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Abstract
The prevalence of obesity is increasing all over the world. Although it has been shown that natural substances influence fat

metabolism, little is known about the effect on cellular and molecular mechanisms in human. In this in vitro study, the activity

of Rosmarinus officinalis (RO) standardized extract in modulating human primary visceral preadipocytes differentiation, lipolysis,

and apoptosis was investigated. Moreover, gene expression of key adipogenesis modulators and microRNAs-seq were evalu-

ated. Preadipocytes treated with RO extract significantly reduced triglyceride incorporation during maturation in a dose-depen-

dent manner without affecting cell viability. In addition, RO extract stimulated lipolytic activity in differentiating preadipocytes and

mature adipocytes in treated cells compared to controls. Differentiating preadipocytes incubated in the presence of RO extract

showed a decreased expression of cell cycle genes such as cyclin D1, cyclin-dependent kinase 4, cyclin-dependent kinase

inhibitor 1A (p21, Cip1) and an increased expression of GATA binding protein 3, wingless-type MMTV integration site family,

member 3A mRNA levels. Recent studies have demonstrated that some phytochemicals alter the expression of specific genes and

microRNAs that play a fundamental role in the pathogenesis of obesity and related diseases. Interestingly, genes modulated in

RO-treated cells were found to be validated miRNAs targets, such as let-7f-1, miR-17, and miR-143. The results indicated that RO

extract modulates human adipocyte differentiation and significantly interferes with adipogenesis and lipid metabolism, supporting

its interest as dietary supplement.
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Introduction

Human obesity is a serious health problem all over the
world in both developed and developing countries.1,2

Obesity is the result of a positive energy balance,
where the adipose tissue is the primary site for energy
storage. It is also well established that the adipose tissue
is an endocrine organ responsible for the secretion of
numerous adipokines that overall play a key role not
only in the control of energy balance, but also in the
maintenance of the metabolic homeostasis.3,4 Increased
metabolic disorders and diseases, such as type-2 diabetes,
dyslipidemia, hypertension, and cardiovascular diseases
are associated with obesity.5–7 At cellular level, obesity
is characterized by hypertrophy (cell size increase) and
hyperplasia (cell number increase) of adipocytes, pro-
cesses that are largely dependent on the regulation of
adipocyte differentiation.8

Therapies against obesity, based on lifestyle modifica-
tions and pharmacological drugs, have failed to provide

lasting weight loss in obese and overweight people.9

At this regard, the potential treatments against obesity

would target adipocytes, the formation of new mature adi-

pocytes from undifferentiated precursors, and their molecu-
lar pathways.10 Evidences suggest that the phytochemical

constituents of natural extracts may exert antiobesity effects

by inhibiting adipogenesis and attenuating the growth of
adipose tissue by inducing apoptosis and promoting lipoly-

sis of mature adipocytes.11–14

Rosmarinus officinalis (RO) is a woody, perennial herb
native to the Mediterranean region. A number of studies

have reported its therapeutic potentials as antioxidant,
hepatoprotective, anti-inflammatory, and antimicrobial

activity.15–17 The main components present in RO are phen-

olic diterpenes (carnosic acid, carnosol, rosmadial, rosma-
nol), flavonoids phenolic acids, and essential oils.

Recent reports showed that a rosemary leaf extract limits
weight gain and liver steatosis in mice fed with a high-fat
diet.18 It has been also reported that carnosic acid, the
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main bioactive compound of RO extract, inhibits 3T3-L1
preadipocytes differentiation by activation of the antioxi-
dant response element and induction of phase II enzymes
involved in the metabolism of glutathione (GSH), leading to
an increase of the intracellular level of GSH.19

Only recently, the molecular mechanism responsible for
its antiadipogenic effect has been elucidated. Carnosic acid
has been demonstrated to decrease lipid accumulation and
to inhibit differentiation of 3T3-L1 preadipocyte. Carnosic
acid alters mitotic clonal expansion (MCE) and the ratio of
the different C/EBP forms, induces the loss of C/EBPb
proper subnuclear distribution, and inhibits the expression
of C/EBPa and PPARg.20 Moreover, carnosic acid reduces
lipid absorption in the gut of olive oil-loaded mice inhibiting
the pancreatic lipase, therefore decreases body weight
in vivo.21

The molecular events that take place during the process
of adipogenesis have been extensively studied on 3T3-L1,
the mouse embryonic fibroblast cell line, since these cells
have the ability to differentiate into cells that accumulate
lipids, respond to insulin, and secrete leptin.22,23 In the 3T3-
L1, the cascades of genetic and signaling events that take
place during adipocyte differentiation are well
characterized.24–26

Recent studies have been demonstrated that some phyto-
chemicals, such as resveratrol,27 curcumin,28 and epigallo-
catechin-3-gallate (EGCG),29 regulate microRNAs
(miRNAs) and downstream the related target genes.

miRNAs are large class of short non-coding RNAs (�22–
24 nt) that regulate a variety of biological processes at the
post-transcriptional level by controlling mRNA stability,
translation, or degradation. Since miRNAs are mechanisms
of gene regulation in both normal and diseased conditions,
recent findings suggest an emerging role of miRNAs as
gene transcriptional regulation tool and possible drug
development.30 During adipogenesis, miRNAs can acceler-
ate or inhibit adipocyte differentiation and therefore they
modulate cell fate.30–32 It has been shown that miRNAs are
involved in the pathological development of obesity by
affecting adipocyte differentiation and lipid metabolism;
their expression is dependent upon the developmental
stage and the pathological condition of the cell, i.e. obese
or lean.33 It has been shown that patients treated with thia-
zolidinediones, a PPARg agonist, displayed different
miRNAs expression profiling in subcutaneous and visceral
fat tissue.34 Moreover, fisetin35 and green tea36 have been
shown to alter the expression of specific genes and miRNAs
involved in the pathogenesis of obesity and related
diseases.

The goal of this work was to analyze the modulation of
cellular activity and of genes involved in the adipogenesis
pathway on primary human omental preadipocytes and
mature adipocytes. In particular, the effects of RO extract
were tested in vitro on cell viability, apoptosis, lipolysis, and
adipogenesis in preadipocytes at 20 days of differentiation.
In addition, expression levels of genes involved in human
adipogenesis pathway, investigated by PCR array, and the
modulation of miRNAs by miRNAs-seq were also
evaluated.

Materials and methods
Plant extract

RO extract was provided from company ACEF S.p.a.
(Piacenza, Italy). The dried extract was obtained from leaf
and contained �20% phenolic diterpenes and �10% carno-
sic acid. The extract (50 mg) was dissolved in 1 mL of 10%
dimethylsulfoxide (DMSO), filtered with 0.22 mm pore size
(Millipore, Milan, Italy) and kept in the dark at �20�C until
further analysis.

Cell culture and cell treatment

Cells and media were obtained from Zen-Bio (USA).
Primary omental preadipocytes were collected from
Caucasian normal (non-diabetic and non-smoker) women
donors (n¼ 3). The mean donor age was 48.67� 9.07 years
and mean BMI was 42.70� 6.95 kg/m2. Preadipocytes were
cultured in omental preadipocytes medium (OM-PM). In
order to differentiate preadipocytes into adipocytes, omen-
tal differentiation medium (OM-DM) was used.
Differentiated adipocytes were cultured in omental adipo-
cyte maintenance medium (OM-AM). All cells were main-
tained in humidified air with 5% CO2 at 37�C.

Cells (passage 3) were treated with RO extract at increas-
ing concentrations and during different stage of differenti-
ation with the same final concentration of 0.014% DMSO in
the culture medium. The control cells (CTRL) were incu-
bated with the same final amount of 0.014% DMSO in cul-
ture medium. Treatments were performed in three different
stages of the cell life cycle: (1) on preadipocytes for eight
days (P8) in OM-PM; (2) on preadipocytes for 10 days (P10)
and 20 days (P20) during differentiation in OM-DM; and (3)
on mature fully differentiated adipocytes for seven days
(A7) in OM-AM.

For the apoptosis, lipolysis, and adipogenesis assays,
cells were seeded in a 96-well plate at a density of
104 cell/well. For PCR assay, cells were seeded in a six-
well plate at a density of 1�105 cell/well and left to grow
overnight.

All analyses were performed using cells of the three dif-
ferent donors and each donor was assayed in triplicates.

Cell viability

The influence of the RO extract at different concentrations
(5, 10, 30, and 70mg/mL) on cellular viability was deter-
mined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) colorimetric assay.37 For the
assay, cells were seeded in a 96-well plate at a density of
104 cells/well. Cell viability was measured on P8, P10, P20,
and A7 cells. Cells were then washed with phosphate buf-
fered saline (PBS) and 20 mL of MTT reagent (Sigma, Milano,
Italy) was added to each well, and the plates were incu-
bated for 3 h at 37�C. Next, the mixture in each well was
removed, and formazan crystals formed were dissolved in
100mL of DMSO. Absorbance was read at 570 nm with a
microplate reader, and the surviving cell fraction was cal-
culated. The cell viability was expressed as a percentage
relative to CTRL cells.
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Apoptosis assay

In order to detect apoptosis, ApoStrandTM ELISA apoptosis
detection kit (Enzo Life Sciences Inc., NY, USA) was used
according to provider’s instructions. This assay is based on
the denaturation of DNA in apoptotic cells by formamide,
which reproduces changes in chromatin related to apop-
tosis. The denatured DNA is revealed with a mixture of
primary antibody and peroxidase-labeled secondary anti-
body. P8, P20, and A7 RO-treated cells (30mg/mL) were
fixed for 30 min and dried in an oven at 56�C for 20 min.
Subsequently, cells were incubated with formamide at 56�C
for 30 min. Then, blocking solution was added and cells
were incubated with antibody mixture for 30 min. After
washing with 1X wash buffer, cells were incubated with
100 mL of peroxidase substrate and absorbance was read
using an ELISA plate reader at 405 nm. The apoptotic posi-
tive control (single-stranded DNA in PBS) was also
included in the analysis.

Lipolysis assay

Lipolytic activity was detected with AdipoLyzeTM Lipolysis
Detection Kit (Lonza Walkersville Inc., MD, USA) according
to provider’s instructions. The assay is a fluorescent kit
designed to quantify the glycerol released by cells undergo-
ing lipolysis. The glycerol detection was performed on P20
and A7 cells. An amount of 50 mL of the culture medium
supplemented with RO extract was removed from each well
and added to a new 96-well plate. Fifty microliters of
enzyme/detection solution was added in each well.
Afterward, 1 h of incubation in dark was performed.
Finally, fluorescence was read at 570 nm excitation and
595 nm emission wavelength with a fluorescent microplate
reader. Orbital shaking for 5 s was applied before measure-
ment. Data were compared with a standard curve of fluor-
escence obtained from measurements of standard glycerol
from 0.0 to 108.6mM.

Oil Red O staining and measurement of lipid
accumulation

In order to quantify lipid accumulation, Oil-Red O staining
(Sigma, Milan, Italy) was used. The assay was performed on
treated and CTRL P10 and P20 cells. After RO extract
(30 mg/mL) treatment on 96-well culture plate, cells were
first rinsed with PBS and then fixed with 4% formaldehyde
for 30 min. Cells were stained with the ORO working solu-
tion (40% of Oil-Red O staining and 60% of milliQ water) for
20 min at 25�C and examined by an optical microscope
(PrimoVert, Zeiss, Jena Germany) to evaluate lipid accumu-
lation. Lipids were extracted from the cells using DMSO
and quantified with a microplate reader at 510 nm. Data
were expressed as percentage of lipid accumulation
versus CTRL.

RNA extraction and adipogenesis PCR array

Treated and CTRL P20 cells were washed with cold PBS
before total RNA extraction using miRNeasy kit with
QIAzol Lysis Reagent (Qiagen, Milan, Italy), according to
the manufacturer’s instructions to get two elutions: small

RNAs and larger RNAs. To perform PCR array, the cDNA
was synthesized from the purified larger RNA samples
according to RT2 First Strand kit (Qiagen, Milan, Italy).
Briefly, the 10mL of Genomic DNA Elimination Mixture
including 1mg of the purified RNA was incubated at 42�C
for 5 min. Then, mixture was immediately placed on ice for
1 min and added with 20 mL of RT reaction mixture. Tubes
were incubated at 42�C for 15 min and at 95�C for 5 min.
Afterward, 91 mL of RNase-free H2O were added to each
30mL of cDNA synthesis reaction.

The expression profile of adipogenesis was performed
using ready-to-use human Adipogenesis RT2 Profiler
PCR Array (PAHS-049 Z; Qiagen, Milan, Italy) containing
primers for 84 tested, five housekeeping genes and con-
trols for RT and PCR reactions. The cDNA synthesized
was used for preparation of reaction mixture accordingly
instructions of RT2 SYBR� Green qPCR Mastermix kit
(Qiagen, Milan, Italy). To each of 96-well plate, 20 mL
reaction mixture based on CFX96 Real-Time PCR
Detection System (Bio-Rad, Milano, Italy) was added.
Thermal cycling recommended by plates manufacturer
for Bio-Rad CFX96 was used (10 min initial denaturation
at 95�C followed by 40 cycles: 15 s at 95�C, 30 s amplifi-
cation at 55�C, and 30 s extension at 72�C). Calculations
of contamination with human genomic DNA accordingly
to manufacturer’s instructions showed lack of contamin-
ation on all plates. Beta-2-microglobulin (B2M), glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH),
hypoxanthine phosphoribosyltransferase 1 (HPRT1), and
ribosomal protein L13a (RPL13A) were chosen from the
group of five housekeeping genes as the best and least
varying reference genes. Beta-actin (ACTB) was not used,
since the coefficient of variation of the Ct values was
more than twofold than that of other housekeeping
genes. The expression of target genes was normalized
and �Cts were calculated by the difference between Ct
of target genes and the geometric mean of the four
housekeeping genes. Differences between RO samples
and controls were calculated using the 2���Ct

method,38,39 where 2���Ct represents the difference of a
given target gene in treated cells versus CTRL. The n-
fold expression of a given target gene was calculated as
log2(2���Ct).

miRNA-seq analysis

The effects of RO extract on expression pattern of miRNAs
was investigated on P20 cells (n¼ 3) without (CTRL) or
treated with 30 mg/mL RO extract.

The small RNA samples purified (see paragraph earlier)
were processed into sequencing libraries using Illumina
HiSeq2000 platform (http://www.illumina.com/systems/
genome_analyzer) for a miRNA sequencing output of 10M
reads/sample. For bioinformatic analysis, raw sequences
were trimmed to remove adapter sequence and the resulted
unique tags were counted. Each unique sequence (tag) was
aligned to identify read correspondences to RNA and a
table of counts for each RNA in each sample was generated.
Count-based differential expression analysis and normal-
ization of RNAseq data40 were performed using
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edgeR software.41 The results were presented as number of
transcripts.

Search of target genes of miRNAs

miRWalk web tool was then used to search the gene targets
of miRNAs.42 Significantly (P< 0.05 and P< 0.001) up and
down-regulated miRNAs obtained by miRNA-seq were
imported into miRWalk and only the validated gene targets
were acquired. Moreover, miRNAs-adipocyte, downloaded
from miRWalk database, were used to identify their asso-
ciated gene targets. The VENNY tool43 was thus used to
compare the validated genes obtained from the aforemen-
tioned analyses with the significantly (P< 0.05) regulated
genes detected by PCR array.

The list of validated target genes from differentially
expressed miRNAs of RO-treated P20 cells, obtained by
miRWalk web tool, and then the shared genes, obtained
by Venny diagram, were uploaded in Database for
Annotation, Visualization and Integrated Discovery
(DAVID version 6.7) to provide an enrichment analysis of
common genes with all known gene ontology (GO) term
analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways.44

Statistical analysis

Data were analyzed with ANOVA (SPSSx, 2007). For cell
viability analysis, the model included the amount of RO
as fixed effect (four doses; 36 observations). For apoptosis,
the model included the fixed effect of treatment (RO and
CTRL, two levels) and times of incubation (three levels, P8,
P20, and A7; 54 observations). For the triglyceride accumu-
lation assay, the model included the fixed effect of treatment
(RO and CTRL, two levels) and times of incubation (two
levels, P10 and P20; 36 observations). For lipolysis assay, the
model included the fixed effect of treatment (RO and CTRL,
two levels) and times of incubation (two levels, P20 and A7;
36 observations). miRNAs data were analyzed with T-test.
PCR array data, expressed as log2(n-fold), were analyzed
using one-sample t-test.45 For a graphical appraisal and to
quickly identify changes in PCR array log2(n-fold), Volcano
plot was used and the statistical significance was reported
at P< 0.05, as �Log(p value).

Results
Cell viability

A viability assay was used to investigate potential negative
effects of RO extract. P8, P10, P20, and A7 cells were treated
with 5, 10, 30, or 70 mg/mL. In particular, the analysis
showed that cell viability on P8, P10, and P20 cells treated
with RO extract significantly (P< 0.001) decreased in a
dose-dependent manner (Table 1), and the 70 mg/mL dose
was always significantly different from other doses.
Nevertheless, viability remained over 60% up to
30 mg/mL dose and markedly decrease at 70 mg/mL; only
in A7 cells remained over 80% up to 70mg/mL dose.

From these evidences, 30 mg/mL of plant extract was
chosen for the further experiments.

Effect of RO on apoptosis

The apoptotic effect was examined on P8, P20, and A7 cells
treated with 30 mg/mL RO extract and on corresponding
CTRL cells. A significant (P< 0.001) apoptotic activity of
RO on P8 and P20 cells was observed (Figure 1). On the
contrary, RO did not show any change of apoptotic activity
on A7 cells compared to CTRL cells. The interaction
between cells at different stages and treatments was also
significantly different (P< 0.001). The apoptotic positive
control was 2.47� 0.02 of absorbance unit.

RO extract decreases triglyceride accumulation

The effects of RO extract on triglyceride accumulation was
investigated on P10 and P20 cells treated with 30 mg/mL RO
extract and on the corresponding CTRL cells. The total
amount of lipid accumulation was reported as percentage
respect to CTRL (as 100%) (Figure 2(a)). P10 and P20 exhib-
ited significant (P< 0.001) decreased triglyceride levels
compared to CTRL.

In agreement with these results, the majority of CTRL
cells presented triglycerides (Oil red staining) in the lipid
droplets (Figure 2(b)). In contrast, cells incubated with RO
extract did not appear to accumulate lipid droplets, as
observed from the absence of red staining. The revealed
few vesicles were smaller in size with respect to those in
CTRL cells.

Table 1 Modulation by RO extract of MTT metabolism in human omental preadipocytes. Cells were treated with 30 mg/mL RO extract

Dose (mg/mL) P8 P10 P20 A7

5 89.62A
�0.65 92.56A

�2.72 90.80A
� 1.10 96.78A

� 0.71

10 78.52B
�0.46 74.14B

� 2.70 78.48B
� 0.87 95.54A

� 0.67

30 67.94C
�0.77 73.03B

� 3.17 69.22C
� 0.79 93.88A

� 0.69

70 32.94D
�1.77 53.59C

� 3.83 45.12D
� 0.74 89.69B

� 0.63

P8, preadipocytes treated for eight days; P10 differentiating preadipocytes treated for 10 days; P20 differentiating preadipocytes treated for 20 days;

A7, mature adipocytes treated for seven days. Data are mean�SEM. Different superscript capital letters indicate significant differences (P<0.001)

within treatments at different concentrations.
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RO extract increases glycerol release

The lipolysis activity was assessed on P20 and A7 cells trea-
ted with 30 mg/mL RO extract and on the corresponding
CTRL cells. Treatment of P20 cells with RO extract signifi-
cantly (P< 0.001) incremented the content of free glycerol to
122.9 mM (�11.2) as compared to 93.2 mM (�4.1) in CTRL
cells. Treatment of A7 cells with RO extract significantly
(P< 0.001) incremented the content of free glycerol to
94.7 mM (�13.4) as compared to 2.5mM (�0.6) in CTRL
cells (Figure 3).

Effects of RO extract on the gene expression of
adipogenesis-associated genes

The expression pattern of genes involved in the adipogen-
esis pathways was further profiled using a PCR array.
Volcano plot showed significantly (P< 0.05) up- and
down-regulated genes in comparison to CTRL cells
(Figure 4). In particular, the expression of cell cycle genes
cyclin-dependent kinase 4 (CDK4), cyclin D1 (CCND1), and
cyclin-dependent kinase inhibitor 1A (p21, Cip1)
(CDKN1A) significantly decreased (P< 0.05); CEBPa,

Figure 2 Effects of RO extract on triglyceride accumulation during preadipocyte differentiation. P20, differentiating preadipocytes treated for 20 days; A7, mature

adipocytes treated for seven days. (a) Triglyceride accumulation of differentiating preadipocytes incubated 20 days (P20) with RO extract relative to untreated control

cells (CTRL) set as 100%. Results are depicted as mean� standard error of the mean (SEM). Asterisks indicate the significant difference between treatments for

P< 0.001. (b) Images after triglyceride Oil red O staining from P20 cell populations with and without 30mg/mL RO extract and P20 untreated control cells (CTRL). Scale

bar: 200 mm. Cells were used at the third passage. (A color version of this figure is available in the online journal.)

Figure 1 Modulation by RO extract of apoptosis in human omental preadipocytes. Cells were treated with 30 mg/mL RO extract. P8, preadipoctes treated for eight

days; P20, differentiating preadipocytes treated for 20 days; A7, mature adipocytes treated for seven days. Data are mean� standard error of the mean (SEM).

Asterisks indicate the significant difference between treatments for P<0.001. Results are given in absorbance units (Abs units).
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CEBPb, CEBPd, and PPARg, although numerically lower in
RO treated than CTRL cells, did not reach the threshold of
significance (supplementary files Table 1). Conversely,
genes with antiadipogenic effects, as GATA binding protein
3 (GATA3) and wingless-type MMTV integration site
family, member 3A (WNT3A), were significantly (P< 0.05)
up-regulated.

Differentially expressed miRNAs and validated target
genes

Twenty-three significantly differentially expressed miRNAs
between RO treated and CTRL P20 cells were identified
(Table 2). Considering the role of miRNAs in the post-tran-
scriptional control, the identification of validated target
genes of differentially expressed miRNAs was studied by

Figure 4 Volcano plot of adipogenesis PCR array. PCR array analysis of gene expression in RO-treated P20 cells in comparison to P20 CTRL cells. Total RNA was

isolated from three independent experiments, one per each donor, were prepared for both CTRL and RO extract incubation. Cells were used at the third passage. The

relative expression levels for each gene depicted as log2(n-fold) are plotted against -Log(p-value). Red indicator¼ significantly up-regulated gene; Green indica-

tor¼ significantly down-regulated gene. Red line¼ indicates �Log(p value), P< 0.05. (A color version of this figure is available in the online journal.)

Figure 3 Determination of glycerol release in differentiating (P20) and mature (A7) adipocytes after incubation with RO extract solution. Glycerol content is given in

mM. Results are depicted as mean� standard error of the mean (SEM). Asterisks indicate the significant difference between treatments for P<0.001
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using miRWalk tool. To use the correct nomenclature,
miRNA accession numbers were obtained by miRBase
database.46

One thousand two hundred and thirty target genes
were obtained corresponding to 21 differentially
expressed miRNAs (supplementary files Table 2), apart
from miR-501, miR-500b, and miR-3913-1, which were
not found in the database of validated gene target. The
total number of target genes from down-regulated
miRNAs was 980, that from up-regulated 447, shared
target genes were 197. The VENNY tool analysis was
applied using the 1230 validated genes target, the 2415
validated genes of miRNAs-adipocyte (namely here
‘‘Adipocytes’’) and the 23 significantly differentially
expressed genes obtained by PCR array. Genes shared
from the three lists were 13 and specifically: CCND1,
CDKN1A, lipoprotein lipase (LPL), bone morphogenetic
protein 2 [BMP2], CDK4, GATA3, early growth response
2 (EGR2), angiotensinogen [AGT], runt-related transcrip-
tion factor 1 (RUNX1T1), angiopoietin 2 [ANGPT2],
delta-like 1 homolog (Drosophila) (DLK1), nuclear recep-
tor subfamily 0, group B, member 2 (NR0B2), WNT3A.
Five genes were common to ‘‘miRNA-Seq,’’ ‘‘PCR
Array,’’ and ‘‘Adipocytes’’ (CCND1, CDKN1A, CDK4,
LPL, BMP2); four genes were common to ‘‘PCR Array’’
and ‘‘Adipocytes’’ (GATA3, EGR2, AGT, RUNX1T1); and
four genes common to ‘‘miRNA-Seq’’ and ‘‘PCR Array’’
(DLK1, NR0B2, ANGPT2, WNT3A). The Venny diagram

and shared genes with their regulation are shown in
Figure 5.

Analysis of the signaling pathways and biological
process

Although the results of pathway enrichment analysis, pro-
vided by KEGG, showed that the most significant path-
ways, affected by 769 target genes of down and up-
regulated miRNAs, were mainly involved in different
types of cancer, we reported: ‘‘cell cycle’’ affected by 97
target genes of nine down-regulated, three up-regulated
miRNAs; ‘‘p53 signaling pathway’’ affected by 73 target
genes of eight down-regulated, four up-regulated
miRNAs; ‘‘Jak-STAT signaling pathway’’ affected by 78
target genes of seven down-regulated, four up-regulated
miRNAs; ‘‘apoptosis’’ affected by 69 of seven down-regu-
lated, four up-regulated miRNAs; ‘‘regulation of adipocy-
tokine signaling pathway’’ affected by 33 target genes of
three down-regulated, three up-regulated miRNAs; and
‘‘Wnt signaling pathway’’ affected by 19 target genes of
one down-regulated, three up-regulated miRNAs (supple-
mentary files Table 3).

To further elucidate the possible roles of regulated
microRNAs in the antiadipogenic RO-treated cells, GO
enrichment for biological processes, cellular component,
and molecular functions of regulated microRNA targets
were performed. Table 3 presents the number of various
biological themes significantly enriched for the targets of

Table 2 Different expression of miRNAs between RO-treated P20 preadipocytes and CTRL P20 preadipocytes. Data are expressed as the

mean of miRNA mean transcript�SD

miRNA P20-CTRL�SD P20-RO�SD P value

Down-regulated miR-503 1.350�0.050 0.000� 0.000 0.000

miR-501 1.690�0.100 0.000� 0.000 0.000

miR-331 1.370�0.140 0.000� 0.000 0.000

miR-181a-1 4.470�0.090 0.630� 0.010 0.000

miR-143 2.710�0.050 0.920� 0.010 0.000

miR-99b 2.730�0.040 1.200� 0.070 0.000

miR-127 9.520�1.350 2.080� 0.180 0.000

miR-30a 3.630�0.890 0.000� 0.000 0.001

miR-181b-1 3.720�0.800 0.670� 0.000 0.001

miR-140 8.390�1.500 4.170� 0.440 0.005

miR-17 13.020�1.700 8.460� 1.200 0.019

miR-152 3.710�0.210 2.850� 0.450 0.020

Up-regulated miR-500b 0.000�0.000 1.310� 0.090 0.000

miR-378a 0.000�0.000 1.390� 0.050 0.000

miR-98 0.000�0.000 1.560� 0.300 0.000

miR-138-1 0.000�0.000 2.300� 0.370 0.000

miR-33b 1.950�0.050 4.240� 0.340 0.000

miR-296 0.000�0.000 0.980� 0.350 0.004

miR-let7f-1 2.460�0.220 3.580� 0.560 0.016

miR-365b 12.560�0.140 29.630� 6.740 0.017

miR-708 1.610�0.210 2.200� 0.300 0.025

miR-3913-1 1.360�0.020 2.320� 0.480 0.032

miR-193a 4.950�0.800 6.810� 0.730 0.041
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regulated miRNAs. In particular, the first 69 most signifi-
cant biological processes, evaluated according to
Bonferroni’s correction, were controlled by down-regulated
miR-17, miR-143, miR-181a, and miR-181b. ‘‘Positive regu-
lation of macromolecule metabolic process,’’ ‘‘regulation of
cell proliferation,’’ and ‘‘regulation of cell death’’ were sig-
nificantly enriched for the target genes of miRNAs
down-regulated in RO-treated P20 cells (supplementary
files Table 4).

The results of pathway enrichment analysis provided by
KEGG within P< 0.05 showed that the 13 shared genes,
obtained by Venny analysis, are involved in seven path-
ways such as pathways in ‘‘cancer,’’ ‘‘bladder cancer,’’
‘‘glioma,’’ ‘‘p53 signaling pathway,’’ ‘‘melanoma,’’ ‘‘chronic
myeloid leukemia,’’ and ‘‘cell cycle.’’ Among them and in
relation to adipose cell, ‘‘cell cycle’’ was more promising
pathway to be affected by RO treatment.

GO enrichment analysis of shared genes for biological
processes, cellular components, and molecular functions
were also performed at P< 0.05. This analysis provided 62

biological processes, four cellular components, and five
molecular processes. Among the various biological
themes significantly enriched, ‘‘G1/S transition of mitotic
cell cycle,’’ ‘‘regulation of cell cycle,’’ ‘‘regulation of cell
proliferation,’’ ‘‘fat cell differentiation,’’ and ‘‘regulation of
cyclin-dependent protein kinase activity’’ were the most
interesting. The most significant molecular function was
‘‘cyclin-dependent protein kinase regulator activity.’’
Interestingly, the first 10 biological processes of down-regu-
lated genes significantly enriched were: ‘‘positive regula-
tion of fibroblast proliferation,’’ ‘‘regulation of fibroblast
proliferation,’’ ‘‘G1/S transition of mitotic cell cycle,’’ ‘‘posi-
tive regulation of cell proliferation,’’ ‘‘interphase of mitotic
cell cycle,’’ ‘‘interphase,’’ ‘‘regulation of cell proliferation,’’
and ‘‘regulation of cell size.’’

Discussion

Several studies reported that plant extracts and their bio-
active components may have effects on adipose tissue.11,13

The RO extracts contain natural antioxidants with reported
applications for a wide range of health conditions such as
cancer, cardiovascular disease, diabetes, and obesity.47–49

RO has been shown to reduce blood glucose and cholesterol
levels and also weight gain in mice fed with high-fat diet.50

Glucose consumption has been demonstrated to increase in
HepG2 cells treated with RO extract by activating AMPK
pathway and regulating genes involved in metabolism such
as sirtuin 1.51

Published evidences showed the inhibitory effect of car-
nosic acid, a bioactive component of RO, on differentiation
in 3T3-L1 murine cells.19,20 Clonal cell lines are homogen-
ous in terms of cellular population since they are all at the

Figure 5 Venn diagram showing relation between validated genes target (1230

genes) of miRNA-seq significantly up- and down- regulated (miRNA-seq), vali-

dated genes of miRNAs-adipocyte (Adipocytes) (2415 genes) and significantly

differentially expressed genes (23 genes) obtained by PCR array (PCR Array).

Table shows the list of 13 shared genes and their regulation (as shown in Volcano

plot) (A color version of this figure is available in the online journal.)

Table 3 The number of various enriched biological themes (P value

<0.05) for targets of differentially expressed miRNAs

Differentially

expressed

miRNAs

GO biological

process

(P< 0.05)

GO cellular

component

(P< 0.05)

GO-molecular

function

(P< 0.05)

Down-

regulated

miR-503 161 9 19

miR-331 145 13 25

miR-181a-1 551 44 41

miR-143 497 40 49

miR-99b 188 9 11

miR-127 215 10 11

miR-30a 403 69 51

miR-181b-1 519 43 40

miR-140 381 27 31

miR-17 748 45 59

miR-152 223 17 16

Up-

regulated

miR-378a 143 13 23

miR-98 407 16 10

miR-138-1 132 8 16

miR-33b 96 13 11

miR-296 342 16 32

miR-let7f-1 782 37 70

miR-365b 260 9 7

miR-708 55 0 6

miR-193a 353 8 10
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same differentiation stage, allowing a homogeneous
response to treatments.52 However, species-related differ-
ences in adipose tissue biology are known and also cell
line-related artifacts have to be considered.53 Therefore, to
reproduce with higher fidelity the possible effects of RO
extract, primary human adipocytes were used as model.
Moreover, visceral adipose tissue adipocytes were chosen
as target of RO activity, since they are more metabolically
active, more sensitive to lipolysis, and more insulin resist-
ant than subcutaneous adipocytes.54 To elucidate the influ-
ence of RO extract on human primary omental
preadipocytes, the accumulation of triglyceride was inves-
tigated during differentiation. Results with 30 mg/mL of RO
extract indicated an inhibition of triglyceride incorporation
in human visceral preadipocytes. Interestingly, the reduc-
tion of triglyceride incorporation during differentiation was
coincident with an enhancement of lipolytic activity, as
detected by an increase of glycerol release, in RO treated-
P20 adipocytes and A7 adipocytes (Figures 2 and 3).

To better find out the potential antiadipogenic effect of
RO, the expression pattern of adipogenesis-related genes
was investigated on differentiating preadipocytes (P20)
treated with RO extract and compared to control preadipo-
cytes (Figure 4 and SM Table 1). CCND1, WNT3A, and
GATA3 were found by the screening of miRNAs target
genes. These genes are involved in Wnt signaling and cell
cycle regulation. Accordingly, it has been shown that con-
stitutive expression of GATA3 determined protein/protein
interactions with CEBPa leading to the down-regulation of
PPARg and following repressed adipocyte differentiation in
preadipocyte 3T3-L1 cells.55 GATA3 is known to block cells
at the preadipocyte stage, probably binding PPARg pro-
moter thus preventing its transcription.56 Master regulators
of adipocyte life, CEBPa and PPARg, were down-expressed
in RO-treated P20 cell, even though not significantly. Their
weak modulation could be due to the use of visceral human
preadipocytes, since PPARg activity is noticeably lower in
primary human visceral adipocytes than subcutaneous
adipocytes.53,57

In a recent paper,58 during 3T3-L1 differentiation,
GATA3 was negatively regulated by miR-183 through the
inhibition of the canonical Wnt/b-catenin signaling path-
way, hence leading to adipogenic differentiation and adipo-
genesis. Although miR-183 was not listed in miRNAs-seq
significant data (Table 2), GATA3 and WNT3A, known as
inhibitors of preadipocyte to adipocyte transition, were the
significantly (P< 0.001) highest expressed genes. Notably,
ample evidences reported that Wnt signaling has a role in
preventing adipocyte differentiation.59,60 Specifically, Wnt
canonical pathway activation blocks adipogenic conversion
of 3T3-L1 preadipocytes through stabilization of b-catenin
and inhibition of CEBPa and PPARg.61 It has been shown
that WNT3A led to a dedifferentiation also of human adi-
pocytes.62,63 On the contrary, in absence of Wnt signaling
activation, cytoplasmic b-catenin is recruited to a degrad-
ation complex, mediated by Axin, that facilitates its sequen-
tial phosphorylation by casein kinase I and glycogen
synthase kinase 3b (GSK3b), provoking ubiquitination and
proteasomal degradation of b-catenin.59 Actually from PCR
adipogenesis array data, some genes involved in up- and

downstream Wnt signaling were significantly over-
expressed as WNT3A, secreted frizzled-related protein 5,
axin 1 (AXIN1) and others down-regulated as Dickkopf
WNT signaling pathway inhibitor 1 (DKK1), CCND1,
CDKN1A, and CDK4. The secreted protein DKK1 was
found to be the most efficient inhibitor of canonical Wnt
signaling binding Lrp5/6.64 The down-regulation of
DKK1 in RO-treated P20 cells could accomplish the over-
expression of WNT3A. Moreover, other studies suggested
that the canonical ligand WNT3A inhibited mutual activa-
tion of PPARg and CEBPa in order to elicit its antiadipo-
genic effects.65

To clarify the involvement of Wnt signaling and of
cyclin-dependent regulatory activity, as observed by GO
functional annotation analysis, attention was paid to the
miRNAs expression (Table 2). In 3T3-L1 preadipocytes,
treated with an inhibitor of GSK3b to activate Wnt signal-
ing, and compared to preadipocytes normally differen-
tiated, miR-503 was strongly down-regulated.66 Moreover,
miR-30a was also down-regulated in the same cells in com-
parison to preadipocytes treated for a suppression of Wnt
signaling.66 In agreement with these observations, RO-trea-
ted P20 cells showed a shortage in both miRNAs (P< 0.001),
suggesting an activation of Wnt signaling. However, targets
of miR-503 were CCND1 and WNT3A that were oppositely
modulated in RO-treated P20 cells. In this way, a possible
activation of Wnt signaling by WNT3A over-expression did
not correspond to a stimulation of b-catenin, which acti-
vates target genes involved in cell cycle such as CCND1.
D-type cyclins and the cyclin-dependent kinases 4 and 6 act
in early G1 phase in response to external stimuli during
MCE required in the 3T3-L1 differentiation.60,67

Additionally, CDK4 gene, target of CCND1, was down-
expressed in RO-treated P20 cells. Moreover, CDK4 con-
trolled also the activity of PPARg through E2F activation
during MCE.67 However, present data do not support
these observations since PPARg and the effector of cyclin/
cdk pathway in cell cycle regulation E2F transcription factor
1 (E2F1) did not significantly change. Notably, carnosic
acid, active compound of RO, was demonstrated to
induce cell cycle arrest predominantly at G2/M phase in
human cancer cell lines altering cyclins level.68,69

However, it should be also noted that AXIN1, which
participates in degradation of b-catenin through the activity
of the axin complex, was significantly over-expressed in
P20-treated cells (Figure 4; SM Table 1). Hence, from present
data, although the activation of Wnt signaling could be sug-
gested, the expression of downstream genes would indicate
a repression of cell cycle and proliferation.

Let-7 is known to present numerous isoforms that
decreased from day 0 to day 1 of differentiation and then
increased till day 6 in 3T3-L1 cells and this was congruous
with an impaired clonal expansion.70 Let-7 transfection
induced cell cycle delay through a down-regulation of sev-
eral cell cycle genes (CCND1, CDK4) in 3T3-L1 cells.70 This
is consistent with results obtained from RO-treated cells
that showed a significant expression of let-7f-1, which was
up-regulated 1.45-fold in comparison to control cells (Table
2). Moreover, miRNA let-7f has been recognized as a key
factor targeting the stabilization of axin 2, which promotes
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b-catenin degradation in hMSC cells.71 Let-7 has also a role
in regulating the baseline expression of b2-adrenergic
receptors, which are known to be involved in lipolytic path-
way.72 In fact in P20-treated cells, lipolysis increased and
adrenoceptor beta 2 mRNA was not significantly affected
(log2[n-fold]¼ 0.89, P¼ 0.25) (supplementary files Table 1).

miR-143 are normally up-regulated in mouse preadipo-
cytes and it accelerates the rate of fat cell formation when
expressed ectopically in 3T3-L1.32,33 It is known that miR-
143 promotes adipocyte differentiation by directly targeting
mitogen-activated protein kinase 5 mRNA in rats inguinal
ADSCs cells,73 thereby inducing the transition from clonal
expansion to terminal differentiation.58 Based on the regu-
lation theory that indicated miRNAs as molecules causing
translation repression or the cleavage of the target mRNAs,
the significant down-regulation of miR-143 in RO-treated
P20 cells could have induced the inhibition of adipocyte
terminal differentiation (Table 2).

Moreover, in hAD-MSC cells the overexpression of miR-
138 was demonstrated to reduce lipid droplets accumula-
tion, to inhibit expression of key adipogenic transcription
factors CEBPa and PPARg2 as well as several molecules
associated with lipid metabolism, such as fatty acid binding
protein 4, adipocyte (FABP4), and LPL.74 In RO-treated P20
cells, miR-138 was up-regulated up twofold (Table 2;
P< 0.001), but did not cause a significant under-expression
of FABP4 (log2[n-fold]¼�0.17, P¼ 0.74), CEBPa (log2[n-
fold]¼�0.67, P¼ 0.62) and PPARg (log2[n-fold]¼�0.032,
P¼ 0.94) (supplementary files Table 1).

Among miRNAs involved in adipogenesis regulation,
miR-181a were down-expressed in RO-treated cells and
this is in agreement with results achieved in subcutaneous
fat tissue of seven-day-old piglets.75 In those cells, the sup-
pression of miR-181a led to inhibition of adipocyte differ-
entiation by affecting the expression of tumor necrosis
factor-a, as well as genes involved in adipogenesis.75 In
3T3-L1 cells, miR-181a was also included among miRNAs
that target transcription factors or differentiation markers
during adipogenesis and that activate Wnt signaling.66

Although miR-130 has been recognized to have an anti-
adipogenic function through direct regulation of PPARg
expression in human primary adipocytes,76 it was not sig-
nificantly listed in miRNAs-seq data (Table 2).

To further elucidate the results of up- and down-regu-
lated miRNAs obtained by RNA-seq analysis, KEGG ana-
lysis was performed. The results indicated a regulation of
cell cycle, apoptosis, and to a minor extent, Wnt signaling
pathway (supplementary files Table 3). Most of the GO bio-
logical processes and molecular function (Table 3; P< 0.05
and supplementary files Table 4) were associated to the
down-regulated miR-17, which is known to accelerate adi-
pocyte differentiation by negatively regulating tumor sup-
pressor Rb2/p130 (retinoblastoma-like 2)77 and E2F1
regulation.78

Conclusions

In conclusion present study has two main strengths. The
first was the use of standardized extract to define a protocol
to study the bioactivity of nutraceuticals on cell functions

and molecular targets. The second was the effort to inves-
tigate the possible effects on primary human visceral pre-
adipocytes considering their unique role in the
pathogenesis of the metabolic syndrome.

Noteworthy, this study has some limitations. The
number of subjects was relatively small and the described
associations between gene expression and miRNA-seq data
will require confirmation in larger cohorts.

Times and types of miRNAs involved in adipocytes
function and development often differed from the signaling
events well known in 3T3-L1. However, let-7f-1, miR-17,
miR-503, and miR-30a were particularly interesting since
their role in modulating genes involved in cell cycle.

As first approach, this study showed the possibility of
RO extract to modulate the adipocyte life cycle at different
levels in part through a newly defined mechanism, i.e. the
miRNAs cascade.
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