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miR-125b affects mitochondrial biogenesis and
impairs brite adipocyte formation and function
Maude Giroud 1, Didier F. Pisani 1, Michael Karbiener 2, Valentin Barquissau 3,4, Rayane A. Ghandour 1,
Daniel Tews 5, Pamela Fischer-Posovszky 5, Jean-Claude Chambard 1, Uwe Knippschild 6, Tarja Niemi 7,
Markku Taittonen 7, Pirjo Nuutila 7,8, Martin Wabitsch 5, Stephan Herzig 9,10,11,12, Kirsi A. Virtanen 7,13,
Dominique Langin 3,4,14, Marcel Scheideler 9,10,11,12, Ez-Zoubir Amri 1,*
ABSTRACT

Objective: In rodents and humans, besides brown adipose tissue (BAT), islands of thermogenic adipocytes, termed “brite” (brown-in-white) or
beige adipocytes, emerge within white adipose tissue (WAT) after cold exposure or b3-adrenoceptor stimulation, which may protect from obesity
and associated diseases. microRNAs are novel modulators of adipose tissue development and function. The purpose of this work was to
characterize the role of microRNAs in the control of brite adipocyte formation.
Methods/Results: Using human multipotent adipose derived stem cells, we identified miR-125b-5p as downregulated upon brite adipocyte
formation. In humans and rodents, miR-125b-5p expression was lower in BAT than in WAT. In vitro, overexpression and knockdown of miR-125b-
5p decreased and increased mitochondrial biogenesis, respectively. In vivo, miR-125b-5p levels were downregulated in subcutaneous WAT and
interscapular BAT upon b3-adrenergic receptor stimulation. Injections of an miR-125b-5p mimic and LNA inhibitor directly into WAT inhibited and
increased b3-adrenoceptor-mediated induction of UCP1, respectively, and mitochondrial brite adipocyte marker expression and
mitochondriogenesis.
Conclusion: Collectively, our results demonstrate that miR-125b-5p plays an important role in the repression of brite adipocyte function by
modulating oxygen consumption and mitochondrial gene expression.

� 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

A chronic imbalance between energy intake and energy expenditure
leads to variation in body weight through modulation of adipose tissue
mass. Today, such an imbalance is mostly manifested as obesity,
which has become a worldwide socio-economic burden and consti-
tutes a substantial risk factor for hypertension, type 2 diabetes (T2D),
cardiovascular diseases, and certain cancers [1e3]. The adipose or-
gan can be divided into two distinct types of adipose tissues, white and
brown. White adipose tissue (WAT) is specialized in the storage and
release of fatty acids while brown adipose tissue (BAT) dissipates
energy in the form of heat by uncoupling mitochondrial respiratory
chain from ATP synthesis [4,5]. BAT is predominantly composed of
brown adipocytes that are characterized by a high mitochondrial
content and the expression of uncoupling protein 1 (UCP1), resulting in
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an exceptionally high capacity of lipid and glucose utilization [6e9]. In
contrast to earlier contention, it is now well accepted that brown ad-
ipocytes are present and active in human adults [10e13]. An inverse
relationship between BAT activity and fat content and a decline with
increasing age have been reported [10,14,15]. Interestingly, also WAT
contains thermogenic (i.e., UCP1-positive) fat cells, called “brown-in-
white” (“brite”), “beige” or inducible brown adipocytes. These cells are
formed upon chronic stimulation with cold, PPARg ligands, b3-
adrenergic agonists, or various other molecules [16e19]. The pre-
cise origin of brite adipocytes remains controversial, as it has been
reported that brite adipocytes appearing in subcutaneous WAT (scWAT)
upon cold exposure can originate either from trans-differentiation of
white adipocytes [20e23] or from de novo-differentiation of precursors
[24]. As BAT constitutes a target to combat obesity and associated
diseases [25e28], identification of cellular and molecular mechanisms
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Original article
involved in the conversion and activation of white adipocytes into brite
adipocytes may lead to the development of novel therapeutic tools.
Several compounds have already been reported to play key roles [18].
Micro-RNAs (miRNAs) are small non-coding RNAs of approximately 23
nucleotides, which regulate gene expression through RNA interference
[29e31]. miRNAs have recently been recognized as a novel class of
modulators in adipose tissue development and function as tissue
specific inactivation of Dicer resulted in a dramatic decrease of white
fat mass as well as lipodystrophy [32e34]. Indeed, particular miRNAs
have been shown to be involved in human white adipocyte differen-
tiation, lipid metabolism, diabetes and obesity [35e40]. A few reports
demonstrated that miRNAs might be involved in the switch between
mature white and brite adipocytes [41,42]. The miR-193b-365 cluster
was described as a novel regulator between closely related brown and
myogenic lineages, and miR-196a has been introduced as the first
non-coding RNA that acts as key regulator of brite adipocyte devel-
opment in mouse [38,43e45]. Recently, it has been reported that miR-
34a acts as an inhibitor of brite and brown adipocyte formation through
modulation of FGF21 and SIRT1 function [46]. miR-26 has been re-
ported to be the first in-depth characterized miRNA with an impact on
human brite adipogenesis and the ability to improve insulin sensitivity
[39,47]. However, the involvement of miRNAs in the process of con-
version (trans-differentiation) of white into brite/brown adipocytes re-
mains to be elucidated.
Herein, we have analyzed the role of miR-125b-5p in the browning/
britening of white adipocytes in human and murine cell models and
tissues. Altogether, our results show that miR-125b-5p plays an
important role in the modulation of brite and brown adipocyte function
by targeting mitochondriogenesis and oxygen consumption.

2. MATERIALS AND METHODS

2.1. Reagents
Cell culture media and buffers were purchased from Lonza, foetal
bovine serum, insulin and trypsin from Invitrogen, and other reagents
from SigmaeAldrich Chimie.

2.2. Animals
Experiments were conducted in accordance with the French regulation
for the care and use of research animals and were approved by local
experimentation committees (Nice University and Ciepal Azur: protocol
NCE-2013-166). Procedures comply with the ARRIVE guidelines. An-
imals were maintained under constant temperature near thermoneu-
trality (28 � 2 �C) and on 12:12-hour lightedark cycles, with ad
libitum access to standard chow diet and water. 10 week-old male
C57Bl/6J mice were from Janvier Labs. Thermogenesis activation
consisted in an intra-peritoneal injection of the b-adrenergic receptor
agonist, CL316,243 (1 mg/kg/day in saline solution, NaCl 0.9%) for 7
days. Control mice were injected with vehicle only.
For miRNA mimic injection, mice were anesthetized with a xylasin/
ketamine mixture. miRNA and control mimics were delivered using
in vivo-jetPEI� reagent (Ozyme) according to manufacturer’s recom-
mendation. In vivo-jetPEI� does not induce any significant inflam-
matory response. The intra-subcutaneous WAT administration was
carried out after a longitudinal incision in the skin at the inguinal area
or at the interscapular area for BAT injection as previously described
[48]. Mice received five injections per inguinal fat pad and were
sacrificed for analysis 2 weeks after injections. Each injection con-
tained 40 ng of miR-125b-5p mimic in 10 ml saline solution. Mice were
stitched and reanimated under warm light. Control mice were injected
with vehicle (NaCl 0.9%) or mimic control. b-adrenergic receptor
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stimulation was carried out during the last week (CL316,243, 1 mg/kg/
day in saline solution). Control mice were injected with vehicle only.
For Locked Nucleic Acid (LNA�) miR-inhibitor injection (miRCURY
LNA� microRNA Inhibitors, Exiqon), mice received five injections per
inguinal fat pad andwere sacrificed for analysis 2 weeks after injections.
Each injection contained 200 ng LNA inhibitor miR-125b-5p in 10 ml
saline solution.b-adrenergic receptor stimulation was carried out during
the last week (CL316,243, 0.1 mg/kg/day in saline solution). Control
mice groups were injected with vehicle or miRNA inhibitor control.

2.3. Subjects

2.3.1. Human BAT and WAT samples
The study protocol was reviewed and approved by the ethics com-
mittee of the Hospital District of Southwestern Finland, and subjects
provided written, informed consent following the committee’s in-
structions. The study was conducted according to the principles of the
Declaration of Helsinki. All potential subjects were screened for
metabolic status, and only those with normal glucose tolerance and
normal cardiovascular status (as assessed on the basis of electro-
cardiograms and measured blood pressure) were included. The age
range of the subjects was 23e49 years. We studied a group of 6
healthy volunteers (2 men and 4 women). BAT was sampled from
positive FDG-PET scan sites in supraclavicular localization, and sub-
cutaneous WAT was derived via the same incision.

2.3.2. Human adipose sample correlated to the BMI
Primary subcutaneous adipose tissue samples were obtained from
patients (n ¼ 35, 30 female, 5 male, age 18e54 years) with a wide
range of body mass index (BMI 18.7e70.4 kg m�2, mean 33.8þ/�
12.9 kg m�2) who underwent abdominal surgery for nonmalignant
diseases or plastic surgery for mammary reduction. The study was
approved by the ethical committee of Ulm University (122/99), and all
patients gave written, informed consent. Snap-frozen samples were
homogenized in TriReagent (Zymo Research, Irvine, USA) and total RNA
was subsequently isolated using the Direct-zol RNA MiniPrep kit (Zymo
Research). miRNA was reverse transcribed and analyzed with the
miScript miRNA PCR Assay System using specific primer assays
(Qiagen, Hilden, Germany). Small nucleolar RNA 68 (sno68) was used
as reference. cDNA was transcribed using SuperScript II (Thermo
Fischer, Waltham, USA) and UCP1 expression was analyzed by qRT-
PCR (Roche, Mannheim, Germany).

2.4. Cell culture and stromal vascular fraction preparation

2.4.1. hMADS cells culture
The establishment and characterization of hMADS cells have been
described previously [49,50]. Cells were seeded at a density of 5000
cells/cm2 in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% FBS, 15 mM Hepes, 2.5 ng/ml hFGF2, 60 mg/ml
penicillin, and 50 mg/ml streptomycin. hFGF2 was removed when cells
reached confluence. Cells were induced to differentiate at day 2 post
confluence (designated as day 0) in DMEM/Ham’s F12 (1:1) media
supplemented with 10 mg/ml transferrin, 10 nM insulin, 0.2 nM
triiodothyronine, 1 mM dexamethasone and 500 mM isobutyl-
methylxanthine.
Media were changed every other day and cells used at day 18. miRNA
mimic (miRIDIAN from Dharmacon), miRNA hairpin inhibitor (miRIDIAN
microRNA Hairpin Inhibitors) or LNA inhibitor (miRCURY LNA�
microRNA Inhibitors Exiqon) transfections were performed at day 14 as
described previously [39].
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.4.2. Mouse adipose tissue SVF preparation and culture
Animals were euthanized by cervical dislocation to isolate stromal
vascular fractions (SVF) as described previously [51e53].

2.4.3. Human adipose tissue SVF preparation and culture
Abdominal subcutaneous human adipose tissue was collected from
healthy patients as res nullus from surgeries (non-pathologic
abdominoplasty) for SVF isolation according to the procedure described
for mice (see above). SVF cells were plated and maintained in DMEM
containing 10% FCS until confluence. Differentiation of primary cul-
tures in white and brite adipocytes was performed according to the
protocol described for hMADS cells previously [54,55].

2.5. Isolation and analysis of RNA
These procedures followed MIQE standard recommendations and were
conducted as described previously [56]. The oligonucleotide se-
quences, designed using Primer Express software, are shown in
Supplementary Table 1.
For miRNA analysis, 10 ng of the total RNA were reverse transcribed
using Universal cDNA synthesis kit (Exiqon, Denmark). qPCR and data
evaluation were performed as described previously [39,57]. miR-
125b-5p oligonucleotide sequence target used for RT-qPCR analysis
is: UCCCUGAGACCCUAACUUGUGA. U6 snRNA and 5S rRNA were used
as endogenous controls and were purchased from Exiqon.

2.6. mRNA microarray and data analysis
The human oligonucleotide probe set (MWG) consisted of 29,550 50-
mer DNA oligonucleotides, enabling the detection of 15,539 distinct
RefSeq mRNAs as well as non-RefSeq-annotated transcripts (provided
by the manufacturer). Lyophilized oligonucleotides were dissolved in
3� SSC (prepared from 20� stock consisting of 3 M NaCl and
300 mM trisodium citrate, pH 7)/1.5 M betaine (20 ml/well) and spotted
in a 4 � 12 print tip group pattern on epoxy-coated glass slides
(Nexterion). To analyze the effects of miR-125b-5p on the tran-
scriptome, 4 biological replicates were performed in which hMADS-3
cells were transfected at day 14 of differentiation with mimic miR-
125b-5p or mimic miR-ctr. Total RNA was isolated at day 14 and
day 16. Detailed protocols for sample labeling and hybridization were
performed as described in [39]. Further, the raw data was background
corrected, normalized by global mean and dyeeswap pairs using
ArrayNorm [58], and then exported as text-file containing log2 trans-
formed ratios of gene expression. Filtering for present values and
differential expression was conducted with Genesis software [59]. All
experimental parameters and raw and processed data files have been
deposited in NCBI’s Gene Expression Omnibus [60] and are accessible
through GEO Series accession number GSE80816 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc¼GSE80816). Only features that
were associated with a RefSeq transcript and detected in 3 or 4 bio-
logical replicates were considered for further analysis. miRNA-mRNA
interactions were predicted using 10 different prediction tools as
described in [39].

2.7. Mitochondrial DNA quantification
Genomic DNA was extracted from cell culture using a DNA extraction
kit (MachereyeNagel EURL, France). 2 ng of the total DNA were used
for qPCR analysis, and data evaluation was performed as described
previously [39,57]. The mitochondrial DNA copy number was calcu-
lated from the ratio of the DNA of the NADH dehydrogenase gene, a
mitochondrial gene, to that of lipoprotein lipase gene, a single copy
nuclear gene. The oligonucleotide sequences, designed using Primer
Express software, are shown in Supplementary Table 1.
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2.8. Histological analysis
Histological analysis was performed as previously described [61].
For immunohistology, tissue sections were incubated in boiling citrate
buffer (10 mM, pH 6.0) for 6 min. Cooled sections were rinsed and then
permeabilized in PBS with 0.2% triton X-100 at room temperature for
20 min. Sections were saturated in the same buffer containing 3% BSA
for 30 min, incubated with anti-perilipin antibody (#RDI-PROGP29,
Research Diagnostic Inc., Flanders, USA) for 1 h, and TRITC-coupled
anti-guinea pig antibody for 45 min. Nuclear staining was performed
with DAPI. UCP1 immunohistochemistry was performed following
manufacturer’s instructions (LSAB þ system-HRP, Dako, Les Ulis,
France) and using goat anti-UCP1 (clone C-17, Santa Cruz, Tebu-bio,
Le Perray-en-Yvelines, France).

2.9. Measurement of oxygen consumption
For respiration analysis, hMADS cells were seeded in 24 multi-well
plates and differentiated as previously described [62]. At day 14 of
differentiation, hMADS cells were transfected with mimic miR-125b-
5p. Oxygen consumption rate (OCR) of 18 day-old differentiated cells
was determined using an XF24 Extracellular Flux Analyzer (Seahorse
Bioscience). Isoproterenol (100 nM) was used to characterize b-
adrenergic inducible respiration. Uncoupled and maximal OCRs were
determined using oligomycin (1.2 mM) and FCCP (1 mM), respectively.
Rotenone (1 mM) and Antimycin A (1 mM) were used to inhibit Complex
I- and Complex III-dependent respiration, respectively. Parameters
were measured for each well as previously described [63].

2.10. Western blot analysis
Proteins were extracted from cells or tissues as previously described
[61]. For mitochondrial complex quantification, equal amounts of
cellular proteins were separated by electrophoresis using gradient gels
(10e20%) and blotted onto nitrocellulose membranes. Following
blocking, membranes were incubated overnight with a 1:1000 dilution
of total OXPHOS western blot antibody cocktail (#MS601, Mito-
sciences) before 1 h incubation in 1:10,000 diluted HRP-conjugated
anti-mouse immunoglobulins (#7076S, Cell Signaling Technology).
Chemiluminescence obtained after adding Clarity ECL western blotting
substrate (BioRad, France) was detected using a ChemiDoc MP Im-
aging System and quantified with Image Lab 5.0 software (Bio-Rad,
France).
For other analyses, 40 mg of proteins were blotted using SDS-PAGE
basic protocol (10 or 15%). Primary antibody incubation was per-
formed overnight at 4 �C (anti-UCP1, Calbiochem #662045, dilution
1:750; anti-perilipin, Interchim #BP5015, dilution 1:5000; anti-CS,
Abcam #ab96600, dilution 1:10,000; anti-b-tubulin, Sigma #T5201,
dilution 1:2000; anti-DRP1, Cell Signaling #5391, dilution 1:1000; anti-
phosphoDRP1 (ser616), Cell Signaling #4494, dilution 1:1000; anti-
LC3, Nanotools #5F10, dilution 1:1000; anti-ATG5, Nanotools #7C6,
1:2000; anti-p62, BD #610833, 1:2000). Primary antibodies were
detected with HRP-conjugated anti-rabbit or anti-mouse immuno-
globulins (Promega) or anti-guinea pig immunoglobulins (Santa Cruz).
Detection was performed using Immobilon Western Chemiluminescent
HRP Substrate (Merk-Millipore). OD band intensities were evaluated
using PCBas Software.

2.11. Mass spectrometry analysis
Proteins were extracted from brite hMADS cells transfected before
conversion with miR-ctr or miR-125b-5p mimics, using lysis buffer
(10 mM hepes pH 7, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, and
0.25 M sucrose) containing protease inhibitors (Complete, Roche Di-
agnostics). Samples were cleared of nucleus by centrifugation (5 min,
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 617

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE80816
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE80816
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE80816
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 1: miR-125b-5p levels in human andmice cell models. UCP1mRNA and miR-
125b-5p levels were evaluated by RT-qPCR in A) hMADS white and brite adipocytes, B)
human subcutaneous adipose tissue SVF-derived white and brite adipocytes. C) Cells
from SVF of BAT and scWAT were differentiated in the absence (control) or the presence
(rosi) of rosiglitazone, and used for mRNA and miRNA level quantification by RT-qPCR.
Untreated adipocytes from scWAT were considered as white adipocytes and rosiglita-
zone treated adipocytes from BAT or scWAT as brown or brite adipocytes, respectively.
Histograms represent mean � SEM of 7 experiments (A), 3 independent experiments (B)
and 8 mice per group (C). *, **: p < 0.05. *: white vs. brite; **: rosi vs. control.

Original article
800 g), nuclei were spin down, and the mitochondrial-enriched fraction
was obtained after centrifugation of the supernatant at 8000 g for
5 min. Samples were resuspended in 50 ml of H2O and stored
at �80 �C. Samples were digested by trypsin and concentrated and
618 MOLECULAR METABOLISM 5 (2016) 615e625 � 2016 The Author(s). Published by Elsevier GmbH.
purified using ZipTip� Pipette Tips (Millipore). Proteomic analysis was
performed using the LTQ-Orbitrap (ThermoFisher) as previously
described [64]. Spectral accuracy was measured with Mascot version
2.2.0 software (Matrix Science, London, UK) following parameters
previously published [65].

2.12. Statistical analyses
Data are expressed as mean values � SEM and were analyzed using
InStat software (GraphPad Software, CA, USA). Data were analyzed by
Student’s t-test or one-way ANOVA followed by a Student-Newman-
Keuls post-test. Differences were considered statistically significant
when p < 0.05.

3. RESULTS

3.1. miR-125b-5p levels are downregulated in human and mice
brite/brown adipocytes in vitro
We identified miR-125b-5p as down-regulated during the conversion
of hMADS white adipocytes into brite adipocytes. hMADS cells were
induced to differentiate into white adipocytes until day 14, followed by
cultivation in the absence (white) or the presence (brite) of 100 nM
rosiglitazone (a potent PPARg agonist) for 4 days corresponding to 18
days of differentiation. As expected, UCP1 mRNA levels were high upon
rosiglitazone treatment, reflecting the formation of brite adipocytes
(Figure 1A). Concomitantly, miR-125b-5p levels decreased by about
40% in brite adipocytes (Figure 1A). These observations were not
specific to hMADS cells since similar data were obtained with stromal
vascular fraction (SVF) derived white and brite adipocytes isolated from
human subcutaneous adipose tissue [55]. UCP1 mRNA expression was
confined to brite adipocytes, whereas miR-125b-5p levels were lower
in brite adipocytes compared to white adipocytes (Figure 1B). We then
aimed at exploring whether this inverse relationship might also exist in
murine adipocytes. For that purpose, SVF cells were isolated from
murine scWAT and BAT and were induced to differentiate either into
white or brite/brown adipocytes. As expected, Ucp1 mRNA was highly
abundant in BAT-derived brown adipocytes and scWAT-derived brite
adipocytes and almost undetectable in unstimulated (control) adipo-
cytes (Figure 1C) whereas miR-125b-5p levels were significantly lower
in brown/brite adipocytes compared to control adipocytes.

3.2. miR-125b-5p levels are correlated with recruitment and
activation of brown/brite adipocytes in mice and human in vivo
In order to determine whether a correlation exists between miRNA
abundance and brown/brite adipocytes activation in vivo, mice main-
tained at thermoneutrality (28e30 �C) received a b3-adrenergic re-
ceptor agonist treatment (CL316,243, 1 mg/kg/day) for 1 week. This
stimulation induced a significant increase of Ucp1 mRNA in BAT.
Further, Ucp1 was also significantly induced in scWAT corresponding
to the recruitment and activation of inducible brite adipocytes
(Figure 2A). Notably, miR-125b-5p expression was higher in mice
scWAT compared to BAT, and in both tissues, its levels decreased
upon CL316,243 stimulation (Figure 2A).
To further test the potential physiological relationship between miR-
125-5p and brown adipocyte characteristics, we analyzed WAT and
BAT biopsies from healthy volunteers. In line with our in vitro findings
on human adipocytes and in vivo findings in mice, UCP1 mRNA was
highly expressed in human BAT while miR-125b-5p levels were lower
in BAT compared to WAT (Figure 2B). In parallel, we showed that UCP1
mRNA expression was higher in scWAT from lean individuals than in
scWAT from overweight or obese patients while miR-125b-5p levels
were higher in scWAT from overweight and obese patients (Figure 2C).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: miR-125b-5p levels in human and mice adipose tissue samples. UCP1
mRNA and miR-125b-5p levels were analyzed by RT-qPCR in A) scWAT and BAT from
C57BL/6 mice that received CL316,243 for 1 week, 8 mice per group, B) matched
biopsies of scWAT and BAT from 6 healthy adult patients, C) biopsies of abdominal and
mammary scWAT from 30 adult patients and correlated to the BMI. *: p < 0.05.
Altogether, our data emphasize an inverse relationship between miR-
125b-5p and UCP1 mRNA levels, suggesting that miR-125b-5p might
play an important role in brown/brite adipocyte formation and/or function.

3.3. Modulation of miR-125b-5p levels does not alter the brite
phenotype but affects mitochondriogenesis
In order to know whether modulation of miR-125b-5p levels affected
the human brite adipocyte formation and function, we analyzed a
MOLECULAR METABOLISM 5 (2016) 615e625 � 2016 The Author(s). Published by Elsevier GmbH. This is an op
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potential inhibitory effect of miR-125b-5p overexpression in hMADS
brite adipocytes and a possible promotion of browning due to miR-
125b-5p inhibition in hMADS white adipocytes.
Interestingly, the delivery of an miR-125b-5p mimic (Figure 3A) or
miR-125b-5p inhibitor (Figure 3C) did not modify the expression of
UCP1 and CS at mRNA (Figure 3A,C) and protein level (Figure 3B,D).
Similar results were obtained for genes characteristic of the white
(CD36, ADPQ) or brite adipocyte phenotype (CPT1M, PAT2, CITED1,
PLN5, TBX1, ELOVL3, FABP3) (Figure 3A,B and Supplementary
Figure 1A and B), except a significant slight decrease of CIDEA
mRNA levels upon miR-125b-5p mimic transfection (Figure 3A).
hMADS brite adipocytes displayed a slight increase in mitochondrial
DNA content, characteristic of mitochondriogenesis. Overexpression of
miR-125b-5p lowered the content of mitochondrial DNA in brite
hMADS adipocytes. Interestingly, inhibition of miR-125b-5p increased
mitochondrial DNA in hMADS white adipocytes to levels similar to
those of brite adipocytes (Figure 4B,D). These modifications in mito-
chondrial DNA content did not seem to be dependent to TFAM levels as
the mRNA of TFAM was not modified in hMADS adipocytes transfected
with the mimic or anti-miR for miR-125b-5p (Supplementary Figure 1A
and B).

3.4. Modulation of miR-125b-5p levels affects cellular respiration
In order to determine whether miR-125b-5p levels, in addition to
affecting mitochondrial biogenesis, impact mitochondrial function, we
analyzed oxygen consumption rates, and we observed that the delivery
of an miR-125b-5p mimic led to a significant decrease in basal and
maximal oxygen consumption rate and a non-significant decrease of
uncoupled respiration (Figure 4A). Inhibition of miR-125b-5p function
by delivery of an miR-125b-5p inhibitor led to increased maximal
oxygen consumption reaching almost the level of brite adipocytes,
whereas the uncoupled respiration rate was not affected (Figure 4C).
Further, inhibition of miR-125b-5p did not affect the basal oxygen
consumption rate. However, the reserve respiratory capacity quantified
by the measure of the spare respiratory capacity (SRC) was inhibited
upon overexpression and enhanced upon inhibition of miR-125b-5p
(Figure 4A,C), suggesting an important role of this miRNA in the
control of mitochondrial respiration.
Using the same approaches, respiratory chain complex proteins were
quantified. Analysis of the content of the five oxidative phosphorylation
complexes showed that over-expression as well as inhibition of miR-
125b-5p affected complexes I and IV, whereas the other complexes
were not modified (Supplementary Figure 2). Indeed, over-expression
of miR-125b-5p significantly lowered the content of complexes I and IV
in brite hMADS adipocytes, and in an opposite manner, transfection
with miR-125b-5p inhibitors elevated the levels of these complexes in
hMADS white adipocytes (Supplementary Figure 2). These modulations
appeared without alterations of the mRNA content of various nuclear
(COX4, COX10, COX7A1, CytC) and mitochondrial (ND1, ND4 and
COX2) genes encoding respiratory chain complex proteins
(Supplementary Figure 1A and B).
miR-125b-5p seemed to modulate mitochondrial respiratory chain
quantities and function, without alteration of mRNA expression of their
components. One hypothesis is that miR-125b-5p modifies the dy-
namics of mitochondria fission and fusion, an important mechanism in
brown adipocytes [66] displayed by hMADS cells. Western blot analysis
of hMADS adipocytes transfected with mimics and anti-miR-125b-5p
did not reveal an alteration of DRP1 ser616 phosphorylation, a key
event in fission mechanism. In line with this observation, levels of
OPA1 and MFN2, two proteins involved in mitochondria fusion, were
not altered (Supplementary Figure 3).
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Figure 3: Effects of miR-125b-5p over-expression and inhibition on hMADS brite adipocyte phenotype. Adipocytes transfected with miR-125b-5p mimics (A, B) or miR-
125b-5p LNA inhibitor (C, D) or their respective control at day 14 and mRNA, miRNA (A, C) and protein analysis (B, D) were performed at day 18. Histograms display mean � SEM
of 4 experiments, *: p < 0.05, miR-125b-5p mimics or miR-125b-5p LNA inhibitor vs. control.
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Altogether, these results demonstrated that miR-125b-5p was able to
modulate mitochondrial content and function without affecting the
general brite adipocyte phenotype.

3.5. Microarray and proteomic approaches
In order to identify a potential mRNA target of miR-125b-5p involved in
the white to brite adipocyte conversion, we performed a semi-
quantitative proteomic approach (Supplementary Table 2) and global
RNA profiling (Supplementary Table 3) using hMADS brite adipocytes
transfected with miR-125b-5p mimic or control. The analysis of
fractions enriched in mitochondria revealed various modulated proteins
(fold<0.8 or>1.25), including proteins from the respiratory chain (i.e.
COX5A, ATP synthase subunit) or TCA cycle (i.e. Citrate synthase).
The results from mRNA microarray data have been combined with
publicly available data from miRNA target prediction algorithms in
order to reveal potential miR-125b-5p targets with a decreased mRNA
expression after miR-125b-5p mimic transfection. The top 100 mRNA
are listed in Supplementary Table 3. Despite the fact that some of
these mRNAs are interesting in the field of adipogenesis, no evident
target explaining the defect in mitochondrial activity has been
identified.
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3.6. miR-125b-5p mimic injection in murine scWAT inhibits brite
adipocyte formation
We aimed at investigating in vivo whether miR-125b-5p can affect
mitochondrial content and function, and thus brite adipocyte formation
and function, in scWAT. For that purpose, we injected miR-125b-5p
mimics or control mimics directly into scWAT of C57BL/6 mice for 2
weeks. During the second week, mice received the b3-adrenergic
receptor agonist CL316,243 (1 mg/kg/day) or vehicle. Compared to
control mimic injections, treatment with miR-125b-5p mimics signif-
icantly increased the levels of miR-125b-5p in scWAT (Figure 5A).
Molecular analysis of scWAT showed that injection of miR-125b-5p
mimic compared to control mimic led to an impairment of the mito-
chondriogenesis induced by the CL316,243 treatment, as shown by
the strong inhibition of citrate synthase (Cs) mRNA expression
(Figure 5B). This was linked to a decrease in brite adipocyte markers
such as Ucp1, Cpt1m, and Cidea. (Figure 5C). Under these conditions,
fatty acid binding protein (Fabp4) and perilipin 1 (Plin1) mRNA levels
were not modified, demonstrating that mimic injection did not affected
adipocyte content (Figure 5D). Expression of other genes related to
brite adipocytes were not affected except a slight yet significant
decrease of Prdm16 (Figure 5E). As expected, these alterations at the
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Effects of miR-125b-5p over-expression and inhibition. hMADS adipocytes transfected with miR-125b-5p mimics (A, B) or miR-125b-5p LNA inhibitor (C, D) or their
respective control at day 14 and oxygen consumption measurements (A and C) were performed at day 18. Plots show mitochondrial OCR, and histograms correspond to
mitochondrial respiration values. Mitochondrial DNA content was quantified by qPCR upon over-expression or inhibition of miR-125b-5p (B and D), as described in material and
methods section. Plots and histograms display mean � SEM, *, **: p < 0.05, data are from 3 independent experiments (4 replicates per experiment). *: mimic ctr vs. mimic miR-
125b-5p; **: white vs. brite.
mRNA level were confirmed at the protein level. Indeed, Ucp1 and Cs
protein levels were decreased and PlnA and B (the products of the
Plin1 gene) were not affected (Supplementary Figure 5A). In addition,
analysis of mitochondrial complex protein levels showed a decrease in
all detected complexes, which was significant for complexes I and III
(Supplementary Figure 5B).
Histological analysis showed an miR-125b-5p-dependent defect in the
formation of multilocular lipid droplet-containing adipocytes repre-
sentative of activated brite/brown adipocytes. The number of unilocular
lipid droplet adipocytes in CL316,243 and miR-125b-5p mimic-
injected mice was higher compared to control mimic injections
(Figure 5F, upper panel). This observation was confirmed by Ucp1
staining, which revealed fewer Ucp1 positive adipocytes upon miR-
125b-5p mimic injection (Figure 5F, middle panel). In agreement
with the previous observations, perilipin immunostaining showed that
activation of b3-adrenergic receptor in the presence of high levels of
miR-125b-5p led to less brite adipocytes and to the appearance of
adipocytes with large lipid droplets (Figure 5F, lower panel).

3.7. miR-125b-5p inhibitor injection in murine scWAT promotes
brite adipocyte formation
As increased levels of miR-125b-5p negatively affected brown
adipocyte formation, we tested whether inhibition of miR-125b-5p
expression can enhance brite adipocyte formation in scWAT. miR-
125b-5p LNA inhibitors or controls were directly injected into scWAT
of C57BL/6 mice for 2 weeks. Compared to control inhibitor injections,
MOLECULAR METABOLISM 5 (2016) 615e625 � 2016 The Author(s). Published by Elsevier GmbH. This is an op
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treatment with anti-miR-125b-5p inhibitors significantly decreased the
levels of miR-125b-5p in scWAT (Figure 6A). As expected, in contrast
to the injection of the mimic, injection of the miR-125b-5p inhibitor
promoted mitochondrial biogenesis as shown by the significant in-
crease of Cs mRNA (Figure 6B). In agreement with this observation,
mitochondrial brite adipocyte markers such as Ucp1, Cpt1m, and Cidea
increased in miR-125b-5p LNA inhibitor-injected mice upon
CL316,243 treatment (Figure 6C). No variations were observed on
Fabp4 and Plin1 mRNA levels (Figure 6D). Further, expression of other
brite adipocytes markers was not affected (Figure 6E). Histological
analyses showed an increased formation of multilocular lipid droplet-
containing adipocytes, representative of activated brite adipocytes, due
to miR-125b-5p antagonism (Figure 6F, upper and lower panels). Both
Ucp1 and perilipin immunostaining showed that activation of b3-
adrenergic receptor in the presence of miR-125b-5p inhibitors led to
an increase in the density of brite adipocytes and disappearance of
adipocytes with large lipid droplets (Figure 6F, middle and lower
panels). Analysis of the non-injected anterior scWAT revealed that brite
adipocyte markers such as UCP1 and CS as well as adipogenic
markers such as Fabp4 and Plin1 were not affected (Supplementary
Figure 4A and B).

4. DISCUSSION

The control of brown/brite adipocyte formation and function represents
a promising therapeutic option to combat obesity. Several reports have
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Figure 5: Effect of miR-125b-5p mimic injection in scWAT. 10 weeks-old C57BL/6 male mice received miR-125b-5p or control mimic in the subcutaneous WAT and received
the b3-adrenergic receptor agonist (CL316,243) for 7 days. miR-125b-5p expression levels were determined in scWAT from mice by RT-qPCR (A). Representative brite adipocytes,
mitochondrial (B, C and E), and white adipocyte (D) markers mRNA levels were determined in scWAT by RT-qPCR. Representative histological sections of scWAT (7 mm, paraffin-
embedded) HES staining (upper panel), UCP1 (middle panel) and PLIN1 (lower panel) immunostaining are shown (F). *: p < 0.05. Scale bar: 100 mm.
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shown that miRNAs play important roles in adipogenesis and metabolic
diseases [40,42,67]. The miR-26 family, miR-27, mir-30, miR-34a,
miR-106b, miR-133, miR-155, miR-193-365, miR-196 and miR-378
are involved in the control of brown adipocyte formation and function
[39,43,44,68e70], but only a few of them were validated in human so
far. Herein, we identified miR-125b-5p as a novel critical regulator of
energy-dissipating adipocyte characteristics in mouse and human. This
miRNA is perfectly conserved between rodents and human, and known
to be involved in carcinoma progression and host immune responses
[71]. miR-125b has also been reported as a potential circulating
biomarker of rheumatoid arthritis with a predictive potential upon
pharmacologic treatments [72]. Importantly, miR-125b-5p promotes
murine white adipocyte differentiation probably via SMAD4 inhibition
[73]. However, its role in brown/brite adipocyte formation was not
known until now. Furthermore, another member of the miR-125 family,
miR-125a has been described to be associated with obesity in mouse
and human [74]. Our data showed that miR-125b-5p levels are
negatively associated with Ucp1 mRNA expression in brite and brown
adipocytes derived from mice and humans. Indeed, miR-125b-5p
levels were lower in human biopsies of BAT compared to those of
WAT and in primary culture-derived brite versus white adipocytes. In
agreement with this observation, miR-125b-5p levels were lower in
murine BAT compared to scWAT, and its levels dropped under a sit-
uation favoring the browning process and BAT activation such as b3-
adrenergic agonist treatment. Importantly, miR-125b-5p seems to play
622 MOLECULAR METABOLISM 5 (2016) 615e625 � 2016 The Author(s). Published by Elsevier GmbH.
an important role in the control of mitochondrial biogenesis and
mitochondrial respiration as its overexpression inhibited basal and
maximal oxygen consumption as well as mitochondrial DNA content,
while antagonism of miR-125b-5p resulted in opposite effects.
In vivo delivery of miR-125b-5p mimics or inhibitors through direct
injection in the scWAT depots showed decreased or increased
expression of brite associated markers, respectively. These observa-
tions support a crucial role of miR-125b-5p in the control of the for-
mation of brite adipocytes in scWAT upon b3-adrenergic receptor
activation. Furthermore, histological analysis showed that over-
expression of miR-125b-5p negatively affected the formation of brite
adipocytes in scWAT, while inhibition of this miRNA did the opposite.
Overexpression or inhibition of miR-125b-5p had no effect on the
expression of other genes related to adipogenesis (Fabp4, leptin, per-
ilipin), highlighting the involvement of miR-125b-5p in controlling the
expression of genes related to brite/brown adipocytes. The in vivo de-
livery procedure we used has been proven to be efficient as for example
in controlling the formation of brite/beige adipocytes by miR-30 [68]. In
addition, the analysis of anterior scWAT, representing a non-injected
(i.e. control) tissue, confirmed the local efficiency of the treatment
and suggested that putative side effects might be non-existent.
In search of potential gene targets of miR-125b-5p, we performed a
semi-quantitative proteomic approach and a global mRNA profiling
(Supplementary Tables 2 and 3). Most of the candidates identified
through the proteomic analysis and RNA profiling with a seed match
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: Effect of miR-125b-5p LNA inhibitor injection in scWAT. 10 weeks-old C57BL/6 male mice received miR-125b-5p or control LNA inhibitor in the subcutaneous WAT
and received the b3-adrenergic receptor agonist (CL316,243) for 7 days. miR-125b-5p expression levels were determined in scWAT from mice by RT-qPCR (A). Representative
brite adipocytes, mitochondrial (B, C, E), and white adipocyte (D) markers mRNA levels were determined in scWAT by RT-qPCR. Representative histological sections of scWAT
(7 mm, paraffin-embedded) HES staining (upper panel), UCP1 (middle panel) and PLIN1 (lower panel) immunostaining are shown (F). *: p < 0.05. Scale bar: 100 mm.
corresponding to the miR-125b-5p seed sequence were affected only
slightly by the miR-125b-5p overexpression. Moreover, even if these
targets can be associated with mitochondrial activity, and thus in
agreement with the effects of miR-125b-5p obtained in vitro as well as
in vivo, none of them were related to a mechanism explaining the effect
of miR-125b-5p. Further investigations should allow a better under-
standing of the role of miR-125b-5p and identification of its targets.
Very recently, miRNAs have been shown to play dual roles, by
simultaneously repressing cytoplasmic targets and activating mito-
chondrial mRNAs [75], highlighting the importance of these regulators
in the control of mitochondriogenesis, a hallmark of white to brite
adipocyte conversion.

5. CONCLUSION

Collectively, our data demonstrate that miR-125b-5p levels are
associated with brite and brown adipocyte formation and mitochondrial
respiration. miR-125b-5p and its responsive target genes represent a
potential therapeutic option for the development of new strategies to
combat obesity and associated metabolic disorders.
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