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diseases (including osteoarthritis and tendon degeneration), 
and conditions characterized by impaired tissue repair, such 
as chronic wounds or post-traumatic defects [1–4]. In these 
settings, the therapeutic rationale increasingly relies not 
only on tissue replacement, but also on the modulation of 
inflammatory and immune responses, which play a central 
role in disease progression and regeneration.

Within this framework, mesenchymal stromal cells 
(MSCs) have attracted substantial interest due to their com-
bined pro-regenerative and immunomodulatory properties 
[5]. Rather than acting primarily through direct differentia-
tion in vivo, accumulating evidence indicates that MSCs 
exert their therapeutic effects mainly through paracrine 
signaling, secretion of bioactive factors, and regulation of 
innate and adaptive immune responses [6]. In line with this 
concept, MSC-based approaches have been investigated in 
a broad range of clinical indications, including autoimmune 
and inflammatory diseases, neurodegenerative disorders, 
and musculoskeletal injuries, with encouraging but variable 
outcomes.

Among the different MSC sources, adipose-derived stro-
mal/stem cells (ADSCs) are particularly attractive because 

Introduction

Recent progress in stem cell research has opened new per-
spectives for regenerative and immunomodulatory thera-
pies in clinical contexts where effective treatments remain 
limited. These include chronic inflammatory and immune-
mediated disorders (such as inflammatory arthropathies 
and autoimmune conditions), degenerative musculoskeletal 

	
 Giovanni Di Bernardo
gianni.dibernardo@unicampania.it

1	 Biotechnology and Molecular Biology Section, Department 
of Experimental Medicine, School of Medicine, University of 
Campania Luigi Vanvitelli, Naples 80138, Italy

2	 Department of Life Sciences, Health and Health Professions, 
Link Campus University, Rome 00165, Italy

3	 Dipartimento di Scienze del Farmaco, Università degli Studi 
del Piemonte Orientale, Novara 28100, Italy

4	 Center for Biotechnology, Sbarro Institute for Cancer 
Research and Molecular Medicine, Temple University, 
Philadelphia, PA 19122, USA

Abstract
Autologous adipose tissue is a readily available source of mesenchymal stromal cells (MSCs) for regenerative applica-
tions. Here, human lipoaspirates from eight donors processed with the Lipogems system were characterized by flow 
cytometry (MSC/pericyte markers and inflammatory markers), immunocytochemistry (NANOG, OCT3/4, SOX2), and 
functional assays assessing proliferation, senescence, apoptosis, multilineage differentiation, IDO activity, and ROS lev-
els. Lipogems-derived cultures fulfilled MSC immunophenotypic criteria while showing marked inter-donor variability 
in MSC/pericyte proportions, stemness-marker expression, differentiation bias, inflammatory profile, and oxidative status. 
In contrast, senescence and apoptosis were comparable across samples. Clinical evaluation, based on surgeon-assessed 
outcomes after autologous treatment, scored on a 1–10 scale, was consistently high across donors (7–10). Overall, Lipo-
gems-processed lipoaspirates harbor a heterogeneous but functionally competent stromal compartment; these data support 
a sample-specific quality framework (composition, differentiation tendency, inflammation/ROS, IDO responsiveness) to 
improve reproducibility and optimization of regenerative protocols.
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adipose tissue is abundant, easily accessible, and can be 
harvested in large quantities through minimally invasive 
autologous procedures. Lipoaspirates consist of fragments 
of subcutaneous adipose tissue that preserve a complex 
stromal architecture, including ADSCs, preadipocytes, 
pericytes, endothelial cells, and cells of hematopoietic ori-
gin [7–9]. The precise localization of stem and progenitor 
populations within adipose tissue remains a matter of inves-
tigation [7]; however, multiple histological and immuno-
phenotypic studies support the existence of a perivascular 
niche, in which ADSCs closely interact with pericytes and 
endothelial cells, suggesting a continuum of vascular-asso-
ciated mesenchymal progenitors [7, 10, 11].

According to established criteria, MSCs, including 
ADSCs, are typically defined by the expression of CD105, 
CD73, and CD90, and by the absence of hematopoietic 
and immune-related markers such as CD45, CD34, CD14/
CD11b, CD79a/CD19, and HLA-DR [12]. Despite these 
consensus criteria, the stromal fraction obtained from adi-
pose tissue is inherently heterogeneous, and only a subset of 
cells displays robust stemness and multilineage differentia-
tion potential. This intrinsic variability represents a major 
challenge for the reproducibility and predictability of adi-
pose-based regenerative therapies.

In regenerative and aesthetic medicine, several closed-
system devices have been developed to harvest and process 
adipose tissue for autologous use [13]. The success of aes-
thetic and regenerative procedures depends critically on the 
choice of MSC source. The origin, biological properties, 
and cell yield of MSCs influence the secretion of growth 
factors, cytokines, extracellular vesicles, and other bioac-
tive molecules that shape the regenerative microenviron-
ment [9]. Selecting the most appropriate MSC source is 
therefore essential to harmonize these variables and achieve 
personalized, effective therapeutic outcomes. As a result, the 
clinical success of liposuction-based interventions, whether 
aesthetic or regenerative, largely depends on the biological 
quality and regenerative potential of the harvested adipose 
tissue [14]. In this context, characterizing the composition of 
the lipoaspirate before clinical use becomes crucial for pre-
dicting treatment success and minimizing variability in clin-
ical outcomes. Several studies have documented substantial 
variability in cell yields obtained from different liposuction 
devices, likely due to the lack of standardized preparation 
protocols and analytical methods [14–16]. Even within 
individual studies, variability related to the harvesting site 
has been observed, emphasizing the influence of donor area 
[17]. Additional factors such as patient demographics, har-
vesting technique, and processed volume further contribute 
to inconsistent outcomes, limiting the reproducibility and 
comparability of published data [18, 19].

To mitigate these inconsistencies, several closed-system 
devices have been developed. Among them, Lipomed®, 
MiniTC®, Seffiller®, GenAdiposeTM, and Lipogems® are 
the most commonly used platforms. The Lipogems system 
is widely employed and is based on a closed, enzyme-free 
mechanical process that gently micro-fragments adipose 
tissue while removing oil residues and blood components. 
This approach preserves the native stromal and perivas-
cular architecture of the tissue, yielding microfragmented 
adipose clusters enriched in vascular-associated stromal 
elements, without extensive manipulation or in vitro expan-
sion. Unlike methods aimed at isolating single-cell stromal 
vascular fractions, Lipogems is designed to maintain tissue 
integrity and cellular interactions that may be relevant for 
in vivo regenerative and immunomodulatory activity [13].

Despite the growing clinical use of Lipogems-processed 
lipoaspirates across multiple medical specialties, a detailed 
molecular and functional characterization of their cellu-
lar composition and biological properties remains limited. 
Several studies have reported substantial inter-donor vari-
ability in cell yield and functional performance, influenced 
by donor characteristics, harvesting site, and processing 
conditions. Such variability may contribute to inconsistent 
clinical outcomes and highlights the need for systematic 
analytical frameworks to better define tissue quality prior to 
therapeutic application.

In this study, we performed a comprehensive molecular 
and cellular characterization of human Lipogems-processed 
lipoaspirates, combining immunophenotypic, transcrip-
tional, and functional analyses [20]. We evaluated prolifera-
tive capacity, senescence, apoptosis, stemness, multilineage 
differentiation potential, inflammatory and immunomodu-
latory markers, including indoleamine-2,3-dioxygenase 
(IDO), as well as intracellular reactive oxygen species 
(ROS) levels [21, 22]. By integrating these readouts, we 
aimed to capture intrinsic sample heterogeneity and to 
establish a multidimensional framework for predicting the 
regenerative and immunomodulatory potential of individual 
lipoaspirate preparations.

Materials and Methods

Patient Recruitment and Sample Collection

Human adipose tissue samples were obtained from adult 
donors undergoing elective orthopedic, regenerative, or 
aesthetic procedures involving autologous lipoaspiration. 
Lipoaspirate samples were obtained at the Image Regenera-
tive Clinic (Milan, Italy). All procedures were performed 
under sterile conditions according to routine clinical practice.
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Written informed consent was obtained from each par-
ticipant prior to sample collection, specifying that residual 
biological material otherwise destined for disposal could 
be used for research purposes, in agreement with Recom-
mendation Rec (2006) 4 of the Committee of Ministers of 
the Council of Europe on research on biological materi-
als of human origin. The study protocol was reviewed and 
approved by the Institutional Ethical Committee of the 
University of Milan (C.E. UNIMI, approval number 59/25, 
#978).

Lipoaspirate was harvested from a single anatomical site 
(abdominal subcutaneous adipose tissue) from eight healthy 
donors (3 females and 5 males) undergoing elective liposuc-
tion, with a mean age of 52 ± 17.4 years (range 23–74 years) 
and a mean body mass index (BMI) of 23 ± 2.94 (range 
17.3–32.7). Exclusion criteria included BMI > 35, diabetes, 
hypertension, and nicotine or alcohol abuse. Preoperative 
antibiotic prophylaxis was not administered, as all proce-
dures were performed under sterile conditions.

After infiltration with 400 mL of saline solution contain-
ing adrenaline, adipose tissue was aspirated using a 10-cc 
syringe with a Luer-Lok® tip connected to a disposable 
19-cm blunt cannula (3 mm outer diameter) with five oval 
side holes (1 × 2 mm). Approximately 210 mL of lipoaspi-
rate per patient were collected and processed using a Lipo-
gems® commercial device (Lipogems International S.p.A., 
Milan, Italy) according to the manufacturer’s instructions. 
Upon receipt, micronized adipose tissue was centrifuged 
(400 g, 5 min) to remove residual saline solution; a portion 
was cryopreserved at − 80 °C in 90% FBS and 10% DMSO 
as a backup for future analyses, while the remaining mate-
rial was processed within 8 h for adipose-derived stromal 
cell (ADSC) isolation. The processed samples were then 
transported under controlled conditions to the Molecular 
Biology Laboratories of the University of Campania “Luigi 
Vanvitelli” (Naples, Italy), where all subsequent molecular 
and cellular analyses were performed as described below.

MSC Isolation and Culture

Mesenchymal stromal cells (MSCs) were isolated from 
300 mg of Lipogems-processed lipoaspirate. Samples were 
washed with phosphate-buffered saline (PBS) containing 
Ca²⁺ and Mg²⁺, then enzymatically digested in D-MEM sup-
plemented with type II collagenase (1 mg/mL; Sigma, St. 
Louis, MI, USA) for 60 min at 37 °C. The digested suspen-
sion was filtered through a 70 μm cell strainer, centrifuged, 
and rinsed three times with PBS 1X (Microgem, Italy). 
The resulting cell pellet was plated in 100 mm dishes using 
low-glucose D-MEM (Microgem, Italy) supplemented with 
10% Embryonic Stem cell–qualified Fetal Bovine Serum 
(ES-FBS, Euroclone, Italy), 5 ng/mL recombinant human 

basic fibroblast growth factor (PeproTech, UK), 1% penicil-
lin/streptomycin, and 1% L-glutamine (Sigma-Aldrich, St. 
Louis, USA). In parallel, a commercially available adipose-
derived MSC line (Sigma-Aldrich, St. Louis, USA) was 
cultured under identical conditions and used as a reference 
control throughout the study.

Cells were incubated for 7–10 days in proliferation 
medium until reaching confluence (passage 0, P0), then 
detached with trypsin (Sigma-Aldrich, St. Louis, USA) and 
expanded up to the third passage (P3).

Flow Cytometry

MSCs were harvested by trypsinization and resuspended 
as single-cell suspensions, washed with PBS and incubated 
with fluorophore-conjugated antibodies: anti-CD105 Alexa 
Fluor 488 (Elabscience, Houston, TX, USA), anti-CD90 PE 
(Elabscience Houston, TX, USA), anti-CD73 APC (Bio-
Legend, SAN, CA), anti-CD36 PE/Cy7 (BioLegend, San 
Diego CA), and anti-CD68 PE (BioLegend, SAN, CA). 
Antibody staining was performed according to the manu-
facturers’ instructions. After 30 min of incubation at room 
temperature in the dark, cells were washed with PBS and 
resuspended in FACS buffer. Data were acquired using a BD 
Accuri C6 flow cytometer (Becton Dickinson, NJ, USA) and 
analyzed with Accuri C6 software. Cell debris and doublets 
were excluded by FSC/SSC gating. At least 10,000 events 
per sample were collected and analyzed based on FSC ver-
sus SSC parameters.

Immunocytochemistry

Cells were seeded on glass coverslips in 24-well plates and 
allowed to adhere overnight. Cells were then fixed with 
4% formaldehyde solution for 15 min at room temperature, 
washed three times with PBS, and permeabilized with 0.3% 
Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in PBS 
for 15 min. After additional PBS washes, cells were incu-
bated for 1  h at room temperature in a blocking solution 
containing 5% bovine serum and 0.1% Triton X-100 in PBS. 
Cells were incubated overnight at 4 °C with primary anti-
bodies against NANOG (Elabscience, Houston, TX, USA; 
E-AB-70199), SOX2 (Elabscience, Houston, TX, USA; 
E-AB-18159), and OCT3/4 (Elabscience, Houston, TX, 
USA; E-AB-68415) diluted in blocking solution according 
to the manufacturers’ instructions. The following day, cells 
were washed three times with PBS (5 min each) and incu-
bated for 1 h at room temperature in the dark with appro-
priate fluorophore-conjugated secondary antibodies. After 
three additional PBS washes, coverslips were mounted using 
a DAPI-containing mounting medium (Abcam, Cambridge, 
UK) for nuclear counterstaining. Fluorescence images were 
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Reactive Oxygen Species (ROS) Detection

Intracellular ROS generation was measured using 
2’,7’-dichlorodihydrofluorescein diacetate (DCF-DA; 
Sigma-Aldrich, St. Louis, USA). Cells were incubated with 
10 µM DCF-DA, and fluorescence (excitation 488  nm; 
emission 525  nm) was continuously monitored for 48  h 
at 37  °C in a CO₂-independent medium using a GloMax 
microplate reader (Promega, Italia).

Cell Viability (CCK-8 Assay)

Cell viability and proliferation were assessed using the Cell 
Counting Kit-8 (CCK-8; Dojindo, Munich, Germany). Cells 
were seeded in 96-well plates, treated as indicated, and then 
incubated with 10 µL of CCK-8 reagent for 2 h. Absorbance 
at 450  nm was measured using a microplate reader (Pro-
mega, Italia).

Adipogenic Differentiation and Oil Red O Staining

MSCs were seeded at a density of 5,000 cells/cm² in six-well 
plates and cultured in complete growth medium consisting 
of D-MEM supplemented with 10% embryonic stem cell–
qualified fetal bovine serum, 5 ng/mL recombinant human 
basic fibroblast growth factor, 1% penicillin/streptomycin, 
and 1% L-glutamine. Upon reaching 70–80% confluence, 
the culture medium was replaced with adipogenic induc-
tion medium composed of high-glucose DMEM containing 
10% FBS, 1% penicillin/streptomycin, 1 mM dexametha-
sone, 10 µg/mL insulin, 0.5 mM IBMX, and 200 µM indo-
methacin (all from Sigma-Aldrich, St. Louis, USA). After 
21 days, adipogenic differentiation was verified through Oil 
Red O staining for lipid droplet accumulation. Cells were 
washed in PBS, fixed with 10% formaldehyde for 10 min, 
rinsed with 3% isopropanol, stained, and then visualized by 
light microscopy.

Chondrogenic Differentiation and Safranin O 
Staining

Chondrogenic induction was performed following a modified 
version of Iacono [23]. Cells (5,000 cells/cm²) were cultured 
in DMEM containing 1% FBS, 100 IU/mL penicillin, 100 
µg/mL streptomycin, 50 nM ascorbate-2-phosphate, 0.1 mM 
dexamethasone, and 10 ng/mL hTGF-β1 (PeproTech, UK). 
The medium was renewed every 3 days. After 21 days, gly-
cosaminoglycan synthesis was detected by Safranin O stain-
ing. Cells were fixed in cold acetone: methanol (1:1) for 3 
min, stained for 30 min, rinsed, and air-dried before imaging.

acquired using a Zeiss fluorescence microscope (Carl Zeiss, 
Oberkochen, Germany) and analyzed using ZEN imaging 
software. For quantitative analysis, at least 500 cells were 
counted across multiple randomly selected microscopic 
fields, and the percentage of positive cells was calculated.

Co-Staining for (Senescence Associated) SA-β-
galactosidase and Ki67

Cellular senescence was assessed using the SA-β-
galactosidase Staining Kit (Cell Signaling Technology, MA, 
USA) according to the manufacturer’s instructions. Briefly, 
5,000 cells/cm² were seeded on glass coverslips in 24-well 
plates and allowed to adhere overnight. Cells were fixed 
with 2% formaldehyde for 10  min at room temperature, 
washed with PBS, and incubated with the β-galactosidase 
staining solution at 37 °C overnight.

Following SA-β-gal staining, cells were permeabilized 
with 0.3% Triton X-100 in PBS for 5 min on ice and subse-
quently incubated for 1 h at room temperature in a blocking 
solution containing 5% fetal bovine serum and 0.1% Triton 
X-100 in PBS. Cells were then incubated overnight at 4 °C 
with a primary antibody against the proliferation marker 
Ki67 (Elabscience, Houston, TX, USA; AN005400L), 
diluted according to the manufacturer’s instructions. The 
following day, after three PBS washes, cells were incubated 
for 1 h at room temperature in the dark with an appropri-
ate fluorophore-conjugated secondary antibody. Coverslips 
were mounted using a DAPI-containing mounting medium 
(Abcam, Cambridge, UK) for nuclear counterstaining, and 
images were acquired using a Zeiss fluorescence micro-
scope. For quantitative analysis, at least 500 cells from ran-
domly selected microscopic fields were counted. Results 
were expressed as the percentage of positive nuclei.

This combined staining approach allowed discrimination 
among proliferating (Ki67⁺/β-gal⁻), senescent (Ki67⁻/β-
gal⁺), quiescent (Ki67⁻/β-gal⁻), and stressed (Ki67⁺/β-gal⁺) 
cell subpopulations.

Apoptosis Assay (Annexin V/PI)

Apoptosis was analyzed by flow cytometry using the 
Annexin V-FITC/Propidium Iodide Apoptosis Detection Kit 
(BioLegend, SAN, CA). Cells were harvested, washed, and 
stained as instructed by the manufacturer. The assay distin-
guishes viable (Annexin V⁻/PI⁻), early apoptotic (Annexin 
V⁺/PI⁻), and late apoptotic (Annexin V⁺/PI⁺) or necrotic 
(Annexin V−/PI⁺) populations. Early and late apoptotic 
fractions were quantified together under the experimental 
conditions.
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normally distributed datasets involving multiple groups, 
one-way ANOVA followed by Bonferroni multiple-com-
parisons test was applied. Comparisons between two groups 
were performed using unpaired two-tailed Student’s t-test. 
For repeated-measure datasets, mixed-effects models 
(REML) were used where appropriate. Data are presented 
as mean ± SD, and p values < 0.05 were considered statis-
tically significant. Each donor represented one biological 
replicate (n = 8). Where indicated, measurements were per-
formed in technical triplicates per donor and averaged prior 
to statistical testing.

Results

Eight lipoaspirate samples were collected using the Lipo-
gems® medical device from adult donors undergoing 
orthopedic or aesthetic procedures. Subcutaneous adipose 
tissue was harvested by standard liposuction techniques, as 
described in the Materials and Methods section. The main 
demographic and clinical characteristics of the donors are 
summarized in Table 1, including age, sex, body mass index 
(BMI), treatment indication, and treatment modality. All 
participants were in good general health, defined by the 
absence of inflammatory, autoimmune, or neoplastic dis-
eases and immunosuppressive treatments, and underwent 
Lipogems-based regenerative or ultrasound-guided autolo-
gous transplantation procedures for orthopedic or aesthetic 
indications. Clinical outcome following Lipogems-based 
treatment was evaluated by the operating surgeon using 
a semi-quantitative 1–10 scale, where 1 indicates no per-
ceived improvement and 10 indicates maximal perceived 
benefit. Overall, treatment effectiveness scores ranged from 
7 to 10 across samples.

Treatment effectiveness was assessed by the operating 
surgeon using a semi-quantitative 1–10 scale.

MSCs were isolated and cultured as described in the 
Materials and Methods section. Immunophenotyping con-
firmed the presence of a surface antigen profile typical 
of ADSCs and MSCs, with detection of CD73⁺/CD90⁺/
CD105⁺ cells, validating the mesenchymal identity of the 
stromal fraction in accordance with the ISCT (International 
Society for Cellular Therapy) minimal criteria for MSCs 
[12, 24]. Lipogems-derived samples were compared with a 
commercial adipose-derived MSC line used as a reference 
control.

Quantitative flow cytometry analysis revealed marked 
inter-donor variability in the proportion of triple-positive 
(CD73⁺/CD90⁺/CD105⁺) cells (orange bar in Fig.  1A). In 
this context, samples displaying triple-positive proportions 
below < 20% were classified as low, whereas proportions 
above > 50% were considered high. Based on these criteria, 

Osteogenic Differentiation and Alizarin Red S 
Staining

Osteogenesis was induced by culturing MSCs (5,000 cells/
cm²) in high-glucose DMEM supplemented with 10% FBS, 
100 nM dexamethasone, 10 mM β-glycerophosphate, and 
50 µM ascorbate-2-phosphate (Sigma-Aldrich, St. Louis, 
USA). After 21 days, calcium deposition was detected by 
Alizarin Red S staining (2%, pH 4.2). Cells were washed, 
fixed with 4% formaldehyde for 15 min, stained for 20 min, 
and visualized under a bright-field microscope.

Indoleamine 2,3-Dioxygenase (IDO) Expression

IDO activity was quantified using the IDO1 Activity 
Assay Kit (Abcam, Cambridge, UK; ab235936). MSCs 
were seeded at a density of 5,000 cells/cm² and cultured 
under standard growth conditions. To induce immuno-
modulatory licensing, cells were treated with 50 ng/mL 
interferon-gamma (IFN-γ) for 48 h. Following stimulation, 
fluorescence was measured at Ex/Em = 402/488 nm accord-
ing to the manufacturer’s instructions. Data were expressed 
as mean fluorescence intensity (MFI) and normalized to 
unstimulated control samples.

RNA Isolation and RT-qPCR

Total RNA was isolated from MSC cultures using EURO-
GOLD TriFast (Euroclone, Italy) according to the manufac-
turer’s instructions. RNA was extracted from approximately 
2 × 105 cells per sample. RNA concentration and purity were 
assessed spectrophotometrically using a NanoDrop instru-
ment (Thermo Fisher Scientific). For reverse transcription, 
1 µg of total RNA was used for cDNA synthesis employing 
the 5X All-In-One RT MasterMix (ABM, Richmond, BC, 
Canada), following the manufacturer’s protocol. Quantita-
tive real-time PCR was performed using gene-specific prim-
ers for NANOG, OCT3/4, and SOX2 designed with Primer 
Express® software (Applied Biosystems/Thermo Fisher 
Scientific, CA, USA). Real-time PCR reactions were car-
ried out in triplicate using a BrightGreen 2X qPCR Master-
Mix (ABM) on a real-time PCR system. Gene expression 
levels were normalized to the housekeeping gene GAPDH, 
and relative quantification was calculated using the 2−ΔΔCt 
method. Data are expressed as fold change relative to con-
trol samples.

Statistical Analysis

Statistical analyses were performed using GraphPad 
Prism (GraphPad Software, CA, USA). Data distribution 
was assessed using the Shapiro–Wilk normality test. For 
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The double-positive CD73⁺/CD90⁺ population corre-
sponds to pericytes and transitional pericytes, exhibiting 
intermediate features between pericytes and MSCs, and 
contributing to vascular support and tissue remodeling [25].

Consistent with previous reports on Lipogems®, flow 
cytometry of non-expanded, collagenase-treated products 

sample F01 exhibited a particularly low percentage of tri-
ple-positive cells, while sample M64 showed the highest 
proportion within the cohort.

This variability likely reflects donor-dependent heteroge-
neity (e.g., age, BMI, general health) and/or differences in 
the lipoaspiration technique.

Table 1  Clinical and demographic characteristics of donors and treatment outcomes
Sample F01 F62 F84 M50 M59 M64 M66 M89
Gender Female Female Female Male Male Male Male Male
Age (years) 23 62 40 74 65 60 58 35
BMI (kg/m2) 22.3 19 17.3 26 32.7 23 28.7 24
Reason for 
treatment

Facial 
aging and 
breast 
asymmetry

Lumbar and 
lumbosacral 
osteoarthritis

Muscle injury 
of the right 
shoulder, ten-
dinosis of the 
left shoulder

Osteoar-
thritis of 
the hand

Bilateral coxar-
throsis and L5 
osteoarthritis.

Bilateral 
gonarthrosis 
and right-sided 
epicondylitis

Osteoarthri-
tis of the 
shoulders 
and cervical 
spine

Degeneration 
of the first 
metatarsopha-
langeal joints 
of the feet.

Treatment 
modality

Regenera-
tive LPG 
therapy

Ultrasound-
guided LPG 
transplant

Ultrasound-
guided LPG 
transplant

Ultra-
sound-
guided 
LPG 
transplant

Ultrasound-
guided LPG 
transplant

Ultrasound-
guided LPG 
transplant

Ultrasound-
guided LPG 
transplant

Ultrasound-
guided LPG 
transplant

Effectiveness * 8 10 10 9 8 10 7 10
* Surgeon-assessed arbitrary 1 to 10 scale to assess treatment effectiveness

Fig. 1  Immunophenotypic and pluripotency marker characterization 
of ASCs derived from lipogems lipoaspirates. (A) Histogram show-
ing the percentage of cells positive for CD73⁺, CD90⁺, and CD105⁺. 
The graph also highlights double-positive, triple-positive, and negative 
populations. The proportion of triple-positive (CD73⁺/CD90⁺/CD105⁺) 
cells varied across donors, reflecting donor-dependent heterogeneity 
(age, BMI, general health) and/or differences in lipoaspiration tech-
nique rather than intrinsic senescence or apoptosis. The CD73⁺/CD90⁺ 
double-positive population represents pericytes and transitional peri-
cytes, which exhibit intermediate phenotypes between pericytes and 

MSCs. A commercially available adipose-derived MSC line was 
used as reference control for marker expression. (B) Representative 
immunocytochemistry (ICC) images showing NANOG, OCT3/4, and 
SOX2 expression in cultured ASCs, with corresponding histograms 
below each image indicating the percentage of positive cells. These 
markers confirm the retention of pluripotency-associated transcription 
factors. Images were acquired at 40× magnification; the white bar in 
each panel represents 100 μm. (n = 8 donors; measurements performed 
in technical triplicates; mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001)

 

1 3



Stem Cell Reviews and Reports

greater variability, ranging from approximately 20–55%, 
with sample M66 among the highest cycling fractions and 
sample M89 among the lowest. These data indicate that 
proliferative heterogeneity primarily reflects differences 
in the proportion of actively cycling cells rather than accu-
mulation of senescent cells. Apoptosis analysis by Annexin 
V staining revealed generally low and comparable levels 
across most samples, with Annexin V–positive cells typi-
cally ranging between ~ 5–15% (Fig. 2D). Notably, sample 
F62 represented an exception, displaying a markedly higher 
apoptotic fraction (approximately 35–40%) compared with 
all other samples and the control group. Overall, all sam-
ples exhibited similar levels of senescence and apoptosis, 
with no significant deviations observed. However, analysis 
of cycling cells revealed inter-sample heterogeneity, likely 
linked to differences in cellular composition. 

Differentiation assays indicated a general bias toward 
chondrogenic commitment in most samples, in contrast to 
commercial adipose-derived MSC line used as a reference 
control, which predominantly favored adipogenic differen-
tiation. Only sample M64 exhibited pronounced adipogenic 
differentiation, as indicated by elevated LPL expression 
(Fig. 3). For transcriptional analyses, lineage-specific genes 
were selected to capture both early commitment and matrix-
related aspects of differentiation. In the adipogenic lineage, 
LPL and PPARγ were used as established markers of lipid 
metabolism and adipocyte commitment. Osteogenic differ-
entiation was assessed using OPN and RUNX2, reflecting 
extracellular matrix deposition and osteogenic transcrip-
tional programming, respectively. For chondrogenic dif-
ferentiation, ACAN and CSGALNACT1 were chosen as 
markers of cartilage extracellular matrix synthesis and gly-
cosaminoglycan biosynthesis, which are particularly indica-
tive of functional chondrogenic commitment.

These results suggest intrinsic differences in lineage bias 
among samples, likely driven by variations in cellular com-
position rather than differences in proliferation or apoptosis. 
Inflammatory profiling of CD68 and CD36 revealed addi-
tional heterogeneity (Fig. 4A).

Samples F01 and M64 showed CD68 levels comparable 
to the control, suggesting low inflammatory activation, 
whereas F01 displayed reduced CD36 expression, poten-
tially indicating a diminished lipid-mediated anti-inflam-
matory capacity [27]. In contrast, samples F84, M50, and 
M59 exhibited markedly higher CD68 expression, consis-
tent with increased macrophage activation or infiltration. 
CD36 expression, however, remained variable and did not 
consistently correlate with CD68 levels. IDO (indoleamine-
2,3-dioxygenase) expression was low across all samples 
(Fig. 4B), indicating limited classical immunosuppressive 
activity under the tested conditions.

revealed a predominance of mature pericytes and MSCs, 
with only a few hematopoietic cells [26]. Our findings are 
in agreement with these observations, demonstrating a pre-
dominance of pericytes and MSCs (purple bar in Fig. 1A), 
although some exceptions were noted.

In sample M64, a reduction in pericytes was accompa-
nied by an increase in triple-positive cells (orange bar in 
Fig.  1A), whereas sample F01 contained a subpopulation 
positive for CD105⁺ and CD73⁺, likely representing com-
mitted stem cells (turquoise bar in Fig. 1A).

Analysis of pluripotency-associated gene expression fur-
ther confirmed the stem cell identity of the isolated popula-
tions. The transcription factors OCT3/4, NANOG, and SOX2 
are key regulators of pluripotency, although their expression 
levels can vary among individual cells.

In our samples, NANOG was detected in all cases but 
at lower levels compared with commercial adipose-derived 
MSC (CTRL), suggesting a partial reduction in the stabi-
lization of the pluripotent state (Fig. 1B). OCT3/4 expres-
sion exhibited inter-sample variability: in samples F84, 
M59, M66, and M89, OCT3/4 levels were higher than in the 
control, whereas in M50, expression was comparable to the 
control (Fig. 1B). These differences may reflect subtle varia-
tions in the pluripotent potential or activation state of MSCs 
among donors. In contrast, SOX2 expression remained 
constant across all samples, showing no significant differ-
ences relative to the control, indicating that the core plu-
ripotent identity is preserved despite variations in NANOG 
and OCT3/4 levels. Unstained and antibody control images 
used to validate immunostaining specificity are provided in 
Supplementary Fig. 1.

Overall, these findings confirm the presence of a hetero-
geneous yet pluripotent mesenchymal population within 
the Lipogems-derived stromal fraction. Proliferation assays 
revealed marked inter-sample heterogeneity (Fig.  2A). At 
72 h, optical density (OD450) values ranged from approxi-
mately 1.1 to 2.7. Sample M64 displayed the highest prolif-
erative capacity (OD450 ≈ 2.6–2.7 at 72 h), whereas sample 
M50 exhibited the lowest proliferation rate (OD450 ≈ 1.1–
1.2), corresponding to an approximately twofold difference 
in cell growth.

Cell-cycle analysis showed comparable distributions 
across samples, with S-phase fractions generally ranging 
between ~ 1–3% and G2/M fractions between ~ 14–29%, 
suggesting that the observed differences in proliferation may 
instead be due to variations in cell-cycle duration (Fig. 2B).

Senescence analysis based on combined SA-β-
galactosidase and Ki67 staining revealed relatively similar 
proportions of senescent cells across samples (Fig.  2C). 
Senescent (Ki67⁻/β-gal⁺) cells generally accounted for 
~ 5–15% of the population, with no sample exceed-
ing ~ 20%. In contrast, cycling (Ki67⁺/β-gal⁻) cells showed 
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Fig. 2  Functional assessment of proliferation, cell cycle, senescence, 
and apoptosis in ASC samples. (A) Cell proliferation evaluated by 
CCK-8 assay. Growth curves show optical density (OD) at 450 nm, 
revealing inter-sample heterogeneity in proliferative capacity. (B) 
Representative flow cytometry plots of cell-cycle distribution. Despite 
differences in proliferation rates, no major variation in S-phase pro-
portions was observed, suggesting comparable cell-cycle dynamics 
among samples. (C) Representative β-galactosidase and Ki67 co-
staining images. Four subpopulations were identified: double-nega-
tive (quiescent), Ki67-positive only (proliferating), double-positive 

(stressed), and β-galactosidase-positive only (senescent) cells. Quanti-
tative analysis revealed no significant differences in senescence levels 
between samples. (D) Representative flow cytometry plots for apop-
tosis analysis. Annexin V–FITC and propidium iodide (PE channel) 
staining were used to identify apoptotic cells. Early and late apoptotic 
cells were quantified together. All samples exhibited comparable apop-
totic rates, indicating that proliferative heterogeneity is independent 
of apoptosis or senescence. (n = 8 donors; measurements performed in 
technical triplicates; mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001)
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Overall, these data underscore donor-dependent variabil-
ity in oxidative stress and its impact on MSC immunomodu-
latory capacity.

Discussion

In this study, we demonstrated that Lipogems-processed 
lipoaspirate is characterized by pronounced inter-donor 
heterogeneity in mesenchymal stromal cell content, stem-
ness-related transcriptional profiles, and functional proper-
ties, highlighting intrinsic biological variability as a critical 
determinant of therapeutic outcomes. Despite this heteroge-
neity, clinical outcomes remained consistently high across 

Intracellular reactive oxygen species (ROS) levels were 
assessed using the 2′,7′-dichlorodihydrofluorescein diace-
tate (DCFDA) assay, with oxidation to fluorescent DCF (Ex 
488 nm/Em 525 nm) serving as a measure of oxidative stress. 
Most samples exhibited elevated ROS relative to the control 
(Fig. 4C), observed alongside CD68 and CD36 expression 
and suggesting a pro-inflammatory MSC phenotype.

Notably, samples with higher ROS also displayed low 
IDO expression, suggesting that elevated oxidative stress 
may be associated with reduced immunosuppressive poten-
tial. In contrast, sample M89 showed the lowest ROS level 
among all samples, including the control, consistent with a 
more quiescent MSC state and potentially preserved immu-
nomodulatory function.

Fig. 3  Spontaneous differentiation potential of ASCs derived from 
lipogems lipoaspirates. Representative images of adipogenic, osteo-
genic, and chondrogenic differentiation of MSCs following induction. 
Adipogenic differentiation was assessed by Oil Red O staining, show-
ing intracellular lipid accumulation, with corresponding histograms 
indicating gene expression levels of LPL and PPARγ. Osteogenic dif-
ferentiation was evaluated using Alizarin Red S staining for calcium 

deposition, accompanied by expression analysis of OPN and RUNX2. 
Chondrogenic differentiation was confirmed by Safranin O staining of 
glycosaminoglycans, with corresponding mRNA expression of ACAN 
and CSGALNACT1. All images were acquired at 40× magnification; 
the dark bar in each panel represents the scale bar (100 μm). (n = 8 
donors; measurements performed in technical triplicates; mean ± SD; 
*p < 0.05, **p < 0.01, ***p < 0.001)
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fat); (ii) donor-specific characteristics, including age, sex, 
body mass index, and overall health; and (iii) methodologi-
cal differences in study design, harvesting devices, or tissue 
processing protocols [29–31]. Moreover, intrinsic proper-
ties of the cells within each sample may further contribute 
to variability.

In this preliminary study, we performed a comprehensive 
molecular and cellular characterization of Lipogems-pro-
cessed lipoaspirate to identify intrinsic sources of variability 
and their potential impact on therapeutic outcomes. Immu-
nophenotypic profiling revealed substantial inter-donor 
heterogeneity in the proportion of CD73⁺/CD90⁺/CD105⁺ 
MSCs and pericytes, suggesting that donor-specific biologi-
cal factors rather than technical variability primarily con-
tribute to differences in stromal composition. This finding 
is consistent with previous reports indicating that adipose-
derived stromal cell populations are highly heterogeneous 
and influenced by donor-related variables and tissue micro-
environmental factors.

To investigate the molecular basis of this heterogeneity, 
we analyzed the expression of core pluripotency-associated 
transcription factors. OCT3/4, NANOG, and SOX2 consti-
tute a central regulatory network responsible for maintaining 
stem cell identity and repressing differentiation-associated 

all donors, suggesting that therapeutic efficacy relies on 
multiple complementary mechanisms rather than on any 
single cellular parameter.

Autologous adipose tissue has gained widespread use 
in aesthetic and reconstructive procedures due to its abun-
dance, biocompatibility, and minimally invasive collection 
methods. While initially valued primarily for its volumetric 
filling capabilities, it is now recognized as a biologically 
active tissue with significant regenerative potential. This 
regenerative capacity is largely attributed to the presence 
of adipose-derived stem cells (ADSCs), which exhibit both 
multipotent differentiation potential and paracrine activity, 
thereby promoting tissue repair and modulating the local 
microenvironment [28, 29].

In recent years, ADSCs have emerged as a promising and 
versatile source of MSCs for both experimental and clini-
cal applications. However, reproducibility and translational 
consistency remain limited, largely due to the absence of 
standardized procedures for ADSC isolation, characteriza-
tion, and quality assessment. An additional challenge stems 
from the intrinsic variability of lipoaspirate, which can be 
influenced by multiple biological and technical factors. This 
cellular heterogeneity may arise from: (i) the anatomical 
origin of the adipose depot (e.g., subcutaneous vs. visceral 

Fig. 4  Inflammatory markers, immunomodulatory enzyme expression 
and reactive oxygen species (ROS) levels in ASC samples. (A) Rep-
resentative flow cytometry plots for CD36⁺ and CD68⁺ (top) with cor-
responding quantification histograms shown bottom each plot. In the 
histograms, the black line represents unstained cells, blue and red lines 
represent specific antibody staining profiles. (B) Histogram show-
ing IDO (indoleamine-2,3-dioxygenase) expression across samples, 

demonstrating generally low IDO levels under the tested conditions. 
(C) Line-plot (curve) of DCFDA fluorescence (ROS indicator) across 
samples. ROS levels increased in all samples except M89 and M66, 
which did not show an increase and correspond to the youngest donors 
in the cohort, suggesting a potential donor-age effect on oxidative 
response.(n = 8 donors; measurements performed in technical tripli-
cates; mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001)
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targeted preconditioning strategies to enhance MSC immu-
nomodulatory efficacy prior to clinical application.

Concurrently, we observed heterogeneity in intracellular 
ROS levels and inflammatory markers (CD68, CD36). CD68 
is widely used as a marker of macrophage infiltration and 
inflammatory activation, whereas CD36 plays a role in lipid 
uptake, metabolic homeostasis, and resolution of inflamma-
tion in adipose tissue [48–51]. Samples with elevated ROS 
and CD68 expression (F84, M50, M59) displayed a pro-
inflammatory phenotype with potentially reduced immuno-
suppressive capacity, whereas M89 showed the lowest ROS 
levels, consistent with a more quiescent state. Oxidative 
stress is known to modulate MSC phenotype and immu-
noregulatory functions, suggesting that donor-dependent 
oxidative states may contribute to variability in therapeu-
tic outcomes. The heterogeneous expression of CD68 and 
CD36 further underscores donor-dependent variability in 
inflammatory microenvironmental conditions.

Despite molecular and cellular heterogeneity, clinical 
outcomes were consistently high, indicating that therapeu-
tic efficacy may rely on multiple mechanisms, including 
paracrine signaling, extracellular matrix remodeling, angio-
genesis, and differentiation potential, rather than solely on 
classical IDO-mediated immunosuppression. This observa-
tion is consistent with the concept that adipose-derived stro-
mal fractions exert regenerative effects through a complex 
network of trophic and immunomodulatory signals. The 
Lipogems system appears to provide a standardized micro-
environment that preserves native stromal architecture and 
cellular interactions, potentially buffering against individual 
cellular variability.

Limitations

This study has several limitations that should be acknowl-
edged. First, the number of samples included was relatively 
low, which may affect the statistical power and generaliz-
ability of the findings. Additionally, the study design was 
observational, limiting the ability to establish causal rela-
tionships. Future studies with larger cohorts and experimen-
tal approaches are warranted to validate and expand upon 
these results.

Conclusion

Lipoaspirates processed with the Lipogems system exhibit 
significant inter-sample variability in cellular composition, 
stemness marker expression, and functional properties, 
while maintaining consistent viability. IDO expression was 
consistently low across all samples, suggesting a limited 

gene programs [32–34]. In our samples, NANOG was con-
sistently expressed, albeit at reduced levels compared with 
controls, consistent with a partially primed pluripotent state 
previously reported for adult MSCs [34–36]. This reduction 
may indicate a shift from a naïve pluripotent state toward a 
lineage-primed phenotype, which is characteristic of adult 
stromal populations with limited self-renewal capacity.

OCT3/4 displayed marked inter-sample variability, which 
may reflect differences in stemness state and lineage prim-
ing [37, 38]. Variations in OCT3/4 levels have been reported 
to influence lineage bias, with elevated expression associ-
ated with mesoendodermal priming and reduced expres-
sion linked to ectodermal or trophoblastic differentiation 
pathways. In this context, the increased OCT3/4 expression 
observed in specific samples may indicate enhanced activa-
tion of self-renewal pathways and could be associated with 
a higher proportion of MSC-like cells exhibiting regenera-
tive potential [39]. In contrast, SOX2 expression remained 
stable across samples, supporting the maintenance of a basal 
stem-like transcriptional program despite variability in 
OCT3/4 and NANOG expression [40]. The relative stability 
of SOX2 has been previously reported in adult stromal pop-
ulations and may reflect its role in sustaining core stemness 
functions even under partial lineage commitment. Together, 
these observations suggest dynamic heterogeneity in stem-
ness-related transcriptional states within Lipogems-derived 
stromal fractions, potentially reflecting transitions between 
pluripotent substates previously described in embryonic and 
adult stem cell populations [41].

Functional assays revealed inter-sample variability in 
proliferation and differentiation potential that was indepen-
dent of senescence or apoptosis, indicating that intrinsic cel-
lular composition rather than cell-cycle arrest mechanisms 
likely drives functional diversity. Notably, lineage bias dif-
fered among samples, supporting the concept that donor-
dependent cellular composition and stemness state influence 
differentiation propensity. These findings are consistent 
with previous reports demonstrating that MSC populations 
exhibit donor-dependent lineage commitment profiles.

The immunomodulatory capacity of MSCs is a critical 
determinant of clinical efficacy in regenerative and recon-
structive applications [42]. In our study, IDO expression 
was uniformly low, suggesting limited activation of clas-
sical immunosuppressive pathways under the experimental 
conditions. IDO is known to be inducible by inflammatory 
cytokines such as interferon-γ and modulated by glucocorti-
coids [43–45]; therefore, its low expression may reflect the 
absence of inflammatory stimuli during tissue processing or 
donor-dependent differences in tissue microenvironment. In 
addition, intrinsic donor variability, metabolic status, and 
local inflammatory cues may influence basal IDO activ-
ity [46, 47]. These findings highlight the potential need for 

1 3



Stem Cell Reviews and Reports

Data Availability  Not applicable.

Declarations

Ethics Approval and Consent to Participate  Lipoaspirate samples were 
obtained at the Image Regenerative Clinic (Milan, Italy). All proce-
dures were performed under sterile conditions according to routine 
clinical practice.

Consent for Publication  Written informed consent for publication was 
obtained from all participants.

Competing interests  The authors declare no competing interests.

Clinical Trial Number  Not applicable.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 Davies, L. C., Biard, L., Garcia-Olmo, D., Gilkeson, G., Gnec-
chi, M., Kurtzberg, J., Kogler, G., Blanc, K. L., Lowdell, M. W., 
Pers, Y. M., Sun, L. Y., Tarte, K., Uccelli, A., & Sanchez-Guijo, 
F. D Farge, & IECWGotUoMSCfA Diseases. (2025). Defining 
minimal criteria for peer-reviewed reporting of mesenchymal 
stromal cell clinical trials for autoimmune diseases. Cytotherapy 
27, 1326–1337.

2.	 Liu, F., Li, Q., Yang, Y., & Lu, F. (2025). Advances in Stem Cell 
Therapies for Ocular Diseases: Progress in Clinical Trials and 
Future Perspectives. Stem Cell Rev Rep, 21, 2386–2406.

3.	 Wang, L. T., Ting, C. H., Yen, M. L., Liu, K. J., Sytwu, H. K., 
Wu, K. K., & Yen, B. L. (2016). Human mesenchymal stem cells 
(MSCs) for treatment towards immune- and inflammation-medi-
ated diseases: review of current clinical trials. Journal Of Bio-
medical Science, 23, 76.

4.	 Zarei, M. (2025). Mesenchymal stem cell therapy for type 2 
diabetes: mechanisms, clinical evidence, and future directions. 
Molecular Biology Reports, 52, 1046.

5.	 Galderisi, U., Peluso, G., & Di Bernardo, G. (2021). Clinical 
trials based on mesenchymal stromal cells are exponentially 
increasing: where are we in recent years? Stem Cell Rev Rep. 
18(1):23-36 ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​0​1​5​-​0​2​1​-​1​0​2​3​1​-​w 

6.	 Caplan, A. I. (2008). All MSCs are pericytes? Cell Stem Cell, 3, 
229–230.

7.	 Baer, P. C., & Geiger, H. (2012). Adipose-derived mesenchy-
mal stromal/stem cells: tissue localization, characterization, and 
heterogeneity. Stem Cells Int 2012, 812693. vol. 2012 (2012): 
812693. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​2​0​​1​2​/​8​1​2​6​9​3 

8.	 Pipino, C., Pierdomenico, L., Tomo, P. D., Giuseppe, F. D., Cianci, 
E., D’Alimonte, I., Morabito, C., Centurione, L., Antonucci, I., 

contribution of classical immunosuppressive pathways and 
indicating that further studies are needed to clarify IDO’s 
role in MSC-mediated immunomodulation. CD68 and 
CD36 expression patterns revealed sample-specific inflam-
matory states, highlighting donor- and microenvironment-
dependent heterogeneity.

Collectively, these findings indicate that the regenerative and 
immunomodulatory potential of lipoaspirate-derived MSCs 
cannot be assumed a priori. Comprehensive, sample-specific 
characterization, including analysis of cellular composition, 
differentiation bias, inflammatory profile, and IDO activity, is 
essential for accurate prediction of clinical outcomes.

While this study suggests potential advantages of the 
Lipogems system in providing a standardized microenvi-
ronment and selectively enriched MSC subpopulations, it 
does not establish clear superiority over traditional liposuc-
tion-derived MSCs.

The control samples included in this study serve as a 
reference for conventional isolation methods, highlighting 
both similarities and differences in cellular behavior.

Ultimately, these results underscore the need for cau-
tious interpretation of MSC functionality and therapeutic 
potential. Rigorous, donor-specific evaluation is critical 
not only to ensure reproducible outcomes in regenerative, 
reconstructive, and aesthetic medicine, but also to optimize 
resource allocation, reduce healthcare costs, and enable 
more efficient, evidence-based treatments.

Further comparative studies are warranted to delineate 
the specific advantages of Lipogems versus conventional 
approaches.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​0​1​5​-​0​
2​6​-​1​1​0​9​4​-​9.

Acknowledgements  Prof. Carlo Tremolada IMAGE Regenerative 
Clinic, for the biological samples of Lipogems® provided and for the 
clinical evaluations. Written informed consent was obtained from each 
participant prior to sample collection, specifying that residual biologi-
cal material otherwise destined for disposal could be used for research 
purposes, in agreement with Recommendation Rec (2006) 4 of the 
Committee of Ministers of the Council of Europe on research on bio-
logical materials of human origin. The study protocol was reviewed 
and approved by the Institutional Ethical Committee of the University 
of Milan (C.E. UNIMI, approval number 59/25, #978).

Author Contributions  Conception and design, G.D.B. and M.B; Pro-
vision of study material or patients B.C. and M.B.; Collection and/
or assembly of data, S.A.S., N.A, T.S. and D.A.; Financial support, 
G.D.B. and M.B.; Data analysis and interpretation, G.D.B. and N.A.; 
Manuscript writing, G.D.B.; Final approval of manuscript, all authors.

Funding  The work presented herein was supported by grants from PRIN 
(Progetti di Rilevante Interesse Nazionale) CUP C53D23003120006 
unit PI Michela Bosetti Università degli Studi del Piemonte Orientale, 
CUP B53D23011280006 unit PI Giovanni Di Bernardo Università de-
gli Studi della Campania “Luigi Vanvitelli”.

1 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12015-021-10231-w
https://doi.org/10.1155/2012/812693
https://doi.org/10.1007/s12015-026-11094-9
https://doi.org/10.1007/s12015-026-11094-9


Stem Cell Reviews and Reports

24.	 Choudhery, M. S., Mahmood, R., Harris, D. T., & Ahmad, F. J. 
(2022). Minimum criteria for defining induced mesenchymal 
stem cells. Cell Biology International, 46, 986–989.

25.	 Dimova, A., Erceg Ivkosic, I., Brlek, P., Dimov, S., Pavlovic, T., 
Bokun, T., & Primorac, D. (2023). Novel approach in rectovagi-
nal fistula treatment: combination of modified martius flap and 
autologous micro-fragmented adipose tissue. Biomedicines 11.

26.	 Bianchi, F., Maioli, M., Leonardi, E., Olivi, E., Pasquinelli, G., 
Valente, S., Mendez, A. J., Ricordi, C., Raffaini, M., Tremolada, 
C., & Ventura, C. (2013). A new nonenzymatic method and device 
to obtain a fat tissue derivative highly enriched in pericyte-like 
elements by mild mechanical forces from human lipoaspirates. 
Cell Transplantation, 22, 2063–2077.

27.	 Tsukamoto, K., Kinoshita, M., Kojima, K., Mikuni, Y., Kudo, 
M., Mori, M., Fujita, M., Horie, E., Shimazu, N., & Teramoto, T. 
(2002). Synergically increased expression of CD36, CLA-1 and 
CD68, but not of SR-A and LOX-1, with the progression to foam 
cells from macrophages. J Atheroscler Thromb, 9, 57–64.

28.	 Bellei, B., Migliano, E., Tedesco, M., Caputo, S., & Picardo, M. 
(2017). Maximizing non-enzymatic methods for harvesting adi-
pose-derived stem from lipoaspirate: technical considerations and 
clinical implications for regenerative surgery. Scientific Reports, 
7, 10015.

29.	 Ong, W. K., Chakraborty, S., & Sugii, S. (2021). Adipose tissue: 
understanding the heterogeneity of stem cells for regenerative 
medicine. Biomolecules 11.

30.	 Chau, Y. Y., Bandiera, R., Serrels, A., Martinez-Estrada, O. M., 
Qing, W., Lee, M., Slight, J., Thornburn, A., Berry, R., McHaffie, 
S., Stimson, R. H., Walker, B. R., Chapuli, R. M., Schedl, A., & 
Hastie, N. (2014). Visceral and subcutaneous fat have different 
origins and evidence supports a mesothelial source. Nature Cell 
Biology, 16, 367–375.

31.	 Corvera, S. (2021). Cellular Heterogeneity in Adipose Tissues. 
Annual Review Of Physiology, 83, 257–278.

32.	 Boyer, L. A., Lee, T. I., Cole, M. F., Johnstone, S. E., Levine, 
S. S., Zucker, J. P., Guenther, M. G., Kumar, R. M., Murray, H. 
L., Jenner, R. G., Gifford, D. K., Melton, D. A., Jaenisch, R., & 
Young, R. A. (2005). Core transcriptional regulatory circuitry in 
human embryonic stem cells. Cell, 122, 947–956.

33.	 Nichols, J., & Smith, A. (2009). Naive and primed pluripotent 
states. Cell Stem Cell, 4, 487–492.

34.	 Buecker, C., Srinivasan, R., Wu, Z., Calo, E., Acampora, D., 
Faial, T., Simeone, A., Tan, M., Swigut, T., & Wysocka, J. (2014). 
Reorganization of enhancer patterns in transition from naive to 
primed pluripotency. Cell Stem Cell, 14, 838–853.

35.	 Chambers, I., Silva, J., Colby, D., Nichols, J., Nijmeijer, B., 
Robertson, M., Vrana, J., Jones, K., Grotewold, L., & Smith, A. 
(2007). Nanog safeguards pluripotency and mediates germline 
development. Nature, 450, 1230–1234.

36.	 Niwa, H., Miyazaki, J., & Smith, A. G. (2000). Quantitative 
expression of Oct-3/4 defines differentiation, dedifferentiation or 
self-renewal of ES cells. Nature Genetics, 24, 372–376.

37.	 Radzisheuskaya, A., & Silva, J. C. (2014). Do all roads lead to 
Oct4? the emerging concepts of induced pluripotency. Trends In 
Cell Biology, 24, 275–284.

38.	 Wagner, W., FeldmannJr., R. E., Seckinger, A., Maurer, M. H., 
Wein, F., Blake, J., Krause, U., Kalenka, A., Burgers, H. F., Saf-
frich, R., Wuchter, P., Kuschinsky, W., & AD Ho. (2006). The 
heterogeneity of human mesenchymal stem cell preparations–
evidence from simultaneous analysis of proteomes and transcrip-
tomes. Experimental Hematology, 34, 536–548.

39.	 Adachi, K., Suemori, H., Yasuda, S. Y., Nakatsuji, N., & Kawase, 
E. (2010). Role of SOX2 in maintaining pluripotency of human 
embryonic stem cells. Genes To Cells, 15, 455–470.

40.	 Pierantozzi, E., Gava, B., Manini, I., Roviello, F., Marotta, G., 
Chiavarelli, M., & Sorrentino, V. (2011). Pluripotency regulators 

Mariggio, M. A., Pietro, R. D., Ciccarelli, R., Marchisio, M., 
Romano, M., Angelucci, S., & Pandolfi, A. (2015). Molecular 
and phenotypic characterization of human amniotic fluid-derived 
cells: a morphological and proteomic approach. Stem Cells And 
Development, 24, 1415–1428.

9.	 Shukla, L., Morrison, W. A., & Shayan, R. (2015). Adipose-
derived stem cells in radiotherapy injury: a new frontier. Front 
Surg, 2, 1.

10.	 Corselli, M., Chen, C. W., Crisan, M., Lazzari, L., & Peault, 
B. (2010). Perivascular ancestors of adult multipotent stem 
cells. Arteriosclerosis, Thrombosis, And Vascular Biology, 30, 
1104–1109.

11.	 Lin, G., Garcia, M., Ning, H., Banie, L., Guo, Y. L., Lue, T. F., 
& CS Lin. (2008). Defining stem and progenitor cells within adi-
pose tissue. Stem Cells And Development, 17, 1053–1063.

12.	 Dominici, M., Blanc, K. L., Mueller, I., Slaper-Cortenbach, I., 
Marini, F., Krause, D., Deans, R., Keating, A., Prockop, D., & 
Horwitz, E. (2006). Minimal criteria for defining multipotent 
mesenchymal stromal cells. The International Society for Cellu-
lar Therapy position statement. Cytotherapy, 8, 315–317.

13.	 Simonacci, F., Bertozzi, N., Grieco, M. P., & Raposio, E. (2019). 
From liposuction to adipose-derived stem cells: indications and 
technique. Acta Bio-Medica : Atenei Parmensis, 90, 197–208.

14.	 Liu, P., Gurung, B., Afzal, I., Santin, M., Sochart, D. H., Field, 
R. E., Kader, D. F., & Asopa, V. (2022). The composition of cell-
based therapies obtained from point-of-care devices/systems 
which mechanically dissociate lipoaspirate: a scoping review of 
the literature. J Exp Orthop, 9, 103.

15.	 Cohen, S. R., Tiryaki, T., Womack, H. A., Canikyan, S., Schlau-
draff, K. U., & Scheflan, M. (2019). Cellular Optimization of 
Nanofat: Comparison of Two Nanofat Processing Devices in 
Terms of Cell Count and Viability. Aesthet Surg J Open Forum, 1, 
ojz028.

16.	 Sese, B., Sanmartin, J. M., Ortega, B., Matas-Palau, A., & Llull, 
R. (2019). Nanofat Cell Aggregates: A Nearly Constitutive Stro-
mal Cell Inoculum for Regenerative Site-Specific Therapies. 
Plastic And Reconstructive Surgery, 144, 1079–1088.

17.	 Dai Pre, E., Busato, A., Mannucci, S., Vurro, F., De Francesco, 
F., Riccio, V., Solito, S., Biswas, R., Bernardi, P., Riccio, M., & 
Sbarbati, A. (2020). In vitro characterization of adipose stem cells 
non-enzymatically extracted from the thigh and abdomen. Int J 
Mol Sci 21. vol. 21,9 3081 ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​3​3​​​9​0​/​​i​j​m​s​2​1​0​9​3​0​8​1 

18.	 Dos-Anjos Vilaboa, S., Navarro-Palou, M., & Llull, R. (2014). 
Age influence on stromal vascular fraction cell yield obtained 
from human lipoaspirates. Cytotherapy, 16, 1092–1097.

19.	 Mojallal, A., Auxenfans, C., Lequeux, C., Braye, F., & Damour, 
O. (2008). Influence of negative pressure when harvesting adi-
pose tissue on cell yield of the stromal-vascular fraction. Biomed-
ical Materials And Engineering, 18, 193–197.

20.	 Chen, B., Chen, Z., He, M., Zhang, L., Yang, L., & Wei, L. 
(2024). Recent advances in the role of mesenchymal stem cells as 
modulators in autoinflammatory diseases. Frontiers In Immunol-
ogy, 15, 1525380.

21.	 Denu, R.A., Hematti, P. (2016). Effects of Oxidative Stress on 
Mesenchymal Stem Cell Biology. Oxid Med Cell Longev, 2016, 
2989076.

22.	 Atashi, F., Modarressi, A., & Pepper, M. S. (2015). The role of 
reactive oxygen species in mesenchymal stem cell adipogenic 
and osteogenic differentiation: a review. Stem Cells And Develop-
ment, 24, 1150–1163.

23.	 Iacono, E., Brunori, L., Pirrone, A., Pagliaro, P. P., Ricci, F., Taz-
zari, P. L., & Merlo, B. (2012). Isolation, characterization and 
differentiation of mesenchymal stem cells from amniotic fluid, 
umbilical cord blood and Wharton’s jelly in the horse. Reproduc-
tion, 143, 455–468.

1 3

https://doi.org/10.3390/ijms21093081


Stem Cell Reviews and Reports

Clinical implications during bone regeneration. Molecular Immu-
nology, 164, 143–152.

47.	 Newman, A. C., Falcone, M., Uribe, A. H., Zhang, T., Athineos, 
D., Pietzke, M., Vazquez, A., Blyth, K., & Maddocks, O. D. K. 
(2021). Immune-regulated IDO1-dependent tryptophan metabo-
lism is source of one-carbon units for pancreatic cancer and stel-
late cells. Molecular Cell, 81, 2290–2302. e7.

48.	 Kulakova, K., Lawal, T. R., McCarthy, E., & Floudas, A. (2024). 
The contribution of macrophage plasticity to inflammatory arthri-
tis and their potential as therapeutic targets. Cells 13.

49.	 Su, P., Wang, Q., Bi, E., Ma, X., Liu, L., Yang, M., Qian, J., & Q 
Yi. (2020). Enhanced Lipid Accumulation and Metabolism Are 
Required for the Differentiation and Activation of Tumor-Associ-
ated Macrophages. Cancer Research, 80, 1438–1450.

50.	 Sun, S., Yao, Y., Huang, C., Xu, H., Zhao, Y., Wang, Y., Zhu, Y., 
Miao, Y., Feng, X., Gao, X., Zheng, J., & Zhang, Q. (2022). CD36 
regulates LPS-induced acute lung injury by promoting macro-
phages M1 polarization. Cellular Immunology, 372, 104475.

51.	 Yan, J., & Horng, T. (2020). Lipid Metabolism in Regulation of 
Macrophage Functions. Trends In Cell Biology, 30, 979–989.

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

in human mesenchymal stem cells: expression of NANOG but 
not of OCT-4 and SOX-2. Stem Cells And Development, 20, 
915–923.

41.	 Weil, B. R., Manukyan, M. C., Herrmann, J. L., Abarbanell, 
A. M., Poynter, J. A., Wang, Y., & Meldrum, D. R. (2011). The 
immunomodulatory properties of mesenchymal stem cells: impli-
cations for surgical disease. Journal Of Surgical Research, 167, 
78–86.

42.	 Francois, M., Romieu-Mourez, R., Li, M., & Galipeau, J. (2012). 
Human MSC suppression correlates with cytokine induction of 
indoleamine 2,3-dioxygenase and bystander M2 macrophage dif-
ferentiation. Molecular Therapy, 20, 187–195.

43.	 Ankrum, J. A., Dastidar, R. G., Ong, J. F., Levy, O., & Karp, J. 
M. (2014). Performance-enhanced mesenchymal stem cells via 
intracellular delivery of steroids. Scientific Reports, 4, 4645.

44.	 Hui, Y., Jiao, X., Yang, L., Lu, D., Han, Y., Yang, W., Cao, Y., 
Miao, Y., Gong, S., & Wei, M. (2025). Indoleamine-2,3-dioxy-
genase: An important controller in maintaining mesenchymal 
stem cell-mediated immunomodulatory homeostasis. Acta Pharm 
Sin B, 15, 3404–3418.

45.	 Munn, D. H., & Mellor, A. L. (2013). Indoleamine 2,3 dioxygen-
ase and metabolic control of immune responses. Trends In Immu-
nology, 34, 137–143.

46.	 Mahajan, A., & Bhattacharyya, S. (2023). Immunomodulation 
by mesenchymal stem cells during osteogenic differentiation: 

1 3


	﻿Molecular and Cellular Analysis of Lipogems-Processed Lipoaspirates for Evaluating the Efficacy of Treatments in Regenerative Medicine
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Patient Recruitment and Sample Collection
	﻿MSC Isolation and Culture
	﻿Flow Cytometry
	﻿Immunocytochemistry
	﻿Co-Staining for (Senescence Associated) SA-﻿β﻿-galactosidase and Ki67
	﻿Apoptosis Assay (Annexin V/PI)
	﻿Reactive Oxygen Species (ROS) Detection
	﻿Cell Viability (CCK-8 Assay)
	﻿Adipogenic Differentiation and Oil Red O Staining
	﻿Chondrogenic Differentiation and Safranin O Staining
	﻿Osteogenic Differentiation and Alizarin Red S Staining
	﻿Indoleamine 2,3-Dioxygenase (IDO) Expression
	﻿RNA Isolation and RT-qPCR
	﻿Statistical Analysis

	﻿Results
	﻿Discussion
	﻿Limitations
	﻿Conclusion
	﻿References


