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Adipose tissue is mainly composed by adipocytes. Moreover, mesenchymal stromal/stem cells (MSCs), macrophages, endothelial
cells, and extracellular matrix components are present. The variety of molecules as cytokines and growth factors of its structure
very rich in blood vessel makes it also similar to a true endocrine organ that however needs still to be fully investigated. In our
study, we used human lipoaspirate to obtain mechanically microfragmented fat (MiFAT) which was washed and then
devitalized by freezing–thawing cycles. In our experiments, thawed MiFAT was used to stimulate cultures of MSCs from two
different sources (adipose tissue and gingiva papilla) in comparison with a traditional stimulation in vitro obtained by
culturing MSCs with adipogenic medium. MSCs stimulated with MiFAT showed a very early production of lipid droplets, after
only 3 days, that correlated with an increased expression of adipokines. Furthermore, a significant upregulation of PPAR
gamma 1 alpha coactivator (PPARGC1A) was observed with an overexpression of uncoupling protein 1 (UCP1) that suggest a
pattern of differentiation compatible with the beige–brown fat.
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1. Introduction

Adipose tissue is an abundant tissue consisting of adipocytes,
mesenchymal stromal/stem cells (MSCs), macrophages, endo-
thelial cells, and extracellular matrix components. This type of
tissue is easy to obtain by minimal invasive methods and also
represents an important source of MSCs that can be isolated
and expanded in vitro. Furthermore, MSCs differentiate in
adipocytes, osteocytes, and chondrocytes and possess impor-

tant regenerative capacity as confirmed by studies in animal
models and also applied in human clinics [1–3].

The anti-inflammatory and cell protective properties of
the fat tissue raised great interest. This has been due at first
to the MSC secretome which contains specific cytokines,
growth factors, and adipokines [4–6]. Furthermore, by con-
sidering that this tissue is very rich in blood vessel and con-
tains such high variety of molecules, it assumes also an
interesting importance as endocrine organ [7, 8]. The endo-
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crinology function of adipose tissue remains an exciting
research area not fully investigated, and many findings are
still expected in particular concerning its possible role in
the complex cross-talk between organs regulating the ener-
getic functions including the insulin role, the lipid metabo-
lism, and, probably, the immune system. The investigation
on the secretion products of fat could be of interest both
for new drug development and improved knowledges on
the endocrinology of adipose tissue. This could improve
the understanding of obesity, diabetes, and also cardiovascu-
lar diseases. As reported by Sarkanen et al. [9], cell-free
extract from mature human adipose tissue was able to
induce angiogenesis and adipogenesis in vitro by inducing
triglyceride accumulation in human adipose stem cells. In
our study, we investigated the ability of frozen microfrag-
mented fat (MiFAT) to stimulate MSCs coming both from
adipose tissue and from gingiva which have a different tissue
of origin but also express a specific phenotype as previously
described [10]. Our results evidenced a very early production
of lipid droplets into the MSCs that correlated with an
increased levels of adipokine expression and also a significant
upregulation of uncoupling protein 1 (UCP1) protein suggest-
ing a differentiation pattern compatible with beige–brown fat.

2. Materials and Methods

2.1. MSCs. As previously described, MSCs were isolated
from adipose tissue lipoaspirates (AT-MSCs) or from gingi-
val papilla tissue (GinPa-MSCs) of healthy donors according
to standardized methods [10, 11]. Primary cultures were
characterized for their proliferation rate, expression of the
typical MSC markers [12], and multidifferentiative ability
toward mesodermal lineage [13].

2.2. MiFAT.MiFAT specimens were obtained from lipoaspi-
rate samples of three healthy donors, using a commercial
device called “Lipogems®” as previously described [14].
Samples of subcutaneous adipose tissue were collected after
signed informed consent of no objection for the use for
research of surgical tissues (otherwise destined for destruc-
tion) in accordance with the Declaration of Helsinki. The
approval for their use was obtained from the Institutional Eth-
ical Committee of Milan University (no. 59/15, C.E.UNIMI,
09.1115). Aliquots of MiFAT were stored in a 15-mL tube at
−20°C until use.

2.3. MiFAT Ultrafiltration. An aliquot of 5mL of MiFAT
was mixed with 1mL of PBS and vortexed for 3min and then
the emulsion sonicated with 2 cycles of 40 s at a frequency of
0.4 pulses/second (Labsonic Braun apparatus). The sonicated
MiFAT was placed in Centricon with 100 kDa membrane
and centrifuged at 2500 × g for 20min to obtain a sample of
ultrafiltered MiFAT (MiFAT < 100kDa) and an amount of
unfiltered sample that did not pass through the filter
(MiFAT > 100kDa).

2.4. MSCs/MiFAT Cocultures.MSCs were seeded at a density
of 2 × 104 cells/cm2 in 25 cm2

flask in 4mL of DMEM low
glucose medium (Euroclone, Milan, Italy) supplemented
with 5% platelet lysate Stemulate (Cook Regentec, Indianap-

olis, IN) for AT-MSCs, or 10% fetal bovine serum (FBS,
Euroclone, Milan, Italy) for GinPa-MSCs, and 2mM
L-glutamine (Euroclone). After 24 h of incubation at 37°C,
5% CO2, 1mL of MiFAT was added to the flask. Cellular
monolayers were observed after 24, 48, and 72 h, until 4 days
of incubation. Not treated cells were used as negative control.
After 4 days of exposure, MiFAT was removed from flasks
and cellular monolayer was washed three times with Hanks
solution (Euroclone, Milan, Italy). To evaluate cellular prolif-
eration, cells were stained with 0.25% crystal violet (Sigma-
Aldrich, St. Louis, MO) for 10min, washed with PBS buffer,
and eluted with 0.3mL of 33% glacial acetic acid. The
absorbance of the eluted dye was measured at 550 nm. MSC
population doubling time (PDT) after MiFAT exposure was
calculated as follows: DT = Δt × ln 2/ln Nc/Np , where Np
is the number of plated cells, Nc is the number of counted
cells, and Δt is the time in culture expressed in hours.

2.5. Adipogenic Differentiation. To induce adipocytic differenti-
ation, cells were plated in 35mm3 petri dishes (Nunc, Germany)
at density of 400 cells/cm2 in 1mL/petri of their medium, which
was replaced after 24h with specific differentiation media sup-
plemented with 500μM isobutyl-methylxanthine (AppliChem,
Germany), 200μM indomethacin (Alexis Biomedical, United
States), 1μM dexamethasone, 1μM hydrocortisone, and
10μg/mL insulin (all from Sigma-Aldrich, United States).
After 15 days, cells were stained with Oil Red O solution
(Sigma-Aldrich, United States).

2.6. Oil Red O Staining. The presence of lipid droplets was
evidenced by Oil Red O Staining (Sigma-Aldrich, United
States). After removing the supernatant from the culture
plates, cells were washed once with phosphate-buffered
saline (PBS) and fixed with 4% formaldehyde in PBS for
15min at room temperature. The formalin was removed,
and Oil Red O working solution was filled into the culture
plates to safely cover the plate bottom (1.25mL per well
for 6-well plates). The plates were incubated at room tem-
perature for 30min. They were then washed five times with
distilled water. To elute the dye, 100% 2-propanol was added
to the plates (2.5mL per well for 6-well plates). The plates
were incubated for 10min at room temperature. About 2×
200mL of eluate was transferred to a clear 96-well microtiter
plate (polystyrene); a duplicate of wells on the microtiter
plate was filled with 2× 200mL 2-propanol. Absorption
was measured in triplicate at 545nm by a Chromate micro-
plate reading (Awareness Technology, Inc.).

2.7. Mitochondrial Labeling. The activity of mitochondria in
both the AT-MSCs and GinPa-MSCs has been evaluated by
MitoTracker™ Dyes for Mitochondria Labeling (Code
M7512, Invitrogen, United States). Both AT-MSCs and
GinPa-MSCs were cultured for 3 days in the presence of cul-
ture medium (CTRL) or adipogenic medium or MiFAT.
Then, half of the cells from each treatment were incubated
with 100mM MitoProbe according to the procedure
indicated by the company protocol, and the other half was
harvested for autofluorescence control. All the cells were
analyzed by flow cytometry (Navios EX, Beckman Coulter),
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and at least 25,000 events were considered using a specific
software (Navios, Beckman Coulter). The increase of mean
fluorescence intensity (MFI) induces by MitoTracker in cells
was normalized as ratio on autofluorescence of plain cells.

2.8. RT-PCR Analysis and Primers

2.8.1. RNA Extraction and Real-Time Quantitative PCR
(RT-qPCR). Total RNA was extracted from pellet of AT-
MSCs or GinPa-MSCs alone or after 4 days of MiFAT expo-
sure, following instructions of PureLink™ RNA Mini Kit
(Thermo Fisher Scientific). RNA was treated with DNase to
exclude DNA contamination, and then, 1μg of RNA was
reverse transcribed into cDNA using QuantiTect Reverse
Transcription Kit (Qiagen). Samples were analyzed using
RT-qPCR. PCR reactions were performed using Rotor-Gene
Q cycler (Qiagen), and the amplifications were carried out
using the QuantiNova™ SYBR® Green PCR (Qiagen) in a total
volume of 20μL. Real-time PCR was performed using the fol-
lowing primer sequences: ADIPONECTIN forward 5′-CAAC
ATTCCTGGGCTGTACT-3′ and reverse 5′-CCTGTGAAG
GTGGAGTCATT-3′; PPARG forward 5′-ACAGCAAAC
CCCTATTCCATGC-3′ and reverse 5′-ATTACGGAGAG
ATCCACGGAGC-3′; LEPTIN forward 5′-AAGCTTCAG
GCTACTCCACA-3′ and reverse 5′–TGGAAGAGTGGCTT
AGAGGA-3′; DGAT1 forward 5′-GCTTCAGCAACTAC
CGTGGCAT-3′ and reverse 5′-CCTTCAGGAACAGAGA
AACCACC-3′; GPAT3 forward 5′-CCCAGAAGGGAGGC
ATTTGT-3′ and reverse 5′-GAACCTGGCCAACCAT

AGCA-3′; PPARGC1A forward 5′-GTTCCCGATCACCA
TATTCCA-3′ and reverse 5′-GCGGTGTCTGTAGTGG
CTTGA-3′; UCP1 forward 5′–AGTTCCTCACCGCAGG
GAAAGA-3′ and reverse 5′-GTAGCGAGGTTTTGATTCC
GTGG-3′; RPLP0 forward 5′-TGGTCATCCAGCAGGT
GTTCGA-3′ and reverse 5′-ACAGACACTGGCAACATTG
CGG-3′. Data were analyzed by using the 2−ΔΔCt method to
obtain the relative expression level, and each samplewas normal-
ized by using RPLP0 RNA expression. The experiments were
carried out in duplicate, and each data reports the mean value.

2.9. Western Blot. Cellular extracts were obtained from HeLa
(positive control) [15], fibroblasts (negative control), or AT-
MSC pellet using a buffer containing 1% NP-40 and freshly
added protease inhibitors. The protein levels were determined
using Bradford Protein Assay Kit (Bio-Rad). Proteins (25μg/
well) were separated on a 10% SDS-polyacrylamide gel (Bio-
Rad) and then transferred to a polyvinylidene difluoride
(PVDF) membrane (Bio-Rad). After blocking with 5% nonfat
dry milk solution, PVDF was incubated using a rabbit poly-
clonal antibody against UCP1 (dilution 1:500, GeneTex) and
a mouse monoclonal antibody against β-actin (1:5000, Milli-
pore). Detection was achieved with the Clarity Western ECL
Substrate (Bio-Rad), and densitometric analysis was per-
formed using Image Studio Digits, Version 4.0 (LiCor). The
intensity of the bands of interest was normalized to β-actin.

2.10. Statistical Analysis. Data are expressed as average ±
standard deviation (SD). Differences between mean values
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Figure 1: Effect of microfragmented fat (MiFAT) on mesenchymal stromal cells growth. (a) Representative cell images after crystal violet
staining of adipose-derived mesenchymal stromal cells (AT-MSCs) and gingival-derived stromal cells (GinPa-MSCs), after 7 days of
incubation, alone or in presence of MiFAT. Scale bar, 100 μm. (b) Optical density (O.D.) at 550 nm after crystal violet elution with acetic
acid. (c) Population doubling time (PDT) after 7 days of MiFAT exposure. Values are expressed as mean ± standard deviation (SD) of
three replicates. ∗p < 0 05.
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were evaluated by analysis of variance (ANOVA) using a
Student–Newman–Keuls multiple comparison test per-
formed by GraphPad Instat program (GraphPad Software
Inc., San Diego, CA, United States). p values ≤ 0.05 were
considered statistically significant. The linearity of response
and the correlation were studied using regression analysis,
by Excel 2013 software (Microsoft, Inc.).

3. Results

3.1. Effect of MiFAT on the MSC Growth. As evidenced by
staining with crystal violet, both the adipose-derived mesen-
chymal stromal cells (AT-MSCs) and gingival derived
stromal cells (GinPa-MSCs) cultured in the presence of
MiFAT show some changes of their morphology. They lost
the typical spindle-shaped morphology growing in parallel
webbing orientation (Figure 1(a)) and showing the presence
of a remarkable granulation of the cytoplasm. By evaluating
the optical density (O.D.) at 550nm after crystal violet
elution with acetic acid, it was clearly evidenced that the

presence of MiFAT in the medium reduced significantly
(p < 0 05) the number of GinPa-MSCs in comparison with
the controls (Figure 1(b)). Furthermore, while the PDT of
GinPa-MSCs was not affected, the PDT of AT-MSC was
almost two times increased (Figure 1(c)).

3.2. Effect of MiFAT on the MSC Adipogenesis. As expected,
after 3 days of treatment of MSCs with a specific adipogenic
medium, a very poor amount of lipid droplets stained with
Oil Red O was observed in AT-MSC and no evidence in
GinPa-MSCs (Figures 2(b) and 3(b)). However, if the two
mesenchymal cells were stimulated with MiFAT alone or
added to the adipomedium, the presence of numerous Oil
Red O positive fat cells in both MSCs appears already after
3 days. (Figures 2(c), 2(d), 3(c), and 3(d)). At 14 days, a sig-
nificant adipogenesis in AT-MSCs was observed while no
adipocytes appeared to be present in GinPa-MSCs
(Figures 2(f) and 3(f)). Whereas this strong adipogenesis
pattern is maintained well expressed at 14 days in AT-
MSCs (Figures 2(g) and 2(h)), a significant decrease of cell
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Figure 2: Effect of MiFAT on AT-MSC adipogenesis. The adipogenic differentiation was evaluated on AT-MSCs after 3 or 14 days of culture
in (b, f) adipogenic differentiation medium or in presence of (c, g) MiFAT or (d, h) adipogenic medium + MiFAT by Oil Red O staining for
lipid droplets. ((a, e) undifferentiated cells), 400× magnification. (i) The histogram represents the optical density (O.D.) at 545 nm after Oil
Red O elution with 2-propanol (mean ± SD of three replicates). ∗p < 0 05.
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stained was observed in GinPa-MSCs (Figures 3(g) and
3(h)). This pattern of differentiation, also evaluated by the
Oil Red O elution (Figures 2(i) and 3(i)), confirmed the pre-
viously reported differentiation character of GinPa-MSCs
[10]. Furthermore, by studying the early adipogenesis at 3
days, it was observed that this stimulation to differentiate
is obtained only by using the fraction of sonicates MiFAT
greater than 100 kDa (> 100 kDa) (Figures 4(b) and 4(e))
while the treatment with the lower sonicated fraction
(< 100 kDa) (Figures 4(c) and 4(f)) was completely ineffec-
tive on the two types of MSCs.

3.3. Expression of Adipogenic Markers by RT-PCR Analysis.
To evaluate the early adipogenic steps induced by MiFAT
in comparison to the adipogenic medium of common use,
we analyzed by RT-qPCR the expression of five genes.
Figure 5 shows that already after only 72 h of treatment, a
significant modulation of gene expression was triggered both
depending on the different treatment and on the type of

MSCs. In particular, adipomedium treatment dramatically
overexpressed adiponectin in AT-MSCs and downregulated
the gene in GinPa-MSCs. On the contrary, MiFAT did not
modulate adiponectin in AT-MSCs but enhanced its expres-
sion in GinPa-MSCs. The most interesting observation was
the opposite behavior of PPARG, GPAT3, and DGAT1 genes
in response to MiFAT evidenced in the two mesenchymal cell
lines. Among these, relevant was the response of GinPa-MSCs
in which both MiFAT and adipomedium induced a remark-
able overexpression of GPAT3 and DGAT1 genes.

The results regarding the specific expression of UCP1
and PPARGC1A (Figure 6) demonstrated the notable over-
expression of PPARGC1A and UCP1 induced by MiFAT
in AT-MSCs and, in a lesser extent, also in GinPa-MSCs.
Adipomedium did not modulate the UCP1 expression in
AT-MSCs and produced a downregulation in GinPa-MSCs.

3.4. UCP1 Protein Expression. The expression of UCP1 pro-
tein was evaluated by Western blotting analysis (Figure 7).
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Figure 3: Effect of MiFAT on GinPa-MSC adipogenesis. The adipogenic differentiation was evaluated on GinPa-MSCs after 3 or 14 days of
culture in (b, f) adipogenic differentiation medium or in (c, g) presence of MiFAT or (d, h) adipogenic medium + MiFAT by Oil Red O
staining for lipid droplets. ((a, e) undifferentiated cells), 400× magnification. (i) The histogram represents the optical density (O.D.) at
545 nm after Oil Red O elution with 2-propanol (mean ± SD of three replicates). ∗p < 0 05.
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The study showed that in MSCs, this protein is basally
expressed as shown in CTRL after 3 days of culture in
amount near to the level of HeLa cells used as positive con-
trol. A significant increase of protein expression was
observed at 3 days when MSCs were cultured in the presence
of MiFAT and after 14 days if cultured in adipomedium.
GinPa-MSCs exhibited a very low level of protein expression
that was not modulated by MiFAT and adipomedium treat-
ment (data not shown).

3.5. Mitochondrial Labeling. The activity of mitochondria
was evaluated by flow cytometry and expressed as MFI
ratios. No significant increase in mitochondrial labeling
was observed in AT-MSCs and GinPa-MSCs after 3 days
of treatment with adipogenic medium. In both cell types,
mitochondrial labeling was significantly higher (p < 0 05)
when cells were stimulated by MiFAT suggesting an impor-
tant activation that is generally recognized in the differenti-
ation toward beige/brown adipocytes (BAs) (Figure 6(b)).

4. Discussion

In the preliminary experiments, a significant different effect
exerted by devitalized MiFAT on MSC proliferation was
evidenced. Whereas the duplication times of MSCs isolated
from gingival papilla did not appear to be affected by
MiFAT, on the contrary, MSCs isolated from adipose tissue
significantly slow down the growth. This suggests that
MiFAT secretome could exert different effect on cell cycle
of MSCs if they are isolated from different sources
(Figure 1). In effect, we cannot exclude some toxic effect of
MiFAT on cell population or some interference with the
adhesion capacity of cells. Furthermore, a role can be exerted
by the push of the differentiation process being known that
cellular maturation can significantly reduce their prolifera-
tive capacity to the point of eliminating it.

We know that, independently of their source, MSCs can
differentiate into several lineages and, in the presence of

specific factors, they differentiate into mature adipocyte
[13, 16]. In our study, we confirmed this ability when MSCs
were cultured for 14 days, but surprisingly, we found that,
after only 72h of treatment with MiFAT, the MSCs became
positive for OilRed O staining by evidencing lipid droplets
(Figure 2). The decrease in adipocytes evidenced in GinPa-
MSC could be the result of balance proliferation/differentiation
and also related to some described process of ECM remodeling
during adipogenesis as indicated by the transformation of
spindle-shaped preadipocytes into spherical adipocytes [17]
This observation was also confirmed by stimulatingMSCs with
MiFAT sonicated and fractioned by ultrafiltration at 100kDa
(Figure 2). Only fraction > 100kDa maintained the capacity
to induce OilRed O positive cells in 72h, by indicating that
the induction of adipocytes is probably not due to some mole-
cule present in theMiFAT withMWminor than 100kDa. This
agrees with our previous study [5] evidencing that MiFAT
releases a combination of cytokines affecting several mecha-
nisms involved in inflammation processes, but these molecules
do not seem relevant to explain our results of early adipogene-
sis observed. As MiFAT is rich in lipid microdroplets having
size > 100kDa, we evaluate if our finding was only a physiolog-
ical not specific consequence of some ability of MSCs to incor-
porate microdroplets.

By investigating the expression of five main adipokines
involved in the MSC adipogenesis (Figure 5), the RT-PCR
analysis evidenced, already at 72 h of treatment with MiFAT,
a significant early upregulation of genes demonstrating that,
in some way, an adipogenesis process was induced by
MiFAT secretoma with a biogenesis of lipid droplets. In fact,
the early commitment process from MSCs to preadipocytes
is not completely known; adiponectin is considered a very
early gene upregulated [18] and has been reported that
PPARγ in some condition were specifically upregulated later
in the differentiation [19].

An apparent discrepancy emerges when comparing the
trend of differentiation in adipocytes at 3 days versus 14 days
(Figures 2 and 3) referred to GinPa-MSCs. In effect, this
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Figure 4: Effect of MiFAT on MSC adipogenesis. The adipogenic differentiation was evaluated on AT-MSCs or GinPa-MSCs after 3 days of
(a, d) MiFAT or (b, e) MiFAT > 100 kDa and (c, f) < 100 kDa exposure by Oil Red O staining for lipid droplets. 400× magnification.

6 Journal of Lipids

 8093, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2024/1318186 by U

niversity C
attolica, Piacenza, W

iley O
nline L

ibrary on [23/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



result on GinPa-MCS remains difficult to explain, but it
completely agrees and confirms the behavior of these cells
which, as previous reported, in the presence of adipogenic
stimuli for 14 days produced few cells with lipid droplets
[10]. On the contrary, of great interest in our present study,

is the high number of GinPa-MSCs differentiated at only
72 h of stimulation with MiFAT.

Between the two MSCs, significant differences in the
modulation of these genes were observed depending of the
responses of the cell strains, and of interest is the significant

0

1

2

3

4

PPARG ADIPONECTIN LEPTIN GPAT3 DGAT1

Fo
ld

 ch
an

ge

AT-MSCs

MSCs+MiFAT
MSCs+adipomedium

⁎

(a)

0
1
2
3
4
5
6
7
8
9

PPARG ADIPONECTIN LEPTIN GPAT3 DGAT1

Fo
ld

 ch
an

ge

GinPa-MSCs

MSCs+MiFAT
MSCs+adipomedium

⁎

⁎

(b)

Figure 5: mRNA expression of adipogenic markers. Modulation of PPARG, ADIPONECTIN, LEPTIN, GPAT3, and DGAT1 in (a) AT-MSCs
and (b) GinPa-MSCs after 3 days of exposure to MiFAT. Data are expressed as mean ± standard deviation (SD) of three replicates. ∗p < 0 05.

0

1

2

3

MSCs+MiFAT MSCs+adipomedium

Fo
ld

 ch
an

ge

AT-MSCs

PPARGC1A
UCP1

⁎

(a)

0

2

4

6

MSCs+MiFAT MSCs+adipomedium

Fo
ld

 ch
an

ge

GinPa-MSCs

PPARGC1A
UCP1

(b)

0.00
10.00
20.00
30.00
40.00

A
T-

M
SC

s C
TR

L

A
T-

M
SC

s +
ad

ip
om

ed
iu

m

A
T-

M
SC

s +
M

iF
A

T

G
in

Pa
-M

SC
s

CT
RL

G
in

Pa
-M

SC
s +

ad
ip

om
ed

iu
m

G
in

Pa
-M

SC
s +

M
iF

A
T

M
FI

R

Mitochondria labeling

(c)

Figure 6: mRNA expression of PPARGC1A and UCP1 in (a) A-MSCs and (b) GinPa-MSCs after 3 days of exposure to MiFAT. At this time
of treatment, also the mitochondrial labeling was evaluated as MFIR (mean fluorescence intensity ratio) and reported in histogram of (c).
Data report the mean ± SD of a triplicate. ∗p < 0 05.

7Journal of Lipids

 8093, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2024/1318186 by U

niversity C
attolica, Piacenza, W

iley O
nline L

ibrary on [23/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



upregulation of DGAT1 and GPAT3 genes that codify two
enzymes localized in the mitochondrial outer membrane
and endoplasmic reticulum (ER), respectively [20]. Their
expression was more evidenced in GinPa-MSCs that are
MSCs derived from gingiva. As known, GPAT3 gene is
highly expressed in many human tissue and in 3T3-L1 cells
where has been identified as a critical regulator for lipid
accumulation during adipocyte differentiation [21, 22].
DGAT1 has revealed an important role in triglyceride syn-
thesis for its ability in averting ER stress and lipotoxicity
when lipolysis is stimulated in adipocytes.

However, if all the above discussed data demonstrated
the well-known ability of MSCs to differentiate into white

adipocytes [16], we also investigated their ability to differ-
entiate also into BAs following some path like that
observed by De Gemmis et al. [23] and regarding subcuta-
neous white adipocytes that expressed this capacity. To
clarify this aspect, we studied both the expression of the
mitochondrial UCP1 and PPR gamma 1 alpha coactivator
(PPRG1A) that are considered important markers of
brown adipose tissue, and we found (Figure 6) that these
genes were not only basally expressed both by AT-MSCs
and GinPa-MSCs but they were significantly overexpressed
by MiFAT stimulation. As reported by many authors
[24–26], in general, we know that PPARs are key media-
tors of lipolysis-induced activation of genes involved in
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lipid metabolism and thermogenesis and that PPARγ is a
nuclear receptor highly expressed in BAT that works as
a master transcriptional regulator of BA differentiation.
Furthermore, the transcriptional coactivator PGC-1α (797
aa), encoded by the PPARGC1A gene, is a key regulator
of cold-induced BAT thermogenesis.

The more remarkable result was that, in the presence of
MiFAT, a very early synthesis of UCP1 was triggered after
only 3 days, and this agrees also with the significant increase
of the mitochondrial activity (Figure 6(c)). Of course, these
data do not prove that mature functional BAs are present in
our cultured MSCs. However, the increased mitochondrial
activity indicates that, in this differentiation step, the enhanced
mitochondrial activity is compatible with their thermogenic
and metabolic function related to the UCP1 mediated proton
leak in BA [27, 28].

Also highlighted by western blotting alone, it is impor-
tant to note that MiFAT modulates UCP1 mRNA transla-
tion in AT-MSCs (Figure 7). In fact, the MiFAT treatment
of MSCs produced a very early increase (3 days) of this
already expressed protein while such a level of expression
was obtained only after 14 days of treatment with adipome-
dium. Furthermore, this behavior was not observed in
GinPa-MSCs in which the increased mRNA expression of
UCP1 after their treatment did not correspond to an
increased protein production. Together, these observations
agree with the well-accepted point of view that mRNA of
UCP1 is not exclusive to brown adipose tissue, and it is
basally expressed in many cell types, and its translation can
be also easily modulated [29].

Although the steps regulating UCP1 transcription are
rather complex and not fully investigated, the UCP1 gene
has been identified an enhancer region with binding sites
specific for different transcription factors. Some studies
reported that in vivo UCP1 expression is induced by stimu-
lation of the sympathetic system during cold exposure medi-
ated by activation of β-adrenergic receptors. This leads to
cAMP production and activation of cAMP-dependent pro-
tein kinase (PKA) and p38 mitogen-activated protein kinase
(p38 MAPK) that in turn regulates the transcription of
nuclear factors such as peroxisome proliferator-activated
receptor gamma (PPARγ) and the PPARγ coactivator 1a
(PGC1a) that have a pivotal important role in regulating
transcription of UCP genes [30–33]. As described by Echtay
et al. [34], in brown tissue, the long-term regulation of UCP1
depends on MAPK that leads to gene transcription and pro-
tein synthesis whereas in the acute regulation, the same
MAPK can activate lipases to hydrolyze triglycerides by pro-
ducing fatty acids that act as direct activator of UCP1. We
know that microfragmented adipose tissue contains fatty
acids and is also rich of triglycerides; in our model, it is pos-
sible that MiFAT triglycerides dispersed in culture medium
are easily subjected to hydrolysis phenomena that produced
a further increase of concentration of fatty acids that activate
UCP1. In conclusion, our results suggest that MSCs have
basal expression of UCP1 gene and that its mRNA expres-
sion and translation can be stimulated by MiFAT probably
due to the presence of significant amount of triglycerides
and fatty acids.

Data Availability Statement

All relevant data can be found within the article.

Conflicts of Interest

The authors declare no conflicts of interest.

Author Contributions

Valentina Coccè and Sara Missaglia contributed equally to
this work. Francesca Paino and Augusto Pessina equally
share the rank of last author.

Funding

The authors received no specific funding for this work.

References

[1] F. Mosna, L. Sensebé, andM. Krampera, “Human bone marrow
and adipose tissuemesenchymal stem cells: a user’s guide,” Stem
Cells and Development, vol. 19, no. 10, pp. 1449–1470, 2010.

[2] K. Park, Y.-S. Kim, J.-H. Kim et al., “Trophic molecules
derived from human mesenchymal stem cells enhance sur-
vival, function, and angiogenesis of isolated islets after trans-
plantation,” Transplantation, vol. 89, no. 5, pp. 509–517, 2010.

[3] B. M. Strem and M. H. Hedrick, “The growing importance of
fat in regenerative medicine,” Trends in Biotechnology,
vol. 23, no. 2, pp. 64–66, 2005.

[4] V. Ceserani, A. Ferri, A. Berenzi et al., “Angiogenic and anti-
inflammatory properties of micro-fragmented fat tissue and
its derived mesenchymal stromal cells,” Vascular Cell, vol. 8,
no. 1, pp. 1–12, 2016.

[5] S. Nava, V. Sordi, L. Pascucci et al., “Long-lasting anti-
inflammatory activity of human micro-fragmented adipose
tissue,” Stem Cells International, vol. 2019, Article ID
5901479, 2019.

[6] Y. Shi, Y. Wang, Q. Li et al., “Immunoregulatory mechanisms
of mesenchymal stem and stromal cells in inflammatory dis-
eases,” Nature Reviews. Nephrology, vol. 14, no. 8, pp. 493–
507, 2018.

[7] E. E. Kershaw and J. S. Flier, “Adipose tissue as an endocrine
organ,” The Journal of Clinical Endocrinology and Metabolism,
vol. 89, no. 6, pp. 2548–2556, 2004.

[8] P. Trayhurn, “Endocrine and signalling role of adipose tissue:
new perspectives on fat,” Acta Physiologica Scandinavica,
vol. 184, no. 4, pp. 285–293, 2005.

[9] J. R. Sarkanen, V. Kaila, B. Mannerström et al., “Human
adipose tissue extract induces angiogenesis and adipogenesis
in vitro,” Tissue Engineering Part A, vol. 18, no. 1-2,
pp. 17–25, 2012.

[10] A. T. Brini, V. Coccè, L. M. J. Ferreira et al., “Cell-mediated
drug delivery by gingival interdental papilla mesenchymal
stromal cells (GinPa-MSCs) loaded with paclitaxel,” Expert
Opinion on Drug Delivery, vol. 13, no. 6, pp. 789–798, 2016.

[11] D. Lisini, S. Nava, S. Frigerio et al., “Automated large-scale
production of paclitaxel loaded mesenchymal stromal cells
for cell therapy applications,” Pharmaceutics, vol. 12, no. 5,
p. 411, 2020.

9Journal of Lipids

 8093, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2024/1318186 by U

niversity C
attolica, Piacenza, W

iley O
nline L

ibrary on [23/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



[12] M. Dominici, K. Le Blanc, I. Mueller et al., “Minimal criteria
for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement,”
Cytotherapy, vol. 8, no. 4, pp. 315–317, 2006.

[13] M. F. Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage
potential of adult human mesenchymal stem cells,” Science,
vol. 284, no. 5411, pp. 143–147, 1999.

[14] C. Tremolada, V. Colombo, and C. Ventura, “Adipose tissue
and mesenchymal stem cells: state of the art and Lipogems®
technology development,” Stem Cell Reports, vol. 2, no. 3,
pp. 304–312, 2016.

[15] B. Li, J. O. Holloszy, and C. F. Semenkovich, “Respiratory
uncoupling induces δ-aminolevulinate synthase expression
through a nuclear respiratory factor-1-dependent mechanism
in Hela cells,” The Journal of Biological Chemistry, vol. 274,
no. 25, pp. 17534–17540, 1999.

[16] D. L. Mackay, P. J. Tesar, L.-N. Liang, and S. E. Haynesworth,
“Characterizing medullary and human mesenchymal stem
cell-derived adipocytes,” Journal of Cellular Physiology,
vol. 207, no. 3, pp. 722–728, 2006.

[17] E. C. M. Mariman and P. Wang, “Adipocyte extracellular
matrix composition, dynamics and role in obesity,” Cellular
and Molecular Life Sciences, vol. 67, no. 8, pp. 1277–1292,
2010.

[18] S. S. Liu, X. Fang, X. Wen et al., “How mesenchymal stem cells
transform into adipocytes: overview of the current under-
standing of adipogenic differentiation,”World Journal of Stem
Cells, vol. 16, no. 3, pp. 245–256, 2024.

[19] S. Carobbio, A. C. Guenantin, M. Bahri et al., “Unraveling the
developmental roadmap toward human brown adipose tis-
sue,” Stem Cell Reports, vol. 16, no. 3, pp. 641–655, 2021.

[20] A. A. Wendel, T. M. Lewin, and R. A. Coleman, “Glycerol-3-
phosphate acyltransferases: rate limiting enzymes of triacylglyc-
erol biosynthesis,” Biochimica et Biophysica Acta, vol. 1791,
no. 6, pp. 501–506, 2009.

[21] J. Cao, J. L. Li, D. Li, J. F. Tobin, and R. E. Gimeno, “Molecular
identification of microsomal acyl-CoA: glycerol-3-phosphate
acyltransferase, a key enzyme in de novo triacylglycerol syn-
thesis,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 103, no. 52, pp. 19695–
19700, 2006.

[22] D. Shan, J. L. Li, L. Wu et al., “GPAT3 and GPAT4 are regu-
lated by insulin-stimulated phosphorylation and play distinct
roles in adipogenesis,” Journal of Lipid Research, vol. 51,
no. 7, pp. 1971–1981, 2010.

[23] P. De Gemmis, C. Lapucci, M. Bertelli et al., “A real-time PCR
approach to evaluate adipogenic potential of amniotic fluid-
derived human mesenchymal stem cells,” Stem Cells and
Development, vol. 15, no. 5, pp. 719–728, 2006.

[24] L. K. Markussen, E. A. Rondini, O. S. Johansen et al., “Lipolysis
regulates major transcriptional programs in brown adipo-
cytes,” Nature Communications, vol. 13, no. 1, p. 3956, 2022.

[25] W. T. Festuccia, P. G. Blanchard, and Y. Deshaies, “Control of
brown adipose tissue glucose and lipid metabolism by
PPARγ,” Frontiers in Endocrinology, vol. 2, p. 84, 2011.

[26] P. Puigserver, Z. Wu, C. W. Park, R. Graves, M. Wright, and
B. M. Spiegelman, “A cold-inducible coactivator of nuclear
receptors linked to adaptive thermogenesis,” Cell, vol. 92,
no. 6, pp. 829–839, 1998.

[27] O. Lindberg, J. de Pierre, E. Rylander, and B. A. Afzelius,
“Studies of the mitochondrial energy-transfer system of brown
adipose tissue,” The Journal of Cell Biology, vol. 34, no. 1,
pp. 293–310, 1967.

[28] B. Cannon and J. Nedergaard, “Brown adipose tissue: function
and physiological significance,” Physiological Reviews, vol. 84,
no. 1, pp. 277–359, 2004.

[29] https://www.proteinatlas.org/ENSG00000109424.

[30] S. Collins, E. Yehuda-Shnaidman, and H. Wang, “Positive and
negative control of Ucp1 gene transcription and the role of
β-adrenergic signaling networks,” International Journal of
Obesity, vol. 34, no. S1, pp. S28–S33, 2010.

[31] C. Tiraby and D. Langin, “Conversion from white to brown
adipocytes: a strategy for the control of fat mass?,” Trends in
Endocrinology & Metabolism, vol. 14, no. 10, pp. 439–441,
2003.

[32] F. Villarroya, R. Iglesias, and M. Giralt, “PPARs in the control
of uncoupling proteins gene expression,” PPAR Research,
vol. 2007, Article ID 74364, 2007.

[33] F. Villarroya, M. Peyrou, and M. Giralt, “Transcriptional
regulation of the uncoupling protein-1 gene,” Biochimie,
vol. 134, pp. 86–92, 2017.

[34] K. S. Echtay, M. Bienengraeber, P. Mayinger et al., “Uncou-
pling proteins: Martin Klingenberg’s contributions for
40 years,” Archives of Biochemistry and Biophysics, vol. 657,
pp. 41–55, 2018.

10 Journal of Lipids

 8093, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2024/1318186 by U

niversity C
attolica, Piacenza, W

iley O
nline L

ibrary on [23/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.proteinatlas.org/ENSG00000109424

	Early Adipogenesis and Upregulation of UCP1 in Mesenchymal Stromal Cells Stimulated by Devitalized Microfragmented Fat (MiFAT)
	1. Introduction
	2. Materials and Methods
	2.1. MSCs
	2.2. MiFAT
	2.3. MiFAT Ultrafiltration
	2.4. MSCs/MiFAT Cocultures
	2.5. Adipogenic Differentiation
	2.6. Oil Red O Staining
	2.7. Mitochondrial Labeling
	2.8. RT-PCR Analysis and Primers
	2.8.1. RNA Extraction and Real-Time Quantitative PCR (RT-qPCR)

	2.9. Western Blot
	2.10. Statistical Analysis

	3. Results
	3.1. Effect of MiFAT on the MSC Growth
	3.2. Effect of MiFAT on the MSC Adipogenesis
	3.3. Expression of Adipogenic Markers by RT-PCR Analysis
	3.4. UCP1 Protein Expression
	3.5. Mitochondrial Labeling

	4. Discussion
	Data Availability Statement
	Conflicts of Interest
	Author Contributions
	Funding
	References




