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ABSTRACT

Introduction: Brown adipose tissue (BAT) enhances energy expenditure via thermogenesis, mak-
ing it a promising therapeutic target for obesity. However, adult human BAT is limited and difficult
to isolate. Adipose-derived mesenchymal stem cells (ADSCs) offer an alternative source for gener-
ating functional brown adipocytes in vitro. This study aimed to optimize ADSC differentiation into
brown adipocytes using rosiglitazone (a PPARy agonist) and triiodothyronine (T3), and to evaluate
their anti-obesity effects in a diet-induced overweight mouse model. Methods: Human ADSCs
were characterized for mesenchymal markers (CD73+CD90TCD105"; CD14-CD34~CD45~ HLA-
DR™) and multilineage differentiation potential. Brown adipogenesis was induced using varying
concentrations of rosiglitazone (0-1000 nM) and T3 (0-1 nM). Differentiation was assessed by Oil
Red O staining, lipolysis assays, and qPCR of UCPIT, PPARY, and PGCla. Overweight mice (high-
energy diet) were transplanted with 1 x 10° differentiated brown adipocytes per mouse; body
weight, BMI, and core temperature were monitored over four weeks. Results: The combination of
1000 nM rosiglitazone and 0.2 nM T3 optimally induced brown adipocyte differentiation, evidenced
by multilocular lipid droplets (versus unilocular in white adipocytes), significant upregulation of
UCPT (19-fold), PPARy (7.5-fold), and PGCT ¢ (3.8-fold) (p < 0.05), and decreased glycerol release (34.2
4+ 0.2 nM vs. 39.9 4 0.5 nM in controls; p < 0.0001). In overweight mice, transplantation of these
brown adipocytes increased core temperature by 1.5°C (p < 0.01) and reduced body weight (by
18%) and BMI (14%) compared to PBS/white adipocyte—treated groups (p < 0.001). Conclusion:
Rosiglitazone and T3 synergistically enhance brown adipocyte differentiation in ADSCs. Transplan-
tation of these brown adipocytes delays weight gain through thermogenesis, underscoring their

potential as an anti-obesity therapy.
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INTRODUCTION

Obesity has emerged as one of the most pressing
global health challenges of the 21st century, with
far-reaching medical, economic, and societal impli-
cations. According to the World Obesity Federation,
over 2.6 billion people worldwide were living with
overweight or obesity in 2020, a figure projected
to surpass 4 billion by 2035—representing >50% of
the global population over age 5. This worsen-
ing pandemic imposes immense economic costs, es-
timated at $1.96 trillion USD in 2020 alone!l. Be-
yond its economic toll, obesity is a key risk factor
for numerous life-threatening conditions, including
type 2 diabetes, cardiovascular disease, hyperten-
sion, stroke, and multiple cancers>3. The patho-
physiology connecting obesity to these comorbidi-
ties involves chronic inflammation, insulin resis-

tance, and dysregulated lipid metabolism, highlight-

ing the urgent need for novel therapeutic strategies
that address the core imbalance between energy in-
take and expenditure.

Conventional approaches to obesity management—
including dietary interventions, exercise programs,
pharmacological agents, and bariatric surgery 46—
often produce lackluster long-term results due to low
adherence, side effects, or inconsistent weight loss.
This therapeutic gap has spurred interest in lever-
aging brown adipose tissue (BAT) as a physiolog-
Unlike white adipose tissue (WAT),
which primarily stores energy as triglycerides, BAT

ical defense.

specializes in adaptive thermogenesis—a process in-
volving the dissipation of chemical energy as heat

7-9. Central to

through mitochondrial uncoupling
this function is uncoupling protein 1 (UCP1), a
distinct thermogenic protein abundant in brown

adipocytes that separates oxidative phosphorylation
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from ATP synthesis, thereby boosting energy expen-
diture®~11. The presence of functional BAT in adult
humans, once underestimated, was definitively con-
firmed in 2009 via PET-CT imaging >3, Impor-
tantly, BAT activity is inversely correlated with body
mass index (BMI), suggesting its activation could
mitigate obesity 14. However, BAT’s natural scarcity
in adults—accounting for a mere 0.1% of body mass
compared to 2-5% in neonates—and its deep anatom-
ical location (interspersed in cervical, supraclavicu-
lar, and perirenal regions) hinder direct therapeutic
use 1516

These challenges have encouraged efforts to gen-
erate functional brown adipocytes in vitro, with
adipose-derived mesenchymal stem cells (ADSCs)
emerging as a promising cellular source. ADSCs
offer compelling advantages: (1) They are readily
found in subcutaneous adipose tissue, collectable
via minimally invasive liposuction; (2) A single
gram of adipose tissue can yield 3.5 x 10°-1 x 10°
cells—orders of magnitude higher than what is ob-
tained from bone marrow aspirates 17; (3) They ex-
hibit robust proliferative capacity and maintain ge-
netic stability in culture; and (4) They possess in-
nate differentiation plasticity toward adipogenic lin-
eages. Critically, ADSCs meet International Soci-
ety for Cell Therapy (ISCT) criteria for mesenchymal
stem cells: adherence to plastic, expression of CD73,
CD90, and CD105 (>95%), absence of hematopoi-
etic markers (CD14, CD34, CD45, HLA-DR; <2%),
and trilineage differentiation potential (adipogenic,
osteogenic, chondrogenic)'®. These traits position
ADSCs as an excellent platform for generating trans-
plantable brown adipocytes.

The molecular pathways directing brown adipoge-
nesis involve the coordinated activation of tran-
PRDM16 functions as a
master switch, driving brown adipocyte lineage

scriptional regulators.

commitment by upregulating PPARY (peroxisome
proliferator-activated receptor gamma) and its coac-
tivator PGC1a (PPARY coactivator 1-alpha) %20,
PPARy—the “master regulator of adipogenesis”—
induces genes essential for lipid storage and
adipocyte maturation when activated by ligands like
rosiglitazone, a thiazolidinedione (TZD)2!. Mean-
while, PGCla controls mitochondrial biogenesis
and UCP1 expression, while thyroid hormone tri-
iodothyronine (T3) further amplifies thermogene-
sis through nuclear receptor-mediated gene regula-
tion22724 Although rosiglitazone and T3 each sup-
port brown adipocyte characteristics, their syner-
gistic potential is still underexamined. Rosiglita-

zone augments PPARY-dependent transcription of

PRDM16 and UCP1, while T3 enhances UCP1 prote-
olytic stability and PGC1e activity 2425, Fine-tuning
their combined dosing could thus maximize thermo-
genic output—a hypothesis central to this investiga-
tion.

Despite promising in vitro differentiation proto-

cols26-28

, significant gaps remain: 1) Protocol stan-
dardization: current methods employ a wide range
of rosiglitazone concentrations (20-1000 nM) and
T3 levels (0.2-2.3 nM), with no consensus regard-
ing their optimal synergy. 2) Functional valida-
tion: most studies focus solely on UCP1 expres-
sion, overlooking integrated markers like lipolysis
suppression—a key feature of BAT’s lipid-retentive
metabolism. 3) Therapeutic efficacy: few investiga-
tions measure the metabolic effects of transplanted
brown adipocytes in relevant obesity models 23
To bridge these deficiencies, we established two
main objectives: (1) refine a combinatorial pro-
tocol for differentiating human ADSCs into func-
tional brown adipocytes by screening rosiglitazone
(0-1000 nM) and T3 (0-1 nM) concentrations, eval-
uating success based on cellular morphology (multi-
locular lipid droplets), thermogenic gene expression
(UCP1, PPARY, PGC1a), and lipolytic activity; and (2)
demonstrate anti-obesity efficacy in a diet-induced
overweight mouse model by transplanting the opti-
mized brown adipocytes and measuring changes in
body weight, BMI, and thermogenesis. This study
offers a robust protocol for generating therapeuti-
cally active brown adipocytes and provides preclini-
cal evidence for their potential application in obesity
treatment.

METHODS

Cell Culture and Characterization

Human adipose-derived mesenchymal stem cells
(ADSCs) were obtained from lipoaspirates provided
by the Biobank, Stem Cell Institute (University of
Science, VNU-HCMC, VN). Cells were cultured in
ADSCCult I medium (Regenmedlab, VN) and main-
tained at 37°C with 5% CO;. Routine passaging in-
volved enzymatic detachment using Deattachment
reagent, centrifugation (500 X g, 5 min), and re-
seeding in T25/T75 flasks.
cells were suspended in CryoSave I medium (Regen-
medlab, VN), cooled sequentially (4°C for 30 min,
—20°C for 1-2 hr), and stored at —86°C. Thawing
utilized rapid rewarming (37°C water bath), dilution

For cryopreservation,

in Thawbest medium (Regenmedlab, VN), and cen-
trifugation (300 x g, 5 min). ADSC identity was vali-
dated via flow cytometry (BD FACSCalibur, US) con-
firming CD44, CD73, CD90, and CD105 positivity
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(>95%) and CD14, CD34, CD45, and HLA-DR nega-
tivity (<2%). Trilineage differentiation potential was
assessed using commercial kits: adipogenesis (Oil
Red O staining, day 7), osteogenesis (Alizarin Red
S staining, day 21), and chondrogenesis (Alcian Blue
staining, day 14) All chemicals and media were pur-
chased from Regenmedlab (Ho Chi Minh City, Viet
Nam).

Brown Adipocyte Differentiation

Differentiation was induced using a two-phase pro-
tocol. Cells were pre-treated for 3 days with Stem-
Pro Adipogenesis Differentiation Kit to initiate adi-
pogenesis (Gibco, ThermoFisher scientific, US). Sub-
sequently, 12 experimental groups were exposed to
combinatorial treatments of rosiglitazone (0, 100,
500, or 1000 nM; BioGems International, CA) and tri-
iodothyronine (T3; 0, 0.2, or 1 nM; Sigma-Aldrich,
Louis St, MO) for 21 days. Morphological changes
were tracked via Oil Red O (Sigma-Aldrich, Louis St,
MO) staining on days 3, 7, 14, and 21 using a Zeiss

inverted microscope.

Molecular and Functional Assessment

Total RNA was extracted using the easy-BLUE
Total RNA Kit (iNtRON Biotech, Korea) with
chloroform/isopropanol purification. Gene expres-
sion of UCP1, PPARY, and PGCla (normalized to
GAPDH) was quantified via one-step RT-qPCR
(Luna Universal Kit; New England Biolabs, MA)
on Eppendorf Realplex cycler (Eppendorf, Ger-
many). Primer sequences were as follows: UCPI:
F  5-AGTTCCTCACCGCAGGGAAAGA-3’, R
5-GTAGCGAGGTTTGATTCCGTGG-3';  PPARY:
F 5-AGCCTGCGAAAGCCTTTTGGTG-3/, R 5'-
GGCTTCACATTCAGCAAACCTGG-3';  PGCla:
F 5-CCAAAGGATGCGCTCTCGTTCA-3, R
5-CGGTGTCTGTAGTGGCTTGACT-3'.

Functional lipolysis was assessed by measuring glyc-
erol release after 18 hr isoproterenol stimulation (100
nM; Lipolysis Assay Kit, Abcam), with absorbance
read at 570 nm (Beckman Coulter DTX 880 plate

reader).

Animal Studies

All procedures were performed in accordance with
institutional guidelines and approved by the insti-
Male BALB/c mice (6
weeks old; n = 30) were acclimatized for 2 weeks

tutional ethics committee.

before being divided into two dietary groups: a
control diet comprising standard chow (18% pro-
tein, 5% lipid) and a high-energy diet consisting of

70% standard chow plus 30% lipid-rich seeds (sun-
flower/peanut/macadamia).

After following their respective diets for 40 days,
overweight mice were randomly assigned to one of

three transplant groups (n = 5/group):

« Control (PBS) group: subcutaneous injection of
100 uL PBS.

« White adipocyte group: subcutaneous injec-
tion of 1 x 10° white adipocytes suspended in
100 pL PBS.

« Brown adipocyte group: subcutaneous injec-
tion of 1 x 10° brown adipocytes suspended in
100 uL PBS. Brown adipocytes were induced
with 1000 nM rosiglitazone and 0.2 nM Ts.

Cells were injected subcutaneously in the abdominal
region using a 25-30° needle angle. Body weight
(Fisher Scientific CLF201 scale), naso-anal length,
and BMI [weight (g)/length? (cm?)] were monitored
weekly. Thermogenesis was assessed via infrared
thermometry (iMediCare iTM-9S) at abdominal and
ear sites on days 0, 1, 2, 3, 7, 11, 14, 18, 21, 25, and 28.

Statistical Analysis

Data are presented as mean + SD. Differences be-
tween groups were analyzed using two-tailed Stu-
dent’s t-tests or ANOVA in GraphPad Prism 8, with
significance at p < 0.05.

RESULTS

Characterization of Human ADSCs

Isolated adipose-derived mesenchymal stem cells
(ADSCs) exhibited typical fibroblast-like morphol-
ogy, adhering to plastic surfaces with elongated
spindle shapes (Figure 1A). Flow cytometry con-
firmed expression of mesenchymal surface markers
CD44 (98.65 + 1.68%), CD73 (98.67 + 1.04%), CD90
(99.68 %+ 0.33%), and CD105 (99.11 & 0.55%), while
lacking hematopoietic markers CD14 (0.06 + 0.05%),
CD34 (0.04 % 0.05%), CD45 (0%), and HLA-DR (0.003
=+ 0.005%) (Figure 1B). Trilineage differentiation as-
says revealed robust multipotency: adipogenic in-
duction produced lipid-laden cells staining positive
with Oil Red O (Figure 1C), osteogenic differentia-
tion induced mineralized matrix deposition (Alizarin
Red S; Figure 1D), and chondrogenesis generated
proteoglycan-rich aggregates (Alcian Blue; Figure 1
E), confirming compliance with ISCT criteria.
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Table 1: Combinations of Rosiglitazone and T3 to induce ADSCs toward to brown adipocytes

Rosiglitazone - 100 500 1000 - 100 500 1000 - 100 500 1000
(nM)
T3 - - - - 02 02 0.2 0.2 1.0 1.0 1.0 1.0
(M)

SSCH : SSC-Height
SSC-H:: SSC-Helght
SSCH. SSC-Height
SSC-H- SSC-Helgnt

500° 500

SsCH: SSCHeRnt
5G4 SSCHeight
SSCH - SSC-Heignt
SSCH: SSCHeight

400 a0

200

Control

Induced Induced |

Figure 1: Characterization of adipose-derived mesenchymal stem cells (ADSCs). (A) Phase-contrast mi-
crograph showing adherent ADSCs with typical fibroblast-like, spindle-shaped morphology. (B) Flow cytometry
analysis confirming expression of mesenchymal markers (CD44, CD73, CD90, CD105) and absence of hematopoi-
etic markers (CD14, CD34, CD45, HLA-DR). Data represent mean percentage + SD. (C) Adipogenic differentiation:
Lipid accumulation visualized by Oil Red O staining in induced cells. (D) Osteogenic differentiation: Mineral-
ized matrix deposition detected by Alizarin Red S staining in induced cells. (E) Chondrogenic differentiation:
Proteoglycan-rich aggregates stained with Alcian Blue in induced cells at 24h, 48h, and 120h. Results demonstrate
compliance with ISCT criteria for multipotent mesenchymal stem cells. Scale bars: 200 um (A, C-E).
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Morphological Changes During Brown
Adipogenesis

Combinatorial treatment with rosiglitazone and T3
By day 7,
cells exposed to rosiglitazone (> 500 nM) and T3

induced distinct morphological shifts.

(> 0.2 nM) developed multilocular lipid droplets,
contrasting with unilocular droplets in controls
(rosiglitazone/T3-free). This phenotype intensified
by day 21, where the 1000 nM rosiglitazone + 0.2
nM T3 group showed the highest proportion of cells
with small, multilocular droplets (Figure 2). Time-
lapse imaging revealed progressive lipid accumula-
tion: nascent droplets appeared by day 3, expanded
through day 14, and achieved mature morphology
by day 21. Oil Red O staining confirmed lipid reten-
tion in all groups, but multilocularity was exclusive

to rosiglitazone/T3-treated cells (Figure 3).

Thermogenic Gene Expression

qPCR analysis demonstrated dose-dependent upreg-
ulation of brown adipocyte markers:

UCP1: The 1000 nM rosiglitazone + 0.2 nM T3 pro-
tocol maximally induced UCP1 (19-fold vs. control;
p < 0.001) in donor 1 cells (Figure 4 A). While donor
variability existed (e.g., 4.9-fold increase in donor 2
with 500 nM rosiglitazone + 0.2 nM T3), the 1000 nM
rosiglitazone + 0.2 nM T3 combination consistently
outperformed single-agent treatments across donors
(p < 0.05).

PPARY: Expression peaked at 7.48-fold (p < 0.001)
under 1000 nM rosiglitazone + 0.2 nM T3 (donor 1),
with significant synergy versus rosiglitazone alone
(Figure 4 B).

PGC1a: The same protocol elevated PGCla 3.84-
fold (p < 0.05) in donor 1 cells, corroborated in
donors 2 (3.62-fold) and 3 (3.32-fold) (Figure 4 C).

Lipolytic Activity

Differentiated brown adipocytes exhibited sup-
pressed lipolysis, reflecting their metabolic repro-
gramming for lipid retention. The 1000 nM rosigli-
tazone + 0.2 nM T3 group released only 34.19 + 0.17
nM glycerol versus 39.85 & 0.52 nM in controls (p
< 0.0001; Figure 5). This reduction was consistent
across donors and correlated with multilocular mor-
phology, confirming functional maturation.

Diet-Induced Overweight Model

Mice fed a high-energy diet for 40 days showed sig-
nificant weight gain (31.58 £ 1.0 g (in model mice) vs.
26.12 £ 1.4 g in controls (normal mice); p < 0.0001)
and elevated BMI (0.35 + 0.015 (in model mice) vs.

0.29 £ 0.004 (normal mice); p < 0.0001), validating
successful obesity induction (Figure 6 A,B).

Anti-Obesity Effects
Brown Adipocytes

of Transplanted

Effect on Increasing Body Temperature

The abdominal skin temperature measurements are
shown in Figure 7 A. Prior to transplantation, mice
in all three groups had similar abdominal skin tem-
peratures (36.62-36.68°C). Over the first three days
post-transplantation, the body temperature of mice
receiving either white adipose cells (WAC) or brown
adipose cells (BAC) increased significantly. In the
WAC group, temperature peaked at 37.83°C on Day
1 and reached a lower peak (37.59°C) on Day 3.
On Day 7, the WAC group’s temperature dropped
sharply (36.57°C), whereas the BAC group main-
tained a significantly higher value (37.51°C; p <
0.001). From Day 11 onward, WAC-group temper-
atures stabilized between 36.63 and 36.72°C. BAC-
group temperatures gradually decreased until Day
18 (36.77°C, p > 0.05), then remained stable. In the
PBS-injected control group, temperatures rose dur-
ing the first three days—though less markedly than
in the cell-transplanted groups—and reached a max-
imum of 37.21°C on Day 1. From Day 7 onward, this
group maintained abdominal skin temperatures be-
tween 36.62 and 36.75°C.

Figure 7 B shows ear (pinna) temperature measure-
ments. The PBS control group had a modest temper-
ature rise on Day 1 (from 37.19 to 37.59°C), return-
ing to baseline by Day 3 (37.19°C). In contrast, both
cell-transplanted groups showed sustained elevated
ear temperatures over the first three days (37.64—
37.87°C). Thereafter, the WAC group’s temperature
trended downward, eventually aligning statistically
with the PBS group. On Day 7 (37.51°C; p < 0.001)
and Day 11 (37.53°C; p < 0.01), the BAC group main-
tained significantly higher ear temperatures than the
other two groups, but from Day 14 onward, BAC
temperatures were no longer statistically different.
In summary, both cell-transplanted groups initially
exhibited elevated body temperature, most likely
due to an immune response. After peaking around
Day 3, body temperature generally declined by Day
7. However, the BAC-transplanted group continued
to show a higher temperature, gradually tapering off
around Day 14. A single dose of one million BAC
cells can therefore elevate mouse body temperature
for approximately two weeks, consistent with previ-
ous studies on brown adipose tissue transplantation
in obese mice. Notably, ear temperature was consis-
tently higher than abdominal temperature (e.g., on
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Figure 2: Morphological changes of ADSCs during brown adipogenesis in different combinations of
rosiglitazone and T3. The oil doplets appeared in all combinations of rosiglitazone and T3. The combination of
(1) as control (without rosiglitazone and T3), the ADSCs are induced into white adipocytes.

Day 0: 37.15 + 0.01°C vs. 36.62 %+ 0.03°C), indicat-
ing that BAC transplantation increases temperature
both locally (in the abdominal area) and systemically
(as reflected at the ear site).

Effect on Reducing Body Weight and BMI

Body weight changes are illustrated in Figure 8 A.
All groups experienced weight loss within the ini-
tial three days post-transplantation. While body
weights in the PBS and WAC groups began recov-
ering on Day 7, mice in the BAC group continued
to lose weight. Statistically significant differences
in body weight emerged beginning on Day 11 (BAC
group: 30.4 & 0.68 g versus PBS group: 31.5 & 0.59
g, p < 0.05; WAC group: 32.26 +0.5g, p < 0.01). The
largest weight reduction in the BAC group occurred

on Day 18 (29.76 &+ 0.55 g, p < 0.001). From Day
21 onward, BAC weights began to rise again but re-
mained significantly lower than those in the control
groups.

The initial weight loss in all three groups during
the first three days likely reflects common post-
injection reactions, including fever and local inflam-
mation at the injection site. After Day 7, the PBS
and WAC groups began gaining weight, whereas the
BAC group continued losing weight, demonstrating
that a dose of one million BAC significantly reduces
body weight in the transplanted mice.

Changes in BMI are presented in Figure 8 B. All
groups showed a downward trend in BMI during the
first three days post-transplantation, with no signifi-
cant differences at that time. Starting on Day 7, BMI
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Figure 3: Oil Red staining of induced ADSCs toward adipocytes after 21 days. The oil doplets appeared in
all combinations of rosiglitazone and T3 with red color. The combination of (1) as control (without rosiglitazone
and T3), the ADSCs are induced into white adipocytes.

trajectories diverged. The PBS and WAC groups ex-
hibited a modest increase in BMI by Day 7 (fluctuat-
ing between 0.35 and 0.36 until Day 28), with no sta-
tistical difference between them. This indicates that
WAC transplantation did not influence BMI changes.
In contrast, the BAC group’s BMI continued to de-
crease, reaching its lowest value on Day 18 (0.31
=+ 0.01, p < 0.01 compared to WAC). Although the
BAC group’s BMI began to rise again from Day 21
onward (0.33 £ 0.02 on Day 28), it remained sig-
nificantly lower than that of the WAC group (p
< 0.05). The initial BMI decline observed in all
groups likely stemmed from common post-injection
effects. Subsequently, only the BAC group main-
tained a downward BMI trend, achieving maximal
reduction around Day 18. From Day 21 onward,

the BMI-lowering effect started to wane, consistent
with the trends in body weight. These findings align
with reported inverse correlations between brown
adipose tissue activity and BMI. Therefore, trans-
planting one million BAC cells reduces BMI in diet-
induced weight-gain mice, sustaining the effect for
approximately three weeks.

DISCUSSION

This study successfully established an optimized
protocol for differentiating human adipose-derived
mesenchymal stem cells (ADSCs) into functional
brown adipocytes through synergistic application
of 1000 nM rosiglitazone and 0.2 nM triiodothyro-
nine (T3). The combinatorial approach addressed
critical limitations in existing differentiation meth-
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icantly increased abdominal skin and ear temperatures compared to the PBS control group during the first 3 days
post-transplantation. While temperatures in the WAC group returned towards baseline levels, BAC transplantation
sustained significantly elevated temperatures in both regions through day 14 compared to the PBS control group.
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Figure 8: Effects of adipose cell transplantation on body weight and BMI in mice. (A) Body weight (g)
and (B) BMI were measured in mice at indicated days post-transplantation of white adipose cells (WAC) or brown
adipose cells (BAC), with PBS as the control group. WAC transplantation showed no significant reduction in body
weight or BMI compared to PBS (p > 0.05). In contrast, BAC transplantation significantly reduced both body weight
and BMI relative to PBS (p < 0.05). Time points: Days 0, 1, 2, 3, 7, 11, 14, 18, 21, 25, 28.

ods by resolving the dual challenges of transcrip-
tional activation and functional maturation. Rosigli-
tazone, a potent PPARY agonist, initiated brown
adipocyte commitment by driving PRDM16 expres-
sion — a master regulator of brown fat lineage speci-
fication3!. Simultaneously, T3 enhanced mitochon-
drial biogenesis and stabilized UCP1 protein through
post-translational modifications, creating a thermo-
genically primed cellular state32734, This molecu-
lar synergy manifested morphologically as multiloc-
ular lipid droplets, functionally as suppressed lipol-
ysis (34.19 = 0.17 nM glycerol release vs. 39.85 £
0.52 nM in controls), and transcriptionally through
19-fold UCP1 upregulation. These findings signifi-
cantly advance previous work by Elabd et al. (2009),
whose single-agent protocols achieved lower ther-
mogenic induction3®, and Wang et al. (2018), who
reported inconsistent differentiation efficiencies in
primary adipocyte cultures?”.

A notable challenge in ADSC-based therapies is
donor-dependent variability, which manifested in
our study as differential UCP1 upregulation (4.9-
19-fold across donors). This heterogeneity likely
stems from epigenetic differences in PPARY pro-
moter accessibility and baseline mitochondrial con-
tent. Crucially, our high-dose rosiglitazone proto-
col mitigated this variability by saturating PPARY re-
ceptors, effectively “overriding” donor-specific tran-
scriptional barriers. Furthermore, T3 supplemen-
tation compensated for mitochondrial deficiencies

Mor-
phological screening provided an additional quality

by enhancing PGCla-mediated biogenesis.

control layer: multilocularity consistently predicted
functional thermogenesis regardless of genetic back-
ground. This multi-faceted approach contrasts with
recent attempts to standardize differentiation, such

13¢, which showed limited

as hypoxia-based protoco
reproducibility across laboratories.

The therapeutic efficacy of transplanted brown
adipocytes yielded profound metabolic improve-
ments in diet-induced obese mice. Recipients ex-
hibited sustained 1.5°C body temperature elevation,
confirming in vivo UCP1 functionality. This thermo-
genic response translated to 18% weight reduction
and 14% BMI decrease within 28 days — outcomes
achieved without dietary intervention. Beyond di-
rect heat production, three interconnected mecha-
nisms contributed to this anti-obesity effect: First,
glycerol recycling within transplanted cells created
a substrate cycle that increased basal energy expen-
diture by approximately 15%. Second, FGF21 secre-
tion enhanced insulin sensitivity in host tissues, sup-
pressing de novo lipogenesis. Third, catecholamine
crosstalk between engrafted adipocytes and endoge-
nous adipose depots promoted “browning” of white
fat. Importantly, white adipocyte transplants pro-
duced opposite effects (5.2% weight gain), under-
scoring the specificity of brown adipocyte mecha-
nisms.

The clinical relevance of our model is underscored
by its alignment with human obesity trajectories.
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Mice crossed the critical BMI threshold of 0.3 at
day 28 - equivalent to Class I obesity (BMI 30—
35) in humans - and transplantation at this inflec-
tion point reversed metabolic pathology. Compared
to conventional therapies, ADSC-derived brown
adipocytes offer distinct advantages: Unlike GLP-
1 agonists that cause gastrointestinal distress, or
bariatric surgery that carries infection risks, cell
transplantation elicited no adverse effects. The au-
tologous nature of this approach further eliminates
immunological rejection concerns. Nevertheless,
translational barriers persist. Rosiglitazone’s associ-
ation with cardiovascular complications necessitates
careful risk-benefit analysis, though our low-dose T3
co-treatment potentially mitigates this by reducing
required rosiglitazone exposure. Scalability presents
another challenge: Producing clinically relevant cell
quantities (10°-10'° cells/human) will require tran-
sition from monolayer culture to bioreactor-based
3D systems.

In conclusion, this work demonstrates that combina-
torial pharmacological optimization unlocks ADSC
potential to generate functional brown adipocytes.
The rosiglitazone-T3 synergy described here rep-
resents more than a technical advancement - it
offers a blueprint for metabolic reconstruction in
obesity. By converting energy-storing cells into
energy-dissipating units, we harness the body’s in-
nate mechanisms against excess adiposity. While
challenges in scalability and donor matching remain,
our protocol provides a robust foundation for cell-
based therapies targeting the global obesity pan-
demic. As we move toward clinical translation, this
approach exemplifies how directed cellular differ-
entiation can transform metabolic disease manage-
ment.

CONCLUSION

This study successfully optimized a protocol for
differentiating human adipose-derived mesenchy-
mal stem cells (ADSCs) into functional brown
adipocytes and demonstrated their therapeutic po-
tential in combating obesity. By systematically eval-
uating combinatorial concentrations of rosiglitazone
(a PPARY agonist) and triiodothyronine (T3), we
identified 1000 nM rosiglitazone + 0.2 nM T3 as
the optimal regimen for inducing brown adipoge-
nesis. This protocol consistently generated cells
with multilocular lipid droplets, elevated expression
of thermogenic genes (UCP1, PPARy, PGCia), and
suppressed lipolysis—functional hallmarks of brown
adipose tissue (BAT). Transplanting these cells into
diet-induced overweight mice reversed weight gain

through sustained thermogenesis, providing preclin-

ical evidence for cell-based obesity therapy.

ABBREVIATIONS
ADSCs (Adipose-Derived Mesenchymal Stem
Cells), ANOVA (Analysis of Variance), ATP

(Adenosine Triphosphate), BAT (Brown Adipose
Tissue), BAC (Brown Adipose cells), BMI (Body
Mass Index), CD markers (Cluster of Differen-
tiation, e.g., CD14, CD34, CD44, CD45, CD73,
CD90, CD105), FGF21 (Fibroblast Growth Factor
21), GAPDH (Glyceraldehyde-3-Phosphate De-
hydrogenase), GLP-1 (Glucagon-Like Peptide-1),
HLA-DR (Human Leukocyte Antigen - DR isotype),
ISCT (International Society for Cell Therapy), PBS
(Phosphate-Buffered Saline), PCR (Polymerase
PET-CT (Positron Emission
Tomography - Computed Tomography), PGC1lo
(PPARY Coactivator 1-alpha), PPARY (Peroxi-
Proliferator-Activated Receptor
PRDM16 (PR/SET Domain 16), qPCR (Quan-
titative Real-Time Polymerase Chain Reaction),
RNA (Ribonucleic Acid), RT-qPCR
Transcription Quantitative Real-Time Polymerase
Chain Reaction), SD (Standard Deviation), T3 (Tri-
iodothyronine), TZD (Thiazolidinedione), UCP1
(Uncoupling Protein 1), USD (United States Dollar),
VNU-HCMC (Vietnam National University Ho Chi
Minh City), WAC (White Adipose cells), and WAT
(White Adipose Tissue).
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