformin
administration, similar to previous findings on murine preadi-
pocytes (6). Collectively, our results suggest that metformin
inhibits the differentiation of human preadipocytes.
Adipocyte differentiation is regulated via miRNAs; these
small non-coding RNAs target the mRNAs of genes involved
in each step of the differentiation from mesenchymal stromal
stem cells to mature adipocytes (26). miRNAs are evolution-
arily endogenous non-coding RNAs that have been identified
as post-transcriptional regulators of gene expression. miRNAs
bind mainly to the 3' untranslated regions (UTRs) of target
mRNAs, resulting in mRNA degradation or the blockade of

mRNA translation (27,28). Thus, miRNAs play crucial roles
in the differentiation, maturation and intracellular metabo-
lism of cells and the effects of various drugs, as shown in the
findings of the present study (13,14,16-21). Several miRNAs
have been shown to contribute to lipid metabolism (8), with
roles for miRNAs reported for lipid synthesis, metabolism,
transportation and storage.

In the present study, upregulation of miR-1246 and
miR-3687 and downregulation of the miR-378 family were
found to be involved in the differentiation of preadipocytes.

Mice genetically lacking miR-378 family members are
known to be resistant to high-fat diet-induced obesity (10).
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In addition, miR-378 family members were found to be
downregulated in murine preadipocytes, the differentiation of
which was suppressed by metformin treatment (29). Therefore,
metformin may exert its inhibitory effect on visceral adipo-
cytes via downregulation of the miR-378 family.

Our data further suggest that the upregulation of miR-1246
and miR-3687 and downregulation of miR-422a are associated
with the effect of metformin on the inhibition of preadipocyte
differentiation. To the best of our knowledge, this report is the
first to describe the association between three miRNAs above
and lipid metabolism. Notably, mice and rats lack miR-1246,
miR-3687 or miR-422a. Thus, the murine in vitro model was
not used to examine the expression levels of these miRNAs
following metformin treatment. The significance of miR-1246,
miR-3687 and miR-422a in adipogenesis and the maturation
of preadipocytes thus remains to be investigated.

In a previous study, miR-137 was shown to play a role in
the differentiation of preadipocytes (30). However, our results
showed that miR-137 expression was not altered during the
differentiation of preadipocyte cells. Thus, the role of miR-137
in preadipocyte maturation should be investigated further in
future studies.

In conclusion, metformin suppresses the maturation of
human preadipocytes in vitro and altered the miRNA profile
of cells. In particular, our results identify miR-1246, miR-3687
and miR-422a as promising therapeutic targets for the treat-
ment of visceral obesity.
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