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A B S T R A C T

Background aims: A large part of mesenchymal stromal cell (MSC) regenerative and immunomodulatory
action is mediated by paracrine signaling. Hence, an increasing body of evidence acknowledges the potential
of MSC secretome in a variety of preclinical and clinical scenarios. Mid-term serum deprivation is a common
approach in the pipeline of MSC secretome production. Nevertheless, up to now, little is known about the
impact of this procedure on the metabolic status of donor cells.
Methods: Here, through untargeted differential metabolomics, we revealed an impairment of mitochondrial
metabolism in adipose-derived MSCs exposed for 72 h to serum deprivation.
Results: This evidence was further confirmed by the significant accumulation of reactive oxygen species and
the reduction of succinate dehydrogenase activity. Probably as a repair mechanism, an upregulation of mito-
chondrial superoxide dismutase was also induced.
Conclusions: Of note, the analysis of mitochondrial functionality indicated that, despite a significant reduction
of basal respiration and ATP production, serum-starved MSCs still responded to changes in energy demand.
This metabolic phenotype correlates with the obtained evidence of mitochondrial elongation and branching
upon starvation.
© 2023 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

In 2001, a first work was published that described the presence of
a population of mesenchymal stromal cells (MSCs) in human adipose
tissue, with promising implications for cell-based therapy [1]. The
last 20 years have witnessed a large number of scientific publications
investigating the features and the therapeutic potential of adipose-
derived MSCs (ASCs). Currently, more than 10 000 papers describe
ASC action in disparate preclinical models, both in vitro and in vivo
(source https://pubmed.ncbi.nlm.nih.gov/). Moreover, more than 200
clinical trials (https://clinicaltrials.gov/) have tested their therapeutic
potential against diverse conditions, mostly affecting musculoskeletal
and central nervous systems. As for MSCs in general, ASCs show a
great immunomodulatory and regenerative potential [2,3] that
strongly correlates with their ability to modulate the local microenvi-
ronment through paracrine signaling [4]. Over the last decade, the
role of MSC secretome (or conditioned medium, CM) has emerged as
a convenient alternative to cell therapy. CM consists of the plentitude
of soluble and vesicle-conveyed factors secreted by the cells both in
vivo and in vitro. As easily conceivable, during in vitro culture one can
intervene on a great number of variables that strongly influence cell
secretion. For example, the impact on secretome composition of dif-
ferent pre-conditioning strategies, such as hypoxia, inflammatory
cues, and three-dimensional culture, has been recently reviewed
[5,6]. Surprisingly, up to now the effects of mid-term serum depriva-
tion, a common approach in the pipeline of secretome production,
have been only marginally addressed. The advantages of animal
serum removal upon secretome collection include reducing the risk
of zoonosis and the onset of immunological or allergic reactions trig-
gered by xenogeneic antigens. Furthermore, the exclusion of exoge-
nous serum-derived soluble factors and extracellular vesicles (EVs) is
particularly intriguing in the perspective of collecting cell secretome
for therapeutic purposes. Finally, unlike other methods, serum depri-
vation does not require any further experimental procedures to elim-
inate the priming agent (e.g., inflammatory cytokines). Serum
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deprivation impacts MSC immunomodulatory [7] and antitumoral [8]
potency, alters the composition of EVs [9] and improves the release of
trophic and angiogenic factors [10,11]. Moreover, this procedure
stimulates vesiculation in several cell types, thus enhancing EV yield
[12]. Furthermore, serum deprivation can also be used to modify the
differentiation potential of MSCs in regenerative medicine
approaches for several diseases, including musculoskeletal ones.
Indeed, the reduction or even the lack of serum can improve MSC dif-
ferentiation potential towards different cell phenotypes, such as the
osteogenic [13] and the myocardial [14] ones. In addition, the gold
standard protocols for chondrogenic differentiation conventionally
exclude serum in the culture media. Serum starvation has obviously
a great impact on the cell metabolism, and it most probably affects
the composition and the action of cell secretome. We envision that a
comprehensive understanding of the metabolic status of donor cells
is relevant and advisable in the perspective of the clinical translation
of cell secretome. In this work, we implemented an untargeted work-
flow for the differential analysis of metabolites between ASCs grown
with 10% fetal bovine serum (FBS) and under serum deprivation. The
evidence gained through metabolomics was then validated by ad hoc
biochemical and functional assays in order to provide a proof of con-
cept on the main pathways affected by serum withdrawal.

Materials and Methods

Cell cultures

ASCs were obtained from waste tissues collected at IRCCS Istituto
Ortopedico Galeazzi upon institutional review board approval. In
detail, cells were isolated from the subcutaneous adipose tissue of
five patients (two male and three female, 61 § 20 years of age) who
underwent total hip arthroplasty (n = 4) or abdominoplasty (n = 1).
At enrollment, all subjects were normo-weighted, with a body mass
index lower than 30 and no documented diagnosis of obesity. Adi-
pose tissue was shredded with a scalpel, digested with 0.75 mg/mL
collagenase type I for 30 min at 37°C (Worthington Biochemical Cor-
poration, Lakewood, NJ, USA) and filtered through a 100-mm cell
strainer (Corning Incorporated, Corning, NY, USA). ASCs were plated
at the density of 104/cm2 in a standard culture medium (CTR
medium) consisting of high-glucose Dulbecco’s Modified Eagle’s
Medium supplemented with 10% FBS (FBS HyClone, Euroclone, Pero,
Italy), 2 mmol/L glutamine, 50 mg/mL streptomycin and 50 U/mL
penicillin. Cells were characterized for growth kinetics and multi-
lineage differentiation following standard procedures (Supplemen-
tary Figure 1).

Preparation of pre- and post-starving samples

ASCs from IV to IX passage were employed for the experiments. At
confluence, cells were either collected and stored/analyzed (CTR
group) or rinsed twice with phosphate-buffered saline (PBS), washed
for 1 h in a standard medium without FBS (serum-free medium, SF)
then cultured for an additional 72 h in starving conditions (SF group)
[15�22].

Metabolomics

Coupled pre- and post-starving cells (n = 3 donors, 6 £ 106 ASCs/
sample) were subjected to untargeted metabolomics for polar (amino
acids, nucleotides and sugars) and apolar (fatty acids and membrane
lipids) molecules at the Proteomics and Metabolomics Facility of
IRCCS Ospedale San Raffaele (Milan, Italy). Samples were analyzed
using the UPLC 1290 (Agilent Technologies, Milan, Italy) coupled to
the TripleTOF 5600+ mass spectrometer (SCIEX, Framingham, MA,
USA). Details on the confidential protocols are available upon
reasonable request (https://research.hsr.it/en/core-facilities/promefa.
html, facility manager Dr. Annapaola Andolfo, andolfo.annapao-
la@hsr.it).

Supplementary Table 2, Supplementary Table 3, Supplementary
Table 4 and Supplementary Table 5 show the raw data of the known
metabolites identified with the four columns. A total of 87 molecules
were retained by removing duplicates. Of these, 77 metabolites were
recognized by the web�based tool and were further considered for
all the analyses (Supplementary Table 6). Unsupervised clustering
(Pearson’s distance), principal component analysis and metabolite
set enrichment analysis were performed with MetaboAnalyst (www.
metaboanalyst.ca).

Reactive oxygen species (ROS) assay

ROS were measured with the DCFDA/H2DCFDA � Cellular ROS
Assay Kit (Abcam, Cambridge, UK) following the manufacturer’s pro-
tocol. ASCs were plated in 96-well black clear bottom plates at the
density of 4 £ 103 cells/well. At confluence, pre-starving cells (CTR
group) were analyzed whereas post-starving cells were shifted in
serum-free medium and cultured for an additional 72 h (SF group).
To summarize, cells were incubated with 30mmol/L DCFDA (either in
CTR or SF medium) for 45 min at 37°C in the dark, then fluorescence
(Ex/Em = 485/535nm) was read with Wallac Victor II plate reader
(Perkin Elmer, Milan, Italy). A positive oxidative stress control (cells
treated with 125 mmol/L tert-butyl hydroperoxide for 4 h) was
always included (data not shown).

Cell lysates and Western blotting

Pre- and post-starving cells were lysed with Lysis Buffer 6 (R&D
Systems, Minneapolis, MN, USA) with 10 mg/mL aprotinin, 10 mg/mL
leupeptin and 10 mg/mL pepstatin for 30 min at 4°C. Samples were
centrifuged at 14 000g for 5 min, then the supernatants were col-
lected and stored at �80°C. Total protein content was quantified
through bicinchoninic acid assay (Thermo Fisher Scientific, Waltham,
MA, USA). Then, 5 or 25 mg of proteins for each sample were loaded
on 12% polyacrylamide gels or on 4�20% polyacrylamide precast gels
(Criterion TGX Stain-free precast gels, Bio-Rad, Milan, Italy) and ana-
lyzed by sodium dodecyl-sulfate polyacrylamide gel electrophoresis
and western blotting, using standard protocols. The mouse anti-
SOD2 primary antibody (sc-137254, 1:500 diluted; Santa Cruz Bio-
technology, CA, USA) and the mouse anti-DPR1 (611113, 1:1000
diluted; BD Biosciences, Franklin Lakes, NJ, USA) were incubated
overnight at 4°C while the mouse anti-b-Actin primary antibody
(A2228, Merck, Darmstadt, Germany, 1:5000 diluted) was incubated
for 2 h at room temperature. Specific bands were revealed after the
incubation with the appropriate secondary antibody conjugated to
horseradish peroxidase (goat anti-mouse IgG, 62-6520, 1:6000
diluted; Thermo Fisher Scientific) followed by detection with ECL
Westar Supernova (Cyanagen, Bologna, Italy). Signals were acquired
by Chemidoc Imaging System and densitometry was quantified
through Image Lab Software (Bio-Rad). To normalize the expression
of target proteins, the band intensity of each sample was divided by
the intensity of the loading control b-actin. For each population,
post-starving data are expressed as relative values on the pre-starv-
ing group (CTR = 1).

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay

5 £ 103 ASCs/well were cultured till confluence in 96-well tissue
culture plates in standard medium (CTR medium). At confluence,
ASCs were either tested (CTR group) or cultured for 72 additional
hours in serum-free medium (SF group). Viability and metabolism of
pre- and post-starving cells were assessed through MTT assay. After a
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wash in PBS, cells were incubated in 0.5 mg/mL MTT (dissolved in the
appropriate culture medium (CTR or SF medium) for 4 h at 37°C. For-
mazan precipitates were solubilized with 100% dimethyl sulfoxide
and the absorbance was read at 550nm with Wallac Victor II plate
reader (Perkin Elmer).

Analysis of mitochondrial network morphology

ASCs were seeded on 1-cm diameter glass coverslips at a density
of 2 £ 104/cm2 and cultured till confluence. CTR and SF cells were
incubated with 100 nmol/L Mitotracker (M7512; Invitrogen, Wal-
tham, MA, USA) in the appropriate culture medium for 30 min at 37°
C, then rinsed several times with PBS and fixed with 4% paraformal-
dehyde for 20 min at room temperature. Coverslips were mounted
with ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher
Scientific). Images were acquired with Leica TCS SP8 AOBS micro-
scope system using a 63£ oil immersion objective (Leica Microsys-
tems, Wetzlar, Germany) and analyzed using the plugin skeletonize
(2D/3D) of Fiji software (ImageJ 1.52).

Mitochondrial respiration assessment

Mitochondrial oxygen consumption rate (OCR) was assessed with
the Agilent Seahorse XFe24 Analyzer (Seahorse Bioscience; Agilent,
Santa Carla, CA, USA) at the Advanced Technology Facility (Department
of Biosciences, University of Milan, Milan, Italy). 2 £ 104 ASCs were
seeded into 24-well culture microplates (Agilent). Cells were tested
after growing in standard medium (CTR group) or in serum-free
medium for 72 h (SF group). Before analysis, cells were incubated for 1
h at 37°C at atmosphere with no CO2 in pre-warmed unbuffered Dul-
becco’s Modified Eagle’s Medium supplemented with 1 mmol/L pyru-
vate, 10 mmol/L glucose and 2 mol/L glutamine. OCR was measured
using the Seahorse XF Cell Mito Stress Test Kit (103015-100; Agilent)
following standard protocols. For the measurements, oligomycin (1.5
mmol/L), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (3
mmol/L) and rotenone/antimycin A (0.5 mmol/L) were added sequen-
tially. The Seahorse software was used to plot the results. OCR values
were normalized on cell count performed by nuclei staining with
Hoechst 33342 followed by imaging with an ImageXpress Micro Con-
focal High Content Imaging System (Molecular Devices, San Jose, CA,
USA) and automate cell counting with the MetaXpress Software
(Molecular Devices) at the Advanced Technology Facility (Department
of Biosciences, University of Milan, Milan, Italy).

Statistics

Statistical analysis was performed by paired or unpaired t test
using Prism 9.2.0 (GraphPad Software, La Jolla, CA, USA). Differences
were considered significant at P value �0.05.

Results

Serum deprivation, a common strategy for secretome production,
allows cell priming [23] while avoiding the mixture of ASC-derived
factors with exogenous ones. In this study, we focused on how this
condition affects ASC metabolism. Our analyses were performed on
sub-confluent ASCs, right before serum deprivation (CTR), and after
72 h of serum-free culture (SF). Standard cell features were not
affected by the lack of serum for 72 h. In detail, cell morphology, cell-
cycle progression and the expression of the typical MSC surface
markers were never influenced (Supplementary Figure 7). In contrast,
the metabolic profile was relevantly modified. The analysis of the 77
known metabolites, quantified in three different ASC populations
before and after serum deprivation, revealed major differences.
Indeed, unsupervised hierarchical clustering analysis distinctly dis-
criminated between CTR and SF samples (Figure 1A) and principal
component analysis confirmed the clear distinction between the two
groups, with more than 80% of variance explained by factors 1 and 2
(Figure 1B).

Metabolite set enrichment analysis indicated several biologically
relevant patterns significantly enriched and interconnected in our
dataset (Figure 2A,B). Of note, almost all the metabolites involved in
the patterns were less abundant in SF samples compared with CTR
ones, thus suggesting an impairment of the corresponding metabolic
processes upon serum deprivation (Supplementary Table 8).

In the top results, mitochondrial electron transport chain, oxida-
tion of branched chain fatty acids and citric acid cycle (or tricarbox-
ylic acid-TCA cycle) were the most relevant, due to the high number
of metabolites involved (Figure 2C, Supplementary Table 8). Each
process counts three hits, with succinic acid shared among all three
pathways and fumaric acid shared between citric acid cycle and mito-
chondrial electron transport chain. Except for glycerophosphate, all
of the other metabolites were significantly downregulated in post-
starving samples with respect to pre-starving ones. These patterns
are all associated with mitochondrial function.

Since one of the main consequences of mitochondrial impairment
is the overproduction of ROS, we investigated this aspect. As
assumed, ROS production was significantly increased during serum
starvation (Figure 3A, +105% of CTR). At the same time, serum depri-
vation triggered an antioxidant response in ASCs, as revealed by the
significant upregulation of mitochondrial superoxide dismutase 2
(SOD2) expression (Figure 3B, +413% of CTR), probably as a compen-
satory mechanism for ROS accumulation. The increased production
of ROS matched with the significant reduction of succinate dehydro-
genase activity after 72 h of serum starvation (Figure 3C, �47% of
CTR), indicating an overall decrease of cell metabolic function. To bet-
ter understand mitochondrial functionality, we measured OCR by
Seahorse assay [24]. Under baseline conditions, SF ASCs present a
lower energetic demand, leading to a significant reduction of basal
and ATP-linked respiration (Figure 3D,E), and to a shift in the meta-
bolic phenotype from aerobic/energetic to quiescent (Supplementary
Figure 9). Conversely, when energy demand was mimicked (carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone injection), the differ-
ences in maximal respiration between CTR and SF cells become less
evident (Figure 3D,E). As follows, the reserve capacity appears equal
between groups, if not slightly higher in SF cells. This evidence sug-
gests that, after serum starvation, ASCs retain their ability to adapt to
metabolic changes. This could be coupled to changes in mitochon-
drial shape; therefore, we analyzed the levels of fission/fusion
markers and mitochondrial network morphology in CTR and SF ASCs.
Interestingly, the levels of the pro-fission GTPase dynamin-related
protein-1 were significantly down modulated after serum starvation
(Figure 3F, �24% of CTR), whereas other markers were not affected
(Supplementary Figure 10). Consistently with dynamin-related pro-
tein-1reduction, the morphological analysis reveals a more complex
and interconnected mitochondrial network in SF cells (Figure 3G),
characterized by longer branches (Figure 3H), more junctions
(Figure 3I) and fewer isolated ends (Figure 3L) with respect to CTR
ones. Mitochondrial elongation during serum starvation can concur
to the maintained functionality of these organelles and supports the
evidence of a preserved fitness and flexibility of SF ASCs.

Discussion

MSCs are the first choice in most cell-based regenerative medicine
approaches. Among different MSC sources, adipose tissue is particu-
larly convenient in terms of harvesting procedures, cell yield and
growth kinetics [25]. Lately, the scientific community has opened to
the possibility of overcoming the ethical and practical drawbacks
linked to MSC/ASC injection by harnessing the potential of their
secretome. The depletion of animal components from culture
medium is a crucial step in the pipeline of secretome production,



Fig. 1. Statistical analysis of metabolomics-derived datasets performed by MetaboAnalyst (www.metaboanalyst.ca). (A) Heatmap showing the unsupervised hierarchical clustering
of control (CTR) and serum-free (SF) ASCs. The color scale (blue to red) represents the relative abundance of each metabolite. (B) Principal component analysis plot of the metabolic
signatures of CTR (red triangles) and SF (green crosses) ASCs. Red and green ellipses show the clear clustering between groups. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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especially when considering its future clinical translation. In recent
years, several MSC culture media labelled as “xenofree” have been
developed and patented. Unfortunately, their chemical composition
is rarely disclosed. In cell-based approaches, these formulas present
undeniable manufacturing advantages, which, however, wane in the
perspective of a future clinical use of the secretome. Consequently,
serum starvation still represents a very common strategy for secre-
tome and/or EV collection. Here, we investigated how mid-term
serum-free culture affects ASC features and their metabolic signa-
ture.

At first, we confirmed that serum starvation for 72 h did not affect
ASC typical spindle-like and fibroblastic morphology, in agreement
with previous evidence [26]. Furthermore, cell-cycle progression was
not affected, even though its synchronization upon starvation has
been previously described [27]. Of note, in our setting, the shift in
serum-free medium was performed once cells reached a high degree
of confluence. Consequently, the lack of difference between confluent
ASCs grown in 10% FBS and starved cells may be due to cell-cycle
arrest caused by contact inhibition (CI) [28]. Of note, during CI, cells
do not undergo senescence and restore their proliferation rate upon
detaching and replating [28]. In addition, serum deprivation did not
affect ASC immunophenotype, as previously described in MSCs from
Wharton’s jelly [29]. All these results together indicate that mid-term
serum absence does not interfere on ASC basic properties.

The investigation of the metabolic signature of ASCs, pre- and
post-starvation, was our main interest. Physiologically, cells respond
to a nutrient-deficient microenvironment by either mobilizing
endogenous substrates, triggering autophagy pathways or tuning
mitochondrial metabolism [30]. It is well known that mitochondrial
dynamics regulate many cell functions such as apoptosis, Ca++ trans-
fer and cell-cycle progression [31]. As expected, nutrient withdrawal
strongly affects cell metabolism. Indeed, a clear clustering between



Fig. 2. Quantitative enrichment analysis of metabolomics-derived datasets performed by MetaboAnalyst (www.metaboanalyst.ca). (A) Dot plot showing the overview of the top 25
enriched metabolite sets. The enrichment ratio is computed by Hits/Expected, where Hits are the observed hits and Expected are the expected ones. Dot dimension reflects the
enrichment ratio (from 2.0 to 4.5) whereas the dot color (red to yellow) represents the P value. (B) Network view of all enriched metabolite sets. For each pathway, enrichment ratio
and P value are visualized by dot dimension and color following the same scheme. (C) Graphical representation of the intersection between three significantly enriched pathways:
mitochondrial electron transport chain (blue), oxidation of branched chain fatty acids (green) and citric acid cycle (red). The compound name for both shared and unshared hits is
reported, together with the respective P value. The table summarizes the specifications of the processes, i.e., total number of components, hits, P value and false discovery rate
(FDR). P values were calculated by paired t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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CTR and SF ASCs was obtained by untargeted metabolomics. Interest-
ingly, of the 13 significantly different pathways (Supplementary
Table 8), nine occur at least partially inside mitochondria.

Among the metabolites significantly influenced by serum starva-
tion, succinic acid was identified in six different processes, consis-
tently with its known localization at the crossroads of multiple
metabolic pathways [32] (Figure 2C). Of note, succinic acid couples
citric acid cycle (TCA) and the respiratory chain, two fundamental
pathways for oxidative phosphorylation that were significantly
impaired by serum starvation. Another hint of the impairment of
these two processes was the significant reduction of succinate dehy-
drogenase activity (Figure 3C). This enzyme acts in both the TCA cycle
and the electron transport chain. It links the oxidation of succinate to
fumarate in the TCA cycle with the reduction of ubiquinone to ubiqui-
nol in the electron transport chain, thus contributing to the mainte-
nance of mitochondrial membrane potential and allowing ATP
synthesis. The mitochondrial dysfunction that appears evident from
this metabolomic analysis was confirmed by an increase in oxidative
stress. ROS were significantly increased by serum deprivation
(Figure 3A), consistently with other scientific evidences [33�35]. In
our context, ASCs reacted to oxidative stress by increasing the
expression of the enzymatic antioxidant SOD2 (Figure 3B). This is
quite peculiar since a decrease of SOD1 and/or SOD2 expression has
been observed during serum starvation in other cell types such as
cardiomyocytes [36] or Wharton’s jelly MSCs [29]. We might explain
this with the known plasticity of adult MSCs and their ability to react
to different stimuli.

Although oxidative stress does not induce positive effects on MSC
physiology, its outcome on their CM is still controversial. Oxidative
stress might induce the release of oxidized lipids and proteins. On
the contrary, their secretome could include antioxidant molecules
able to protect recipient cells by modulating their oxidative stress
[37]. This last hypothesis agrees with our previous finding of SOD1
and SOD3 presence in the secretome of ASCs maintained in serum-
free conditions for 72 h (supplementary Table 2 of Niada et al. [19]).
The release of antioxidant molecules by ASCs under oxidative stress
fits with the priming strategies largely investigated. The concept is to
induce the same insult that cells would sense when injected in vivo,
in order to modify their secretome by exploiting their plasticity. The
evidence of a starvation-dependent mitochondrial impairment is fur-
ther corroborated by the abundance of growth/differentiation factor
15, a recently validated biomarker of mitochondrial diseases [38], in
the CM of serum-deprived ASCs (https://zenodo.org/record/
5211269#.Yv9YRC7P1PY). Meanwhile, we obtained no clear results
analyzing the intracellular expression of FGF21, a well-knownmarker
of mitochondrial stress and functional defects [39] (Supplementary
Figure 11). This discrepancy can be explained hypothesizing a modu-
lation of FGF21 extracellular levels, since this mediator acts in an
autocrine, paracrine and endocrine manner [40]. A more thorough
analysis, evaluating at the same time intracellular and secreted

https://zenodo.org/record/5211269#.Yv9YRC7P1PY
https://zenodo.org/record/5211269#.Yv9YRC7P1PY


Fig. 3. Impact of serum starvation on mitochondria. (A) Intracellular ROS production by CTR and SF ASCs. Data are expressed as arbitrary fluorescence units (AFU) and represented
as mean § standard deviation (SD) of n = 5 independent experiments. (B) Mitochondrial superoxide dismutase (SOD2) expression by western blot. Data are expressed as relative
values (CTR = 1) of the ratio between SOD2 and the housekeeping protein b-actin (ACTB), and represented as mean § SD of n = 5 independent experiments. A representative mem-
brane showing the upregulation of SOD2 expression by SF cells is reported. (C) Measurement of succinate dehydrogenase (SDH) activity in CTR and SF ASCs by MTT assay. Data are
expressed as absorbance at 570 nm and represented as mean § SD of n = 3 independent experiments. (D) OCR of CTR and SF ASCs by Seahorse assay. Data are expressed as pmol O2/
min per million cells and represented as mean § SD of n = 3 independent experiments. Arrows indicate the sequential injection of mitochondrial inhibitors or uncouplers. (E) Basal
respiration, proton leak, maximal respiration, reserve capacity and ATP-linked respiration net of non-mitochondrial respiration obtained from OCR analysis. (F) Dynamin-related
protein-1 (DRP1) expression by western blot. Data are expressed as relative values (CTR = 1) of the ratio between DRP1 and ACTB, and represented as mean § SD of n = 5 indepen-
dent experiments. A representative membrane showing the downmodulation of DRP1 expression by SF cells is reported. (G) Mitotracker staining of CTR and SF ASCs. Scale bars rep-
resent 50 mm. (H-L) Analysis of mitochondrial network morphology. Differences in average branch lengths (H), number of junctions (I) and end points (L) are expressed as mean §
SD of n = 2 independent experiments (20 images/group). Statistics was performed by paired (A-F) or unpaired (H-L) t test. Statistical significance is shown as *P < 0.05 and **P <

0.01.
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FGF21 under CTR and SF conditions, is required to elucidate this
aspect.

Mitochondrial dysfunction is also confirmed by the analysis of
OCR, which resulted lower is starved cells. However, despite a signifi-
cant reduction of basal and ATP-linked respiration, SF ASCs preserve
their ability to face energy demand. We ascribe this feature to the
enhanced complexity of their mitochondrial network. In fact, mito-
chondrial elongation has been already shown to protect these organ-
elles from both serum and nutrient starvation, preserving ATP
production [41].



ARTICLE IN PRESS

C. Giannasi et al. / Cytotherapy 00 (2023) 1�8 7
In conclusion, we show that 72-h serum deprivation, a convenient
approach to obtain ASC CM, does not induce changes in cell pheno-
type while it affects cell metabolism by modifying mitochondrial
activity and inducing oxidative stress. We hypothesize that the stress
induced by serum starvation can be involved in the release of multi-
ple bioactive factors that can exert their pro-angiogenic, trophic and
antioxidant effects.

With this study, we took a step forward in the process of charac-
terizing MSCs in the perspective of optimizing their clinical use. How-
ever, it is mandatory to acknowledge that, despite the abundance of
encouraging pre-clinical evidence, a large percentage of MSC-based
clinical trials still fail to meet expectations [42]. The main challenges
in the clinical translation of MSC-based therapies are linked to the
lack of standardized protocols and effective quality controls, affecting
the consistency of MSC properties among studies [42]. Indeed, the
quality of MSCs (or their derivatives) depends on both donor-related
factors, such as age, medical history and genetic traits, and technical
ones, such as harvesting site, isolation procedure and in vitro expan-
sion [43]. Recently, strategies based on the use of induced pluripotent
stem cell-derived MSCs have emerged [44,45]. These approaches
allow overcoming the issues of interdonor variability and scalability,
and they may represent a promising alternative to the use of primary
MSCs.
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