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Obesity drives adipose-derived stem cells into
a senescent and dysfunctional phenotype
associated with P38MAPK/NF-KB axis
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Abstract

Background Adipose-derived stem cells (ADSC) are multipotent cells implicated in tissue homeostasis. Obesity
represents a chronic inflammatory disease associated with metabolic dysfunction and age-related mechanisms, with
progressive accumulation of senescent cells and compromised ADSC function. In this study, we aimed to explore
mechanisms associated with the inflammatory environment present in obesity in modulating ADSC to a senescent
phenotype. We evaluated phenotypic and functional alterations through 18 days of treatment. ADSC were cultivated
with a conditioned medium supplemented with a pool of plasma from eutrophic individuals (PE, n=15) or with
obesity (PO, n=14), and compared to the control.

Results Our results showed that PO-treated ADSC exhibited decreased proliferative capacity with G2/M cycle

arrest and CDKNTA (p21WAFVEPT) yp-regulation. We also observed increased senescence-associated B-galactosidase
(SA-B-gal) activity, which was positively correlated with TRF1 protein expression. After 18 days, ADSC treated with PO
showed augmented CDKN2A (p16™**) expression, which was accompanied by a cumulative nuclear enlargement.
After 10 days, ADSC treated with PO showed an increase in NF-kB phosphorylation, while PE and PO showed an
increase in p38MAPK activation. PE and PO treatment also induced an increase in senescence-associated secretory
phenotype (SASP) cytokines IL-6 and IL-8. PO-treated cells exhibited decreased metabolic activity, reduced oxygen
consumption related to basal respiration, increased mitochondrial depolarization and biomass, and mitochondrial
network remodeling, with no superoxide overproduction. Finally, we observed an accumulation of lipid droplets in
PO-treated ADSC, implying an adaptive cellular mechanism induced by the obesogenic stimuli.

Conclusions Taken together, our data suggest that the inflammatory environment observed in obesity induces
a senescent phenotype associated with p38MAPK/NF-kB axis, which stimulates and amplifies the SASP and is
associated with impaired mitochondrial homeostasis.
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Background

Obesity is a condition that shares characteristics of age-
related diseases, related to a chronic low-grade inflam-
matory state (inflammaging), which contributes to
the development of metabolic syndrome and insulin
resistance [1]. In fact, obesity and aging share multiple
mechanisms related to the progression of metabolic dys-
regulation [2, 3], thus suggesting that obesity might accel-
erate the rate of aging [4, 5]. For instance, adipose tissue
dysfunction is a crucial feature in the physiopathology of
obesity, characterized by sustained inflammation. More-
over, the chronic and systemic pro-inflammatory state
and the accumulation of senescent cells on metabolic tis-
sues induce a harmful environment, as observed in the
elderly [6-9].

Adipose-derived stem cells (ADSC) are multipotent
cells present in the adipose tissue that comprise a highly
proliferative niche of stem cells [10-13], a characteristic
that persists in vitro. Reduced proliferative capacity is
usually associated with impaired tissue regeneration and
loss of stemness characteristics, factors observed during
adipose tissue aging [9, 14]. In obesity, the turnover of
ADSC might be accelerated, with positive and negative
effects on adipose tissue. Increased turnover of ADSC
can result in the expansion of adipose tissue, which can

Table 1 Baseline and demographic characteristics

Groups p value
Eutrophic  Obesity
(n=15) (n=14)
Sex (male), n/total (%) 8/15(53.3) 4/14(286) 0.1761
Age (years), median (IQR) 290 345 0.7100
(27.0-37.0)  (25.0-38.7)
BMI, median (IQR) 22.1 493 <0.0001
(20.7-239)  (43.5-50.6)
Physical activity, n/total (%) 0/15 (0) 0/14 (0) -
Comorbidities, n/total (%)
Type 2 Diabetes mellitus 0/15(0) 114 (7.14) -
Dyslipidemia 0/15 (0) 4/14(286) -
Hepatic Steatosis 0/15 (0) 6/14(428) -
Hypertension 0/15(0) 7/14(50.0) -
Metabolic Syndrome 0/15 (0) 0/14 (0) -
Medication therapy
ACE Inhibitors (ACEI) 0/15(0) 3/14 (2143) -
Angiotensin Il receptor 0/15 (0) 1/14(7.14) -
blockers
Calcium channel blockers 0/15 (0) 1/14(7.14) -
Loop diuretics 0/15 (0) 2/14(14.28) -
Statin 0/15(0) 1/14(7.14) -
Selective beta-blockers 0/15 (0) 3/14(2143) -
Thiazide diuretics 0/15 (0) 2/14 (14.28) -

Abbreviations: ACEl: Angiotensin-Converting Enzyme Inhibitors; BMI: Body
mass index; IQR: Interquartile range

Results are shown in frequency (percentage, %) or median (IQR 25-75%)

Results in bold indicate differences between groups, assessed by unpaired
t-test (95% confidence interval)
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help store excess energy and prevent it from accumulat-
ing in other organs. Furthermore, the accumulation of
dysfunctional adipocytes contributes to metabolic dys-
function, insulin resistance, and the appearance of senes-
cent cells [15-18].

Cellular senescence entails a proliferative cell cycle
arrest with the acquisition of a pro-inflammatory senes-
cence-associated secretory phenotype (SASP) [19] The
presence of senescent cells has been causally associated
with the appearance of multiple age-associated diseases
[20]. In the context of obesity, the removal of senescent
cells has proven to ameliorate insulin sensitivity, reduce
macrophage homing to adipose tissue and inflammation
(metaflammation), and alleviate clinical complications
of diabetes and age-related adipose tissue metabolic dys-
function, as well as progenitor cell homeostasis [21, 22].
While the inflammatory milieu of adipose tissue seemed
to play a crucial role in modulating ADSC to senescence
[15, 23-25], little is known regarding the factors driving
this phenotype.

In this regard, we aimed to explore how the inflamma-
tory milieu, present in obesity, modulates ADSC into a
senescent phenotype. We conducted a study to explore
the hypothesis that chronic in vitro exposure to plasma
from individuals with obesity can effectively trigger cel-
lular senescence in ADSC. In the present study, we
observed that chronic exposure to an obesogenic envi-
ronment hampered ADSC proliferation and induced
mitochondrial remodeling, modulating into a senescent
phenotype through the activation of the p38MAPK/
NEF-«B axis.

Results

Demographic characteristics

Clinical and demographic data are described in Table 1.
Individuals were clinically classified with extreme obe-
sity or healthy eutrophic, based on BMI (p<0.0001) and
absence of metabolic syndrome. There was no differ-
ence regarding the frequency of sex (p=0.1761) and age
(p=0.7100) between the groups.

The obesogenic environment reduces ADCS proliferation
with G2/M cycle arrest
To evaluate toxicity induced by plasma supplementa-
tion, we tested different concentrations obtained from
both eutrophic and individuals with obesity. The results
showed that the highest concentrations (1%, 1.5%, and
2%) of plasma were noxious to ADSC after culture from
day 8 (p<0.0001) (Supplementary Figure S1A). In this
sense, we chose a low plasma concentration (0.5%) for
the subsequent experiments. The experimental design is
represented in Fig. 1.

The kinetics of proliferation was assessed by analyz-
ing cell density at 6, 12, and 18 days post-treatment. We
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Fig. 1 Workflow of the experimental design. Adipose-derived stem cells (ADSC) from human origin were maintained in culture media with 10% FBS (con-
trol) or treated with FBS supplemented with a pool of plasma (0.5%) from eutrophic volunteers (PE) or a pool of plasma (0.5%) from patients with obesity
(PO) for 18 days. Experiments were done at different time points (solid lines 2, 10, and 18 days). CPD and NMA analysis were done every 6 (dashed line, tri-
angle for CPD) or 3 days (dashed line, diamond for NMA). Abbreviations: SA-B-gal: Senescence-associated beta-galactosidase; CDKNTA: Cyclin-dependent
kinase inhibitor 1 A; CDKN2A: Cyclin-dependent kinase inhibitor 2 A; CPD: cumulative population doubling; DMEM: Dulbecco’s modified Eagle’s medium;
mtDNA: Mitochondrial DNA; NMA: nuclear morphometric analysis; O2": Superoxide anion; p-p38MAPK: phosphorylated p38 mitogen-activated protein
kinase; p-p65: phosphorylated nuclear factor kappa B NF-kB p65 subunit; PE: pool of plasma from eutrophic individuals supplemented in culture medium;
PO: pool of plasma from individuals with obesity supplemented in culture medium; TRF1: Telomeric repeat factor 1

observed that ADSC treated with PO had an increase in
proliferation compared to control (p=0.0086) after day 6.
Interestingly, although CPD was similar between groups
at day 12, after 18 days we detected that both PE and PO
showed a prominent reduction in CPD (p=0.0006 and
p=0.0001, respectively) (Fig. 2A and Supplementary Fig-
ure S1B), as well as increased population doubling time
(PDT, p=0.0042 and p=0.0004, respectively) when com-
pared with control (Fig. 2B). To evaluate the effect of the
entire treatment on day 18, we additionally performed
an integrated analysis of CPD. Our data shows a global
reduction in proliferation in PE (p=0.0114) and, to a
higher extent, in PO (p=0.0073) when compared to the
control (Supplementary Figure S1C).

Because both PE and PO treatments markedly reduced
ADSC proliferation, we explore the dynamics of cell cycle
progression. Our data showed an accumulation of cells in
the G2/M phase in PO compared to control (p=0.0376)
and PE (p=0.0247), suggesting that the reduced prolif-
eration of ADSC could be a consequence of a cell cycle
arrest, as early observed after 10 days of treatment
(Fig. 2C left and right). Cell cycle progression is regulated
by cyclin-dependent kinase (CDK) inhibitors, resulting
in proliferation arrest in response to cellular stress. In
this sense, we evaluated the gene expression of CDKNI1A
(p21WAFL/CIPL) after 10 and 18 days of treatment. Our data
showed CDKNIA up-regulation in PO compared to PE
(p=0.0037) and control cells (p=0.0267) only at 10 days.
No differences were observed at 18 days (Fig. 2D).

We then evaluate the immunocontent of active cas-
pase-3, to assess whether this halt in population doubling
was associated with the caspase-3-dependent apoptosis

pathway. Our analysis revealed no differences in either
expression level or percentage of cells between groups
(Fig. 2E left and right). These data suggested that chronic
exposure to a pro-inflammatory environment observed
in obesity reduces the proliferation of ADSC by inter-
fering with cell cycle progression and independently of
caspase-3/apoptosis.

ADSC display a progressive nuclear enlargement through
obesogenic exposure

Nuclear morphology and architecture might be affected
during aging [26, 27], with reports demonstrating that
increasing nuclear area can also be recognized as a cel-
lular senescence marker [28-32]. To evaluate whether
chronic exposure to plasma was accompanied by nuclear
enlargement, we performed a nuclear morphometric
analysis (NMA). We observed a decreased percentage of
normal nuclei at 6, 9, and 18 days of treatment in both PE
(p=0.0001, p=0.0022, and p=0.0079, respectively) and
PO (p=0.0002, p=0.0015, and p=0.0004, respectively)
(Fig. 3A-B C left). These alterations were accompanied by
an increase in the percentage of large and regular nuclei
in PE (p=0.0003, p=0.0019, and p=0.0101, respectively)
and PO (p=0.0003, p=0.0029, and p=0.0007, respec-
tively) (Fig. 3A-B C right). Additionally, we analyzed the
magnitude of nuclear enlargement along the treatments.
Our results showed that the nuclear area increased
in PO throughout the 18-day treatment, compared to
PE (p<0.0001) and control cells (p<0.0001) (Fig. 3D).
Finally, when we evaluated an integrated analysis of the
entire treatment, we observed an increase of cumula-
tive nuclear enlargement (CNE) in PO compared to PE



Grun et al. Inmunity & Ageing (2023) 20:51

Page 4 of 20

A) B) e CONTROL
10.0 20.0 * PE
5 o e PO
2~ 80
i . 150
g9 60 H )
5o * S 100
2= 40 =
535 o
28 20 5.0
=1
o
0.0+ : . s 0.0
0 6 12 18
Days
C)
CONTROL PE PO
150K =
100K =
< == SubG1
o
E 50K = = &1
- S
= G2
od
T T T T T T T T T T T 1001
o 50K 100K 150K 200K  250K0 50K 100K 150K 200K  250K0 50K 100K 150K 200K 250K
DAPI-W
95
G2/M| G2/M| G2/M
600 =
3.22+£0.09 3.10+0.68 4.30+0.13 § 904
o
o
= 400 = 5 85—
200 = 80
0 T [y I T 1 IR T 0
0 50K 100K 150K 0 50K 100K 150K 0 50K 100K 150K CONTROL  PE PO
DAPI-A
D) CDKN1A E)
604 __* _. 1500 8.0
** o ° 3
c s &3 °
S - © 6.0
2 40 % 1000 é .
o ] ° @
s g o hd
3 2 olo g 4.0-
2 20 g 500 ole o
8 g . g 20
o ] 2 :
0.0 ] al L, 0 0.0

10 days 18 days

Fig. 2 Chronic exposure to plasma from patients with obesity causes cell cycle arrest in G2/M in ADSC. (A) Kinetics of CPD after 18 days of plasma ex-
posure (n=3). (B) Population doubling time (PDT) showing an increase in PE and PO groups, compared to control. (C) (Left) Representative backgated
plots and histograms from flow cytometry analysis of cell cycle and (right) quantification of cell cycle phases. The plot shows an accumulation of ADSC
cells in the G2/M phase in PO treatment after 10 days. D) CDKNTA (p21"WAF1/CIPTy mRNA expression (relative to RPLPO housekeeping gene) was quantified
after 10 or 18 days of treatment. E) No difference in the (left) expression or (right) positive cells of active caspase-3 in ADSC treated with plasma or control
group. Data presented as mean and standard deviation (SD). Differences were considered when p<0.05 (*), p<0.01 (**), p<0.001 (***), or p <0.0001 (***¥),
evaluated by one-way ANOVA followed by Tukey post-test or AUC, with a confidence interval of 95%. Abbreviations: AUC: area under the curve; CDKNTA:
Cyclin-dependent kinase inhibitor 1 A; PDT: population doubling time; PE: pool of plasma from eutrophic individuals supplemented in culture medium;
PO: pool of plasma from individuals with obesity supplemented in culture medium

(p=0.0018) and control (p=0.0008) (Fig. 3E), suggest-
ing that the obesogenic environment accelerated and
potentiated nuclear enlargement, a distinctive feature of
senescence.

Plasma from patients with obesity induces senescence in
ADSC and is correlated with increased TRF1 levels

To extend our findings, we then investigated clas-
sic cellular and molecular senescence markers. Firstly,

we evaluated SA-B-gal activity, a surrogate marker
of senescence [33]. We observed that treatment with
PO augmented SA-B-gal activity compared to control
(p=0.0066) and PE groups (p=0.0090), as well as an
increase in C;,FDG-positive cells compared to con-
trol (p=0.0054) and PE groups (p=0.0063) after 10
days of culture (Fig. 4A, left and right). Similar results
were observed in an independent analysis performed
by confocal microscopy, which denoted increased
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Fig. 3 Nuclear enlargement in ADSC through obesogenic environment exposure. (A) Representative images (scale bar 50 pm) of ADSC cultured in con-
trol media or supplemented with PE or PO. Nuclei were stained with DAPI and images were acquired using an Olympus IX71 microscope on specified
days. (B) (Right) Distribution of nuclei area versus Nll. (C) (Left) Quantification (%) of normal (N) nuclei or (right) large and regular (LR) nuclei. (D) Relative
measurement of nuclear area compared to control among treatments expressed as a fold-change. (E) Integrated analysis demonstrating CNE augment
of ADSC nuclei in cells treated with PO compared to PE and control. Data presented as mean and standard deviation (SD). Differences were considered
when p<0.05 (*), p<0.01 (**), or p<0.001 (***), evaluated by one-way ANOVA test followed by Tukey post-test or area under the curve, with a confidence
interval of 95%. Abbreviations: CNE: cumulative nuclear enlargement; NII: nuclear irregularity index; PE: pool of plasma from eutrophic individuals supple-
mented in culture medium; PO: pool of plasma from individuals with obesity supplemented in culture medium

SA-B-gal activity in PO treatment, compared to control
(p<0.0001) and PE (p<0.0001) groups (Fig. 4B, left and
right). To evaluate whether this response remained after
18 days, we observed that PO showed an increase in both
SA-B-gal activity as well as C,,FDG-positive cells in com-
parison with PE (p=0.0123 and p=0.0489, respectively)
and control (p<0.0001 and p<0.0001, respectively). Curi-
ously, after 18 days, PE showed increased enzyme activity

(p=0.0001) and percentage of positive cells (p=0.0003)
compared to the control group (Fig. 4A, left and right).
Since senescence is often accompanied by cell size
enlargement [34, 35], we investigated whether increased
SA-PB-gal activity was linked to morphological changes
in ADSC size by analyzing forward scatter (FSC). After
10 days of treatment, we observed that increased SA-f3-
gal activity observed in PO was independent of cell
enlargement (p=0.0016 compared to PE, and p=0.0008,
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compared to control) (Fig. 4C, upper panel). Curiously, at
18 days of treatment, we detected that C,,FDG-positive
cells both in PO (p<0.0001) and PE (p=0.0003) also
exhibited augmented cell size compared to the con-
trol (Fig. 4C, lower panel). These findings suggest the
increased SA-P-gal activity occurs at early stages in our
model, and that cell enlargement is a later acquired fea-
ture in senescent ADSC.

We have previously shown that TRF1 is a major driver
of cellular senescence in PBMC [36]. To further explore
the relevance in the context of obesity, we evaluated
TRF1 expression in ADSC. We found that only PO
treatment induced an increase in TRF1 protein expres-
sion (p=0.0163) (Fig. 4D, left) and percentage of TRF1-
positive cells (p=0.0202) (Fig. 4D, right) compared to
the control group after 10 days. PE and control cells
remained similar. Interestingly, we detected a positive
correlation between SA-B-gal activity and TRF1 expres-
sion (r=0.8408, p=0.0045) (Fig. 4E).

To better evaluate whether PO-treated ADSC achieved
a permanent proliferation arrest, we assessed CDKN2A
gene expression, which codes for protein pl6™NKA4,
In agreement with our previous results, CDKN2A
expression was increased in PO compared to control
(p=0.0355) at 18 days but no difference was observed
after 10 days of treatment (Fig. 4F), denoting a persistent
phenotype induced by the obesogenic milieu.

Chronic exposure to plasma triggers inflammation and is
associated with p38MAPK/NF-kB axis in senescent ADSC
Because cellular senescence is strongly related to cyto-
kines and chemokines secretion that comprises SASP
[37, 38], we evaluated the NF-«B signaling - a major
mediator of SASP [39]. We observed that PO treat-
ment increased the levels and positive number of cells to
phospho-NF-kB p65 subunit (p=0.0440 and p=0.0222,
respectively), compared to control cells after 10 days of
treatment (Fig. 5A, left and right). When we evaluated
cytokine secretion at 10 and 18 days of plasma expo-
sure. We observed that IL-6 secretion was significantly
augmented in PE and PO compared to control after 10
days (p=0.0001 and p<0.0001, respectively) and 18 days
(p=0.0009 and p=0.0010, respectively) (Fig. 5B). Simi-
larly, boosted IL-8 secretion was observed in both PE
and PO after 10 (p=0.0330 and p<0.0001, respectively)
and 18 days (p=0.0229 and p=0.0309, respectively),
compared to the control (Fig. 5C). Interestingly, at 10
days of plasma exposure, both IL-6 (p=0.0157) and IL-8
(p=0.0001) levels were increased in PO, compared to PE,
but no difference was observed after 18 days (Fig. 5B and
C). The levels of IL-1p, IL-10, TNF-«, and IL-12 secretion
were below 1.0 pg/mL and considered undetectable (data
not shown).
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Senescence can be also induced by genotoxic stress
that might trigger DNA damage response (DDR) path-
ways, activating checkpoints that halt proliferation [40,
41]. For this reason, we evaluated acute DDR signals by
H2AX phosphorylation. Curiously, we did not observe
differences in H2AX phosphorylation after 48 h in both
MEFT and the percentage of positive cells (Fig. 5D, left and
right). This suggests that PO-induced senescence seems
to be not triggered by the induction and/or recognition
of DNA damage.

Finally, several studies have demonstrated that senes-
cence and SASP can be mediated by the mitogen-
activated protein kinase family member p38MAPK
(MAPK14) in a DNA damage-independent manner
[42, 43]. Indeed, we observed an increase in the expres-
sion and percentage of p38MAPK-positive cells in PO
compared to PE (p<0.0001 and p<0.0001, respectively)
and control cells (p<0.0001 and p<0.0001, respectively)
after 10 days of treatment (Fig. 5E, left and right). PE
also increased the activity (p=0.0008) and p38-positive
cells (p=0.0027) compared to the control. These results
suggest that p38MAPK phosphorylation is required
for stress-induced senescence by the pro-inflammatory
milieu observed in obesity.

Plasma exposure impairs mitochondrial activity and
morphology and is aggravated through obesogenic stimuli
Mitochondria are complex interconnected organ-
elles resulting in a dynamic mitochondrial network.
Our results demonstrated reduced metabolic activity,
assessed by the MTT assay, in both PE and PO treat-
ments when compared to control cells (Fig. 6A, p=0.0027
and p=0.0185, respectively). We also observed that expo-
sure to PO treatment induced a decrease in mitochon-
drial membrane potential (MTR staining) compared
to PE (p=0.0088) (Fig. 6B, left) and augmented mito-
chondrial biomass (MTG staining) compared to PE and
control groups (p=0.0014 and p=0.0006, respectively)
(Fig. 6B, right). Furthermore, we observed a decrease in
mitochondrial function, assessed by the ratio between
membrane potential and mitochondrial biomass (MTR/
MTG), in ADSC treated with the PO plasma in com-
parison to PE and control treatments (p=0.0012 and
p=0.0008, respectively) (Fig. 6C). Representative images
of independent confocal analysis are shown in Fig. 6D.
Because cellular senescence can be related to mito-
chondrial and/or metabolic dysfunction [44, 45], we
evaluated dynamical mitochondrial function by high-res-
olution respirometry. Our results demonstrated reduced
O, consumption in routine respiration of PO-treated cells
(p=0.0314) compared only to PE, after 10 days of treat-
ment (Fig. 6E, left and right). The other aspects of mito-
chondrial respiration evaluated remained unchanged
despite the treatments applied (Supplementary Figure
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ing gene) was quantified after 10 or 18 days of treatment. Data are presented as mean and standard deviation (SD). Differences were considered when
p<0.05 (*), p<0.01 (*¥), p<0.001 (***), or p<0.0001 (****), evaluated by one-way ANOVA test followed by Tukey post-test, with a confidence interval of
95%. Abbreviations: CDKN2A: Cyclin-dependent kinase inhibitor 2 A; FCS: forward scatter; PE: pool of plasma from eutrophic individuals supplemented
in culture medium; PO: pool of plasma from individuals with obesity supplemented in culture medium; SA-B-gal: Senescence-associated beta-galacto-
sidase; TRF1: Telomeric repeat factor 1

S2A-E). Since we observed changes in mitochondrial
function related to PO treatment, we investigated
whether PO could induce ROS overproduction. Interest-
ingly, we did not observe any differences in mitochon-
drial superoxide (O, ™) expression (Fig. 6F), suggesting
that the loss of mitochondrial function is not associated
with increased mitochondrial O, "~ production.

Mitochondrial DNA (mtDNA) copy number can be
modified as compensation for organelle damage [46, 47].
In this sense, we evaluated the relative quantification
of the mitochondrial to nuclear DNA copies (mtDNA/
nucDNA). Our results demonstrated augmented relative
mtDNA in PO compared to PE (p=0.0082) and control
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Fig.5 Chronic exposure to plasma triggers inflammation and is associated with p38MAPK/NF-kB axis in senescent ADSC. Flow cytometry analysis of (A)
NF-kB p65 subunit phosphorylation levels (left, MFI, and right, %) were higher in PO when compared to control after 10 days of culture. Quantification
of (B) IL-6 secretion and C) IL-8 secretion were higher in PO and PE groups in comparison to control treatment after 10 and 18 days. (D) y-H2AX protein
expression after 2 days (left, MFI, and right, %) of ADSC was similar among treatments with plasma or control. (E) p38MAPK phosphorylation levels were
augmented (left, MFI, and right, %) in PO compared to both PE and control groups after 10 days of treatments. Dashed lines represent ADSC incubated
with 300 pM of hydrogen peroxide (H,0,) for 3 h two days before experiments, treated as a positive control of senescent cells. Data presented as mean
and standard deviation (SD). Differences were considered when p <0.05 (¥), p <0.01 (**), p<0.001 (***), or p<0.0001 (****), evaluated by one-way ANOVA
test followed by Tukey post-test, with a confidence interval of 95%. Abbreviations: Phospho-p38MAPK: phosphorylated p38 mitogen-activated protein
kinase; Phospho-p65: phosphorylated nuclear factor NF-kB p65 subunit; PE: pool of plasma from eutrophic individuals supplemented in culture medium;
PO: pool of plasma from individuals with obesity supplemented in culture medium; SASP: senescence-associated secretory phenotype

groups (p=0.0070) after 10 days of plasma treatment
(Fig. 6G).

To explore whether mitochondrial morphology could
be affected by plasma exposure, we performed additional
analysis in live-cell imaging after 10 days of treatment
(Fig. 7A). We quantified aspects related to mitochon-
dria complexity and network. Notably, our analysis
revealed significant alterations when comparing ADSC

treated with plasma (PE and PO) and control groups.
While plasma treatment itself demonstrated a signifi-
cant capacity to induce shifts in mitochondrial morphol-
ogy compared to the control group, it is noteworthy that
the obesogenic environment exhibited even more pro-
nounced alterations. Specifically, we observed a promi-
nent increase in both mitochondrion area (p<0.0001)
and perimeter (p<0.0001) (Fig. 7B and C). Moreover, the
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Fig. 6 Mitochondrial metabolic activity is reduced and impairs mitochondrial function after treatment with plasma. (A) There was noted an energy
deficiency accessed by MTT assay both in PO and PE compared to the control group after 10 days of treatment. (B) After 10 days of treatments, flow
cytometry analysis revealed (left) decreased membrane potential (MTR), but (right) augmented mitochondrial biomass (MTG) was detected in PO com-
pared to PE and control groups. (C) Decreased mitochondrial function assessed by the MTR/MTG ratio after exposure to PO when compared to PE and
control treatments after 10 days. (D) Representative images (scale bar 200 um) acquired by fluorescence microscopy with MTR and MTG staining after 10
days of treatment. (E) (Left) High-resolution respirometry was performed and (right) decreased oxygen consumption was observed in ADSC treated with
PO compared to the PE group. (F) There was no difference in 02" expression after 10 days of treatments. (G) Relative mtDNA copies were increased in
PO after 10 days of treatment. Data presented as mean and standard deviation (SD). Dashed lines represent positive control of senescence assessed by
300 uM of hydrogen peroxide (H,0,) treated for 3 h two days before experiments. Differences were considered when p<0.05 (¥), p<0.01 (**), p <0.001
(***), or p<0.0001 (***¥), evaluated by one-way ANOVA test followed by Tukey post-test, with a confidence interval of 95%. Abbreviations; MFI: me-
dian fluorescence intensity; ; mtDNA: mitochondrial DNA; MTG: MitoTracker™ Green FM; MTR: MitoTracker™ Red CMXRos; MTT: [3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide]; nucDNA: nuclear DNA; ; PE: pool plasma of eutrophic individuals supplemented in the complete culture medium;
PO: pool plasma of individuals with obesity supplemented in the complete culture medium; O2"": Mitochondrial superoxide

shape of the mitochondria was significantly altered in
the PO group, as indicated by the form factor (p<0.0001
compared to both groups) and aspect ratio (p<0.001
compared to control; p=0.0425 compared to PE) (Fig. 7D
and E). Additionally, our analysis demonstrated enhanced
mitochondrial network connectivity in the PO group
compared to both control and PE groups, as evidenced
by increased branches (p<0.0001), mean branch length
(p<0.0001), and branch junctions (p<0.0001) (Fig. 7F-
H). Our results suggest alterations in the mitochon-
drial network and morphology, which may indicate an

impairment of mitochondrial function. These alterations
appear to be aggravated in the context of obesity. We also
evaluated the dynamics of the mitochondrial life cycle,
by assessing the expression of genes related to mito-
chondrial fusion and fission. We observed that fusion
proteins MFN1, MFN2 and OPA1, as well as fission
protein FIS1, were up-regulated both in PE (p=0.0003,
p=0.0009, p<0.0001, and p<0.0001 respectively) and PO
(p=0.0182, p=0.0068, p=0.0288, and p=0.0057 respec-
tively) compared to control (Fig. 71).
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Fig. 7 Plasma stimuli promote mitochondrial morphology and network remodeling. Cell-live imaging analysis in ADSC exposed to the plasma altered
mitochondria morphology after 10 days of treatment. (A) Representative images analyzed with MitoTracker Red™ Red CMXRos staining (scale bar: 10 um)
using Mitochondria Analyzer plugin from ImageJ FlI. Analysis was performed in 10-20 cells (treatment in triplicate) acquired from different fields. The fol-
lowing measurements are presented (B) Area (um?); (C) Perimeter (um); (D) Form Factor (a.u.); (E) Aspect Ratio (a.u.); (F) Branches/mitochondria; (G) Mean
Branch Length (um); and (H) Branch Junctions (um). (I) Gene expression (relative to HPRT1 housekeeping gene) of mitochondrial fusion (MFN1 and MFN2
and OPAT1) and fission (FIS1) components were up-regulated both in PE and PO compared to control. Data presented as mean and standard deviation
(SD). Differences were considered when p <0.05 (*) or p<0.0001 (***¥), evaluated by one-way ANOVA test followed by Tukey post-test, with a confidence
interval of 95%. Abbreviations: a.u.: arbitrary units; FIST: Mitochondrial Fission Protein 1; MEN1: Mitofusin 1; MFN2: Mitofusin 2; OPA1: Optic Atrophy 1;
PE: pool plasma of eutrophic individuals supplemented in complete culture medium; PO: pool plasma of individuals with obesity supplemented in the
complete culture medium;

The obesogenic environment induces the accumulation of
Taken together, our results reveal alterations in the lipid droplets
mitochondrial network and morphology and suggest an  Since plasma is composed of important factors for the
impairment of mitochondrial function that seems to be differentiation of adipocyte precursor cells (such as
aggravated in the context of obesity. growth hormone, insulin, and other molecules that pro-
mote adipogenic differentiation), we also evaluated the
ability of ADSC to differentiate into preadipocytes by
lipid droplet accumulation. After 10 days of treatment,
we observed increased content of lipid droplets in the PO



Grun et al. Inmunity & Ageing (2023) 20:51

group compared to the control group (p=0.0365), but not
in the PE (Fig. 8A). These results suggest that the mecha-
nism of cellular adaptation observed by plasma treatment
is in part related to the obesogenic environment.

Discussion

Obesity-associated inflammatory mechanisms play a key
role in the pathogenesis of metabolic-related diseases
[48], and adipose tissue plays a role in the development
of a systemic inflammatory state that contributes to the
appearance of obesity-associated cardiovascular disease
[49]. In this regard, ADSC are a useful tool for studying
tissue regeneration and immunomodulation therapies
due to their cellular plasticity and ease of manipulation.
Because they can change their identity or function in
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response to different stimuli, ADSC can be used to elu-
cidate mechanisms involved in various disorders, such as
chronic pro-inflammatory diseases and tissue engineer-
ing in translational medicine [50, 51].

Imbalanced adipose tissue expansion and increased
pro-inflammatory secretion are implicated in the pre-
mature senescence of ADSC [14, 18, 25] suggesting that
the accumulation of senescent cells is a root for adipose
tissue dysfunction and inflammation, which may be com-
promised early in childhood obesity onset [52]. In the
present study, we demonstrate that chronic exposure to
the obesogenic pro-inflammatory environment induced
the appearance of adipose-derived senescent stem cells,
mimicking tissue dysfunction as a key factor in the patho-
physiology of obesity-related chronic metabolic diseases.

e CONTROL
e PE

e PO

e ADIPO

Fig. 8 The obesogenic environment induces the accumulation of lipid droplets. (Left: scale bar 200 um) Image analysis showed that there was an in-
crease in the accumulation of lipid droplets of ADSC exposed to the obesogenic environment for 10 days compared to the control group. We included a
group composed of ADSC induced to adipogenic differentiation as a positive control (ADIPO). (Right) Fluorescence was quantified as arbitrary units/cell
(n=10-15 cells/treatment in triplicate). Data presented as mean and standard deviation (SD). Differences were considered when p <0.05 (*) or p <0.0001
(****), evaluated by one-way ANOVA test followed by Tukey post-test, with a confidence interval of 95%. Abbreviations: PE: pool plasma of eutrophic
individuals supplemented in the complete culture medium; PO: pool plasma of individuals with obesity supplemented in the complete culture medium;

ADIPO: ADSC induced to adipogenic differentiation for 10 days
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A major feature of cellular senescence is cell cycle
arrest [53, 54], mainly through activation of the
p53/p21WAFLCiPL (55 571 and pl16™NK*A/Rb  [58-60]
metabolic pathways. Our results revealed an early accu-
mulation of cells in G2/M in the PO group that was
accompanied by increased expression of CDKNIA
(p21WAFL/CIPL) These findings are in agreement with stud-
ies that suggest cycle arrest mediated by p21WAFI/Cipl
through G2/M arrest [61, 62] is important to the onset
of senescence [56, 61, 63, 64]. On the other hand, stud-
ies have shown that ADSC from patients with obesity
exhibits increased expression of pl6™*A and SASP
components IL-6 and MCP-1 that potentially promote
senescent cell accumulation in vitro [17]. Interestingly,
although we did not observe any difference at 10 days,
after 18 days of treatment we observed an up-regulation
of CDKN2A (p16™¥44) in conjunction with an increased
population doubling time, suggesting a long-term arrest,
and senescence perpetuation [65]. In line with our find-
ings, a recent study highlighted the accumulation of
p21-positive cells from visceral adipose tissue earlier than
pl6-positive cells in the context of obesity. Intriguingly,
p21-expressing cells alone were found to be sufficient to
induce insulin resistance. Moreover, targeting the NF-xB
pathway demonstrated significant efficacy in mitigating
the metabolic dysfunction induced by obesity in mice
[64]. On the other hand, the similar behavior in the PE
group suggests that plasma per se is sufficient to promote
cycle arrest by additional pathways.

Another hallmark of the senescent phenotype is the
increase of SA-B-gal activity in non-phagocytic cells,
which is observed in obesity and aged in vitro ADSC
[53, 66, 67]. Our results revealed that treatment with
plasma from patients with obesity promoted a promi-
nent increase of SA-P-gal activity after 10 and 18 days of
treatment, denoting an accelerated and persistent modu-
lation of senescence. Curiously, the plasma of eutrophic
subjects also showed an increase in SA-p-gal activity at
day 18, although lower than the PO group, suggesting
that some components of plasma might induce an inter-
mediate state senescence-like response. In addition, we
also detected an increase in TRF1 protein expression
in the PO group after 10 days of treatment and found a
positive correlation between TRF1 and SA-B-gal activ-
ity. Recently, we demonstrated a negative association
between the expression of this shelterin component and
telomere length in PBMC within the context of obesity.
Additionally, we identified TRF1 as a potential marker
of premature aging [36]. Together, these findings sug-
gest that the sustained senescent phenotype observed at
18 days, might be initiated through cell cycle arrest early
at 10 days and was accompanied by a distinct modula-
tory phenotype associated with premature senescence in
ADSC.
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Morphological alterations in nuclear architecture
and morphology represent central and conserved ele-
ments in the progression of cellular aging [26]. Loss of
nuclear envelope protein Lamin B1, chromatin remod-
eling due to the accumulation of DNA damage foci, and
genomic instability are mechanisms involved in nuclear
size enlargement, which might be connected to stress
pathways stimulating the SASP [68-71]. When evaluat-
ing the kinetics of morphometric changes in the nuclei,
we observed a prominent increase in cumulative nuclear
enlargement in the PO group, consistent with the pro-
gression of the senescent phenotype evaluated by the
aforementioned markers. While plasma per se promotes
an increase in the proportion of senescent cells, denoted
by the kinetics of the PE group, the reduced cumulative
rate suggests a mild effect compared to the obesogenic
environment.

Adequate mitochondrial function is required to sustain
energy demand during ADSC proliferation and regen-
eration [72]. Thus, an accumulation of damaged mito-
chondria associated with chronic inflammation could
contribute to the senescent phenotype, as seen observed
in obesity [73-77]. In fact, our results depicted a defi-
ciency in basal mitochondrial energy metabolism accom-
panied by an increase in both mitochondrial biomass and
depolarization. While the gene expression related to both
fusion and fission was elevated in PE, which suggests an
intense network remodeling, it is noteworthy that ADSC
treated with PO displayed elongated, hyperfused, and
branched morphology. These findings are in line with
previous reports showing that senescent cells also exhibit
a distinctive mitochondrial network with elongated and
branched mitochondria [78, 79]. Moreover, increased
mitochondrial mass and biogenesis are associated with
elongated and hyperfused mitochondria which may
modulate senescence [80, 81]. Furthermore, although
we observed a metabolic shift in mitochondrial function,
the senescence state appears to be independent of ROS
overproduction. Similar to others, our data suggest that
senescence might occur in ROS-independent mitochon-
drial damage [44, 45]. These data suggest that a noxious
environment induced by plasma from individuals with
obesity could modulate mitochondrial remodeling. Our
results are also in line with Pérez et al, relating impaired
function and mitochondrial content of ADSC in the con-
text of obesity, with physiological changes in energetic
metabolism [82].

The stress-activated p38MAPK pathway mediates
important intracellular mechanisms related to the patho-
physiology of age-related diseases, such as inflammag-
ing and the SASP through up-regulation of both TP53
and p16™K*A/Rb arrest pathways [83-85]. In the pres-
ent work, we detected an increase in the activation of
p38MAPK in both plasma treatments after 10 days, with
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this effect notably more pronounced in cells exposed to
the obesogenic environment. We speculate that these
stimuli may contribute to the chronic activation of
p38MAPK promoting senescence in ADSC. Our assump-
tion is partially supported by studies demonstrating
p38MAPK-associated senescence by chronic exposure
to SASP [42, 43, 86]. A recent study showed the multi-
faceted functions of p38MAPK in the aging process in
hematopoietic stem cells, including immune response
and stemness modulation [87]. Additionally, our find-
ings are supported by recent studies in mice, which dem-
onstrate that obesity triggers significant changes in the
ADSC secretome and proteome, leading to adipose tis-
sue dysfunction, and potentially promoting senescence
in ADSC from visceral white adipose tissue [88, 89]. Fur-
thermore, the chronic inflammation observed in obesity
may be sustained through the persistent activation of
p38MAPK and NF-kB signaling and the secretion of the
pro-inflammatory cytokines IL-6 and TNFa [90]. Taken
together, our data suggest that the senescence phenotype
observed early at 10 days was accompanied by SASP up-
regulation with activation of the p38MAPK/NF-«B axis.

The presence of senescent ADSC in visceral adipose
tissue secreting pro-inflammatory and pro-aging factors
might drive obesity-related metabolic dysfunction. We
detected that ADSC exposed to PO stimulated increased
lipid droplet accumulation. These data are in line with
findings demonstrating that dysregulated lipid metabo-
lism homeostasis is associated with cells with high SA-p-
gal activity, suggesting that lipid droplet accumulation
might contribute to the senescent phenotype [91, 92]
and a mechanism of cellular adaptation consequent to
the stress-induced pro-inflammatory response. In this
regard, impaired metabolic function, increased senescent
cell burden, and infiltration of immune cells followed by
polarization toward a pro-inflammatory phenotype, ulti-
mately lead to a chronic and systemic low-grade inflam-
matory state, termed metaflammation, compared to the
acute inflammatory response [93]. Metaflammation and
cellular senescence can spread inflammation and prema-
ture senescence to multiple organs, contributing to sys-
temic physiological decline [1, 93]. Chronic inflammation
is associated with aging and plays a causative role in sev-
eral age-related diseases such as cancer, atherosclerosis,
and metabolic disorders [6, 93]. To our knowledge, this
is the first study to elucidate mechanisms associated with
the kinetics of cellular senescence in ADSC exposed to
the complex composition of plasma from obesity.

Our group recently demonstrated the deleterious
effects of this toxic peripheral environment on the immu-
nological compartment, regarding its pro-oxidant status,
efficient to induce biomolecular damage with an adaptive
antioxidant response insufficient to prevent accelerated
telomere shortening [36, 94]. We have also previously
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shown cumulative immunosenescence markers asso-
ciated with mitochondrial dysfunction and reduced
ATP-linked oxygen consumption rate on PBMC [95].
Therefore, these results not only corroborate the sup-
posed obesity accelerated aging but also highlight that
the pro-inflammatory milieu is an important senescence
driver in ADSC in the context of obesity [93].

Although the results obtained in this work are promis-
ing and contribute to the elucidation of the mechanisms
that relate to the senescent phenotype in the context of
obesity, our study has limitations. The presence of mul-
timorbidity is characteristic of obesity, and due to its
heterogeneity among donors, can contribute to the emer-
gence of confounding effects. Secondly, given the limited
sample size used in this work, confounding factors may
have contributed in a different way to the modulation of
the senescent phenotype. Finally, we evaluated the del-
eterious effects of plasma as a complex setting and char-
acteristic of obesity, so we did not explore data regarding
single components.

Conclusions

Taken together, our results highlight that the pro-inflam-
matory environment induced in the obesity context is
associated with the activation of cellular and molecular
responses that triggered, in early stages, the senescent
phenotype (Fig. 9), similar to what is observed in obesity
and physiological aging. Our results are in agreement
with previous work, emphasizing the impact of cellular
senescence on the contribution of inflammation related
to obesity [6, 14, 17, 36, 42, 96]. Senescence of adipose
tissue must be seen as a therapeutic target for treating
aging- and obesity-related metabolic disorders. The tar-
geting of senescent cells might be a therapeutic approach
for reducing pro-inflammatory responses.

Methods

Subjects and biological samples

Individuals aged between 18 and 65 years were included
and classified based on body mass index (BMI) and the
presence of comorbidities associated with extreme obe-
sity (BMI240.0 kg/m?® without metabolic syndrome.
Volunteers were recruited in the intraoperative period of
bariatric surgery at the Centro de Obesidade e Sindrome
Metabdlica (COM) of Hospital Sdo Lucas, Pontificia Uni-
versidade Catélica do Rio Grande do Sul (HSL-PUCRS).
We also recruited 15 healthy eutrophic subjects
(BMI=18.5 kg/m* —24.9 kg/m?) who underwent routine
exams and agreed to participate (Table 1).

A total of 10 mL of peripheral blood was drawn by
venipuncture. The blood was placed in tubes contain-
ing 5% EDTA and centrifuged at 400 xg for 15 min at
room temperature. The upper fraction, corresponding to
plasma, was collected, and stored at -80 °C.
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Fig. 9 Chronic exposure to obesogenic milieu modulates adipose-derived stem cells (ADSC) to a senescent phenotype associated with the p38MAPK/
NF-kB axis. In our model, the inflammatory environment observed in obesity triggers a senescent phenotype in ADSC. The exposure to obesogenic
milieu stimulated an increase in SASP cytokines IL-6 and IL-8 through p38MAPK/NF-kB activation, as well as promoted mitochondrial remodeling. ADSC
exhibited G2/M cycle arrest and up-regulation of CDKN1A (p21"AT/CPT) along with increased SA-B-gal activity positively correlated with TRF1 protein

expression at day 10. After 18 days, ADSC showed persistent cycle arrest by increased CDKN2A (p

16Nk expression, cumulative nuclear enlargement,

and SASP amplification. These findings highlight the phenotypic and functional alterations in ADSC exposed to plasma from obesity and suggest a link

between obesity-induced inflammation and cellular senescence

Cell culture

The human ADSC were acquired at first passage from
LONZA (PT-5006, USA). The cells were cultured as
specified by the manufacturer. Basically, cells were main-
tained in Dulbecco’s modified Eagle culture medium
(DMEM) complete with low glucose concentration
(1.0 g/L) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin, and 0.25 g of ampho-
tericin B, and maintained at 37 °C with 5% CO, in a
humidified incubator.

For the experiments, the plasma from participants was
mixed to obtain a pool of plasmas from eutrophic indi-
viduals (n=15) and a pool of plasmas from individuals
with obesity (n=14). ADSC were cultured and divided
into 3 groups: Control group (DMEM 10% FBS), PE
group (DMEM 9.5% FBS supplemented with 0.5% of the
plasma pool of eutrophic individuals), and PO group
(DMEM 9.5% FBS supplemented with 0.5% of the plasma
pool of individuals with extreme obesity). The plasma
samples used in this study were matched by sex and age
(Table 1). The experiments were performed when cell
cultures were in the exponential growth phase, between
passages 6 and 7. During cultures, 50% of the culture
medium was changed every 3 days. At the end of the
treatments, cells were collected by trypsinization (0.05%
Trypsin 1:250 in 0.02% EDTA) for assays (Fig. 1).

Cell proliferation by imaging cytometry

StainFree™ cell detection technology was used to evaluate
toxicity for plasma supplementation by cell confluence
analysis. The imaging cytometry assay was performed
using the SpectraMax i3 plate reader coupled to the
MiniMax 300 imaging cytometer (Molecular Devices,
USA) with the optical imaging module and transmitted

light configuration. Briefly, 4x10*> ADSC were seeded
in 96-well plates, and treatment was started after 24 h.
Confluence and proliferation data were recorded. Results
were expressed as a percentage (%) of confluence along
18 consecutive days of treatments.

Cumulative population doubling

Cell proliferation was assessed kinetically by cumulative
population doubling (CPD) along 18 days of treatments
and evaluated by image analysis using 300 nM DAPI
(Thermo Fisher Scientific, USA) staining. The images
were acquired using an Olympus IX71 fluorescent micro-
scope (Olympus Corporation, Japan) and nuclei count
was performed using Image Pro Plus 6.0 software (Media
Cybernetics, USA). Cell number and CPD were calcu-
lated through the formula CPD=(LogNf-LogNi)/Log(2),
where Nf was the final number of cells and Ni was the
initial number of cells in a given interval of time. Popu-
lation doubling time (PDT) was calculated using the for-
mula PDT=Ln(2)/growth rate, where the growth rate
was determined by Ln(Nf/Ni)/time. The CPD was then
plotted versus the time (days) of culture.

Cell cycle

At the end of the tenth day of treatment, 1x10° ADSC
were fixed with 2% paraformaldehyde for 15 min and
subsequently permeabilized with 0.25% Triton X-100
supplemented with 1% FBS for 15 min. Staining with
300 nM DAPI for 10 min at room temperature was done
protected from light. Then, cells were washed once with
PBS 1X, and 20,000 events were acquired at a low flow
rate using FACSCanto™ II (BD Biosciences, USA). The
data was analyzed using FlowJo™ v10.8 software (BD Life
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Sciences, USA) and expressed as a percentage (%) of the
population in each phase of the cell cycle.

Senescence-associated -galactosidase assay

Senescence was evaluated by SA-B-gal activity with the
fluorogenic substrate C;,FDG (5-dodecanoylamino-
fluorescein di-B-D-galactopyranoside), as previously
described [97]. Briefly, 1x10° cells were washed once
with PBS 1X and incubated with 100 uM chloroquine for
1 h to induce lysosomal alkalinization, and subsequently
incubated with 33 pM C,FDG for 2 h in a humidified
incubator at 37 °C, 5% CO,. As a positive control, cells
were treated with 300 uM hydrogen peroxide (H,0O,) for
3 h two days before the experiment [98]. Cells were col-
lected and washed with PBS 1X, and 10,000 events were
acquired using FACSCanto™ II (BD Biosciences, USA).
The data was analyzed using FlowJo™ v10.8 software (BD
Life Sciences, USA) and expressed as median fluores-
cence intensity (MFI) or percentage (%).

Nuclear morphometric analysis (NMA)

The nuclear morphometric analysis was evaluated kineti-
cally along 18 days of treatments with 300 nM DAPI
(Thermo Fisher Scientific, EUA) staining. Data analy-
sis was performed by immunofluorescence in images
acquired using an Olympus IX71 microscope (Olympus
Corporation, Japan), and nuclear parameters were ana-
lyzed using Image Pro Plus 6.0 software (Media Cyber-
netics, USA). Cell viability and cell viability-related
parameters (aspect, area/box, radius ratio, and round-
ness) were combined to generate the Nuclear Irregular-
ity Index (NII) and classified based on quadrant division
[30].

Detection of intracellular proteins by flow cytometry
Intracellular proteins were detected in ADSC by stain-
ing with anti-TRF1 conjugated with Alexa Fluor-647
(clone G-7, 1:30, Santa Cruz Biotechnology, USA) and
anti-active caspase-3 conjugated to PE (clone C92-605,
1:20, BD Biosciences, USA). Phosphorylated proteins
were determined using anti-phospho-p38MAPK conju-
gated to Alexa Fluor-647 (clone pT180/pY182, 1:10, BD
Biosciences, USA), anti-phospho-H2AX conjugated to
Alexa Fluor-488 (pS139, clone N1-431, 1:20, BD Biosci-
ences, USA), and anti-phospho-p65 conjugated to BV421
(pS529, clone K10-895.12.50, 1:50, BD Biosciences, USA).
The staining protocol consisted of cell fixation by Cyto-
Fix Fixation Buffer (BD Biosciences, USA) for 20 min at
4 °C. Cells were then permeabilized for 30 min with Perm
Buffer III for TRF1, H2AX, and p38MAPK or with Perm/
Wash 1X for p65 and active caspase-3 and washed twice
in staining buffer. Next, cells were stained with corre-
sponding fluorochrome-labeled antibodies in a staining
buffer and incubated for 30 min at 4 °C protected from
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light. Finally, cells were washed with PBS 1X, and 10,000
events were acquired using FACSCanto™ II (BD Biosci-
ences, USA). Data were analyzed using FlowJo™ v10.8
software (BD Life Sciences, USA) and expressed as MFI
or percentage (%).

Flow cytometry data are presented according to the
Minimum Information about a Flow Cytometry Experi-
ment (MIFlowCyt) standard, as recommended by the
International Society for Advancement of Cytometry
(ISAC) [99].

Metabolic activity assay

Metabolic activity was determined by [3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT)
reduction by NAD(P)H-dependent cellular oxidoreduc-
tase enzymes (Sigma Aldrich, USA). Briefly, after 10 days
of treatment (or 300 uM H,O, for 3 h as positive con-
trol), ADSC were incubated with MTT solution (0.2 mg/
ml) for 2 h at 37 °C/5% CO, humidified incubator. After
removing the medium, DMSO was added to dissolve
formazan crystals, and the absorbance was measured at
570 and 630 nm spectrophotometrically using a micro-
plate reader (Anthos Zenyth 340, Biochrom, UK).

Determination of reactive oxygen species levels

To assess mitochondrial superoxide anion (O2°7) pro-
duction, live cells were stained with the MitoSOX™ Red
probe (Molecular Probes, USA). At the end of a 10-day
treatment, cells were trypsinized, washed in PBS 1X and
labeled with 5 pM MitoSOX™ Red probe and incubated
at 37 °C for 10 min, washed again with PBS 1X, and ana-
lyzed. Data were acquired using FACSCanto™ II (BD Bio-
sciences, USA), and analysis was performed by MFI and
percentage (%) of the population, using FlowJo™ software
v10.8 (BD Life Sciences, USA).

Mitochondrial function analysis

The mitochondrial membrane potential and biomass
were evaluated using MitoTracker™ Red CMXRos (MTR)
(Thermo Fisher, USA) and MitoTracker™ Green FM
(MTG) dye (Thermo Fisher, USA), respectively. After
10 days of treatment, 1x10° ADSC were removed from
the culture plate by trypsinization, washed with PBS 1X,
and incubated at 37 °C/5% CO, for 30 min with staining
solution containing 100 nM MTR and 100 nM MTG in
DMEM FBS-free media. Cells were then washed with
PBS 1X, and 10,000 events were acquired using FAC-
SCanto™ II (BD Biosciences, USA). The data were ana-
lyzed using FlowJo™ software v10.8 (BD Life Sciences,
USA) and expressed as MFI or percentage (%) of the
population. High-resolution respirometry was performed
using the Oroboros O2k oxygraph (Oroboros Instru-
ments°®, Innsbruck, Austria). The protocol consisted of
basal respiration assessment followed by 2 pL of 1 mg/
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mL oligomycin (Sigma Aldrich, Brazil) injection to
evaluate the proton leak. Next, 1 mM carbonyl cyanide-
4-(trifluoromethoxy) phenylhydrazone (FCCP) (Sigma
Aldrich, Brazil) was titrated in 1 pL steps to observe
maximum respiration. Finally, 1 yL of 1 mM rotenone
(Sigma Aldrich, Brazil) and 1 pL of 5 mM antimycin A
(Sigma Aldrich, Brazil) were applied together at the end
of the run to observe extra-mitochondrial O, consump-
tion [100]. The chamber temperature was set at 37 °C,
and 750 rpm stirrer speed was applied in DMEM FBS-
free media. Data were acquired in pmol of O, per sec-
ond per million cells. 75x10* ADSC were used for each
experiment.

Mitochondrial morphology analysis

Mitochondrial morphology was performed by live-cell
imaging methodology by MitoTracker™ Red CMXRos
staining using EVOS® FL Auto Imaging System
(AMAFD1000) microscope. Images were analyzed using
the Java image processing software Image] FIJI version
1.54 and Mitochondria Analyzer plugin [101, 102]. The
Mitochondria Analyzer is specifically designed to assess
individual mitochondria morphology and complexity. We
evaluated mitochondrial size (area and perimeter), shape
(aspect/ratio and form factor), as well as mitochondrion
network complexity (branch junctions, branches, and
branch length).

Lipid content accumulation assay

Lipid content accumulation was evaluated by AdipoRed™
(Lonza, USA). After 10 days of treatment, 2x10* ADSC
were washed with PBS 1X and incubated with the stain-
ing solution containing 7.5 pL/mL AdipoRed™ and
incubated for 15 min at room temperature until image
acquisition. As a positive control, ADSC were induced
to differentiate into preadipocytes using adipogenesis-
inducing molecules [DMEM high glucose concentration
(4.5 g/L) supplemented with 10% FBS, 200 uM indometh-
acin, 10 uM insulin, 0.5 puM 3-isobutyl-1-methylxanthine
(IBMX), 1 uM dexamethasone and 10 uM rosiglitazone]
[103]. Image acquisition is described in the next section.

Image acquisitions

Image acquisition was performed using the EVOS®
FL Auto Imaging System (AMAFD1000) microscope.
For each sample, 2x10* ADSC previously seeded were
treated for 10 days in 24-well culture plates. Images of
three fields were acquired and the fluorescence of Mito-
Tracker™ Green FM and MitoTracker™ Red CMXRos or
AdipoRed™ was analyzed and quantified in 8-bit after
transforming the images into grayscale, using the Java
image processing software Image] version 1.8.0. Cells
were analyzed at a 200 um scale (200X magnification),
randomly chosen among the fields.
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RNA extraction and cDNA synthesis

Total RNA was extracted from 1x10* ADSC after 10 and
18 days of treatment using the TRIzol reagent (Invitro-
gen, USA), according to the manufacturer’s instructions.
The purity of the total RNA was evaluated in a spectro-
photometer by analyzing the absorbance ratio at 260/280
nm using NanoDrop Lite (Thermo Fisher, USA). Comple-
mentary DNA (cDNA) was synthesized from 1 pg of total
RNA using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, USA) and stored at —20 °C
until use.

Quantitative real-time polymerase chain reaction (qPCR)
The expression of the mitochondrial function-related
genes was performed using the Taq DNA polymerase
enzyme (Quatro G, Brazil) and SYBR green (Molecular
Probes, EUA) as a fluorescent dye, normalized by the
constitutive Hypoxanthine Phosphoribosyltransferase 1
(HPRTI) gene expression (Supplementary Table 1). The
gene expression of CDKNIA (cyclin-dependent kinase
inhibitor 21) and CDKNZ2A (cyclin-dependent kinase
inhibitor 2 A) was performed using MasterMix Taqman/
Probe (Quatro G, Brasil) and normalized by the con-
stitutive gene expression of Ribosomal Protein Lateral
Stalk Subunit PO (RPLPO). All reactions were performed
in a 96-well StepOnePlus™ instrument (Applied Bio-
systems, USA) using 5 pL of cDNA (1:10) as a template
for qPCR reactions. All reactions included one positive
and one negative control. Replicates with a standard
deviation>0.3 cT were excluded and repeated. The data
was analyzed and expressed by the 27447 comparative
method [104].

Inflammatory cytokine profile

Cytokine levels were measured in the culture medium
of ADSC after 0, 10, and 18 days of treatment using BD™
Cytometric Bead Array with the Human Inflammatory
Kit (BD Biosciences, USA) according to the manufactur-
er’s instructions. The samples were acquired in the FAC-
SCanto™ II (BD Biosciences, USA) and analyzed with the
FCAP Array v3.0.1 software (Soft Flow Inc., Pecs, Hun-
gary). Standard curves were run in duplicate, and results
were expressed as picograms per milliliter (pg/mL).

Statistics

Continuous variables from demographic data are
reported as median and interquartile range (IQR), and
categorical data by absolute and relative frequency. The
Shapiro-Wilk test was used to test the Gaussian distri-
bution for each data, and the difference between groups
was subsequently analyzed using one-way ANOVA, fol-
lowed by Tukey post-test for multiple comparisons. The
Pearson test was performed to evaluate the correla-
tion between TRF1 and C,,FDG expression. Additional
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analyses were performed using the area under the curve
(AUC) followed by ANOVA, to evaluate the cumula-
tive effect of treatment in CPD and NMA. GraphPad
Prism version 9.0 (LCC, California, USA) and Statisti-
cal Package for Social Sciences (SPSS) version 22 (IBM
Corp. Armonk, New York, USA) were used for analysis.
All tests were two-tailed, and the differences were con-
sidered when p<0.05 (*), p<0.01 (**), p<0.001 (***), and
p<0.0001 (****),

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512979-023-00378-0.

Supplementary Material 1
Supplementary Material 2

Supplementary Material 3

Acknowledgements

The authors extend their gratitude to all the volunteers who agreed to
participate in the study. We also would like to thank all from Centro de
Obesidade e Sindrome Metabdlica (COM) of Hospital Séo Lucas, Pontificia
Universidade Catdlica do Rio Grande do Sul (HSL-PUCRS) for their invaluable
support in facilitating the recruitment of patients for this research. Finally,

we thank the funding agencies Brazilian Research Agency, Coordenagdo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES), Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq) and Fundagao de Amparo a
Pesquisa do Estado do Rio Grande do Sul (FAPERGS).

Authors’ contributions

LKG, RMM, FG, ECC, and FMBT designed the study. LKG, RMM, JNS, JG, MEF,
CRRS, and CKD performed the experiments and analyzed the data with
ECC and FMBT support. LKG, RMM, and FMBT wrote and constructed the
manuscript. LKG, RMM, NS, JG, MEF, FF, FK, AVP, CCM, ECC, MHJ, and FBT
revised and contributed intellectually to the manuscript preparation. All
authors approved the final version before manuscript submission.

Funding

This research was supported by Pontificia Universidade Catélica do Rio Grande
do Sul (PUCRS) and Universidade Federal do Rio Grande do Sul (UFRGS),
Brazilian Research Agency, Coordenacédo de Aperfeicoamento de Pessoal de
Nivel Superior (CAPES), Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico (CNPg) and Fundagao de Amparo a Pesquisa do Estado do Rio
Grande do Sul (FAPERGS).

Data Availability

This published article and its supplementary information files include all data
generated and analyzed during this study. The data that support the findings
of this study are available on request from the corresponding author.

Declarations

Ethics approval and consent to participate

All participants signed the Free and Informed Consent Form. The collection
of biological material was approved by the Research Ethics Committees of
PUCRS (640.817) and UFRGS (760.537) and conducted in accordance with
Resolution 466/2012 of the National Health Council and The Code of Ethics of
the World Medical Association (WMA) — Declaration of Helsinki.

Competing interests
The authors declare no competing interests.

Page 17 of 20

Author details

'Graduate Program in Pediatrics and Child Health, School of Medicine,
Pontifical Catholic University at Rio Grande do Sul (PUCRS), Porto Alegre,
Brazil

“Graduate Program in Cellular and Molecular Biology, School of Health,
Sciences, and Life, Pontifical Catholic University at Rio Grande do Sul
(PUCRS), Porto Alegre, Brazil

*Group of Inflammation and Cellular Senescence, Immunobiology
Laboratory, School of Health Sciences and Life, Pontifical Catholic
University at Rio Grande do Sul (PUCRS), Porto Alegre, Brazil

“Graduate Program in Biological Sciences: Biochemistry, Federal
University at Rio Grande do Sul (UFRGS), Porto Alegre, Brazil

*Institute of Biomedical Sciences, Federal University at Alfenas, Alfenas,
Brazil

SGraduate Program in Medicine and Health Sciences, Pontifical Catholic
University at Rio Grande do Sul (PUCRS), Porto Alegre, Brazil

/Institute of Basic Health Sciences, Department of Morphological
Sciences, Federal University at Rio Grande do Sul (UFRGS), Porto Alegre,
Brazil

8E><perimenta| Research Center, Hospital de Clinicas de Porto Alegre,
Porto Alegre, Brazil

°Center for Biotechnology, Federal University at Rio Grande do Sul
(UFRGS), Porto Alegre, Brazil

Received: 8 August 2023 / Accepted: 19 September 2023
Published online: 11 October 2023

References

1. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: a new
immune-metabolic viewpoint for age-related diseases. Nat Rev Endocrinol
Nature Publishing Group; 2018. p. 576-90.

2. Ambrosi TH, Scialdone A, Graja A, Gohlke S, Jank AM, Bocian C, et al. Adipo-
cyte Accumulation in the bone marrow during obesity and aging impairs
stem cell-based hematopoietic and bone regeneration. Cell Stem Cell.
2017,20:771-784e6.

3. Frasca D, Blomberg BB, Paganelli R. Aging, obesity, and inflammatory age-
related diseases. Front Immunol. 2017;8:1745.

4. Santos AL, Sinha S. Obesity and aging: Molecular mechanisms and therapeu-
tic approaches. Ageing Res Rev. Elsevier; 2021. p. 101268.

5. Palmer AK, Kirkland JL. Aging and adipose tissue: potential interventions for
diabetes and regenerative medicine. Exp Gerontol. 2016;86:97-105.

6. Franceschi C. Obesity in geroscience — is cellular senescence the culprit?
Nat Rev Endocrinol. 2017;13:76-8. https://www.nature.com/articles/
nrendo.2016.213

7. Tam BT, Morais JA, Santosa S. Obesity and ageing: Two sides of the same
coin. Obes Rev. 2020;21:212991. https://link.springer.com/article/10.1007/
s40618-020-01255-z.

8. LiuZ WuKKL, Jiang X, Xu A, Cheng KKY. The role of adipose tis-
sue senescence in obesity- and ageing-related metabolic disor-
ders. Clin Sci. 2020;134:315-30. /clinsci/article/134/2/315/221972/
The-role-of-adipose-tissue-senescence-in-obesity

9. Smith U, Li Q Rydén M, Spalding KL. Cellular senescence and its role in white
adipose tissue. Int J Obes. 2021,45:934-43. https://www.nature.com/articles/
s41366-021-00757-x

10. Heydarkhan-Hagvall S, Schenke-Layland K, Yang JQ, Heydarkhan S, Xu Y, Zuk
PA et al. Human adipose stem cells: a potential cell source for cardiovascular
tissue engineering. Cells Tissues Organs. 2008;187:263-74. https://pubmed.
ncbi.nlm.nih.gov/18196894/

11. Gimble JM, Bunnell BA, Floyd ZE. Prospecting for adipose progenitor cell
biomarkers: biopanning for gold with in vivo phage display. Cell Stem Cell.
2011;9:1-2. https://pubmed.ncbi.nim.nih.gov/21683669/

12. Mangum LH, Natesan S, Stone R, Wrice NL, Larson DA, Florell KF et al. Tissue
Source and Cell Expansion Condition Influence Phenotypic Changes of
Adipose-Derived Stem Cells. Stem Cells Int. 2017,2017. https://pubmed.ncbi.
nim.nih.gov/29138638/

13. Mellor LF, Mohiti-Asli M, Williams J, Kannan A, Dent MR, Guilak F et al. Extracel-
lular Calcium Modulates Chondrogenic and Osteogenic Differentiation of
Human Adipose-Derived Stem Cells: A Novel Approach for Osteochondral


https://doi.org/10.1186/s12979-023-00378-0
https://doi.org/10.1186/s12979-023-00378-0
https://www.nature.com/articles/nrendo.2016.213
https://www.nature.com/articles/nrendo.2016.213
https://link.springer.com/article/10.1007/s
https://link.springer.com/article/10.1007/s
https://portlandpress.com/clinsci/article/134/2/315/221972/The-role-of-adipose-tissue-senescence-in-obesity
https://portlandpress.com/clinsci/article/134/2/315/221972/The-role-of-adipose-tissue-senescence-in-obesity
https://www.nature.com/articles/s41366-021-00757-x
https://www.nature.com/articles/s41366-021-00757-x
https://pubmed.ncbi.nlm.nih.gov/18196894/
https://pubmed.ncbi.nlm.nih.gov/18196894/
https://pubmed.ncbi.nlm.nih.gov/21683669/
https://pubmed.ncbi.nlm.nih.gov/29138638/
https://pubmed.ncbi.nlm.nih.gov/29138638/

Grun et al. Inmunity & Ageing

20.

21

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

(2023) 20:51

Tissue Engineering Using a Single Stem Cell Source. 2015;21:2323-33. https://
www.liebertpub.com/doi/10.1089/ten.tea.2014.0572

Badimon L, Cubedo J. Adipose tissue depots and inflammation: effects on
plasticity and resident mesenchymal stem cell function. Cardiovasc Res.
2017;113:1064-73. https://pubmed.ncbi.nim.nih.gov/28498891/

Zhu X-Y, Ma S, Eirin A, Woollard JR, Hickson LJ, Sun D et al. Functional
Plasticity of Adipose-Derived Stromal Cells During Development of Obesity.
Stem Cells Transl Med. 2016;5:893-900. https://academic.oup.com/stcltm/
article/5/7/893/6397824

Alessio N, Acar MB, Demirsoy IH, Squillaro T, Siniscalco D, Di Bernardo G et al.
Obesity is associated with senescence of mesenchymal stromal cells derived
from bone marrow, subcutaneous and visceral fat of young mice. Aging.
2020;12:12609-21. https://www.aging-us.com/article/103606

Conley SM, Hickson LJ, Kellogg TA, McKenzie T, Heimbach JK, Taner T et

al. Human Obesity Induces Dysfunction and Early Senescence in Adipose
Tissue-Derived Mesenchymal Stromal/Stem Cells. Front Cell Dev Biol.
2020;8:197. https://doi.org/10.3389/fcell.2020.00197/full

Gustafson B, Nerstedt A, Smith U. Reduced subcutaneous adipogenesis in
human hypertrophic obesity is linked to senescent precursor cells. Nat Com-
mun. 2019;10:2757. https://www.nature.com/articles/s41467-019-10688-x
Coppé JP, Patil CK, Rodier F, Sun Y, Murioz DP, Goldstein J et al. Senescence-
associated secretory phenotypes reveal cell-nonautonomous functions of
oncogenic RAS and the p53 tumor suppressor. PLoS Biol. 2008,6. https://
pubmed.ncbi.nim.nih.gov/19053174/

Barbé-Tuana F, Funchal G, Schmitz CRR, Maurmann RM, Bauer ME. The inter-
play between immunosenescence and age-related diseases. Semin Immuno-
pathol. 2020;42:545-57. https://pubmed.ncbi.nlm.nih.gov/32747977/
Palmer AK, Xu M, Zhu'Y, Pirtskhalava T, Weivoda MM, Hachfeld CM et al.
Targeting senescent cells alleviates obesity-induced metabolic dysfunction.
Aging Cell. 2019;18:212950. https://doi.org/10.1111/acel.12950

Xu M, Palmer AK, Ding H, Weivoda MM, Pirtskhalava T, White TA et al. Target-
ing senescent cells enhances adipogenesis and metabolic function in old
age. Elife. 2015/4.

Wang M, Crisostomo PR, Herring C, Meldrum KK, Meldrum DR. Human
progenitor cells from bone marrow or adipose tissue produce VEGF, HGF,
and IGF-l in response to TNF by a p38 MAPK-dependent mechanism. Am J
Physiol Regul Integr Comp Physiol. 2006;291:R880-4. https://doi.org/10.1152/
ajpregu.00280.2006

Sun X, ZouT, Zuo C, Zhang M, Shi B, Jiang Z et al. IL-Ta inhibits proliferation
and adipogenic differentiation of human adipose-derived mesenchymal
stem cells through NF-kB- and ERK1/2-mediated proinflammatory cytokines.
Cell Biol Int. 2018;42:794-803. https://doi.org/10.1002/cbin.10932

Tchkonia T, Morbeck DE, Von Zglinicki T, Van Deursen J, Lustgarten J, Scrable
H et al. Fat tissue, aging, and cellular senescence. Aging Cell. 2010;9:667-84.
https://doi.org/10.1111/).1474-9726.2010.00608 x

Pathak RU, Soujanya M, Mishra RK. Deterioration of nuclear morphology

and architecture: a hallmark of senescence and aging. Ageing Res Rev.
2021,67:101264.

Rocha A, Dalgarno A, Neretti N. The functional impact of nuclear reorganiza-
tion in cellular senescence. Brief Funct Genomics. 2022;21:24-34. https://
pubmed.ncbi.nlm.nih.gov/33755107/

Costa BP. Nassr MT, Diz FM, Fernandes KHA, Antunes GL, Grun LK, et al.
Methoxyeugenol regulates the p53/p21 pathway and suppresses human
endometrial cancer cell proliferation. J Ethnopharmacol. 2021;267:113645.
Menegotto PR, da Costa Lopez PL, Souza BK, de Farias CB, Filippi-Chiela EC,
Vieira IA, et al. Gastrin-releasing peptide receptor Knockdown induces senes-
cence in Glioblastoma cells. Mol Neurobiol. 2017;54:388-94.

Filippi-Chiela EC, Oliveira MM, Jurkovski B, Callegari-Jacques SM, da Silva VD,
Lenz G. Nuclear Morphometric Analysis (NMA): Screening of Senescence,
Apoptosis and Nuclear Irregularities. PLoS One. 2012;7:e42522. https://jour-
nals.plos.org/plosone/article?id=10.1371/journal.pone.0042522
Gonzélez-Gualda E, Baker AG, Fruk L, Mufioz-Espin D. A guide to assessing
cellular senescence in vitro and in vivo. FEBS J. 2021,288:56-80. https://
pubmed.ncbi.nim.nih.gov/32961620/

Heckenbach |, Mkrtchyan GV, Ezra M, Ben, Bakula D, Madsen JS, Nielsen MH et
al. Nuclear morphology is a deep learning biomarker of cellular senescence.
Nature Aging 2022 2:8. 2022,2:742-55. https://www.nature.com/articles/
s43587-022-00263-3

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et al. A biomarker
that identifies senescent human cells in culture and in aging skin in vivo. Proc
Natl Acad Sci U S A. 1995;92:9363-7.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 18 of 20

Oja S, Komulainen P, Penttild A, Nystedt J, Korhonen M. Automated image
analysis detects aging in clinical-grade mesenchymal stromal cell cultures.
Stem Cell Res Ther. 2018;9:1-13. https://doi.org/10.1186/513287-017-0740-x
Kim YM, Byun HO, Jee BA, Cho H, Seo YH, Kim YS, et al. Implications of
time-series gene expression profiles of replicative senescence. Aging Cell.
2013;12:622-34.

Grun LK, Teixeira N, da Mengden R, von, de Bastiani L, Parisi MA, Bortolin MM
et al. R, TRF1 as a major contributor for telomeres’shortening in the context
of obesity. Free Radic Biol Med. 2018;129:286-95. https://linkinghub.elsevier.
com/retrieve/pii/S0891584918315521

Loo TM, Miyata K, Tanaka Y, Takahashi A. Cellular senescence and senescence-
associated secretory phenotype via the cGAS-STING signaling pathway in
cancer. Cancer Sci. 2020;111:304-11. https://onlinelibrary.wiley.com/doi/
full/10.1111/cas.14266

Ritschka B, Storer M, Mas A, Heinzmann F, Ortells MC, Morton JP et al. The
senescence-associated secretory phenotype induces cellular plasticity and
tissue regeneration. Genes Dev. 2017;31:172-83. http://genesdev.cshlp.org/
content/31/2/172full

Salminen A, Kauppinen A, Kaarniranta K. Emerging role of NF-kB signaling

in the induction of senescence-associated secretory phenotype (SASP). Cell
Signal. 2012;24:835-45.

Robinson AR, Yousefzadeh MJ, Rozgaja TA, Wang J, Li X, Tilstra JS, et al. Spon-
taneous DNA damage to the nuclear genome promotes senescence, redox
imbalance and aging. Redox Biol. 2018;17:259-73.

Gaur M, Wang L, Amaro Ortiz A, Dobke M, Jordan IK, Lunyak VV. Acute
Genotoxic Stress-Induced Senescence in Human Mesenchymal Cells Drives a
Unique Composition of Senescence Messaging Secretome (SMS). J Stem Cell
Res Ther. 2017,07. https://www.researchgate.net/publication/319625777
Freund A, Patil CK, Campisi J. P38MAPK is a novel DNA damage response-
independent regulator of the senescence-associated secretory phenotype.
EMBO Journal. 2011;30:1536-48. https://doi.org/10.1038/emb0j.2011.69
Harada G, Neng Q, Fuijiki T, Katakura Y. Molecular mechanisms for the
p38-induced cellular senescence in normal human fibroblast. J Biochem.
2014;156:283-90. https://academic.oup.com/jb/article/156/5/283/2962286
Wiley CD, Velarde MC, Lecot P, Liu S, Sarnoski EA, Freund A et al. Mitochon-
drial Dysfunction Induces Senescence with a Distinct Secretory Phenotype.
Cell Metab. 2016;23:303-14. https:/linkinghub.elsevier.com/retrieve/pii/
S1550413115005781

Correia-Melo C, Marques FD, Anderson R, Hewitt G, Hewitt R, Cole J et

al. Mitochondria are required for pro-ageing features of the senescent
phenotype. EMBO J. 2016;35:724-42. https://onlinelibrary.wiley.com/doi/
full/https.//doi.org/10.15252/embj.201592862

Wachsmuth M, Hibner A, Li M, Madea B, Stoneking M. Age-Related and Het-
eroplasmy-Related Variation in Human mtDNA Copy Number. PLoS Genet.
2016;12:¢1005939. https://journals.plos.org/plosgenetics/article?id=10.1371/
journal.pgen.1005939

Zhang R, Wang Y, Ye K, Picard M, Gu Z. Independent impacts of aging

on mitochondrial DNA quantity and quality in humans. BMC Genomics.
2017;18:1-14. https://doi.org/10.1186/512864-017-4287-0

Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin
resistance and type 2 diabetes. Nature. 2006;444:840-6. https://www.nature.
com/articles/nature05482

Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and meta-
bolic disease. J Clin Invest. 2017;127:1-4.

Bajek A, Gurtowska N, Olkowska J, Kazmierski L, Maj M, Drewa T. Adipose-
Derived Stem Cells as a Tool in Cell-Based Therapies. Arch Immunol Ther Exp
(Warsz). Arch Immunol Ther Exp (Warsz); 2016. p. 443-54. https://pubmed.
ncbi.nlm.nih.gov/27178663/

Dykstra JA, Facile T, Patrick RJ, Francis KR, Milanovich S, Weimer JM et al.
Concise Review: Fat and Furious: Harnessing the Full Potential of Adipose-
Derived Stromal Vascular Fraction. Stem Cells Trans| Med. 2017;6:1096-108.
https://pubmed.ncbi.nim.nih.gov/28186685/

Murphy J, Tam BT, Kirkland JL, Tchkonia T, Giorgadze N, Pirtskhalava T et al.
Senescence markers in subcutaneous preadipocytes differ in childhood- ver-
sus adult-onset obesity before and after weight loss. Obesity. 2023;31:1610-9.
https://onlinelibrary.wiley.com/doi/full/https://doi.org/10.1002/0by.23745
Kumari R, Jat P Mechanisms of Cellular Senescence: Cell Cycle Arrest and
Senescence Associated Secretory Phenotype. Front Cell Dev Biol. 2021,9:485.
https://doi.org/10.3389/fcell.2021.645593/full

Rossiello F, Herbig U, Longhese MP, Fumagalli M. d’Adda di Fagagna F.
Irreparable telomeric DNA damage and persistent DDR signalling as a shared


https://www.liebertpub.com/doi/10.1089/ten.tea.2014.0572
https://www.liebertpub.com/doi/10.1089/ten.tea.2014.0572
https://pubmed.ncbi.nlm.nih.gov/28498891/
https://academic.oup.com/stcltm/article/5/7/893/6397824
https://academic.oup.com/stcltm/article/5/7/893/6397824
https://www.aging-us.com/article/103606
https://doi.org/10.3389/fcell.2020.00197/full
https://www.nature.com/articles/s41467-019-10688-x
https://pubmed.ncbi.nlm.nih.gov/19053174/
https://pubmed.ncbi.nlm.nih.gov/19053174/
https://pubmed.ncbi.nlm.nih.gov/32747977/
https://doi.org/10.1111/acel.12950
https://doi.org/10.1152/ajpregu.00280.2006
https://doi.org/10.1152/ajpregu.00280.2006
https://doi.org/10.1002/cbin.10932
https://doi.org/10.1111/j.1474-9726.2010.00608.x
https://pubmed.ncbi.nlm.nih.gov/33755107/
https://pubmed.ncbi.nlm.nih.gov/33755107/
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0042522
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0042522
https://pubmed.ncbi.nlm.nih.gov/32961620/
https://pubmed.ncbi.nlm.nih.gov/32961620/
https://www.nature.com/articles/s43587-022-00263-3
https://www.nature.com/articles/s43587-022-00263-3
https://doi.org/10.1186/s13287-017-0740-x
https://linkinghub.elsevier.com/retrieve/pii/S0891584918315521
https://linkinghub.elsevier.com/retrieve/pii/S0891584918315521
https://onlinelibrary.wiley.com/doi/full/10.1111/cas.14266
https://onlinelibrary.wiley.com/doi/full/10.1111/cas.14266
http://genesdev.cshlp.org/content/31/2/172.full
http://genesdev.cshlp.org/content/31/2/172.full
https://www.researchgate.net/publication/319625777
https://doi.org/10.1038/emboj.2011.69
https://academic.oup.com/jb/article/156/5/283/2962286
https://linkinghub.elsevier.com/retrieve/pii/S1550413115005781
https://linkinghub.elsevier.com/retrieve/pii/S1550413115005781
https://onlinelibrary.wiley.com/doi/full/
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.15252/embj.201592862
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1005939
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1005939
https://doi.org/10.1186/s12864-017-4287-0
https://www.nature.com/articles/nature05482
https://www.nature.com/articles/nature05482
https://pubmed.ncbi.nlm.nih.gov/27178663/
https://pubmed.ncbi.nlm.nih.gov/27178663/
https://pubmed.ncbi.nlm.nih.gov/28186685/
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1002/oby.23745
https://doi.org/10.3389/fcell.2021.645593/full

Grun et al. Inmunity & Ageing

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

(2023) 20:51

causative mechanism of cellular senescence and ageing. Curr Opin Genet
Dev. 2014;26:89-95.

Lee H, Dai F, Zhuang L, Xiao ZD, Kim J, Zhang Y et al. BAF180 regulates cellular
senescence and hematopoietic stem cell homeostasis through p21. Oncotar-
get. 2016;7:19134. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4991371/
Wang Z, LiY, Wu D, Yu S, Wang Y, Leung Chan F. Nuclear receptor HNF4a
performs a tumor suppressor function in prostate cancer via its induction

of p21-driven cellular senescence. Oncogene 2019 39:7. 2019;39:1572-89.
https://www.nature.com/articles/s41388-019-1080-3

Kim YY, Jee HJ, Um JH, Kim YM, Bae SS, Yun J. Cooperation between p21

and Akt is required for p53-dependent cellular senescence. Aging Cell.
2017;16:1094-103. https://pubmed.ncbi.nlm.nih.gov/28691365/

Patil P, Dong Q Wang D, Chang J, Wiley C, Demaria M et al. Systemic clear-
ance of p16INK4a-positive senescent cells mitigates age-associated interver-
tebral disc degeneration. Aging Cell. 2019;18:12927. https://onlinelibrary.
wiley.com/doi/full/https://doi.org/10.1111/acel.12927

Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J et al. Naturally
occurring p16Inkda-positive cells shorten healthy lifespan. Nature 2016
530:7589. 2016;530:184-9. https://www.nature.com/articles/nature16932
Serrano M, Hannon GJ, Beach D. A new regulatory motif in cell-cycle

control causing specific inhibition of cyclin D/CDK4. Nature 1993 366:6456.
1993;366:704-7. https.//www.nature.com/articles/366704a0

Aasland D, Gotzinger L, Hauck L, Berte N, Meyer J, Effenberger M et al.
Temozolomide induces senescence and repression of DNA repair pathways
in glioblastoma cells via activation of ATR-Chk1, p21, and NF-kB. Cancer Res.
2019;79:99-113. https://aacrjournals.org/cancerres/article/79/1/99/634480/
Temozolomide-Induces-Senescence-and-Repression-of

Koyano T, Namba M, Kobayashi T, Nakakuni K, Nakano D, Fukushima M et al.
The p21 dependent G2 arrest of the cell cycle in epithelial tubular cells links
to the early stage of renal fibrosis. Sci Rep. 2019;9:1-11. https://www.nature.
com/articles/s41598-019-48557-8

Freund A, Laberge RM, Demaria M, Campisi J. Lamin B1 loss is a senes-
cence-associated biomarker. Mol Biol Cell. 2012;23:2066-75. https://doi.
0rg/10.1091/mbc.e11-10-0884

Wang L, Wang B, Gasek NS, Zhou Y, Cohn RL, Martin DE, et al. Targeting
p21Cip1 highly expressing cells in adipose tissue alleviates insulin resistance
in obesity. Cell Metab. 2022;34:75-89¢8.

Liu J-Y, Souroullas GP, Diekman BO, Krishnamurthy J, Hall BM, Sorrentino JA
et al. Cells exhibiting strong p16 INK4a promoter activation in vivo display
features of senescence. Proceedings of the National Academy of Sciences.
2019;116:2603-11. https://www.pnas.org/content/116/7/2603

Rouault C, Marcelin G, Adriouch S, Rose C, Genser L, Ambrosini M et al. Senes-
cence-associated 3-galactosidase in subcutaneous adipose tissue associates
with altered glycaemic status and truncal fat in severe obesity. Diabetologia.
2021,64:240-54. https://doi.org/10.1007/500125-020-05307-0

Fafidn-Labora JA, Morente-Lopez M, Arufe MC. Effect of aging on behaviour
of mesenchymal stem cells. World J Stem Cells. 2019;11:337-46. https://www.
ncbi.nim.nih.gov/pmc/articles/PMC6600848/

ISermann A, Mann C, Ruibe CE. Histone variant H2A.J marks persistent

DNA damage and triggers the secretory phenotype in radiation-

induced senescence. Int J Mol Sci. 2020;21:1-20. https://www.mdpi.
com/1422-0067/21/23/9130/htm.

Martins F, Sousa J, Pereira CD, da, Cruz e Silva OAB, Rebelo S. Nuclear
envelope dysfunction and its contribution to the aging process. Aging

Cell. 2020;19:213143. https://onlinelibrary.wiley.com/doi/full/https://doi.
org/10.1111/acel.13143

Matias I, Diniz LP, Damico IV, Araujo APB, Neves L da, Vargas S. G, Loss of
lamin-B1 and defective nuclear morphology are hallmarks of astrocyte
senescence in vitro and in the aging human hippocampus. Aging Cell.
2022;21:e13521. https://onlinelibrary.wiley.com/doi/full/https://doi.
0rg/10.1111/acel. 13521

Wang AS, Ong PF, Chojnowski A, Clavel C, Dreesen O. Loss of lamin B1 is

a biomarker to quantify cellular senescence in photoaged skin. Sci Rep.
2017,7:1-8. https://www.nature.com/articles/s41598-017-15901-9

Yao X, MaY, Zhou W, Liao Y, Jiang Z, Lin J et al. In-cytoplasm mitochondrial
transplantation for mesenchymal stem cells engineering and tissue regenera-
tion. Bioeng Trans| Med. 2022;7:¢10250. https://doi.org/10.1002/btm2.10250
SalvestriniV, Sell C, Lorenzini A. Obesity may accelerate the aging process.
Front Endocrinol (Lausanne). 2019;10:266.

Pence BD, Yarbro JR. Aging impairs mitochondrial respiratory capacity in clas-
sical monocytes. Exp Gerontol. 2018;108:112-7.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Page 19 of 20

Zhang Y, Guo L, Han S, Chen L, Li C, Zhang Z et al. Adult mesenchymal stem
cell ageing interplays with depressed mitochondrial Ndufs6. Cell Death Dis.
2020;11:1-15. https//www.nature.com/articles/s41419-020-03289-w

Foote K, Reinhold J, Yu EPK, Figg NL, Finigan A, Murphy MP et al. Restoring
mitochondrial DNA copy number preserves mitochondrial function and
delays vascular aging in mice. Aging Cell. 2018;17:12773. https://onlineli-
brary.wiley.com/doi/full/https:.//doi.org/10.1111/acel.12773

Bharath LP, Agrawal M, McCambridge G, Nicholas DA, Hasturk H, Liu J, et al.
Metformin enhances autophagy and normalizes mitochondrial function to
Alleviate Aging-Associated inflammation. Cell Metab. 2020,32:44-55¢6.
Yoon YS, Yoon DS, Lim IK, Yoon SH, Chung HY, Rojo M et al. Formation of
elongated giant mitochondria in DFO-induced cellular senescence: involve-
ment of enhanced fusion process through modulation of Fis1. J Cell Physiol.
2006;209:468-80. https://pubmed.ncbi.nim.nih.gov/16883569/

Protasoni M, Serrano M. Targeting Mitochondria to Control Ageing and
Senescence. Pharmaceutics. 2023;15. https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC9960816/

Yoon YS, Yoon DS, Lim IK, Yoon SH, Chung HY, Rojo M et al. Formation of
elongated giant mitochondria in DFO-induced cellular senescence: Involve-
ment of enhanced fusion process through modulation of Fis1. J Cell Physiol.
2006;209:468-80. https://doi.org/10.1002/jcp.20753

Mai S, Klinkenberg M, Auburger G, Bereiter-Hahn J, Jendrach M. Decreased
expression of Drp1 and Fis1 mediates mitochondrial elongation in senescent
cells and enhances resistance to oxidative stress through PINK1. J Cell Sci.
2010;123:917-26. https://doi.org/10.1242/jcs.059246

Pérez LM, Bernal A, de Lucas B, San Martin N, Mastrangelo A, Garcia A et

al. Altered metabolic and stemness capacity of adipose tissue-derived

stem cells from obese mouse and human. Engler AJ, editor. PLoS One.
2015;10:¢0123397. https://journals.plos.org/plosone/article?id=10.1371/jour-
nal.pone.0123397

Campisi J, Aging. Cellular Senescence, and Cancer. Annu Rev Physiol.
2013;75:685-705.

Jin J, Richardson L, Sheller-Miller S, Zhong N, Menon R. Oxidative stress
induces p38MAPK-dependent senescence in the feto-maternal interface
cells. Placenta. 2018;67:15-23.

Callender LA, Carroll EC, Beal RWJ, Chambers ES, Nourshargh S, Akbar AN et
al. Human CD8 + EMRAT cells display a senescence-associated secretory
phenotype regulated by p38 MAPK. Aging Cell. 2018;17:¢12675. https://doi.
org/10.1111/acel.12675

Mavrogonatou E, Konstantinou A, Kletsas D. Long-term exposure to TNF-a
leads human skin fibroblasts to a p38 MAPK- and ROS-mediated premature
senescence. Biogerontology. 2018;19:237-49. https://doi.org/10.1007/
$10522-018-9753-9

Sorimachi'Y, Karigane D, Ootomo Y, Kobayashi H, Morikawa T, Otsu K et al.
p38a plays differential roles in hematopoietic stem cell activity depen-

dent on aging contexts. Journal of Biological Chemistry. 2021;296. https://
pubmed.ncbi.nim.nih.gov/33745970/

Ayaz-Guner S, Alessio N, Acar MB, Aprile D, Ozcan S, Di Bernardo G et al. A
comparative study on normal and obese mice indicates that the secretome
of mesenchymal stromal cells is influenced by tissue environment and phys-
jopathological conditions. Cell Communication and Signaling. 2020;18:1-19.
https://doi.org/10.1186/512964-020-00614-w

Acar MB, Ayaz-Guiner S, Bernardo G, Di, Guiner H, Murat A, Peluso G, et al. Obe-
sity induced by high-fat diet is associated with critical changes in biological
and molecular functions of mesenchymal stromal cells present in visceral
adipose tissue. Aging. 2020;12:24894-913.

Gao X, LiY,Ma Z Jing J, Zhang Z, Liu Y et al. Obesity induces morphological
and functional changes in female reproductive system through increases in
NF-kB and MAPK signaling in mice. Reprod Biol Endocrinol. 2021;19. https://
pubmed.ncbi.nlm.nih.gov/34560886/

Flor AC, Wolfgeher D, Wu D, Kron SJ. A signature of enhanced lipid metabo-
lism, lipid peroxidation and aldehyde stress in therapy-induced senescence.
Cell Death Discov. 2017,3:17075. https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC5661608/

Wiley CD, Campisi J. The metabolic roots of senescence: mechanisms and
opportunities for intervention. Nat Metab. 2021;3:1290-301. https://www.
nature.com/articles/s42255-021-00483-8

Hotamisligil GS. Inflammation, metaflammation and immunometabolic
disorders. Nature. 2017,542:177-85. https.//www.nature.com/articles/
nature21363


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4991371/
https://www.nature.com/articles/s41388-019-1080-3
https://pubmed.ncbi.nlm.nih.gov/28691365/
https://onlinelibrary.wiley.com/doi/full/
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1111/acel.12927
https://www.nature.com/articles/nature16932
https://www.nature.com/articles/366704a0
https://aacrjournals.org/cancerres/article/79/1/99/634480/Temozolomide-Induces-Senescence-and-Repression-of
https://aacrjournals.org/cancerres/article/79/1/99/634480/Temozolomide-Induces-Senescence-and-Repression-of
https://www.nature.com/articles/s41598-019-48557-8
https://www.nature.com/articles/s41598-019-48557-8
https://doi.org/10.1091/mbc.e11-10-0884
https://doi.org/10.1091/mbc.e11-10-0884
https://www.pnas.org/content/116/7/2603
https://doi.org/10.1007/s00125-020-05307-0
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6600848/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6600848/
https://www.mdpi.com/
https://www.mdpi.com/
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1111/acel.13143
https://doi.org/10.1111/acel.13143
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1111/acel.13521
https://doi.org/10.1111/acel.13521
https://www.nature.com/articles/s41598-017-15901-9
https://doi.org/10.1002/btm2.10250
https://www.nature.com/articles/s41419-020-03289-w
https://onlinelibrary.wiley.com/doi/full/
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1111/acel.12773
https://pubmed.ncbi.nlm.nih.gov/16883569/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9960816/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9960816/
https://doi.org/10.1002/jcp.20753
https://doi.org/10.1242/jcs.059246
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0123397
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0123397
https://doi.org/10.1111/acel.12675
https://doi.org/10.1111/acel.12675
https://doi.org/10.1007/s10522-018-9753-9
https://doi.org/10.1007/s10522-018-9753-9
https://pubmed.ncbi.nlm.nih.gov/33745970/
https://pubmed.ncbi.nlm.nih.gov/33745970/
https://doi.org/10.1186/s12964-020-00614-w
https://pubmed.ncbi.nlm.nih.gov/34560886/
https://pubmed.ncbi.nlm.nih.gov/34560886/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5661608/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5661608/
https://www.nature.com/articles/s42255-021-00483-8
https://www.nature.com/articles/s42255-021-00483-8
https://www.nature.com/articles/nature21363
https://www.nature.com/articles/nature21363

Grun et al. Inmunity & Ageing

94.

95.

96.

97.

98.

99.

(2023) 20:51

GRUN LK, PIERDONAV, GUMA FCR, Barbé-Tuana F, Telomeres. Chromo-

some End Protective-Complexes and Its Association with Chronic Diseases.
2019;2:1-8.

Parisi MM, Grun LK, Lavandoski P, Alves LB, Bristot 1J, Mattiello R et al. Immu-
nosenescence Induced by Plasma from Individuals with Obesity Caused Cell
Signaling Dysfunction and Inflammation. Obesity. 2017;25:1523-31. https://
doi.org/10.1002/0by.21888

Longo M, Zatterale F, Naderi J, Parrillo L, Formisano P, Raciti GA et al. Adipose
tissue dysfunction as determinant of Obesity-Associated Metabolic Compli-
cations. Int J Mol Sci. 2019;20. https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC6539070/

Debacg-Chainiaux F, Erusalimsky JD, Campisi J, Toussaint O. Protocols to
detect senescence-associated beta-galactosidase (SA-betagal) activity, a bio-
marker of senescent cells in culture and in vivo. Nat Protoc. 2009:4:1798-806.
https://pubmed.ncbi.nim.nih.gov/20010931/

Facchin F, Bianconi E, Romano M, Impellizzeri A, Alviano F, Maioli M et al.
Comparison of Oxidative Stress Effects on Senescence Patterning of Human
Adult and Perinatal Tissue-Derived Stem Cells in Short and Long-term Cul-
tures. Int J Med Sci. 2018;15:1486-501. http://www.medsci.org1486

Lee JA, Spidlen J, Boyce K, Cai J, Crosbie N, Dalphin M et al. MIFlowCyt: The
Minimum Information About a Flow Cytometry Experiment The International
Society for Advancement of Cytometry Data Standards Task Force. 2008;
https://doi.org/10.1002/cyt0.a.20623

104.

Page 20 of 20

. Pesta D, Gnaiger E. High-resolution respirometry: OXPHOS protocols

for human cells and permeabilized fibers from small biopsies of human
muscle. Methods in Molecular Biology. 2012;810:25-58. https://doi.
0rg/10.1007/978-1-61779-382-0_3

. GuY, Guerra F,Hu M, Pope A, Sung K, Yang W et al. Mitochondria dysfunc-

tion in Charcot Marie Tooth 2B Peripheral Sensory Neuropathy. Commu-
nications Biology 2022 5:1.2022;5:1-17. https://www.nature.com/articles/
$42003-022-03632-1

. Chaudhry A, Shi R, Luciani DS. A pipeline for multidimensional confocal

analysis of mitochondrial morphology, function, and dynamics in pancreatic
B-cells. Am J Physiol Endocrinol Metab. 2020;318:E87. https://www.ncbi.nim.
nih.gov/pmc/articles/PMC7052579/

. Scott MA, Nguyen VT, Levi B, James AW. Current methods of adipogenic

differentiation of mesenchymal stem cells. Stem Cells Dev. 2011;20:1793-804.
https://pubmed.ncbi.nim.nih.gov/21526925/

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2 - AACT method. Methods. 2001;25:402-8.

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


https://doi.org/10.1002/oby.21888
https://doi.org/10.1002/oby.21888
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6539070/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6539070/
https://pubmed.ncbi.nlm.nih.gov/20010931/
http://www.medsci.org1486
https://doi.org/10.1002/cyto.a.20623
https://doi.org/10.1007/978-1-61779-382-0_3
https://doi.org/10.1007/978-1-61779-382-0_3
https://www.nature.com/articles/s42003-022-03632-1
https://www.nature.com/articles/s42003-022-03632-1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7052579/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7052579/
https://pubmed.ncbi.nlm.nih.gov/21526925/

	﻿Obesity drives adipose-derived stem cells into a senescent and dysfunctional phenotype associated with P38MAPK/NF-KB axis
	﻿Abstract
	﻿Background
	﻿Results
	﻿Demographic characteristics
	﻿The obesogenic environment reduces ADCS proliferation with G2/M cycle arrest
	﻿ADSC display a progressive nuclear enlargement through obesogenic exposure
	﻿Plasma from patients with obesity induces senescence in ADSC and is correlated with increased TRF1 levels
	﻿Chronic exposure to plasma triggers inflammation and is associated with p38MAPK/NF-κB axis in senescent ADSC
	﻿Plasma exposure impairs mitochondrial activity and morphology and is aggravated through obesogenic stimuli
	﻿The obesogenic environment induces the accumulation of lipid droplets

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Subjects and biological samples
	﻿Cell culture
	﻿Cell proliferation by imaging cytometry
	﻿Cumulative population doubling
	﻿Cell cycle
	﻿Senescence-associated β-galactosidase assay
	﻿Nuclear morphometric analysis (NMA)
	﻿Detection of intracellular proteins by flow cytometry
	﻿Metabolic activity assay
	﻿Determination of reactive oxygen species levels
	﻿Mitochondrial function analysis
	﻿Mitochondrial morphology analysis


	﻿Lipid content accumulation assay
	﻿Image acquisitions
	﻿RNA extraction and cDNA synthesis
	﻿Quantitative real-time polymerase chain reaction (qPCR)
	﻿Inflammatory cytokine profile
	﻿Statistics
	﻿References


