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Background: Obesity is a metabolic disease that is characterized by an excessive
accumulation of adipose tissue (AT) and is often associated with other
pathologies. AT is a lipid storage organ with endocrine functions that presents
two main phenotypes: white adipose tissue (WAT) and brown adipose tissue
(BAT). Preadipocytes or mature white adipocyte cells can differentiate in a middle
phenotype with morpho/functional characteristics between WAT and BAT,
known as brown-like or beige adipose tissue (BeAT), through the browning
process. Considering the interest in stimulating the browning process in
metabolic disorders and the lack of clarity, evenness, and reproducibility of
the preclinical models, the detailed description of an adipocyte differentiation
protocol and the “de novo” development of a beige adipocyte phenotype has
been described. Furthermore, the most described stimuli in inducing the
browning process, such as PPAR-y agonists (using rosiglitazone, RGZ) and -
adrenergic stimulators (using isoproterenol, 1SO), were evaluated in order to
describe their involvement in the browning process and identify a reference
compound for the induction of the “de novo” browning.

Methods: Immortalized murine embryonic fibroblasts (3T3-L1) cells were
differentiated for up to 17 days using a differentiation medium (DM) and a
maintenance medium (MM) with or without RGZ or ISO to obtain both the
mature white and the beige adipocyte phenotype. The differentiation was
evaluated by the Oil Red O (ORO) staining assay, citrate synthase activity, and
mitochondrial uncoupling protein 1 (UCP-1) immunodetection and expression
performed on different days (TO, T3, T10, and T17) after the induction of
differentiation.
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Results: The results indicated that RGZ induced morphology and ORO-positive
lipid deposits and increased the activity of citrate synthase enzyme and UCP-1
levels overlapping with a beige adipocyte phenotype after 17 days. ISO did not
display a significant effect in these experimental conditions.

Conclusion: Overall, this work describes in depth the different phases of the
adipocyte differentiation process by offering a detailed and reproducible “de
novo” browning differentiation model. Furthermore, the efficacy of the
stimulation of the PPAR-y pathway in obtaining a beige adipocyte phenotype
demonstrates that RGZ can induce the browning process and elects it as a

perfect reference compound for experimental procedures in this field.

KEYWORDS

browning, beige adipocyte, white adipocyte, adipocyte differentiation, 3T3-L1, PPAR-y,
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1 Introduction

Metabolic disorders are complex and multifactorial pathologies
with morphological and functional alterations affecting different
organs and tissues. In this context, obesity is a chronic metabolic
disease increasing globally, identified by a body mass index (BMI)
value greater than 30 kg/m* and closely related to the increase of
body fat (Roberto et al., 2015; Yang et al., 2022; Kawai et al., 2021).
Obesity is characterized by qualitative and quantitative alterations of
AT, leading to the development of comorbidities, such as type
2 diabetes, dyslipidemia, cardiovascular alterations, hypertension,
and some types of cancer (Després and Lemieux, 2006; Monteiro
and Azevedo, 2010; Madan et al., 2023).

In this context, the traditional definition of AT as a passive
deposit of energy substrate has long been outdated. The production
of hormones, such as adipsin and leptin, discovered in the early 90s,
has definitively established its investiture as an endocrine organ
(Mohamed-Ali et al., 1998; Kershaw and Flier, 2004; Prins, 2002).
AT expresses various target receptors that mediate afferent signals,
resulting in the secretion of bioactive peptides (adipokines and
cytokines) with endocrine (systemic) or autocrine/paracrine
(local) activities. AT influences many physiological processes
such as glucose uptake, lipid metabolism, blood pressure
homeostasis, inflammation, and immune responses (Simjék et al.,
2020; Stanford et al, 2012; Ferrannini et al., 2018; Scheja and
Heeren, 2019; Unamuno et al, 2018; Xu et al, 2024; Ghigliotti
et al,, 2014; Stolarczyk, 2017).

The two main phenotypes of AT are characterized by variability
in origin, morphology, localization, and function (Zwick et al., 2018;
Bartelt and Heeren, 2014; Hilton et al., 2015). WAT is a dynamic
organ engaged in the storage and consumption of lipids and
endocrine signaling. Generally, it is located in the visceral zone
(VWAT) and the subcutaneous area (sWAT). WAT is mainly
composed of undifferentiated preadipocyte cells and mature
white adipocytes. White adipocytes are characterized by large
lipid droplets covering most of the cell volume while possessing
few mitochondria (Sabaratnam et al., 2023).

In contrast, BAT is located in the supraclavicular, paravertebral,
and periadrenal regions and contributes to regulating energy
homeostasis. It is characterized by adipocytes rich in
mitochondria and containing multiple small lipid droplets
(Cannon and Nedergaard, 2004). Instead of storing and releasing
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energy, BAT uses substrates for non-shivering thermogenesis (Silva,
2011). The thermogenic activity is mediated by peroxisome
proliferator-activated receptor-y coactivator la (PGC-1la), which
upregulates mitochondrial biogenesis and the mitochondrial
uncoupling protein 1 (UCP-1) expression, which decouples
respiration from the production of ATP “switching the toggle”
on heat production (Chouchani and Kajimura, 2019; Brownstein
et al.,, 2022).

WAT depots also “host” a third adipocyte phenotype with
morpho/functional characteristics between WAT and BAT,
known as brown-like or BeAT (Pilkington et al, 2021). Beige
adipocytes derive from adipocyte progenitor cells (APCs) that do
not express myogenic factor 5 (Myf-5) or PR domain containing 16
(PRDM16) (both existing in WAT and migrating from other tissues)
through a process called “de novo” differentiation, or from the
transdifferentiation of mature white adipocytes (Seale et al., 2009;
Granneman et al., 2005; Himms-Hagen et al., 2000). Both these
differentiation processes are called browning.

UCP-1 is considered the central marker in the phenotypic
discrimination between thermogenically active ATs such as BAT
and BeAT and non-thermogenically active tissues such as WAT.
UCP-1 is a protein localized in the mitochondrial inner membrane
and generates heat by dissipating the energetic proton gradient from
the electron transport chain in mitochondrial respiration (Ikeda and
Yamada, 2020). In physiological conditions, the balance between
WAT and BeAT depots is guaranteed and dynamically regulated
according to the energy needs of the organism. However, in patients
with obesity, the metabolic dynamism of AT is strongly influenced
by hypertrophic and hyperplastic processes, altering not only the
lipid storage and energy production but also influencing the
metabolic homeostasis and functionality of distal organs. The
browning process is also negatively influenced by the chronic,
low-grade inflammatory state, called metaflammation, associated
with fat overload (Villarroya et al., 2018). The accumulation of lipids
leads to mitochondrial dysfunction, overexpression of pro-
inflammatory cytokines, such as tumor necrosis factor o (TNF-a)
or interleukin 1B (IL-1P), inhibition of proliferator-activated
receptor y (PPAR-y), decrease of UCP-1 expression, and
macrophage infiltration of M1 pro-inflammatory phenotype
(Hotamisligil, 2017; Sakamoto et al., 2016; Roberts-Toler et al.,
2015; Nohr et al., 2017). Moreover, BAT-deficient mice show
diabetic and obese phenotypes at room temperature (Lowell

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1546456

Flori et al.

et al., 1993), confirming the importance of thermogenically active
adipocytes. Interestingly, recent experimental evidence describes a
UCP-1-independent thermogenic pathway that may intervene as a
compensatory mechanism (Keipert et al, 2015;
et al., 2006).

These findings, therefore, confirm that, although there are

Ukropec

thermogenic adaptation mechanisms independent of UCP-1, the
presence of thermogenically active adipocyte phenotypes such as
the beige one are essential in metabolic regulation, confirming the
of the
pathological  conditions
Golozoubova et al., 2006).

The browning process can be triggered by different stimuli such

importance browning process

(Ikeda

in physiological/

and Yamada, 2020;

as physical exercise, exposure to low temperatures (Mu et al., 2021;
Lim et al, 2012), and, as hypothesized and partly demonstrated
more recently, also through specific molecular targets involved in
the adipogenesis process such as PPAR-y, triiodothyronine (T3),
AMP-activated protein kinase (AMPK), sirtuin 1 (SIRT-1), and -
adrenergic stimulation (Zhang et al., 2023; Huang et al., 2024; Lee
et al., 2023a; Flori et al., 2023; Machado et al., 2022). In this context,
the pharmacological modulation of the browning process attracts an
ever-increasing interest in metabolic diseases such as obesity and
more complex metabolic syndromes associated with several
comorbidities.

Preclinical experimental models, and in particular cellular
models, play a key role in the early investigational phases and in
screening processes to evaluate the efficacy of molecules of different
natures and origins to activate the browning process. To date,
immortalized murine embryonic fibroblasts (3T3-L1) are one of
the most used cellular models for evaluating the modulation of
adipogenesis processes and the molecular mechanisms involved.
3T3-L1 cells represent an excellent model of preadipocyte cells for
reproducing adipocyte differentiation protocols (Zebisch et al., 2012;
Cave and Crowther, 2019; Takanezawa et al., 2023; Zhang et al.,
2022; Chen et al., 2020).

Several experimental protocols of adipocyte differentiation differ
in timing, cocktails of differentiation and maintenance media, and
reproducibility of the different steps and of the adipocyte phenotype
obtained. Furthermore, almost all the protocols used are aimed at
evaluating the modulation of the adipogenesis process without
closely investigating the browning process and without defining
any reference compound capable of being utilized as a positive
control for the induction of the browning process and the
achievement of a beige adipocyte phenotype (Lee et al., 2023a;
Lee et al., 2023b; Kim et al., 2020; Choi et al., 2021; Seo et al.,
2018; Molinari et al., 2021). To this end, therefore, this experimental
work aims to define the aspects listed above in order to establish an
adipocyte differentiation protocol using 3T3-L1 cells for the
investigation of the modulation of the de novo browning process
and the molecular targets involved. Furthermore, this work also
aims to provide sufficient evidence to identify a reference compound
to be used as a positive control in the induction of the de novo
browning process and to obtain a mature beige adipocyte phenotype
by searching among PPAR-y agonists (using rosiglitazone) and {-
adrenergic stimulators (using isoproterenol), identified by recent
experimental evidence as two of the most involved targets in the
stimulation of the browning process (Asano et al, 2014; Miller
et al., 2015).
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2 Materials and methods

2.1 Differentiation of 3T3-L1 preadipocytes
into mature adipocytes

3T3-L1 cells (ATCC, United States) were cultured in basal
medium (BM), composed of Dulbecco’s Modified Eagle’s
Medium-high glucose (DMEM-HG, Merck KGaA, Germany)
10% bovine calf serum (BCS, ATCC,
United States) and 1% penicillin-streptomycin with 10,000 units

supplemented with

penicillin and 10 mg streptomycin/mL (P/S, Merck KGaA,
Germany), in a humidified incubator at 37°C with 5%-10% CO,.
When the confluence was reached, 15.000 cells/well were seeded in
two different supports (24 multiwell plates or 8-well glass chamber
slide). The cells were maintained until an over-confluent stage
(2 days after reaching confluence) at 37°C, 90% humidity, and
5% CO, to initiate growth arrest and ensure the optimal
transition from pre-adipose to adipose-like phenotype (Zebisch
et al., 2012; Pacifici et al., 2020; Recinella et al., 2023). Then, BM
was removed and replaced with an appropriate volume of 3T3-L1
DM (Tables 1, 2) and incubated for 3 days (TO of the differentiation
procedure). At T3, DM was replaced with MM (Tables 1, 2) and
incubated for 2 days. The cells were fed every 2-3 days using 3T3-L1
MM until they were ready for assay at the selected time points of
10 days and 17 days (T10 and T17).

The DM for obtaining the white adipocyte phenotype contained
BM, insulin (10 pg/mL) (Merck KGaA, Germany), three-isobutyl-1-
methylxanthine (IBMX, 0.5 mM) (Merck KGaA, Germany), and
dexamethasone DEX (2.5 uM) (Merck KGaA, Germany). The MM
containing only BM and insulin (10 pg/mL). RGZ (Merck KGaA,
Germany) and ISO (Merck KGaA, Germany) at concentrations of
0.1 pM and 1 uM was added to both DM and MM to evaluate their
impact on the de novo browning process. More details on
composition, volumes, and concentrations are reported in Tables
1, 2. A graphical representation of the differentiation process is
shown in Figure 1.

2.2 Analysis of cellular phenotype and lipid
deposits by ORO staining and UCP-1
confocal immunofluorescence

To prepare the staining solution, Oil Red O (ORO), freshly
prepared according to Puri et al. (2008), was dissolved in 99%
isopropanol (Sigma-Aldrich, 0.3%-0.6% w/v), and three parts of this
solution were mixed with two parts of distilled water. Adipocytes
were rinsed with phosphate buffer saline (PBS, Sigma-Aldrich) and
fixed with 4% formalin. After 1 h of incubation at room temperature,
cells were washed first with PBS and then with 60% isopropanol. The
lipid depots were dyed by incubation for 20 min with the staining
solution. Finally, lipids were observed using an inverted optical
microscope (AE 2000, Motic, Hong Kong) equipped with the digital
camera VisiCam 3.0 (VWR, United States).

To improve the identification of the 3T3-L1 cell phenotype, we
employed immunofluorescence staining for UCP-1 in combination
with ORO staining, as reported by Molinari et al. (2021). Briefly,
cells were incubated in 0.2% Triton X-100 in PBS, 1% BSA to block
nonspecific antibody binding, in rabbit pAb to UCP-1 primary
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TABLE 1 Feeding volumes used at different times for different support. RGZ = rosiglitazone; ISO = isoproterenol; BM = basal medium; DM = differentiation
medium; MM = maintenance medium.

Feeding volumes

24 multiwell plate

T3 T5 T7

Remove (uL) 600 pL 600 pL 800 pL 800 pL 800 pL 800 L 800 uL 800 uL
Add (uL) 600 pL 1,000 L 800 pL 800 pL 800 pL 800 L 800 L 800 L 800 L

BM (seeding) DM MM MM MM MM MM MM MM

8-well glass chamber slide

Remove (uL) 300 uL 180 uL 240 ulL 240 ulL 240 uL 240 uL 240 pL 240 pL
Add (uL) 300 uL 300 uL 240 L 240 L 240 L. 240 L 240 L 240 L 240 L

BM (seeding) DM MM MM MM MM MM MM MM

TABLE 2 Culture media composition. RGZ = rosiglitazone; ISO = isoproterenol; BM = basal medium; DM = differentiation medium; MM = maintenance
medium; DMEM-HG = Dulbecco’s modified Eagle’s medium-high Glucose; BCS = bovine calf serum; P/S = penicillin-streptomycin; IBMX = 3-isobutyl-1-
methylxanthine; DEX = dexamethasone; DMSO = dimethyl sulfoxide.

Culture MEDIA

RGZ 0.1 uM RGZ 1 uM 1SO 0.1 uM
BM DMEM-HG + 10% BCS +1% P/S
DM BM + BM + BM + BM + BM +
Insulin (10 pg/mL) + Insulin (10 pg/mL) + Insulin (10 pg/mL) + Insulin (10 pg/mL) + Insulin (10 pg/mL) +
IBMX (0.5 mM) + IBMX (0.5 mM) + IBMX (0.5 mM) + IBMX (0.5 mM) + IBMX (0.5 mM) +
DEX (2.5 uM) + DEX (2.5 uM) + DEX (2.5 uyM) + DEX (2.5 uM) + DEX (2.5 uyM) +
Vehicle (DMSO) RGZ 0.1 uM RGZ 1 uM 1SO 0.1 uM ISO 1 uM
Total amount of DMSO: 1.45%
MM BM + BM + BM + BM + BM +
Insulin (10 pg/mL) + Insulin (10 pg/mL) + Insulin (10 pg/mL) + Insulin (10 pg/mL) + Insulin (10 pg/mL) +
Vehicle (DMSO 1% v/v) RGZ 0.1 uM RGZ 1 uM ISO 0.1 uM ISO 1 pM
Total amount of DMSO: 1.00%
PROLIFERATION
BM
-4 0 L J— [J— pA— L[ J— | PI— [ — 17
Time (days)
FIGURE 1

Graphical representation of the adipocyte differentiation process. Abbreviations: BM, basal medium; DM, differentiation medium; MM,
maintenance medium.

antibody ([1:200] diluted in 1% BSA; AMabl0983, Abcam)
overnight at 4°C, and then in donkey anti-rabbit Alexa Fluor
488 Plus secondary antibodies (A32790; Molecular Probes,
Eugene, OR, United States) for 1 h at RT. After the incubation
with ORO and DAPI nuclear counterstaining (62,248, Invitrogen,
Life Technologies, Eugene, United States), the slides were mounted

using ProLong Diamond (P36961, Invitrogen, Life Technologies,
Eugene, United States). Cells were examined by a Leica TCS
SP8 confocal laser-scanning microscope (Leica Microsystems,
Mannheim, Germany, 40x oil lens) to detect ORO-positive lipid
droplets and UCP-1 staining as red and green fluorescent areas,
respectively. A sequential confocal scan procedure was used to make
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representative images of all microscopic fields, and zeta stack
acquisition mode with optical sectioning every 0.35 pum was
chosen to scan all planes of cells in the z-axis.

The degree of lipid accumulation was evaluated by detecting the
ORO-positive lipid droplets by staining, with red pixel areas
indicating fat vacuoles, and then dividing the area of droplets by
the total area scanned. Staining of all the multiwell/chamber slides
was quantified by Image] software (Mehlem, Hagberg, Muhl,
Eriksson and Falkevall, 2013), and results were expressed as fold
change against control (preadipocytes stage). To better understand
whether the changes in lipid droplet accumulation depend on the
amount of lipid deposit, on the size of the lipid droplets, or both,
image analysis was performed to calculate the area of each ORO-
positive droplet and their distribution in terms of small, medium,
and large lipid droplets (0-120 pm?, 120 pm*-240 um?, >240 pm?,
respectively), as reported by Kaczmarek et al. (STAR Protocols 5,
102,977 21 June 2024 * 2024) (Kaczmarek et al., 2024).

2.3 Evaluation of citrate synthase activity and
mitochondrial UCP-1 levels

Cells were lysed with a 1% Triton X-100 in PBS (Merck KGaA,
Germany) solution. The suspension was centrifuged using a Speed
Master 14 R centrifuge (Euroclone, Italy) at 12,000xg for 15 min at
4°C, and the supernatant was recovered.

Citrate synthase assay: the Bradford assay was performed to
spectrophotometrically measure the protein concentration in the
supernatants (EnSpire, PerkinElmer, United States); then, the
samples were diluted in tris-buffer 100 mM (pH 9) (Merck
KGaA, Germany) to a final protein concentration of 0.5 mg/mL,
and acetylcoenzyme A 100 uM and 5,5'-dithiobis-(2-nitrobenzoic)
acid (DTNB) 100 uM were added. Oxaloacetic acid 500 uM was
added to trigger the reaction. A microplate reader (EnSpire;
PerkinElmer, United States) was used to measure the absorbance
at 412 nm every 60 s for 30 min sets at 37°C. Citrate synthase activity
was determined by interpolating the results using a calibration curve
obtained by incubating known concentrations of the isolated
enzyme (Merck KGaA, Germany) and using GraphPad Prism
8 for the calculations. Citrate synthase activity was expressed in
mU/mL.

Mitochondrial UCP-1: Mitochondrial UCP-1 levels were
measured following the instructions of Mouse UCP-1 ELISA Kit
(E-EL-MO0717-96T, CliniSciences, Italy) on cell supernatant.

2.4 Data analysis

The normal distribution of the dataset was tested using the
Shapiro-Wilk test. Data are expressed as mean + standard error
(SEM). One-way ANOVA followed by Tukey’s post hoc test was
performed as statistical analysis to compare the different lipid
accumulations at each time point comparing the effect of insulin,
RGZ 0.1 pM, RGZ 1 pM, ISO 0.1 uM, and ISO 1 uM versus
preadipocytes (T0) (Figure 3B). One-way ANOVA followed by
Tukey’s post hoc test was performed as statistical analysis to
compare the effect of RGZ and ISO at each time point versus the
white adipocyte phenotype (Figures 3-5; Figure 6A; Figure 7A).
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Two-way ANOVA followed by Tukey’s post hoc test was performed
to analyze the effect of RGZ and ISO considering the differentiation
timing by comparing the whole trends with the white adipocyte
phenotype curve (Figures 6B, 7B). Statistically significant differences
were defined as p < 0.05 (software: GraphPad Prism 8.0.2).

3 Results

3.1 Morphological and lipid deposit
assessments

Murine preadipocyte cells, derived from 3T3-L1 fibroblasts
treated with DM, progressively modified their phenotype
(Figure 2). At TO, the cells showed an elongated morphology
with a negligible amount of ORO-positive intracellular lipid
deposits, and they progressively started to trigger the lipid
accumulation process, producing small lipid droplets (T3), which
increased in size (T10) reaching even more significant ORO-positive
drops at T17 (Figures 2, 3). Differentiation towards a white
phenotype is also morphologically evident with the displacement
of the nucleus from the center to the periphery of the cells. 3T3-L1
cells treated with RGZ 0.1 and 1 uM showed a significant increase in
ORO-positive droplets starting from T3 (Figures 2, 3) to T17, with a
progressive increase in the number of small lipid droplets
surrounding the nucleus in an eccentric position, indicative of
the maturation process towards the beige phenotype. ISO 0.1 uM
and 1 pM induced a significant increase in ORO-positive cells
starting from T3 (Figures 2, 3) but a lower grade of transition to
the beige phenotype at all times compared to RGZ.

Quantitative analyses were also carried out to evaluate the size
and lipid droplet size distribution in the different treatments. In
particular, RGZ 0.1 pM and 1 pM treatments produced a cellular
phenotype with lipid droplets that were significantly smaller than
the white phenotype and that reduced their size in the progression of
the time points (Figure 4A). In addition, the size of droplets was
always significantly smaller than those present in cells treated with
ISO 0.1 uM and 1 pM.

The success of the differentiation process with RGZ treatment
was also highlighted by the analysis of the classification of the size of
lipid droplets (Figure 4B). At T3, all droplets were small in all
treatments. At T10, only RGZ kept the small droplets, while ISO
showed a percentage of medium droplets comparable to those with
the white phenotype and some large droplets (no significant changes
were highlighted). At the last time point, T17, there was a small
increase in the percentage of medium droplets with RGZ, a larger
percentage of medium droplets with ISO, and maximum values in
the white phenotype. The percentage of large droplets was
significantly lower for RGZ 0.1 pM and 1 uM and ISO 1 uM at T17.

3.2 Evaluation of cellular and mitochondrial
metabolic activity (citrate synthase)

The white adipocyte phenotype showed low citrate synthase
enzymatic activity during all three differentiation times evaluated
(T3, T10, and T17). The results of white phenotype citrate synthase
activity were comparable to undifferentiated cells, without
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Differentiation by DM and MM
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FIGURE 2
Representative images of ORO staining in preadipocytes (T0) and adipocytes differentiated at T3, T10, and T17 following treatment with DM and MM

without or with RGZ 0.1 upM and 1 pM and ISO 0.1 uM and 1 uM. For each group and each time point, the cells contained in 10 fields acquired
at x40 magnification for image analysis of Oil Red O expression have been analyzed. Scale bar: 20 um. Abbreviations: DM, differentiation medium; MM,
maintenance medium; ISO, isoproterenol; RGZ, rosiglitazone; ORO, Oil Red O.
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FIGURE 3

Quantitative analysis of lipidic deposits. Column graphs display the fold changes of the ORO staining expressed in percentage of positive pixels
(PPP) + SEM: statistical significance of adipocytes differentiated at T3, T10, and T17 following treatment with DM and MM (WHITE), RGZ 0.1 uM and 1 pM,
orISO 0.1 uM and ISO 1 uM versus TO (****p < 0.0001). The graph also reports the statistical analysis of RGZ 0.1 yM T3 and RGZ 1 uM T3 versus WHITE T3
(8556p < 0.0001); ISO 0.1 uM T10 versus WHITE T10 (###p < 0.001); RGZ 0.1 pM T17, ISO 0.1 pM T17, and ISO 1 pM T17 versus WHITE T17 (°p < 0.05;

°p < 0.0001). Abbreviations: ISO, isoproterenol; RGZ, rosiglitazone; ORO, Oil Red O.

statistically significant differences during the three differentiation
times evaluated. ISO was unable to influence cellular metabolic
activity at either tested concentration (0.1 pM and 1 uM) and at each
time point evaluated. In contrast, RGZ promoted a statistically
significant increase in mitochondrial enzymatic activity after
17 days of differentiation at the two concentrations of 0.1 uM
and 1 uM (Figure 5A).

The analysis of the curves of the citrate synthase activity as a
function of the differentiation time for each treatment and
concentration used confirmed that RGZ promoted a statistically
significant increase in enzymatic activity throughout the adipocyte
differentiation process at both concentrations tested (0.1 uM and
1 uM). This analysis confirmed that ISO did not show any effects on
the activity of the citrate synthase enzyme, highlighting a trend that
overlaps the white adipocyte phenotype (Figure 5B).

3.3 Evaluation of UCP-1 levels and
immunofluorescence localization

UCP-1 levels were significantly increased in RGZ treatment at
the highest concentration tested (RGZ 1 puM) starting from the
differentiation step (T3) compared to the white phenotype. While
the use of the maintenance cocktail used for the white phenotype led
to a stabilization of UCP-1 levels after 10 and 17 days (T10 and T17),
treatment with RGZ at both concentrations tested (0.1 pM and
1 uM) favored the increase of UCP-1 levels exceeding the values
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found in the white phenotype by 2.59-fold (T10-RGZ 0.1 pM), 2.16-
fold (T10-RGZ 1 uM), 3.09-fold (T17-RGZ 0.1 uM), and 2.80-fold
(T17-RGZ 1 uM) (Figures 6A, B). In this case, ISO did not show
significant variations in UCP-1 levels for either concentration or
differentiation timing (Figures 6A, B).

Immunofluorescence analysis showed a scarce presence of UCP-
1-positive mitochondria in elongated preadipocytes and unilocular
adipocytes with their single lipid droplets (Figures 7A, B).
Differently, an abundance of UCP-1 protein expression was
highlighted in 3T3-L1 differentiated cells, especially after the
treatment with RGZ 0.1 uM and 1 uM at T17 in beige
adipocytes, characterized by the multilocular morphology in
which the lipid droplets thicken close together around the
nucleus, which remains in an eccentric position (Figures 7C, D).
Differentiation with ISO 0.1 uM and 1 uM at T17 in beige adipocytes
has been shown to be less effective in morphological differentiation
and in UCP-1 expression (Figures 7E, F). These data taken together
confirm that the differentiation protocols into white and beige
adipocytes have been very effective and that the most effective
treatment for the transition to the beige phenotype is RGZ.

4 Discussion

Obesity and metabolic diseases are both consequences and
predisposing factors for the morpho/functional and qualitative/
quantitative degeneration of WAT (Hotamisligil, 2006; Meyer
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Analysis of UCP-1 levels used as a marker of the adipocyte phenotype at different differentiation times and following the different treatments used.

(A) UCP-1 levels stratified by time (TO, T3, T10, and T17) and by treatment (RGZ 0.1 yM, RGZ 1 uM, ISO 0.1 yM, and ISO 1 pM). (B) Representation of the
variation of UCP-1 levels as a function of time and stratified by treatment (RGZ 0.1 uM, RGZ 1 uM, ISO 0.1 uM, and ISO 1 uM). Graphs display the UCP-1
levels expressed in ng/mL + SEM. Statistical significance versus WHITE T3 (#p < 0.05) in (A). Statistical significance versus WHITE T10 (§55p < 0.001;
§55%p < 0.0001) in (A). Statistical significance versus WHITE T17 (****p < 0.0001) in (A). Statistical significance versus WHITE (****p < 0.0001) in (B).
Abbreviations: ISO, isoproterenol; RGZ, rosiglitazone. Sample size (n): eight biological replicates for white T17 and four biological replicates for the other
treatments. Three technical replicates per sample.

etal,, 2013). Mitochondrial dysfunction, adipocyte hypertrophy, and
increased reactive oxygen species (ROS) trigger hypoxia, increase
metaflammation, and promote macrophage polarization (Crewe
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et al, 2017; Vishvanath and Gupta, 2019). These pathological
conditions also negatively influence the “de novo” browning
process that preadipocyte cells can undergo in response to
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FIGURE 6
Analysis of the activity of the citrate synthase enzyme representing the metabolic and mitochondrial activity of adipocyte cells at different

differentiation times and following the different treatments used. (A) Enzyme activity stratified by time (TO, T3, T10, and T17) and by treatment (RGZ 0.1 yM,
RGZ 1pM, ISO 0.1 uM, and ISO 1 uM). (B) Representation of the variation of enzymatic activity as a function of time and stratified by treatment (RGZ 0.1 uM,
RGZ 1 uM, ISO 0.1 pM, and ISO 1 uM). Graphs display the citrate synthase activity expressed in mU/mL + SEM. Statistical significance versus WHITE

T17 (**p < 0.01; ****p < 0.0001) in (A). Statistical significance versus WHITE (*p < 0.05; **p < 0.01) in (B). Abbreviations: ISO, isoproterenol; RGZ,
rosiglitazone. Sample size (n): six for white T3, five for white T10, eight biological replicates for white T17; five biological replicates for RGZ 0.1 uM, RGZ
1uM,I1SO 0.1 pM, and ISO 1 uM at T3 and T10; 11 biological replicates for RGZ 0.1 uM and RGZ 1 pM at T17, and five biological replicates for ISO 0.1 uM and
ISO 1 uM at T17. Three technical replicates per sample.

physiological stimuli to ensure metabolic homeostasis and in by several preclinical and clinical studies. In addition, also the
response to exogenous stimulation. Exposure to low temperatures ~ exogenous activation of specific pathways, such as PB-adrenergic
and physical exercise stimulates the browning process, as confirmed ~ and PPAR-y activation, are reported, mainly by preclinical
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FIGURE 7

Representative 3D confocal images of lipid droplets (ORO, red) and UCP-1 (green) expression in (A) preadipocytes; (B) 3T3-L1 cells differentiated at

T17 in white adipocytes, after treatment with DM and MM for white adipocyte differentiation; (C, D) following treatment with RGZ 0.1 uM and 1 uM; (E) and
(F) following treatment with ISO 0.1 pM and 1 uM. Scale bar: 20 uM. Abbreviations: DM, differentiation medium; MM, maintenance medium; ISO,
isoproterenol; RGZ, rosiglitazone; ORO, Oil Red O; UCP-1, mitochondrial uncoupling protein-1
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studies, to promote the browning process (Ziqubu et al., 2023). The
availability of detailed and reproducible preclinical cellular
experimental models is essential to analyze the activation of the
“de novo” browning process of adipocyte precursors in WAT depots
as an anti-obesity pharmacological strategy.

Based on these premises, 3T3-L1 cells, widely used in preclinical
practice for adipocyte differentiation models and for the study of
adipogenesis processes (Cave and Crowther, 2019), have been used
to develop a model of adipocyte differentiation for investigating the
“de novo” browning process. The 3T3-L1 cell line is already used for
the screening of new molecules, or off-label properties of known
molecules, to modulate the browning process. However, a defined
protocol that temporally describes the obtained adipocyte
phenotype (white or beige) and allows the reproducibility
necessary for comparing the results obtained in different studies
is still missing. Furthermore, the presence of a reference drug able to
induce the de novo browning process leading to a beige adipocyte
phenotype is necessary for validating the model, allowing the
obtainment of more consistent results in investigating new
potential molecules such as browning inducers. To this end, RGZ
and ISO, activators of the most pharmacological stimuli described in
inducing the browning process, the PPAR-y and B-adrenergic
pathways, respectively, have been investigated as possible
reference drugs (Zhang et al., 2023; Machado et al., 2022).

The aim of this work was to add one more piece to a widely used
adipocyte differentiation model of 3T3-L1 cells, characterizing the
representative timepoints of the differentiation process itself.
T10 was therefore selected to reproduce the timing mainly used
by adipocyte differentiation protocols (Kaczmarek et al., 2024);
T17 was analyzed to evaluate whether 10 days of differentiation
were actually sufficient to obtain a mature beige adipocyte
phenotype with the use of a single pharmacological stimulus such
as RGZ or ISO to identify a suitable reference compound for the
induction of the de novo differentiation process as well. During this
time window, morphological and biochemical aspects were
described at different representative time points (T0, T3, T10,
T17) essential to define the adipocyte phenotype obtained.

TO represents the preadipocyte stage after reaching a condition
of over-confluence necessary for replicative arrest and the triggering
of the differentiation process. This step revealed elongated cells and
intracellular lipid deposits, confirming a preadipocyte phenotype.

T3 describes triggered by the adipocyte
differentiation cocktails reported in Table 2. In this step,

the changes

morphological analysis did not highlight significant changes in
cell morphology compared with TO and the first, albeit small,
signs of lipid recruitment begin to emerge. The enzymatic
activity of citrate synthase does not show significant variations
compared to the values found in preadipocyte cells for any
analyzed treatments (insulin, RGZ 0.1 pM, RGZ 1 uM, ISO
0.1 uM, or ISO 1 puM). These data indicate that although there
are no significant morphological variations, cellular differentiation
has been started. Furthermore, the analysis of UCP-1 levels in the
cell lysate highlights a positive trend in all the treatments. UCP-1 is
responsible for the uncoupling of the mitochondrial respiration
chain, and for this reason, it is particularly expressed in
thermogenically active adipocytes such as BAT and BeAT. Its
importance in the characterization of the experimental model for
the induction of the browning process is therefore evident.
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T10 could represent the turning point for the differentiation
process. Indeed, the results obtained confirm that after 3 days of DM
and 7 days of maintenance medium (MM), the cellular morphology
is significantly modified, the intracellular lipid deposits are
significantly increased compared to T3, assuming a multilocular
conformation, and the cellular metabolic activity and the levels of
UCP-1 are generally increased confirming the development of a
cellular phenotype in the maturation phase. Although RGZ shows a
reduction in the size of lipid deposits, no clear changes in the
presence of medium/large lipid droplets and metabolic activity were
observed with RGZ compared to the white adipocyte phenotype at
the same time point T10, giving us a red flag on the actual
achievement of a mature adipocyte phenotype. High levels of
UCP-1 following RGZ treatment at both concentrations tested
(0.1 and 1 uM) underline its positive profile in the modulation of
the thermogenic pathway.

T17 represents the last analyzed checkpoint from which
significant differences emerge compared to the beginning of the
differentiation protocol (T3) and compared to T10. Cellular
morphology is better defined and shows differences between the
treatment groups. Insulin stimulation alone leads to an adipocyte
phenotype characterized by high lipid deposits arranged in unilocular
structures that occupy most of the body cell, with consequent
displacement of the nucleus to the burden of the cell membrane.
The cell shape is rounded, and the dimensions are increased. The
enzymatic activity and UCP-1 underline the achievement of a mature
white adipocyte phenotype characterized by low cellular and
mitochondrial activity. The addition of ISO does not provide
significant changes in cell morphology and lipid deposits, nor in
the activity levels of citrate synthase and UCP-1, describing a
phenotype overlapping with the white one. RGZ instead confirms
the positive trend shown in the previous time point, leading to an
adipocyte with reduced dimensions, multilocular arrangement of the
lipid droplets, and a centrally located nucleus. Metabolic activity and
UCP-1 levels are significantly increased compared to the phenotype
obtained with insulin stimulation alone, confirming that a mature
adipocyte phenotype overlapping with a thermogenically active beige
adipocyte has been obtained.

It is important to underline that ISO, a non-selective 3-agonist,
has been selected to mimic a general stimulation of the sympathetic
nervous system. The lack of efficacy of ISO found in these
experimental conditions could, however, be due to an insufficient
concentration or the lack of selectivity for B3 receptors that, as
described by some experimental evidence, seems to be implicated in
the browning process in WAT (Richard et al., 2017; Fan et al., 2019).
In accordance with this hypothesis, a randomized controlled trial
carried out on 32 subjects demonstrated the ability of Mirabegron, a
selective B3 agonist on the market as a relaxant of the smooth
muscles of the genitourinary tract, to promote the formation of
BeAT in human sWAT, with results comparable to the subjects
exposed to low temperatures, confirming the importance of
B3 adrenergic stimulation (Ferrere et al, 2021; Finlin et al,
2020). From the results obtained, it is therefore clear that a non-
selective B-adrenergic stimulation fails to promote the browning
process, providing valuable insights for the investigation of a
selective stimulation of the 3 isoform.

The results obtained from our experimental procedures are in
line with a marked effect of RGZ and, in general, of PPAR-y agonists

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1546456

Flori et al.

in the positive modulation of the browning process of human
adipocyte cells. Experimental evidence performed on human
multipotent adipose-derived stem cells (hMADS) showed a
significant increase in UCP-1 levels at day 16 of differentiation in
the presence of RGZ 0.1 uM. UCP-1 levels analyzed after 10 days of
differentiation in the presence of RGZ 0.1 pM showed a positive
trend that did not reach statistical significance, highlighting a higher
variability than the data obtained on the 16th day. This further
overlaps with the data achieved in this work, confirming the need to
further clarify some details to optimize the experimental protocols of
adipocyte differentiation to study the browning process and, above
all, to be able to test new pharmacological approaches for the
modulation of the de novo browning process (Pisani et al., 2011).

Overall, the results confirm the importance of RGZ in
modulating the de novo browning process. Qualitative/
quantitative results are in line with those highlighted in adipocyte
differentiation models on human-immortalized preadipocyte
(Chub-S7),
multipotent adipose-derived stem cells (hMADS) where an

primary human pre-adipocytes, and human
increase in UCP-1 levels and mitochondrial metabolic activity, as
well as a clear definition of a beige adipocyte phenotype, were made
possible by the addition of RGZ (Pisani et al., 2011; Harms et al.,
2019; Leyvraz et al., 2010).

In conclusion, the results obtained in this work led to a detailed
description of the morphological changes of preadipocyte cells
during the 17-day differentiation protocol used, as well as the
characterization of the mature adipocyte phenotypes obtained in
these experimental conditions. What emerges from the data leads to
identifying RGZ as an excellent modulator of the browning process
and as an ideal reference drug for the induction of the de novo
browning process in the experimental conditions used. The use of
RGZ for 10 days seems capable of significantly increasing some of
the key parameters to identify a mature beige adipocyte phenotype,
even if some results obtained do not show statistical significance
(citrate synthase activity) or a clear scenario useful to discriminate
through different phenotypes. These results suggest that at day 10 of
RGZ differentiation, we could see a significant modification of lipid
accumulation but miss a mature adipocyte phenotype (either white
or beige). On the 10th day, we might still be in an intermediate stage
where the preadipocyte population has not reached a complete
differentiation step. The use of RGZ for 17 days, instead, seems
more suitable for the study of the de novo browning process and the
possible exogenous modulatory strategy, highlighting better data
and a clear statistical for each

accuracy significance

parameter evaluated.
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