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Abstract: Two different types of adipose depots can be observed in mammals: white adipose tissue
(WAT) and brown adipose tissue (BAT). The primary role of WAT is to deposit surplus energy
in the form of triglycerides, along with many metabolic and hormonal activities; as thermogenic
tissue, BAT has the distinct characteristic of using energy and glucose consumption as a strategy to
maintain the core body temperature. Under specific stimuli—such as exercise, cold exposure, and
drug treatment—white adipocytes can utilize their extraordinary flexibility to transdifferentiate into
brown-like cells, called beige adipocytes, thereby acquiring new morphological and physiological
characteristics. For this reason, the process is identified as the ‘browning of WAT’. We evaluated the
ability of some drugs, including GW501516, sildenafil, and rosiglitazone, to induce the browning
process of adult white adipocytes obtained from differentiated mesenchymal stromal cells (MSCs). In
addition, we broadened our investigation by evaluating the potential browning capacity of IRISIN,
a myokine that is stimulated by muscular exercises. Our data indicate that IRISIN was effective in
promoting the browning of white adipocytes, which acquire increased expression of UCP1, increased
mitochondrial mass, and modification in metabolism, as suggested by an increase of mitochondrial
oxygen consumption, primarily in presence of glucose as a nutrient. These promising browning
agents represent an appealing focus in the therapeutic approaches to counteracting metabolic diseases
and their associated obesity.

Keywords: mesenchymal stromal cells; adipogenesis; BAT; WAT; browning; irisin

1. Introduction

Obesity and its associated metabolic disorders are major health challenges encountered
by rich populations in the twenty-first century. Numerous multidisciplinary strategies
have been proposed to counteract obesity, from changes in eating habits to more drastic
approaches (such as endoscopic or bariatric surgery) with a common objective of weight
reduction and subsequent alleviation of weight-related complications [1,2]. However,
so far, no absolute pharmacological treatment has been identified for overweight and
obese people.

Adaptive thermogenesis represents in some mammalians a valid strategy for heat
production in the brown adipose tissue (BAT) depots [3].

Evolution has supplied humans and other placental mammals with BAT depots for
heat production not associated with muscle activity (non-shivering thermogenesis) [4].
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This activity appears considerable for human infants to preserve high values of inner body
temperature [5].

Until a few years ago, the scientific community maintained that BAT depots were lost
in adult humans. However, this idea was inverted a few decades ago when the presence of
BAT depots was observed in adults, especially after cold exposure [6–8].

In recent years, numerous studies have demonstrated that the generation of BAT from
white adipose tissue (WAT) using “browning agents” was able to stimulate energy expen-
diture and prevent obesity in mice [9,10]. It has been recognized that, in addition to the
traditional brown adipocytes contained inside BAT depots, WAT contains some adipocytes
that exhibit characteristics similar to brown adipocytes after specific environmental or drug
stimuli (such as exercise, cold exposure, and drug treatment) [11]. These cells are referred
to as beige or ‘brite’ (brown-in-white) adipocytes, and the phenomenon is consequently
known as “browning” or “beiging” [12].

BAT thermogenesis depends on a great number of mitochondria and a high expression
of UCP-1 (uncoupling protein 1) located on the mitochondrial inner membrane, which
facilitates the uncoupling of fuel combustion (proton leak) and ATP production in order
to expend energy as heat [13,14]. Thus, approaches that activate brown adipocytes in
humans may possess important health consequences, particularly efficacious anti-obesity
and antidiabetic properties [15].

Several pharmacological and plant-based browning agents are able to stimulate brown
adipogenesis or beige cell induction under certain conditions (exercise, cold exposure, and
in response to β-adrenergic agonists such as CL 316,243) [10,16–18]. Recently, we assessed
the in vitro effects of some browning agents (GLP-1, rosiglitazone, GW501516, FGF-21, and
Sildenafil) during white adipogenesis originating from mesenchymal stromal cells (MSCs),
which are able to differentiate into WAT and BAT [19]. The MSCs contained in white
adipose tissues/depots include a subpopulation: multipotent stem cells (differentiating
into adipocytes, chondrocytes, and osteocytes), as well as stromal cells, fibroblasts, and
progenitor cells [20,21].

In our previous study, we established that rosiglitazone and sildenafil were able to
shift white adipocyte commitment/differentiation to a brown adipocyte phenotype [19].
This finding holds importance for understanding the molecular basis of obesity. In this
context, these drugs are promising candidates for the therapeutic treatment of obesity.
In any case, in fighting obesity, the trans-differentiation of mature white adipocytes into
beige/brown cells is of paramount importance.

In this paper, our goal was to evaluate whether the previously analyzed drugs are
able to induce the browning process in adult white adipocytes obtained from differentiated
MSCs. We broadened our investigation by evaluating the potential browning capacity of
irisin. Boström and colleagues demonstrated that muscular exercises induce a myokine
synthesis called irisin that plays a crucial role in converting white adipocytes to brown
adipocytes and in regulating energy expenditure. In particular, irisin works on WAT in vitro
and in vivo through Pgc1α expression and stimulates Ucp1 protein expression until a large
brown fat-like tissue is formed [10,22].

2. Results

MSCs were cultured in a white adipogenic differentiation medium for 15 days and
then further incubated for 7 days with different drugs (GW, SID, ROS, and IRI).

The concentration of each drug was selected according to previous findings [23–26].
and the cytotoxicity test we performed to evaluate if the published range of concentrations
could be used in our experimental model (Table 1).

Then, we determined whether browning agents at selected working concentrations
may affect key biological parameters by inducing phenomena affecting cell health (e.g.,
senescence, apoptosis). The senescence process was unaffected by the drugs we tested
(Figure 1A); likewise, the apoptosis level was very low and did not change following
incubation with drugs (Figure 1B).
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Table 1. Cell viability after 3 days of incubation with drugs, at different concentrations. For each
drug, the last column indicates the concentration used in all the described experiments.

Drug 1 nM 10 nM 100 nM 1 µM 10 µM 100 µM Working
Concentration

A
li

ve
ce

ll
s GW 100% 100% 100% 100% 99% 94% 1 nM

SID 100% 100% 100% 100% 98% 73% 1 nM

ROS 100% 100% 100% 97% 74% 58% 43 nM

IRI 100% 100% 100% — — — 20 nM
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biological replicates). The MUG assay detects the activity of senescence-associated beta-
galactosidase (SA-β-gal) at pH 6.0, while, physiologically, beta-galactosidase is active at pH 4.0, the 
typical lysosomal acid environment. (B) Apoptosis analysis in white adipocytes by the fluorescein-
conjugated Annexin V assay following seven days of drug treatment. The Annexin V assays detect 
the phosphatidylserine sites on the membrane surface of apoptotic cells by immunofluorescence 
staining. The graph shows mean expression values in cells treated with browning agents after white 
adipogenic differentiation (±SD, n = 3 biological replicates). GW: GW501516; SID: sildenafil; ROS: 
rosiglitazone; IRI: irisin; CT: differentiated white adipocytes without analyzed drugs. Drug 
concentration: 1 nM (GW); 1 nM (SID); 43 nM (ROS); 20 nM (IRI). 
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Nevertheless, the GW, SID, and IRI treatments induced a significant reduction in lipid 
droplets size (Figure 2A). 

Figure 1. Senescence, and apoptosis detection. (A) Senescence evaluation in white adipocytes by
4-methylumbelliferyl-β-d-galactopyranoside (MUG) quantitative fluorescent assay following seven
days of drug treatment. The 4-MUG is a β-galactosidase substrate that emits fluorescence when
the enzyme converts it into fluorophore 4-methylumbelliferone. The fluorophore was detected
with an excitation/emission wavelength of 365/460 nm. The data are expressed as arbitrary units
(±SD, n = 3 biological replicates). The MUG assay detects the activity of senescence-associated
beta-galactosidase (SA-β-gal) at pH 6.0, while, physiologically, beta-galactosidase is active at pH 4.0,
the typical lysosomal acid environment. (B) Apoptosis analysis in white adipocytes by the fluorescein-
conjugated Annexin V assay following seven days of drug treatment. The Annexin V assays detect the
phosphatidylserine sites on the membrane surface of apoptotic cells by immunofluorescence staining.
The graph shows mean expression values in cells treated with browning agents after white adipogenic
differentiation (±SD, n = 3 biological replicates). GW: GW501516; SID: sildenafil; ROS: rosiglitazone;
IRI: irisin; CT: differentiated white adipocytes without analyzed drugs. Drug concentration: 1 nM
(GW); 1 nM (SID); 43 nM (ROS); 20 nM (IRI).

Oil Red O staining is used to observe changes in the lipid metabolism of a cell and
can validate white adipogenic differentiation by staining intracellular lipid droplets. In
particular, the morphology of intracellular lipid droplets is large and unilocular in white
adipose tissue but small and multilocular in brown adipose tissue. In our conditions, drugs
did not induce a significant variation in lipid droplet staining (Figure 2B). Nevertheless,
the GW, SID, and IRI treatments induced a significant reduction in lipid droplets size
(Figure 2A).

Thermogenic adipocytes express high levels of UCP1 to dissipate energy (heat) by
uncoupling the mitochondrial proton gradient from ATP production in mitochondrial
respiration. We observed that SID, ROS, and IRI increased the percentage of UCP1-positive
cells (Figure 2, middle panel). A small number of UCP1-positive cells was also detected in
controls. This result is in concordance with studies showing that some brite adipocytes can
be present in WAT [27,28].
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Figure 2. Lipid droplet size evaluation, Oil red O staining, UCP-1 expression, and MitoTracker
analysis. (A,B): evaluation of lipid droplets by bright field analysis and Oil Red O staining in white
adipocytes treated with browning agents for seven days. Scale bar: 50 µm. The right histogram of (A)
shows the average droplet area in the different experimental conditions. For each cell, the size of lipid
droplets was acquired with a CCD camera and analyzed with Quantity One 1-D analysis software
(Bio-Rad Laboratories). We calculated the average droplet size, which was expressed in nm2. For
every experimental condition, droplet size was determined by analyzing 100 cells. Data are expressed
with standard deviation (n = 3, * p < 0.05, ** p < 0.01). The right histogram of (B) shows the percentage
of Oil Red O positive cells (±SD, n = 3 biological replicates). (C): evaluation of UCP-1 expression
detected in white adipocytes treated with browning agents for seven days. The UCP-1 level was
detected in the cell cultures through antibodies against UCP-1 (Santa Cruz, TX, USA), according to
the manufacturer’s instructions. The secondary antibody Alexa 594-conjugated was obtained from
ImmunoReagents (Raleigh, NC, USA). Cell nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI) and then observed with a fluorescence microscope. The right histogram shows the percentage
of UCP1-positive cells by counting a minimum of 500 cells in different microscope fields (±SD, n = 3
biological replicates; * p < 0.05, ** p < 0.01). (D): Analysis of mitochondrial mass in white adipocytes
treated with browning agents for seven days. The micrograph showed the MitoTracker-stained
mitochondria (red) in cells that were identified by DAPI nuclei staining (Blu). The graphs show the
MitoTracker-stained cells acquired with Guava FACS Millipore Instruments; the red line corresponds
to the unstained sample (negative control). The right histogram shows the intensity of MitoTracker
staining as determined by FACS analysis. Data are reported as fold changes in intensity compared
with control (white adipocytes) indicated as 1 (±SD, n = 3 biological replicates; * p < 0.05, ** p < 0.01).
GW: GW501516; SID: sildenafil; ROS: rosiglitazone; IRI: irisin; CT: differentiated white adipocytes
without analyzed drugs. Drug concentration: 1 nM (GW); 1 nM (SID); 43 nM (ROS); 20 nM (IRI).
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The staining with MitoTracker, a red-fluorescent dye that stains mitochondria in live cells
and whose accumulation is dependent on membrane potential, revealed that all browning
agents increased the presence/proportion of mitochondria in these cells (Figure 2, lower
panel). This result is in line with studies showing that during the differentiation of brown
adipocytes there are qualitative and quantitative changes in the mitochondria [29–31].

We observed a significant increase in mitochondrial mass following drug treatments
(right histogram in Figure 2).

In our previous study, we identified the markers for white and brown MSC differenti-
ation: white adipocytes showed high levels of CEBPA, PPARG, and LPL mRNAs, while
brown adipocytes showed an increase in PPARG, LPL, and UCP1 mRNAs. This result
indicates that the expression profiles of white and brown adipocytes contain both common
(PPPARG, LPL) and specific markers, CEBPA and UCP1, respectively [19]. In this frame-
work, our data reveal that SID, ROS, and IRI exhibited a browning effect by promoting
strong UCP1 upregulation, while GW did not show a significant influence on UCP1 levels
(Figure 3A).

We also observed an increase in early adipocyte markers (CEBPA and PPARG) follow-
ing IRI treatment. This finding can probably be explained by the idea that IRI treatment
could activate adipocyte differentiation of an MSC subpopulation remaining undiffer-
entiated after stimulation with an adipocyte maturation “cocktail”. In support of this
hypothesis, our observations in the same conditions also revealed an increase of Oil Red
O-positive cells (histogram in upper panel, Figure 2).

We further validated our data with an evaluation of the protein expression of dif-
ferentiation markers. As we already reported [19], the differentiation of MSCs in white
adipocytes induced a significant increase of LPL along with a minimal upregulation of
UCP1 and no modification of PPARG. This result indicates that the differentiation medium
of MSC in white adipocytes also promoted the lineage specification of a subset of putative
brown progenitors. (Figure 3B). The differentiation procedure to obtain brown adipocytes
produced a strong increase in UCP1 protein levels along with LPL upregulation, as expected
(Figure 3B). Globally these data validated our experimental model.

In the MSCs differentiated into white adipocytes and treated with the browning agents,
we detected a strong increase in UCP1 and LPL protein levels (Figure 3C). These data are
in agreement with mRNA analysis (Figure 3A).

Healthy cells can oxidize several substrates (carbohydrates, lipids, and proteins) for
energy production (ATP) and can adapt nutrient oxidation to nutrient availability.

Cellular mitochondrial and non-mitochondrial metabolism were evaluated by deter-
mining oxygen consumption in white adipocytes treated with browning agents (Figure 4).

In white adipocytes, during lipolysis, free radicals such as reactive oxygen and nitrogen
species are produced through a series of cytoplasmic activities—e.g., inside the endoplasmic
reticulum, phagosomes, peroxisomes, and on the cellular membrane [32]. In most cases,
all these reactions involve a large amount of non-mitochondrial oxygen consumption.
In white adipocytes, a large oxygen consumption also occurs in mitochondria for ATP
production. Brown adipocytes show less oxygen expenditure, since the production of
cytoplasmic reactive oxygen and nitrogen species is reduced, and minimal oxygen is
utilized for mitochondrial ATP synthesis [33]. Therefore, an effective browning stimulation
entails a decrease in mitochondrial (Figure 4A) and non-mitochondrial oxygen consumption
(Figure 4B), due to metabolic patterns that are typical of brown adipocytes. This result was
obtained with all four drugs we evaluated (see standard condition histograms in Figure 4).

To gain more insight into these processes, we grew white adipocytes in media sup-
plemented with a single nutrient (fatty acid or glucose) and then evaluated mitochondrial
oxygen consumption, since it is well-known that thermogenic adipocytes (brown and beige
cells) manage lipid and glucose homeostasis in order to modulate body temperature. Heat
production, or thermogenesis, is a powerful energetic mechanism, and brown adipocytes
need a fast and accessible power source, represented principally by glucose and/or free
fatty acids [33,34]. Our results were consistent with the findings reported in the literature:
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in the presence of glucose, we observed an increase in mitochondrial oxygen consumption,
primarily after treatment with GW, SID, and IRI (Figure 4B). In contrast, the sole presence
of fatty acid in the media did not induce a significant variation of oxygen consumption
among various treatments, compared with the control (Figure 4B).
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Figure 3. mRNA and protein levels of genes involved in adipocyte differentiation. (A): The left
histogram shows the expression levels of adipocyte differentiation markers in MSCs following
21 days of incubation in white adipocytes differentiation medium. Data are reported as fold changes
in mRNA levels compared to undifferentiated MSCs. The right histogram shows the mRNA levels in
white adipocytes treated with browning agents for seven days compared with the control (untreated
white adipocytes). Data are reported as fold changes in mRNA levels compared with control (white
adipocytes) indicated as 1. Fold change values for genes were calculated as the ratio of the signal
values of the experimental (drug-treated samples) group compared with the control group. (± SD,
n = 3 biological replicates; * p < 0.05, ** p < 0.01, *** p < 0.001). (B): in vitro differentiation models.
The protein levels of differentiation markers in MSC cultures following induction of white (WD) and
brown (BD) adipocyte maturation, respectively. ND stands for control undifferentiated cultures. The
right graph shows the expression levels of analyzed markers. Data are reported as arbitrary units
compared with control (ND) (± SD, n = 3 biological replicates; ** p < 0.01, *** p < 0.001). (C): protein
levels of differentiation and browning/thermogenic markers in white adipocytes (differentiated
MSCs) that were treated with the above-reported drugs. CT stands for differentiation without
drug supplementation. The graph shows the expression levels of analyzed markers. Data are
reported as arbitrary units compared with control (CT) (±SD, n = 3 biological replicates; ** p < 0.01).
GW: GW501516; SID: sildenafil; ROS: rosiglitazone; IRI: irisin. Drug concentration: 1 nM (GW); 1 nM
(SID); 43 nM (ROS); 20 nM (IRI).
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Figure 4. Evaluation of cellular mitochondrial function by oxygen consumption assay. (A): Basal
oxygen consumption rate. Oxygen consumption rates (OCR) in non-mitochondrial respiration was
measured by MitoXpress® Xtra assay in white adipocytes treated with browning agents. Cells
were incubated in complete medium (basal condition). The histogram shows optical density (O.D
Ex380/Es650 nm) (±SD, n = 3 biological replicates; * p < 0.05, ** p < 0.01). (B): OCR for mitochondrial
ATP production. (* p < 0.05, ** p < 0.01). (C): OCR for maximal respiratory capacity. (D): OCR for
uncoupled respiration. OCR was measured according to protocol described in the methods section.
Cells were incubated in complete medium (basal condition), or medium containing only palmitate
(fatty acid), or medium containing only glucose (glucose). The histogram shows optical density
(O.D Ex380/Es650 nm) (±SD, n = 3 biological replicates; * p < 0.05, ** p < 0.01). (E): A scheme to
explain supposed futile lipogenic pathway with fatty acid and triglyceride formation, succeeded by
triglyceride lysis and oxidation of free fatty acids. In particular, three enzymes, DGAT2, LIPIN1, and
AGPAT2 generate triglycerides from fatty acids. These are subjected to the lysis in cytosolic lipid
droplets by ATGL, HSL, and MGL. The released fatty acids can both activate UCP1 to produce heat or
be transformed into acetyl-CoA by ACSL1 and shuttled into the mitochondria across the translocator
CPT1and CPT2. Here they are submitted to beta-oxidation via ACD, to produce mitochondrial
proton leaks (thermogenesis). GW: GW501516; SID: sildenafil; ROS: rosiglitazone; IRI: irisin; CT:
differentiated white adipocytes without analyzed drugs. Drug concentration: 1 nM (GW); 1 nM (SID);
43 nM (ROS); 20 nM (IRI).

The determination of maximal respiratory capacity (OCR in the presence of uncoupled
oxidative phosphorylation, such as FCCP) indicates by what means cells react to an increased
ATP demand. Generally speaking, the drug treatment preserved the respiratory capacity
observed in the reference sample. This may suggest that no toxic effect due to drug treatment
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occurred. On the contrary, it should be underlined that in some conditions the maximal
respiratory capacity was even increased compared with the controls (Figure 4C). Data on
uncoupled respiration seems to confirm the beiging activity of analyzed drugs (Figure 4D).
Indeed, uncoupled respiration is an important marker of a thermogenic adipocyte having
increased uncoupled respiration due to UCP1. Notably, the increased uncoupled respiration
was observed in standard conditions and in a medium supplemented with glucose.

Reports show that brown adipocytes uptake huge amounts of free fatty acids for a
lipogenic futile cycle, which consists of the formation of triglycerides (TG) from free fatty
acids and TG breakdown with beta-oxidation of released fatty acids (Figure 4E) [33].

In this scenario, we evaluated free fatty acids (FFA) uptake in white adipocytes at
different time points following treatment with browning agents. In our experimental
conditions, we observed increased uptake of FFA after treatments with ROS, which was
able to stimulate and sustain browning (Figure 5A). We also evaluated the release of fatty
acids following the stimulation of lipolysis by epinephrine treatment. We detected an
increase in fatty acid release in samples treated with drugs compared with the control
samples (Figure 5B).
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KREBS buffer with 2%BSA for 10 min, then the pH of the medium was evaluated at 10 and 30 min
following the addition of 0.5 µg/mL epinephrine in the medium. Data are expressed as optical density
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3. Discussion

BAT is a key controller of total-body glucose and lipid homeostasis. Significant
steps have been taken to better understand the molecular mechanisms of agents able to
activate browning from WAT; this phenomenon appears useful for sustaining a growing
energy consumption, avoiding body weight increase, and preventing obesity and related
comorbidities (e.g., hepatic steatosis and type 2 diabetes) [35].

In our previous paper, we estimated the browning/beiging effects of some drugs
through white adipose tissue differentiation of MSCs [19]. The drugs were supplemented
at the beginning of the differentiation process and not on mature white adipocytes. Our
finding was that GW, SID, and ROS were effective in promoting the shift of white adipocyte
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precursors to brown phenotype. This study proved the effectiveness of such drugs on
adipogenesis, although it has limited value for obesity treatment. In this scenario, an
effective drug must be active on pre-adipocytes and on white adipocytes by promoting
their trans-differentiation into brown adipocytes. For this reason, we further extended our
study on the effectiveness of the above-reported drugs in promoting trans-differentiation
of pre-adipocytes and white adipocytes in brown adipocytes. In addition, our study also
included the browning compound irisin (IRI), a myokine that is stimulated by muscle
training and able to control energy expenditure.

In vivo studies (or even clinical studies) on some of the browning agents we evaluated
in this study have already been reported [10,36–38]. In one of these studies, nanoparti-
cles containing Rosiglitazone or CL 316243 charged into the transcutaneous microneedle
patch formed by hyaluronic acid scaffold to locally induce brown adipocytes in white fat
depots [39].

The browning induction of irisin in subcutaneous white depots in mice and humans
have been plainly reported [22,40]. Although, the impacts of irisin on visceral fat remain
under investigation.

We aimed to perform a comparative analysis to better evaluate the physiological and
molecular effects of these agents in order to use them in a more rational way. The published
papers used different experimental models and/or experimental conditions and hence it is
difficult to perform a reliable comparison. Our paper aims to fill this gap.

An ideal experimental approach should be based on the use of adipocytes isolated
from tissue (fat depots) [41]. Nevertheless, the in vitro cultivation of these mature cells
is challenging and some experimental procedures we utilized cannot be performed in
a reliable way. Many in vitro models for studies on adipose tissue differentiation and
physiological performances rely on immortalized pre-adipocytes. These are useful models
but present important limitations. Indeed, immortalized cells have an alteration of cell
cycle regulation, and it is well known that definitive differentiation processes are strictly
related to cell cycle status. In this scenario, data on the differentiation of immortalized
pre-adipocytes may be unreliable. Furthermore, the differentiation process did not start
from the pre-adipocyte phenotype; rather adipogenesis begins with lineage specification
(commitment) of stem cells.

We decided to use a different experimental approach. We utilized human mesenchy-
mal stromal cells induced to differentiate into white adipocytes. This procedure produces
a heterogenous population: some cells become mature adipocytes, some others persist
in a pre-adipocyte stage, and others are only lineage-committed. This may appear as a
limitation, but it may reflect what is present in fat tissue depots. Indeed, in the fat depot,
the majority of cells are mature adipocytes, but these depots contain a small percentage of
pre-adipocytes, lineage-committed cells, and even stem cells [42,43]. In this scenario, our
model has only one limitation: the percentage of mature adipocytes is reduced compared
to white tissues; however, this will not affect the comparison study we performed.

Morphological analysis reveals that although the majority of browning agents did
not induce a significant variation of lipid droplets, IRI treatments seemed to potentiate
adipogenesis (Oil Red O staining). In addition, SID, ROS, and IRI treatments increased
the percentage of UCP1-positive cells, which is typical of brown tissue. The effectiveness
of shifting to brite/beige phenotype of white adipose cells also came from data on the
uptake and release of fatty acids. It has been demonstrated that brown adipocytes actively
uptake and release fatty acids [44]. Indeed, we evidenced that drug treatments of white
adipocytes improved both the uptake and release of fatty acids. This result suggests that
the treatments induced both morphological and functional changes in white adipocytes.

The above-reported findings agree with data showing increased mitochondrial mass
after browning treatments. In addition, UCP1 mRNA expression levels also indicated that
SID, ROS, and IRI had a browning effect.

The analysis of mitochondrial and cytoplasmic oxygen consumption in white adipocytes
after browning treatments indicates that the drugs are effective in promoting a shift to a
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brite/beige metabolic profile with reduced oxygen expenditure. This hypothesis is strength-
ened by the data on mitochondrial oxygen consumption in the presence of a single nutrient.
ROS and IRI were the most effective in utilizing glucose and in the uptake of free fatty
acids for the lipogenic futile cycle.

In conclusion, in this study we demonstrated that a pharmacological approach could
be envisaged for shifting white adipocytes into brite/beige adipocytes. The irisin treatment
appears the most promising one since it is based on a natural polypeptide that is secreted
from muscle cells. The next step in this research will be the in vivo evaluation of the
effectiveness of such drugs. In detail, mice fed with a high-fat diet should be treated with
irisin (and/or the other drugs we analyzed) to evaluate the effects on obesity.

4. Materials and Methods
4.1. MSC Cultures, in Vitro Adipocyte Differentiation, and Drug Treatments

Human MSCs were purchased (Lonza, Milan, Italy) and expanded according to the
manufacturer’s recommendations. Cell cultures were seeded at a density of 1.5 × 104 cells
in six-well plates and grown in Low Glucose DMEM medium (EuroClone, Milan, Italy)
containing 10% FBS (Euro-Clone, Italy) and 3 ng/mL of b-FGF (Prepotech, London, UK), 1%
penicillin/streptomycin (Microgem, Naples, Italy), and 1% L-Glutamine (Microgem, Italy).

At 70–80% confluence, the medium was replaced with a white adipogenic induction
medium, composed of high-glucose DMEM (Microgem, Italy) supplemented with 10%
HS (Horse Serum) (Microgem, Italy), 1% penicillin/streptomycin (Microgem, Italy), 1 mM
dexamethasone (Sigma-Aldrich, MO, USA), 10 µg/mL insulin (Sigma-Aldrich, Saint Louis,
MO, USA), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich, MO, USA), and 200 µM
indomethacin (Sigma-Aldrich, MO, USA). Cells were cultured in this medium for two
weeks, the media were replaced two times/week. After that, the cells were treated with
different drugs—i.e., 1 nM GW501516 (GW) (Sigma-Aldrich, MO, USA), 1 nM sildenafil
(SID) (Sigma-Aldrich, MO, USA) [45], or 43 nM Rosiglitazone (ROS) (Sigma-Aldrich, MO,
USA)—or with 20 nM IRISIN (IRI) (Elabscience, Houston, TX, USA) [46], and they were
incubated for another week. During this period, the media were twice changed, and drugs
were re-supplemented.

Adipogenic differentiation was confirmed on day 21 using Oil Red O staining (Sigma-
Aldrich, MO, USA).

For brown differentiation, the MSCs were cultured in the same condition as white
adipogenic differentiation for 14 days. After that, the medium was changed to DMEM/F12
(EuroClone, Milan, Italy) and supplemented with 10% FBS, 200 uM of ascorbic acid (Sigma-
Aldrich, Saint Louis, MO, USA), 20 nM of insulin, 0.2 nM of T3 (Sigma-Aldrich, Saint Louis,
MO, USA) and 1 uM od b-adrenoreceptor agonist CL316243 (Sigma-Aldrich, Saint Louis,
MO, USA). The cells were cultivated for another 7 days.

4.2. Cytotoxicity Assay

We plated 1000 cells per well in a 96-well plate and incubated them for 24 h with
in-media high-glucose DMEM (Microgem, Italy) supplemented with 10% FBS (Microgem,
Italy), and 1% penicillin/streptomycin (Microgem, Italy). Tested drugs were added to
the media at different concentrations respectively. At the end of the incubation period,
the toxicity was evaluated with Cytotoxicity Detection Kit (LDH) (Sigma-Aldrich, Saint
Louis, MO, USA) following the manufacturer’s instructions. The untreated sample was
the control (100% alive cells) and the percentage of live cells in drug-treated samples was
calculated accordingly.

4.3. Senescence Assay (SA-Assay)

In the quantitative SA-β-gal assay, 4-Methylumbelliferyl β-D-galactopyranoside (4-
MUG) (Sigma-Aldrich, MO, USA) was used as a substrate of β-galactosidase; 4-MUG does
not fluoresce until cleaved by the enzyme to generate the fluorophore 4-methylumbelliferone.
The assay was carried out on lysates obtained from cells treated with browning agents
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after white adipogenic differentiation. The production of the fluorophore was monitored
at an emission/excitation wavelength of 365/460 nm. The plate was read with a TECAN
INFINITE 200 reader (Switzerland).

4.4. Annexin-V Assay

Apoptotic cells were evaluated with a Guava EasyCyte (Merck Millipore, MA, USA)
flow cytometer using a fluorescein conjugated with Annexin V kit, following the man-
ufacturer’s instructions. Annexin V and 7AAD dyes were used to analyze and identify
apoptotic and non-apoptotic cells to cover a wide spectrum of cells. Annexin V (green) links
to phosphatidylserine on the external membrane of apoptotic cells, while 7AAD (yellow)
permeates and stains DNA in late-stage apoptotic and dead cells. Coloration enables the
recognition of four cell populations: non-apoptotic cells (Annexin V− and 7AAD−), early
apoptotic cells (annexin V+ and 7AAD−), late apoptotic cells (Annexin V+ and 7AAD+),
and necrotic cells (Annexin V− and 7AAD+). In our experimental conditions, the early and
late apoptotic cells were grouped together.

4.5. Lipid Droplet Size

Phase-contrast microscope pictures of differentiated cells were analyzed to determine
the size of lipid droplets. The area of droplets was determined using Quantity One® 1-D
analysis software (Bio-Rad, Hercules, CA, USA). For each experimental condition, we
determined the size of the lipid droplets in at least 100 cells from different microscope
fields. The average areas were expressed in nm2.

4.6. Oil Red O Staining

Oil Red O staining is an indicator of intracellular lipid accumulation and was used
to confirm adipogenic differentiation. The cell cultures were washed with PBS and then
fixed with 10% formaldehyde for at least 1 h at RT. Then, the cells were washed with
60% isopropanol and left to dry completely. Subsequently, the cells were treated with Oil
Red O staining solution for 10 min. After they were washed, the stained cultures were
analyzed under a light microscope [47]. The percentage Oil red O staining-positive cells
was calculated by counting a minimum of 300 cells in at least five different microscope
fields. Initially, cells were identified by phase contrast microscopy (Leica DMi1-MC120HD,
Leica Italia, Italy). Then, the same microscopic fields were analyzed by light microscopy
(Leica DMi1-MC120HD, Leica Italia, Italy) to identify Oil red O stained cells. All reagents
were obtained from Sigma-Aldrich (St. Louis, MO, USA) [47].

4.7. MitoTracker and UCP-1 Immunocytochemistry

MitoTracker® (Invitrogen, Rome, Italy) was used to highlight mitochondria with
100 nmol/L probes in each cell culture; it accumulates in active mitochondria, due to its
ability to pass across the plasma membrane through passive diffusion transport. Cell
samples were incubated for 30 min in DMEM-free serum at 37 ◦C in the culture incubator.
Then, the cells were washed with PBS. The experiment was carried out with two different
analysis methods.

ICC analysis: The cells were fixed with 2% formaldehyde for 15 min at RT and washed
with PBS. The UCP-1 level was detected in the cell cultures through antibodies against UCP-
1 (Santa Cruz, TX, USA), according to the manufacturer’s instructions. Cell nuclei were
stained with 4′,6-diamidino-2-phenylindole (DAPI) and then observed with a fluorescence
microscope (Leica Italia, Italy). The percentage of UCP-1-positive cells was calculated by
counting a minimum of 500 cells in different microscope fields.

FACS analysis: The cells were collected and analyzed with a Guava® easyCyte™ flow
cytometer (Merck Millipore, MA, USA) and analyzed using the easyCyte™ software.
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4.8. RNA Extraction and RT-qPCR

RNA was extracted from cell cultures after drug treatment with TRIREAGENT (Molec-
ular Research Center Inc., Cincinnati, OH, USA). To quantify the mRNA levels, we used
NanoDrop Spectrophotometer (Thermo Scientifc, Waltham, MA, USA). To design primer
pairs for RT-PCR reactions, we used OligoArchitect™ (Sigma-Aldrich, MO, USA); mRNA
sequences were retrieved from a nucleotide data bank (National Center for Biotechnology
Information). The appropriate region of GAPDH mRNA was used as a control (see Table 2
for primers list). Real-time PCR assays were carried out using LineGene 9600 Plus (BIOER,
China); reactions were performed according to the manufacturer’s instructions. SYBR
green PCR master mix (ABM, Italy) was used, and the 2-∆∆CT method was employed as a
relative quantification method [19].

Table 2. RT-qPCR primers list.

Gene Sequence Annealing T (◦C)

GAPDH 5′ GGAGTCAACGGATTTGGTCGT 3′

5′ ACGGTGCCATGGAATTTGC 3′ 58

UCP1 5′ TACAGAATAATAGCAACAAC 3′

5′ CCTCCTTCATTAGATCATAT 3′ 55

PPARG 5′ TCGACCACGTCAATCCAGAGT 3′

5′ TCGCCTTTGCTTTGGTCAG 3′ 60

CEBPA 5′ GCCGACGGAGAGTCTTATT 3′

5′ CITGTGCATGTTGAATGTG 3′ 61

CEBPB 5′ AACATGGCIGAACGCGIGT 3′

5′ TCACAGCACAGCCCGT 3′ 60

LPL 5′ ATGGCIGGACGGTAACAGGAA 3′

5′ TGACAGCCAGTCCACCACAAT 3′ 60

4.9. Oxygen Consumption Assay

The oxygen consumption assay MitoXpress® Xtra assay (see below) was performed
on culture either in normal conditions or in media with only a specific energy substrate
(glucose or fatty acids). In all the settings, cells were cultivated for 24 h in a substrate-
limited medium containing DMEM (code A14430 from GIBCO LifeTech Monza, Italy),
1% FBS 0.5 mM glucose, 1 mM glutamax, and 0.5 mM carnitine. Then, the substrate-
limited medium was replaced with the assay medium (PBS containing MgCl2 and CaCl2,
5 mM HEPES, 2.5 mM glucose, and 0.5 mM carnitine). After 60 min, the specific energy
substrates (25 mM glucose or 200 µM palmitate) were added. Following 60 min-incubation
we performed the oxygen consumption assay.

MitoXpress® Xtra assay (Luxcel Biosciences, Dublin, Ireland) was used to evaluate
the extracellular oxygen consumption rates (OCR). This assay uses an oxygen-sensing
fluorophore that is quenched by O2 through molecular collision; therefore, the amount
of fluorescence signal is inversely proportional to the amount of extracellular O2 in the
sample. The first step was to measure the basal respiration, followed by the addition
(in sequence) of oligomycin, FCCP (cyanide-p-trifluoromethox-yphenyl-hydrazon), and
Antimycin A, whose job is to target the components of the electron transport chain (ETC)
in the mitochondria to reveal key parameters of metabolic function. The oxygen employed
by mitochondrial ATP production, maximal respiration, and non-mitochondrial respiration
was determined by evaluating OCR in basal conditions and in the presence of the three
compounds [12]. We determined the OCR according to the manufacturer’s instructions.
The plate was read with a TECAN Infinite® 200 PRO (Männedorf, Switzerland).
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4.10. Uptake and Release of Free Fatty Acids (FFA)

BODIPY FL C16 (Invitrogen, Waltham, MA, USA) is a green fluorescent fatty acid and
was used to evaluate the FFA uptake was performed according to Capasso et al. [48]. In
details, cells were serum starved for 16 h and then incubated in DMEM FluroBrite (Gibco)
with 10 µM of BODIPY FL C16 for 2 h. Then, cells were washed three times with PBS and
incubated for different time periods with a complete medium (D-MEM containing 10% FBS
without BODIPY) for 2–4 h. The plate was read at different times, as indicated with the
TECAN INFINITE 200 (Männedorf, Switzerland).

The release of fatty acids was evaluated according to Meisner and Tenney, with some
modifications [49]. In brief, cells were incubated in KREBS buffer containing 2% BSA for
10 min. Then, 10 min and 30 min following treatment with 0.5 µg/mL epinephrine, aliquots
of culture media were collected, and the pH was determined with a SevenMulti pH meter
S-40 Mettler Toledo (Sigma-Aldrich, St. Louis, MO, USA).

4.11. Western Blot

Cells were lysed in a buffer containing 0.1% Triton (Bio-Rad, Hercules, CA, USA)
for 30 min in ice; 20 µg of each lysate was electrophoresed in a polyacrylamide gel and
electroblotted into a nitrocellulose membrane using Biorad transblot apparatus. We used
the following primary antibodies: UCP1 (sc518024, Santa Cruz, USA), LPL (MABS1270),
and GAPDH (G8795) from Sigma-Aldrich (St. Louis, MO, USA), PPARG (PA3-821A)
from Thermo Fischer Scientific (Waltham, Massachusetts, USA). The primary antibodies
were added to a nitrocellulose membrane in a buffer solution (TTBS 0.01X and 3% free
fat milk) and incubated overnight at 4 ◦C. Then, the membranes were washed three
times in T-TBS 1X and incubated with a horseradish peroxidase-conjugated secondary
antibody (ImmunoReagents, Raleigh, NC, USA) and reacted with ECL plus reagent (Merck
Millipore, Burlington, MA, USA). All antibodies were used according to the manufacturer’s
instructions. The mean value was quantified densitometrically using Quantity One® 1-D
analysis software (Bio-Rad, Hercules, CA, USA).

4.12. Statistical Analysis

Statistical significance was evaluated with ANOVA, post-hoc test Tukey test followed
by Student’s t-test or Bonferroni’s test. Experiments were carried out three times on three
biological replicates. A mixed-model variance analysis was used for data with continuous
outcomes. Data were evaluated with a GraphPad Prism version 8 statistical software
package (GraphPad, La Jolla, CA, USA).

5. Conclusions

In conclusion, we found that the tested drugs, in particular irisin, are promising
candidates for browning as a valid therapy for counteracting obesity. Our future research
will examine accurate in vivo treatment on the browning effect of these drugs, in addition
to a painstaking investigation of the potential side effects.
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