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Diabetes-Induced Cellular Senescence and
Senescence-Associated Secretory Phenotype
Impair Cardiac Regeneration and Function

Independently of Age
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Diabetes mellitus (DM) affects the biology of multipo-
tent cardiac stem/progenitor cells (CSCs) and adult
myocardial regeneration. We assessed the hypothesis
that senescence and senescence-associated secretory
phenotype (SASP) are main mechanisms of cardiac
degenerative defect in DM. Accordingly, we tested
whether ablation of senescent CSCs would rescue the
cardiac regenerative/reparative defect imposed by DM.
We obtained cardiac tissue from nonaged (50- to 64-
year-old) patients with type 2 diabetes mellitus (T2DM)
and without DM (NDM) and postinfarct cardiomyopathy
undergoing cardiac surgery. A higher reactive oxygen
species production in T2DM was associated with an
increased number of senescent/dysfunctional T2DM-
human CSCs (hCSCs) with reduced proliferation, clono-
genesis/spherogenesis, and myogenic differentiation
versus NDM-hCSCs in vitro. T2DM-hCSCs showed a
defined pathologic SASP. A combination of two seno-
lytics, dasatinib (D) and quercetin (Q), cleared senes-
cent T2DM-hCSCs in vitro, restoring their expansion

and myogenic differentiation capacities. In a T2DM
model in young mice, diabetic status per se (indepen-
dently of ischemia and age) caused CSC senescence
coupled with myocardial pathologic remodeling and
cardiac dysfunction. D + Q treatment efficiently elimi-
nated senescent cells, rescuing CSC function, which
resulted in functional myocardial repair/regeneration,
improving cardiac function in murine DM. In conclusion,
DM hampers CSC biology, inhibiting CSCs’ regenerative
potential through the induction of cellular senescence
and SASP independently from aging. Senolytics clear
senescence, abrogating the SASP and restoring a fully
proliferative/differentiation-competent hCSC pool in
T2DM with normalization of cardiac function.

Aging is a major risk factor for the occurrence of several
diseases, including stroke, myocardial infarction, heart fail-
ure (HF), neurodegenerative disease, and several cancers.
Therefore, the global rise in life expectancy will lead to a
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dramatic increase in age-related diseases in the coming dec-
ades. In this scenario, cardiovascular diseases, including
atherosclerosis and HF, increase exponentially with age,
whereby HF is considered an epidemic because of a grow-
ing and aging population. Type 2 diabetes mellitus (T2DM)
is closely associated with aging and is a powerful indepen-
dent risk factor for cardiovascular diseases, such as athero-
sclerosis and HF (1). This epidemiological connection
among aging, T2DM, and cardiovascular disease is postu-
lated to be pathophysiologically linked.

Aging has been associated with systemic inflammation
and oxidative stress (2), which can be both a cause and a con-
sequence of diabetes mellitus (DM) (3). Cellular senescence
can be defined as a permanent arrest of cellular growth and
is a key feature of aging (4,5). Cell senescence is also a cause
and a consequence of DM and plays an important role in its
cardiovascular complications. Although senescent cells are
classically reported as cells that irreversibly cease prolifera-
tion, they have the capacity to produce and secrete soluble
factors that can influence neighboring cells and tissues (6,7).
This feature of senescent cells to secrete these soluble factors
is called senescence-associated secretory phenotype (SASP)
(8). Since chronic inflammation is an important pathophysio-
logic factor of both aging and DM, SASP has been postulated
to be the pathophysiologic link between aging and DM in car-
diovascular diseases (9).

Tissue-specific adult stem cell senescence has emerged as
an attractive theory for the decline in mammalian tissue and
organ function during aging (10). The mammalian heart,
incuding in humans, harbors a tissue-specific cardiac stem/
progenitor cell (CSC) compartment (11-15) that undergoes
senescence with age, which dictates a progressive and perma-
nent dysfunction of more than one-half of these endogenous
cells by 75 years of age (5,10,16,17). The senescent CSCs
exhibit an SASP that can negatively affect surrounding cells,
causing otherwise healthy and cyding-competent CSCs to
lose proliferative capacity and switch to a senescent pheno-
type. Nevertheless, even at advanced ages, it is still possible
to retrieve a healthy, cycling-competent CSC fraction with an
effective regenerative and reparative capacity (5,10,16).
Accordingly, experimental selective ablation of senescent
CSCs either genetically or by a combination of senolytic drugs
fosters the expansion and functional regenerative recovery of
the healthy aged CSCs (5,10,18).

Several reports have shown that DM impairs the in vitro
proliferative and differentiation potential of CSCs (19-21).
Changes in chromatin conformation underlie the impaired
proliferation, differentiation, and senescent behavior of dia-
betic CSCs (22). Yet, whether the SASP is induced by DM
per se in CSCs and whether targeting senescent cells within
the diabetic CSC compartment rescues CSC proliferation
and differentiation defect in T2DM is unknown. Therefore,
we assessed here the hypothesis that senescence and SASP
are main mechanisms of the cardiac degenerative defect in
DM. Accordingly, we tested the hypothesis that ablation of
senescent CSCs would rescue the cardiac regenerative/
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reparative defect imposed by DM. We show that the myo-
cardium of patients with T2DM, in a narrow age window
of 55-64 years, undergoing cardiac surgery for ischemic
heart disease is characterized by an increased oxidative
stress that affects the CSC compartment with an increased
senescent phenotype compared with myocardium and
CSCs of age- and sex-matched patients without DM
(NDM). Importantly, T2DM CSCs have an SASP, and seno-
lytic treatment abrogates the senescent diabetic CSCs,
which allows healthy CSCs to proliferate and differentiate
normally. Using a T2DM model in young mice, we further
show that diabetic status per se (independently of ischemia
and age) causes CSC senescence coupled with myocardial
pathologic remodeling and cardiac dysfunction. Senolytic
treatment efficiently eliminates senescent cells, rescuing
CSC function, which results in functional myocardial
repair/regeneration, improving cardiac function in murine
DM.

RESEARCH DESIGN AND METHODS

Patient Cohort and Samples

Human myocardial biopsy specimens were obtained from
patients with T2DM and NDM and postinfarct cardiomy-
opathy undergoing surgical coronary revascularization, as
previously described (23). The biopsies were performed by
cardiac surgeons in an area immediately adjacent to macro-
scopically recognized infarcted tissue of the left ventricle
(LV). Collection of human tissue samples was approved by
the local ethics committee at the University of Campania
“L. Vanvitelli” and Magna Graecia University and performed
in conformity with the principles outlined in the Declara-
tion of Helsinki. Before cardiac surgery, written informed
consent was obtained. All patient data were kept anony-
mous with no patient identifiers. As inclusion criteria, an
age between 55 and 64 years was required in order to try
and separate the effects of aging from DM on senescence.
We included 10 patients with T2DM and 6 with NDM
from whom periinfarct/border zone biopsy specimens were
obtained (Supplementary Table 1). Freshly excised samples
were formalin fixed for immunohistochemistry analysis as
described below. Furthermore, an additional six patients
with T2DM and six with NDM with similar characteristics
were included (Supplementary Table 1) from whom atrial
samples were obtained and processed for cell harvesting.
T2DM was defined to be present in patients receiving sta-
ble glucose-lowering therapy and having a glycated hemo-
globin level of at least 7.0%. NDM status was defined as
normal glucose tolerance during a standard oral load glu-
cose test performed before coronary surgery.

Human CSC Isolation and Culture

The ckitP*CD45%°8CD31"® human CSCs (hCSCs) and
mouse CSCs (mCSCs) were obtained as previously described
(12,15) and plated in CELLstart (Life Technologies) or gela-
tin-coated dishes in complete CSC growth medium assem-
bled as previously described (12,15). For senolytic treatment,
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dasatinib (LC Laboratories) and quercetin (Sigma-Aldrich)
were used (5).

Animals

All animal experimental procedures were approved by
Magna Greecia institutional review boards on animal use
and welfare. Mice were housed under controlled condi-
tions of 25°C, 50% relative humidity, and 12-h light
(0600-1800 h) and 12-h dark (1800-0600 h) cycles, with
water and food (containing 18.5% protein) available ad
libitum, except for the high-fat diet (HFD) (D12492;
Research Diets), which is described below. Before any
invasive procedure, mice were anesthetized by i.p. injec-
tions of tiletamine/zolazepam (80 mg/kg) or inhaled iso-
flurane (isoflurane 1.5%, oxygen 98.5%, Iso-Vet; Piramal
Healthcare).

To induce T2DM in young mice, 6-week-old male and
female C57BL/6J mice (Charles River Laboratories) were
fed a 60 kcal% HFD for 2 weeks. During the third week,
mice received four consecutive daily injections of low-
dose streptozotocin (STZ) (40 mg/kg i.p.) dissolved in
0.05 mol/L citrate buffer (pH 4) (24,25). Control mice
were fed normal chow diet (NCD) or HED without STZ.
At 8 weeks of the experimental design, diabetic mice were
randomly assigned to a dasatinib (5 mg/kg) + quercetin
(50 mg/kg) senolytic combination (D + Q) treatment
(three consecutive daily i.p. injections every week) or just
placebo (vehicle) i.p. injection for 4 weeks. For the latter,
D + Q was diluted in vehicle (50% PBS, 20% DMSO, and
30% polyethylene glycol 400). Additional vehicle-treated
and D + Q-treated diabetic mice were implanted subcu-
taneously (between the scapulae) with osmotic mini-
pumps (ALZET) to systemically release BrdU (50 mg/kg/
day) for 28 days (15). After 4 weeks, mice were sacrificed
and their hearts processed either for immunohistochemis-
try analysis or for CSC isolation. The complete in vivo ani-
mal study design with number of animals for each group
is reported in Supplementary Fig. 2.

Echocardiography

Echocardiography analysis was performed using a Vevo
3100 imaging system (FUJIFILM Visualsonics, Inc.), as
previously reported (26).

Histology and Immunohistochemistry

Human and mouse tissue specimens were fixed and embed-
ded in paraffin or in optimal cutting temperature compound
for immunohistochemical analysis (5,12). Sections were
stained with the specific antibodies listed in Supplementary
Table 2. Sections were examined by confocal microscopy
(Leica TCS SP8).

Immunohistochemical analysis of oxidative stress was
performed using the specific antibodies listed in Supple-
mentary Table 2. The positive reactions were visualized
using a labeled polymer-horseradish peroxidase complex
and 3,3'-diaminobenzidine tetrahydrochloride chromogen
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(EnVision+ Dual Link System-HRP; DAKO). Sections
were then counterstained with hematoxylin and examined
with light microscopy (DMI3000B; Leica). For evaluation
of fibrosis, Picrosirius Red (Bio-Optica) staining was per-
formed according to the manufacturing instructions.

FACS Analysis

Cell analysis was performed on a BD FACSCanto II running
FlowJo software (Tree Star) to identify the percentage of car-
diac small cells expressing different cell surface markers (12).
Specific antibodies used are listed in Supplementary Table 2.
Reactive oxygen species (ROS) generation was determined
using a CellROX Flow Cytometry Assay Kit (Life Technolo-
gies) according to the manufacturing instructions.

Proliferation, Clonogenicity, Cardiosphere Formation,
and Cardiomyocyte Differentiation Assays In Vitro
Proliferation of hCSCs and mCSCs were evaluated through
BrdU incorporation (10 pmol/L; Roche) and growth curve
assays (5,12). Single-cell cloning was used through deposit-
ing a half-cell per well into 96-well CELLstart-coated Tera-
saki plates (12). For cardiosphere generation, 1 x 10°
hCSCs and mCSCs were placed in extra-low-attachment
dishes in CSC growth medium (12).

For specific myogenic differentiation, hCSC- and mCSC-
derived cardiospheres were placed in bacteriological dishes
for 5-7 days for cardiosphere generation in CSC growth
medium. Cardiospheres were then switched to base differ-
entiation medium consisting of StemPro-34 SFM (a serum-
free medium conditioned with StemPro-Nutrient Supple-
ment; Gibco, Life Technologies), glutamine (2 mmol/L), and
penicillin-streptomycin (1%; Life Technologies) (12,27). For
specific myocyte differentiation, BMP4 (10 ng/mL; Pepro-
tech), activin A (10 ng/mL first day and then 5 ng/ml;
Peprotech), B-fibroblast growth factor (10 ng/mL; Pepro-
tech), Wnt-11 (150 ng/mL; R&D Systems), and Wnt-5a
(150 ng/mL, R&D Systems) were added to base differentia-
tion medium from day O to day 4. At day 4, differentiating
cardiospheres were pelleted and transferred to dishes
coated with laminin (1 wg/mL), and Dkk-1 (150 ng/mlL;
R&D Systems) was added to base differentiation medium
from day 5 to day 14 (12,27). Differentiated mCSCs were
trypsinized for RNA isolation.

From day 15 to day 28, the base differentiation medium
for hCSCs were replaced by Gibco PSC Cardiomyocyte Dif-
ferentiation Media (A2921201; Thermo Fisher Scientific),
and differentiated cardiomyocyte—derived hCSCs were then
either trypsinized for RNA isolation or fixed with 4% para-
formaldehyde (#P6148; Sigma-Aldrich) and stained for car-
diac troponin I (cTnl) and actinin.

Immunocytochemistry

A volume of 200 pL of a 0.15 x 10° cells/mL suspension of
CSCs was cytospun using a Shandon Cytospin 4 Cytocentri-
fuge (Thermo Fisher Scientific). Slides were immediately
fixed using 4% paraformaldehyde (Sigma-Aldrich). After


https://doi.org/10.2337/figshare.19098803
https://doi.org/10.2337/figshare.19098803
https://doi.org/10.2337/figshare.19098803
https://doi.org/10.2337/figshare.19098803
https://doi.org/10.2337/figshare.19098803
https://doi.org/10.2337/figshare.19098803

1084 Diabetes Promotes CSC Senescence and SASP

fixation, specific antibodies were used (5) (Supplementary
Table 2).

Telomere Length and Telomerase Activity
Quantification

Genomic DNA of T2DM-hCSCs and NDM-hCSCs was ex-
tracted using Quick-DNA Microprep Kit (Zymo Research).
Telomere length was analyzed by using the Absolute Human
Telomere Length Quantification qPCR Assay Kit (ScienCell
Research Laboratories) (12). T2DM-hCSCs and NDM-hCSCs
were processed using the Telomerase Activity Quantification
qPCR Assay Kit (ScienCell Research Laboratories) (12,28).

RNA Extraction and RT-PCR Analysis

RNA was extracted from T2DM-hCSCs and NDM-hCSCs,
mCSCs isolated from vehicle or D + Q-treated diabetic
mice, and control mice using TRIzol (Ambion). Reverse tran-
scription was performed with 1-2 pg of RNA using High-
Capacity ¢cDNA Kit (Applied Biosystems). Quantitative RT-
PCR (qRT-PCR) was performed using TagMan primer and
probe sets (see Supplementary Table 3) using a StepOnePlus
Real-Time PCR System (Applied Biosystems).

Western Blot Analysis

Immunoblots were performed using protein lysates obtained
from T2DM-hCSCs and NDM-hCSCs as previously described
(23). The relative antibodies are listed in Supplementary
Table 2.

Cytokine and Growth Factor Assay

Cytokine and growth factor levels were simultaneously eval-
uated using a cytokine and growth factors array kit (CTK;
Randox Laboratories) with an Evidence Investigator biochip
analyzer (Randox Laboratories) (29).

Statistical Analysis

All data are presented as mean + SD. Data were analyzed
using t test comparisons in GraphPad Prism 8.0.0 for Win-
dows (GraphPad Software, San Diego, CA). Differences of
P < 0.05 are considered statistically significant.

Data and Resource Availability
All data generated or analyzed during this study are included
in the published article and its online supplementary files.

RESULTS

Increased Oxidative Stress in Diabetic Ischemic
Cardiomyopathy

DM is characterized by an enhanced oxygen toxicity (30).
ROS is the distal signal of the cascade of events triggered by
DM that leads to the initiation of the cell death pathway in
the heart (31). Human samples were thus analyzed for the
presence of 8-hydroxy-deoxyguanosine (8-OH-dG), nitrotyr-
osine (3-NT), and 4-hydroxinonenal (4-HNE). Patients with
T2DM exhibited an increase of myocardial cells positive for
these markers of oxidative stress compared with patients
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with NDM (Fig. 1A-C). In particular, a higher percentage of
both cardiomyocytes and CSC-enriched c-kit™*CD45"#CD31"#
cardiac cells positive for 8-OH-dG and 3-NT were detected in
T2DM compared with NDM (Fig. 2A and B). These data show
that cardiac damage in T2DM is assodiated with a higher ROS
production that targets both musdle cells and adult progenitor
cells.

Increased Oxidative Stress Associated With Increased
Expression of Senescent Markers in hCSCs from
Diabetic Ischemic Cardiomyopathy

Cellular senescence is a cell state triggered by stressful
insults and certain physiological processes characterized
by a prolonged and generally irreversible cell-cycle arrest
with secretory features, macromolecular damage, and
altered metabolism (32). These alterations are generally
interdependently because oxygen toxicity and DNA dam-
age alter telomeres, resulting in telomere shortening, cel-
lular senescence, and cell dysfunction and/or death (32).
Although a link to organismal aging is clear, aging and
senescence are not synonymous as, indeed, cells can
undergo senescence regardless of organismal age (33,34).
On the other hand, aging tissues experience a progressive
decline in homeostatic and regenerative capacities, which
have been attributed to senescence of their tissue-specific
stem cells (35). To assess whether the exaggerated ROS in
T2DM is associated with senescence of tissue-resident
CSCs independently of age, we first assessed the expres-
sion of p16™¥*? in CSC-enriched c-kitP°°CD45"*6CD31¢
cardiac cells in the myocardial sections from samples
obtained from nonaged (55- to 64-year-old) patients with
T2DM compared with age-matched patients with NDM.
Despite not being sufficient on its own to define/detect
senescent cells, p16™<** is widely used as a senescent
biomarker (36-40). The expression of p16™X* in CSC-
enriched c-kitP**CD45"8CD31"® cardiac cells markedly
increased in myocardial samples from patients with
T2DM and ischemic cardiomyopathy compared with their
counterparts with NDM (Fig. 2C), confirming that a
higher myocardial oxidative stress couples with the induc-
tion of senescence in the cardiac progenitor pool.

To further assess senescence in the adult progenitor
pool, we established cultures of hCSCs from atrial speci-
mens of patients with T2DM (n = 6) and NDM (n = 6)
undergoing cardiac surgery (Supplementary Table 1). The
c-kitP*°CD45"°8CD31"*® cardiac cells from T2DM (hereaf-
ter, T2DM-hCSCs) showed a membrane phenotype typical
of cardiac cells enriched with multipotent hCSCs (Sup-
plementary Fig. 1A), as we have previously shown
(12,41,42), with no significant difference compared with
c-kitP**CD45"°8CD317*® cardiac cells from patients with
NDM (hereafter NDM-hCSCs) (data not shown). Briefly,
isolated T2DM-hCSCs, except for c-kit and CXCR4, were
negative for the main human hematopoietic stem cell
markers (namely CD45, CD34, CD38, and CD150). They
are instead positive for several mesenchymal stem cell
markers like CD90, CD105, CD166, CD73, CD13, CD29,
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Figure 1—Cardiac damage in diabetes is associated with higher ROS production. A-C: Light microscopy images show representative
3,3’-diaminobenzidine tetrahydrochloride staining of LV samples obtained from patients with T2DM and NDM. The respective bar graphs
show (in brown) the percentage of 8-OH-dG-positive nuclei (A), 3-NT-positive cells (B), and the 4-HNE arbitrary unit (A.U.) intensity levels
(C) in T2DM compared with NDM heart tissue cross sections (n = 10 and 6, respectively). Scale bars = 200 pm. Data are mean + SD.

CD44, and Stro-1 (Supplementary Fig. 14). A very small
fraction of freshly isolated hCSCs also expressed pluripo-
tency markers like OCT4 (2 = 2%), SOX2 (10 = 5%),
NANOG (15 + 4%), KLF4 (8 + 3%), and ctMYC (1 = 1%),
and a small cell fraction expressed Sac2 (3 + 2%) (Supple-
mentary Fig. 1B).

In agreement with myocardial tissue assessment,
T2DM-hCSCs at the single-cell level showed increased ROS
expression compared with NDM-hCSCs (Fig. 3A). As first
assessment of replicative senescence in the isolated cells,
we measured telomerase activity and telomeric length
(Fig. 3B). T2DM-hCSCs showed a significantly reduced
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Figure 2—Quantification of oxidative stress and senescent markers in myocytes and progenitor cells. A: Representative confocal images
and bar graphs showing 8-OH-dG-positive cardiomyocytes and 8-OH-dG-positive hCSCs in LV samples obtained from patients with
T2DM (8-OH-dG, red; c-kit, green; cTnl, white; DAPI, blue; n = 10 and 6 T2DM and NDM heart sections, respectively). Scale bars = 50
wm and 10 um, respectively. B: Representative light microscopy, confocal image, and bar graphs showing 3-NT-positive cardiomyocytes
(brown) and 3-NT-positive hCSCs in LV samples obtained from patients with T2DM and NDM (3-NT, red; c-kit, green; DAPI, blue; n = 10
and 6 T2DM and NDM heart sections, respectively). Scale bars = 100 um and 10 wm, respectively. C: Bar graph and representative confo-
cal images showing p16"™NK42 expression in LV T2DM-hCSCs compared with NDM-hCSCs (p16™%42, red; c-kit, green; DAPI, blue; n = 10
and 6 T2DM and NDM heart sections, respectively). Scale bars = 10 um. Data are mean + SD.

telomerase activity, which was associated with a decreased
average telomere length compared with NDM-hCSCs (Fig.
3B). T2DM-hCSCs expressed biomarkers of cellular senes-
cence at significantly higher levels than NDM-hCSCs.
Indeed, T2DM-hCSCs had 10 times higher levels of
p16™%4* compared with NDM-hCSCs (Fig. 3C). Cytospin

and immunocytochemistry at the single-cell level showed
that the number of p16™<*positive cells within T2DM-
hCSCs was significantly higher compared with NDM-hCSCs
(Fig. 3D).

To strengthen the reliability of pl6 expression in the
identification of senescence, we assessed p21 and p53
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from cytospin preparations of ¢ T2DM-hCSCs and NDM-hCSCs showing the expression of y-H2AX (green) and terminal deoxynucleo-
tidyl transferase (TdT) (green) in T2DM-hCSCs compared with NDM-hCSCs. Scale bars = 75 pm and 50 um (n = 6 biological repli-
cates). Data are mean + SD. NEG. CTRL, negative control.
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expression in hCSCs from patients with NDM and T2DM.
The levels of p53, p21, and ROS were all upregulated in
T2DM-hCSCs compared with NDM-hCSCs (Fig. 3C). Addi-
tionally, the majority of p16P°® T2DM-hCSCs were positive
for p21 (74 + 11%) (Fig. 3E), lending support to the data
that p16P® cells represent true senescent cells. Concur-
rently, T2DM-hCSCs showed increased senescence-associ-
ated -galactosidase (B-gal)-positive cells in vitro (Fig. 3F).
Furthermore, y-H2AX expression revealed that T2DM-
hCSCs accumulate significantly more DNA damage than
NDM-hCSCs in vitro (Fig. 3G). Accordingly, T2DM-hCSCs
had a significantly higher apoptotic rate compared with
NDM-hCSCs (Fig. 3H). These data suggest that T2DM pro-
duces exaggerated oxidative stress in hCSCs that is associ-
ated with replicative senescence markers, DNA damage,
reduced telomerase activity, and telomere shortening.

CSCs From Patients With T2DM Showed Impaired Cell
Growth and Myogenic Differentiation Potential In Vitro
On the basis of the immunohistochemistry data showing
increased p16™<** expression in myocardial sections and of
the in vitro data demonstrating telomerase deficit with telo-
mere length attrition and increased p53, p21, and ROS lev-
els, we evaluated freshly isolated T2DM-hCSCs and NDM-
hCSCs for their replicative competence and growth potential
in vitro. T2DM-hCSCs showed a significant decreased prolif-
eration in vitro compared with NDM-hCSCs, as assessed
either by growth curve kinetics over time or BrdU incorpora-
tion over 24 h (Fig. 4A and B). To determine whether the
proliferation defect in the expansion capacity of T2DM-
hCSCs was coupled with a deficit in other “stemness” capa-
bilities, we tested these cells for their clonal amplification at
the single-cell level and for their spheroid formation poten-
tial in suspension (12). At 14 days after cell deposition or
plating in donogenic or spherogenic medium, respectively,
donal efficiency and spherogenesis was 2.5-fold lower in
T2DM-hCSCs compared with NDM-hCSCs (Fig. 4C and D).
These data show that T2DM increases senescence of
hCSCs, affecting their expansion and clone/spheroid forma-
tion potential; thus, we tested the differentiation potential
of these cells because it has been shown in different con-
texts that senescence and DM both affect differentiation of
tissue-dependent stem/progenitor cells (19-21). Considering
that myogenic differentiation is key to myocardial repair/
regeneration from endogenous progenitor cells, we specifi-
cally evaluated cardiomyocyte differentiation of T2DM-
hCSCs versus NDM-hCSCs grown in myogenic differentia-
tion media (38). RT-PCR data showed that T2DM-hCSCs
upregulated significantly less than NDM-hCSCs the main
cardiac transcription factors (GATA-4, NKX2.5, and MEF2C)
and myocyte contractile genes (TNNT2, ACTC1, MYH6, and
MYH?7) during myogenic differentiation induction (Fig. 4E).
Only 24 + 4% and 25 + 6% of T2DM-hCSCs, compared
with 52 + 11% and 60 + 7% of NDM-hCSCs, respectively,
acquired the prototypical myocyte contractile markers cTnl
and actinin by 4 weeks in culture (Fig. 4F and G).
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Furthermore, spontaneous beating of hCSC-derived cardio-
myocytes in vitro as documentation of functional rhythmic
contraction was consistently documented in NDM-hCSC-
derived cardiomyocytes (Supplementary Video 1) but sel-
domly detected in T2DM-hCSC-derived cardiomyocytes.
Overall, these data show that DM hampers hCSC biology,
inducing a variety of hallmarks of senescence that contrib-
ute to the deficit of their regenerative potential.

T2DM-hCSCs Exhibit a Defined SASP

Senescent cells secrete a plethora of factors, including
proinflammatory cytokines and chemokines, growth mod-
ulators, angiogenic factors, and matrix metalloproteinases
(MMPs), collectively known as the SASP (8,43). The SASP
constitutes a hallmark of senescent cells and mediates
many of their pathophysiologic effects, such as reinforc-
ing and spreading senescence in an autocrine and para-
crine fashion (44), activating immune responses (45),
hampering tissue plasticity (46), and contributing to per-
sistent chronic inflammation (known as “inflammaging”)
(47). Thus, the SASP explains several of the deleterious,
proaging effects of senescent cells. On the other hand, all
these pathophysiologic mechanisms are equally active in
DM. Therefore, we evaluated whether increased senes-
cence markers and functional defect were associated with
SASP in T2DM-hCSCs.

To this end, we obtained culture media from T2DM-
hCSCs and NDM-hCSCs after 24 h in serum-free conditions
to evaluate production of several SASP factors, including
MMP-3, plasminogen activator inhibitor 1 (PAI-1), interleu-
kin 6 (IL-6), IL-8, IL-1p3, and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (Fig. 5A and B). Interestingly,
T2DM-hCSCs secreted, respectively, 10-, 7-, 18-, 54-, and 56-
fold higher amounts of IL-1A, IL-1f3, IL-6, MCP-1, and IL-
8 compared with NDM-hCSCs (Fig. 5A4). Concurrently,
mRNA levels of MCP-1, IGF binding protein 5 (IGFBP5),
MMP-3, IL-6, CCL-11, IL-8, GM-CSF, and PAI-1 SASP factors
were all increased in T2DM-hCSCs versus NDM-hCSCs
(Fig. 5B).

We then treated for 7 days NDM-hCSCs with condi-
tioned medium derived from T2DM-hCSCs and measured
cell proliferation and senescence of the treated NDM-
hCSCs. As controls, NDM-hCSCs were treated either with
normal growth medium or conditioned medium from par-
allel cultures of NDM-hCSCs. Treatment of NDM-hCSCs
with T2DM conditioned medium resulted in a decreased
proliferation (P < 0.05) (Fig. 5C and D) and an increased
proportion of senescent pl6™<**-positive (P < 0.05),
B-gal-positive, and vy-H2AX-positive hCSCs compared
with NDM-hCSCs in unconditioned medium or condi-
tioned medium from NDM-hCSCs (Fig. 5E).

Finally, we addressed whether hyperglycemia per se
causes senescence, SASP, and functional impairment of
hCSCs in vitro. For this aim, NDM-hCSCs were cultured for
10 days in high-glucose (30 mmol/L) or low/normal-glucose
(5.5 mmol/L) conditions. High glucose significantly increased
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the number of p16INK4a-positive (11 + 5%) and B-gal-posi-

tive (16 + 6%) NDM-hCSCs compared with low/normal glu-
cose (1 + 1 and 2%, respectively) (Fig. 5F). The latter was
associated with a significant increase of SASP factors (Fig.
5G). Accordingly, high glucose significantly impaired expan-
sion capacity of NDM-hCSCs (Fig. 5H).

These data show for the first time that the diabetic
milieu, and hyperglycemia per se, induces SASP in hCSCs
isolated from nonaged patients. SASP appears to nega-
tively affect neighbor hCSCs whereby senescence begets
senescence, suggesting that targeting senescent cells could
improve CSC dysfunction in DM.

Senolytics Rescue the Regenerative Deficit of Diabetic
hCSCs

Because senescent cells contribute to the outcome of a vari-
ety of cardiac diseases, including age-related and -unrelated
cardiac diseases like anthracycline cardiotoxicity (5,48-50),

much effort has been made to therapeutically target the
detrimental effects of cellular senescence. Among the latter,
senolytic drugs are agents that selectively induce apoptosis
of only senescent cells by overriding senescent cell antia-
poptotic pathways (SCAPs) specifically operative in senes-
cent cells, although they are harmless to nonsenescent
healthy cells (5). One of the most well-studied senolytic
therapeutic approaches is D + Q (5). Dasatinib targets spe-
cific tyrosine kinases and other key SCAP elements. On the
other hand, the flavonoid quercetin targets BCL-2 family
members as well as hypoxia-inducible factor-la and partic-
ular nodes in phosphatidylinositol 3-kinase and p21-related
antiapoptotic pathways (51). Because dasatinib and querce-
tin target different SCAP nodes and do not target equally
all senescent cell types, to extend the range of senescent
cells targeted, D + Q has been used and proven effective
in several mouse in vivo studies, including senescence CSCs
(5), and in a first-in-man clinical trial (52).



1090

SASP Secretion ———

Diabetes Promotes CSC Senescence and SASP

SASP Expression

Diabetes Volume 71, May 2022

TNFa IL-1A IL-1B MCP1 IGFBP5 MMP-3 IL-6
P <0.0001 -
154 80 409 1.0 08, 2.5%10+ 0.16
p=0.0189 ’w‘ iﬂ E P =0.0156 E E P =0.0079 E p =0.0055
M 60| 30| g 08 [ [ & 014
=107 0 ary ] S o6 S 2x10+ s
g £ 40- £ 204 L 06 e e 2 012
(=) 5 & ° ° ° °
8 2 g g g g g
= 5 2 = 2 04 & 04 8 150104 2 010
20 10 £ 0.04 £ 0.10 £ 1x10* 50.010
80.02 8 0.05 g 5x10¢ 50.005
0- o—*—,— o 0.00 0.00 0 0.000
_NDM T2DM _NDM T2DM | NDM T2DM _NDM T2DM _NDM T2DM NDM T2DM NDM T2DM
hCSCs hCSCs hCSCs hCSCs hCSCs hCSCs SCs
IL-6 MCP1 IL-8 CcCL11 IL-8 GM-CSF PAI-1
100 p=0.0148 600 p=00116 500 P =0.0083 3x103 p=oormo 0.8 p=0.0103 2x10° p=00111 2.0 p=0.0149
400 0.6 1.5
~ 60 T 200 7 300 & 2x100 & S1.5x10 &
E a0 g € 200-] 2 2 04 2 2
5 S201 5% 3 2 0.4 3 310
£ 20+ £ 207 £.100-+ S 4xq0° = 2 4x102 8
10 ol 20 g 4xto £ 002 g 5o £os
54 10 8 2x10+ ] 82.5x10+ ]
0 0 0 0 0.00 0 0.0
_NDM T2DM , _NDM T2DM , NDM T2DM _NDM T2DM, _NDM T2DM, NDM_T2DM NDM T2DM
hCSCs hCSCs hCSCs hCSCs hCSCs hCSCs hCSCs
BrdU p-Gal 16NK4a y-H2AX
C Growth Curve (NDM-hCSCs) D Incorporation E ’:=o,a103
6%104— p=00392 100 30 p=00024 20 pz00103 25, -RZ00017
—A— UnCoMe [ p=00242 p=0.0024 = 0.0383 o p=00475
K : "] 7]
—@— NDM-CoMe g 80 a p=00386 g o O 45 & 20
—— T2DM-CoMe n ala N 50 8 8 a E
4x10%— 2 60 "{' 2. 2 o 2 15 -
s a s = 10 =
a | a =] 2 404
} =z 4 Z 404 8 z ° =z 10
2x10¢— s BEE 5 % 5 z 5
\p=00275 X 20 X :h B3 ® 5 ‘p
v a
b=00432 o o- o- 0
J @ & @ @ @ @ & 3 (2 (2 @
0 : R R R R
0 6 & N & N SR
V&S V&S V' S V&S
Days o AP, DA G QW
F G r SASP Expression 1
p16™NKea MCP1 IGFBP5 MMP-3 IL-6
20 p=o00s 25 p=0.0047
1.0 P =0.0071 015 0.8 p=0.0162 0.20
» X — I X — I
N 15 20 =) o a o
3 Q [ [ o 015
* 7] < < < < 0
o Q 15 [T} G 0.10 ) )
<10 <= ) ) ) o
- 8 2 8 2
‘S © 10 o 3 H] T 010
<5 ® s i S S
B 5 = = 0.05 = 5
£ £ £ E 005
0 0 2 2 2 2
LG HG LG HG 0.00 0.00
L 1
LG HG LG HG
NDM - hCSCs
H Expansion Capacity ccL11 IL-8 GM-CSF PAI-1
P <0.0001 B
1.4%105 0 <0.0001 0.10 2.0 0.08 14 L0010
) T T T T
T 1.2¢10- @ LG peoo] 2 0.09 P =0.0048 2 Q o007 p=0.0143 o1
o B HG ® < 008 < 15 < %
5 1x100 ° S o7 It} 2} & 0.
= g 7 2 2 k]
2 sx0 T 006 35 10 b 3 0.
€ N 05 N N N
5 1x104 © Y © © w 0.
g g 20t E 05 E £
0 2 1x10 2 2 e
L Day 0 Day 10 f 0 0.0

LG

HG

NDM - hCSCs

LG

HG

Figure 5—The SASP of T2DM-hCSCs. A: Bar graphs showing the SASP factor protein levels in culture media from T2DM-hCSCs and NDM-
hCSCs after 24 h in serum-free conditions (n = 3 biological replicates). B: Bar graphs showing transcript SASP factor expression in T2DM-
hCSCs vs. NDM-hCSCs (n = 3 biological replicates). C: Cell growth curve showing the in vitro proliferative change of NDM-hCSCs placed in
conditioned medium (NSM-CoMe) derived from T2DM-hCSCs CoMe (T2DM-CoMe) compared with the NDM-hCSCs placed in unconditioned
medium (UnCoMe) and NDM-hCSC CoMe (n = 6 biological replicates). D: Bar graph showing BrdU incorporation of NDM-hCSCs placed in
UnCoMe, NDM-CoMe, and T2DM-CoMe (n = 6 biological replicates). E: Bar graphs showing senescent p16™N<43_positive hCSCs, senes-
cence-associated 3-gal-positive hCSCs, and y-H2AX-positive hCSCs in NDM-hCSCs treated with T2DM-CoMe compared with UnCoMe and
NDM-CoMe (n = 6 biological replicates). F: Bar graphs showing the number of p16™<“®~ and B-gal-positive NDM-hCSCs under high-glucose
(HG) conditions in vitro compared with NDM-hCSCs grown in low-glucose (LG) conditions (n = 6 biological replicates). G: Bar graphs showing
transcript SASP factor expression of NDM-hCSCs under HG conditions in vitro compared with NDM-hCSCs grown in LG conditions (n = 3 bio-
logical replicates). H: Bar graphs showing expansion capacity of NDM-hCSCs under HG conditions in vitro compared with NDM-hCSCs grown
in LG conditions (n = 6 biological replicates). Data are mean + SD.




diabetesjournals.org/diabetes

Thus, T2DM-hCSCs were plated in 24-well dishes at
40% confluence and left for 2 days. Then, cells were
administered D + Q at a dose of 0.25 pwmol/L dasatinib
with 10 wmol/L quercetin. Six hours later, D + Q condi-
tioned medium was replaced with complete fresh
medium. Untreated cells served as controls. Two days
later, D + Q treatment was repeated as above. Two days
after, T2DM-hCSCs were analyzed for proliferation and
markers of senescence, p16™ ", senescence-associated
B-gal, and y-H2AX. As shown in Fig. 6, D + Q treatment
removed from the cell culture the typical enlarged and
flattened cell morphology of senescent cells, consistent
with the senolytics combination targeting and removing
senescent cells (Fig. 6A4). Concurrently, D + Q increased
T2DM-hCSC proliferation as evaluated by growth curve
kinetics compared with untreated control T2DM-hCSCs
(Fig. 6B). Accordingly, D + Q significantly reduced the
number of B-gal- and y-H2AX-positive T2DM-hCSCs as
well as the number of p16™¥** senescent cells, which
almost disappeared compared with untreated T2DM-
hCSCs (Fig. 6C-E). Furthermore, we determined whether
D + Q would abrogate the SASP in T2DM-hCSCs. We
found that the level of SASP factors secreted by T2DM-
hCSCs was significantly reduced by the administration of
D + Q (Fig. 6F).

Finally, considering that D + Q was able to ablate the
senescent cells and the SASP from the T2DM-hCSC popu-
lation, freeing the healthy nonsenescent cells, we checked
whether D + Q pretreatment was able to rescue the
altered myogenesis potential of T2DM-hCSCs. To that
end, T2DM-hCSCs were treated or untreated with D + Q
as above in growth media, and then cells were plated in
bacteriological dishes for sphere formation (12). CSC-
derived cardiospheres were then plated in laminin in
stage-specific cardiomyogenic media (12). Interestingly, D
+ Q pretreatment restored the myogenic capacity of
T2DM-hCSCs as, indeed, this senolytic combination sig-
nificantly increased myogenic transcription factor and
myogenic contractile gene expression compared with
untreated cells in vitro (Fig. 6G). Accordingly, D + Q
increased the number of T2DM-hCSC-derived cTnl-posi-
tive cardiomyocytes in differentiation media (Fig. 6H).
Overall, these findings document that clearance of senes-
cent cells using a combination of D + Q senolytics abro-
gates the SASP and restores a fully proliferative- and
differentiation-competent hCSC pool in T2DM.

Senolytics Treatment In Vivo Removes Senescent
CSCs and Improves Cardiac Repair and Regeneration
in Diabetic Mice

The above results using human samples and cells provide a
strong proof of concept for senescence and SASP as main
drivers of the cardiac regeneration deficit in DM, the rele-
vance of which was then translated and tested in a preclini-
cal T2DM mouse model. Six-week-old C57BL/6 mice were
on started a 60 kcal% HFD for 2 weeks and then on the
third week, received four consecutive daily injections of
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low-dose STZ (40 mg/kg ip.) (Supplementary Fig. 2A).
These mice remained on the HFD until the completion of
the study (Supplementary Fig. 24). Control mice were fed
NCD or HED without STZ. Four weeks later, all animals
treated with low-dose STZ and on an HFD were diabetic,
showing altered fasting glycemia levels compared with con-
trol mice (Supplementary Fig. 2B). At this time point of
the experimental design (8 weeks), 18 mice were randomly
assigned to be evaluated by echocardiography, and 6 were
sacrificed for cardiac histology and immunohistochemistry
analysis (Supplementary Fig. 24). T2DM mice had normal
ejection fraction but developed diastolic dysfunction with a
significant reduction in early mitral annulus tissue velocity
(E' wave) (index of LV myocardial relaxation in early dias-
tole) and an increase in the ratio of early transmitral valve
flow velocity (E wave) to E' wave (E/E’ ratio) (an index of
LV filling pressure) compared with control (NCD- and
HFD-fed) mice (Fig. 7A and B), a classical feature of HF
with preserved ejection fraction (53). T2DM mouse hearts
had an increased production of ROS (Fig. 7C) and an
increased number of myocardial (interstitial) cell nuclei
positive for p16INK4a (2.25 + 0.93%) compared with control
mice (0.07 + 0.02% and 0.07 + 0.07%, respectively, for
NCD and HFD) (Fig. 7D). Furthermore, compared with
control mouse hearts, T2DM hearts show increased cardio-
myocyte apoptosis (1.33 + 0.4% vs. 0.01 + 0.01 and 0.01 +
0.01% for NCD and HFD, respectively) (Fig. 7E) associated
with reactive myocardial interstitial fibrosis (Fig. 7F) and
cardiomyocyte hypertrophy (Fig. 7G). Intriguingly, at 8 weeks
of the experimental design, T2DM hearts had 6.83 + 1.5%
of their CSCs (identified as CD45"%®CD31"*8c-kit?*® cardiac
cells) positive for p16™5** compared with 0.01 + 0.01% and
0.02 + 0.01% p16™ *-positive CSCs, respectively, in NCD
and HFD control mice (Fig. 7H). These data show that dia-
betic status per se (independently of age and ischemia)
cause myocardial cell senescence, including CSC senescence
coupled with myocardial pathologic remodeling and cardiac
dysfunction.

To address whether selectively eliminating senescent
cells would improve cardiac function and repair in T2DM,
the remaining T2DM mice (n = 30) with HF with pre-
served ejection fraction were randomized to senolytic D +
Q treatment (three consecutive daily ip. injections every
week, n = 15) or just placebo vehicle (i.p. injection, n =
15) for 4 weeks. Six placebo-treated and six D + Q-treated
diabetic mice were implanted subcutaneously (between the
scapulae) with osmotic minipumps to systemically release
BrdU (50 mg/kg/day both) for 28 days to track myocardial
cell regeneration. Four weeks later, mice were assessed by
echocardiography (Supplementary Fig. 24), and the day
after were sacrificed and their hearts processed for CSC iso-
lation. Because of back skin pump implants, mice with
BrdU pumps were not included in the echocardiography
study (Supplementary Fig. 24), and they were directly sacri-
ficed at 4 weeks of treatment and processed for immuno-
histochemistry analysis. Echocardiography after 4 weeks
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showed that vehicle-treated T2DM mice (n = 9) had persis- was associated with decreased cardiomyocyte apoptosis and
tent diastolic dysfunction compared with control mice (Fig. reversal of cardiomyocyte hypertrophy in D + Q-treated
8A and B). Remarkably, D + Q treatment normalized dia- versus vehicle-treated T2DM mice (Supplementary Fig. 3B
stolic dysfunction in T2DM mice (Fig. 8B). D + Q treat- and (). CSCs obtained from D + Q-treated mice showed a
ment efficiently removed p16™ **-positive (0.5 + 0.14%) reduction of ROS levels compared with CSCs from control
myocardial cells compared with vehicle treatment (4.7 + and vehicde mice (Supplementary Fig. 3D). Furthermore,
1.3%) in T2DM mice (Supplementary Fig. 34). The latter D + Q treatment removed CSC p16™ " **-positive senescent


https://doi.org/10.2337/figshare.19098803
https://doi.org/10.2337/figshare.19098803
https://doi.org/10.2337/figshare.19098803
https://doi.org/10.2337/figshare.19098803

diabetesjournals.org/diabetes

B

DHE

Marino and Associates

1093

r—— Diastolic Function ——

p=0.0082

p=0.0063
1
— 10 w 60
) i v
[
2 @ “W w’
£ ol & o B W Wy ]
") L \J 20 " v

T T T
NCD HFD T2DM
CTRL

CTRL

T T T
NCD _HFD T2DM

101

A. U. intensity

p <0.0001
=
p <0.0001
L

v

I

e &

p16™“A DAPI

p1 6INK4A

% of total nuclei

p <0.0001
P =0.0001
p <0.0001
—

T2DM NCD HFD T2DM CTRL T2DM NCD HFD T2DM
E CTRL F CTRL
T Apoptotic TdT* 1o Fibrosis !
3 p < 0.0001
b L0001
s 2 v
o
: o3
g 1 v ]
S - =
20-107 o ! i
0.05 8! \
0.00 3 &~ -
CTRL T2DM ’ CTRL

CTRL

CM Hypertrophy

T2DM

NCD HFD T2DM
CTRL

1L

Senescence CSCs

350+ p =0.0009 _ » £s uv(oo:;m
"E p=0.0028 & 8 10 (AL
=300+ \ a S :
© 8 8
2 - %
v E
g 2504 © -} 4 § 6 v|v
8 6 o v
£ H a4
@ 200 . g 4 010 1
© © 2 0.05
o b B
o
000 am =8

-

50-

NCD HFD T2DM
CTRL

CTRL

T2DM

NCD HFD T2DM
CTRL

Figure 7 —Diabetic status causes myocardial cell senescence with myocardial pathologic remodeling and cardiac dysfunction. A: Repre-
sentative pulsed wave (PW) Doppler mitral velocity (MV) tracing and representative PW tissue Doppler imaging (TDI) velocity tracing of
T2DM vs. control (CTRL) mice fed NCD and HFD (NCD, n = 9; HFD, n = 9; T2DM, n = 18). B: Violin plots represent cumulative E/A ratio
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CSCs (0.1 + 0.07%) compared with vehice (10.7 + 1.5%)
(Supplementary Fig. 3E). Intriguingly, CSCs isolated from
vehicle-treated T2DM mice show a defined SASP compared

with CSCs isolated from control mice (Fig. 8C). D + Q
administration to T2DM mice significantly reduced SASP
factors in CSCs (Fig. 8C). CSCs isolated from placebo-treated
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T2DM mice showed a reduced proliferation, clonal amplifi-
cation, and myogenic differentiation in vitro compared with
CSCs from control mice, consistent with T2DM imposing a
senescence phenotype on CSCs (Fig. 8D and Supplementary
Fig. 3F-H). In vivo D + Q administration eliminated the
CSC senescence phenotype because CSCs isolated from D +
Q-treated T2DM mice showed proliferation, clonal amplifi-
cation, and myogenic differentiation potential indistinguish-
able from CSCs from control mice (Fig. 8D and Supp-
lementary Fig. 3F-H). Finally, removal of both interstitial
cardiac senescent cells and senescent CSCs by D + Q treat-
ment resulted in an increased number of newly generated
BrdU-positive cardiomyocytes (1.2 + 0.31%) compared
with vehicle-treated (0.007 + 0.007%) T2DM mice
(Fig. 8E).

Overall, these data provide further evidence that DM per
se causes myocardial cell senescence independently from
age, affecting CSC regenerative potential, cardiac tissue com-
position, and function. Accordingly, senolytics treatment
efficiently eliminates senescent cells, rescuing CSC function,
which results in functional myocardial repair and regenera-
tion.

DISCUSSION

This study has several main findings. First, myocardial tis-
sue of nonaged patients with T2DM with ischemic cardio-
myopathy is characterized by an exaggerated oxidative
stress targeting both cardiomyocytes and CSCs. Second,
increased oxidative stress in the myocardium of nonaged
patients with T2DM is associated with an increased num-
ber of senescent and dysfunctional T2DM-hCSCs as shown
by increased p16™ <, p53, and p21 expression, reduced
telomerase activity and telomere length, reduced prolifera-
tion, clonogenesis/spherogenesis, and myogenic differenti-
ation. Third, T2DM-hCSCs from nonaged patients show
an SASP, as demonstrated by increased secretion of several
SASP factors, including MMP-3, PAI-1, IL-6, IL-8, IL-183,
and GM-CSE. Fourth, a combination of two senolytics,
dasatinib and quercetin, clear senescent T2DM-hCSCs,
restoring expansion and myogenic differentiation capaci-
ties of the remaining diabetic hCSC pool. Fifth, diabetic
cardiomyopathy in young mice, independently of age and
ischemia, causes myocardial cell senescence, affecting CSC
regenerative potential and cardiac tissue composition and
function. Finally, D + Q treatment in vivo removes senes-
cent CSCs and improves cardiac repair, regeneration, and
function in diabetic mice.

T2DM is a preconditioning and powerful driver of
organismal aging (54). The biological foundations of aging
primarily involve cellular senescence, and T2DM is pletho-
ric in senescence-driving factors (54). An intense debate
exists about whether senescence precedes or follows the
onset of perpetual inflammation and insulin resistance in
T2DM (55). Independently from “whom precedes who,”
patients with DM experience an obvious accelerated aging
process that increases their susceptibility to morbidity
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and earlier mortality mainly from cardiovascular disease
(56,57).

Adult tissue-specific stem cells are multipotent cells
that are considered a lifelong cellular reservoir to ensure
the continuous generation, replacement, and restitution
of multiple tissue lineages (57,58). However, during aging,
these cells also undergo some detrimental changes, such
as alterations in the microenvironment, a decline in the
regenerative capacity, and loss of function. Therefore,
aging has been linked to tissue-specific adult stem cell
exhaustion (35). Converging evidence conclusively demon-
strated how toxic high-glucose load may be for survival,
differentiation plasticity, and regenerative competence for
various stem cell lineages (53,59-63). The self-sustaining
vicious circle of hyperglycemia/mitochondrial dysfunc-
tion/oxidative stress appears as a master driver to adult
stem cell senescence (64). Accordingly, the diabetic pro-
oxidative environment is a major contributing factor for
premature adult stem cell senescence and functional defi-
cit (53,64-68). Therefore, aging and T2DM drive adult
stem cell senescence and regenerative deficit, and, con-
versely, adult stem cell senescence and regenerative deficit
drive the progressive pathology in aging and DM.

Like other tissue-specific adult stem/progenitor cells,
the CSCs are not immortal (16). They undergo cellular
senescence characterized by increased ROS production
and oxidative stress and loss of telomere/telomerase
integrity in response to a variety of physiologic and path-
ologic demands with aging (16). Nevertheless, the old
myocardium preserves an endogenous functionally com-
petent CSC cohort, which appears to be resistant to the
senescent phenotype that occurs with aging (16). The lat-
ter demonstrates the phenomenon of CSC aging as a
result of a stochastic process whereby targeting the senes-
cent cells would benefit the recovery of a healthy CSC
cohort (16). Concurrently, T2DM impairs the in vitro pro-
liferative and differentiation potential of hCSCs, worsen-
ing their senescence phenotype compared with CSCs from
patients with NDM and ischemia (22). Additionally, miR-
34a is significantly upregulated while SIRT1 is downregu-
lated in adult CSCs harvested from patients with T2DM,
which is associated with a higher proapoptotic caspase-
3/7 activity (69). In all these studies, however, researchers
isolated hCSCs from older (>65 years of age) patients with
DM, which could not clearly distinguish the role of age
from DM on hCSC function. On the other hand, in an ani-
mal model of insulin-dependent DM in young mice, the
myocardial accumulation of ROS drove CSC senescence
through the expression of p53 and p16™"** proteins and
telomere erosion (31). The p66Shc knockout inhibited CSC
senescence and death, preventing the senescent phenotype
and the development of cardiac failure by T2DM (31).
Additionally, DM persistently decreases the ability of iso-
lated CSCs from young male mice to proliferate, survive
oxidative insults, and differentiate, which can be explained
at least in part by an uncoupling of biosynthetic glucose
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metabolism pathways (69). Altogether, these data lead us
to postulate the tantalizing hypothesis that the premature
cellular senescence of resident CSCs underpins the develop-
ment of diabetic heart disease (10).

In the current study, we provide evidence of the exis-
tence of premature senescence of hCSCs in T2DM, dem-
onstrating its functional relevance in the regenerative
biology of these cells. Indeed, the elimination of senescent
cells by senolytic D + Q treatment rescued the expansion
and myogenic capacity of T2DM-hCSCs. Therefore, these
data suggest that eliminating senescent hCSCs by seno-
lytic therapy in vivo could be a therapeutic strategy to
prevent CSC dysfunction, even at early stages of diabetic
disease.

Our findings in hCSCs are clearly hampered by the diffi-
culty and limitation of working with samples of human tis-
sue, which makes these data mainly descriptive and
hypothesis generating while falling short of being able to
establish direct cause-and-effect relationships. Further-
more, to separate the effects of old age and diabetes on
senescence, we chose an age cutoff of <65 years to define
nonaged patients, which might be seen as an arbitrary
threshold when considering that the World Health Organi-
zation uses 60 years as the age cutoff for predicting the
shift in distribution of a country’s population toward older
ages, known as population aging. Yet, old age in human
beings is inconsistently defined from the standpoints of
biology, demography (conditions of mortality and morbid-
ity), employment and retirement, and sociology. For exam-
ple, in high-income countries, setting 60 years as the
threshold for aging is unrealistic because >30% of the rela-
tive population is already >60 years old. Furthermore, sev-
eral cardiovascular risk scores (and the CHA,DS,-VASc
[congestive HF, hypertension, age =75 years, DM, stroke
or transient ischemic attack, vascular disease, age 65-74
years, sex category| score for thromboembolism in atrial
fibrillation) use 65 years to define aged/older people.
Therefore, despite being imperfect, we chose this age cut-
off. As a further limitation of the study on human samples,
we could not fully extrapolate the role of ischemic damage
to the observed effects of T2DM on hCSC senescence
in vivo. Indeed, DM is known to determine more intense
microvascular ischemia and arterial dysfunction, which
may have affected the status and function of hCSCs. Con-
currently, short leukocyte telomere length has been associ-
ated with plaque instability (70) and changes in several
hemodynamic parameters such as impaired pressure-diame-
ter relation and increased pulse pressure and pulse wave
velocity, which are indicative of increased arterial stiffness
(71-73). When considering that telomere length shortening
can be both a cause and an effect of vascular disease, it is
then possible that hCSC senescence within the myocardial
microenvironment might be influenced by telomere dysregu-
lation in the arterial system affected by DM. Despite all the
above, it should be noted that isolated T2DM-hCSCs and
NDM-hCSCs were obtained from right atrial tissue that was
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not ischemic. Moreover, according to the “oxygen stem cell
paradigm,” adult stem cells are kept in niches with a very
low oxygen concentration (15). Relevant to our study, it
already has been shown that hypoxia (0.5% oxygen) reduces
hCSC senescence and promotes CSC quiescence, while long-
term exposure to low oxygen levels (1%) increases hCSC
proliferation, shifting CSC secretome to a more anti-inflam-
matory profile (74). Finally, the diabetic milieu is a multifac-
torial environment constituting several elements (e.g., high
glucose, advanced glycosylation end products, angiotensin,
oxidative stress) that induce the expression of chemokines
and adhesion molecules activating an inflammatory phe-
nomenon linked to cell senescence (3). All these elements,
therefore, also could be responsible for the senescent cells in
the myocardium of patients with DM.

Considering all the above limitations, through a reverse
translational approach, we tested in a preclinical mouse
model of T2DM the proof of concept provided by the
human study that senescence and SASP are mechanistically
linked to the cardiac regeneration defect of the human dia-
betic myocardium, independently of age and ischemia. The
murine data conclusively show that the working hypothesis
generated by the in vitro data on hCSC regenerative biology
is indeed correct. T2DM in young mice causes CSC senes-
cence and SASP, ensuing in a detrimental cardiac remodel-
ing characterized by cardiomyocyte death and reduced
regeneration owing to HF with preserved ejection fraction
characterized by short- and midterm diastolic dysfunction.
Efficient removal of senescent cardiac cells, including senes-
cent CSCs, by systemic senolytic D + Q treatment restores
CSC regenerative potential and cardiomyocyte regeneration,
normalizing cardiac function in T2DM mice.

In conclusion, DM hampers, independently of age, CSC
biology, inducing cellular senescence and SASP that con-
tribute to a significant deficit of the regenerative potential
and, in particular, ability of CSCs to differentiate in new
cardiomyocytes. Clearance of senescent cells by senolytics
abrogates the SASP and restores a fully proliferative- and
differentiation-competent hCSC pool in T2DM. Therefore,
senolytics may represent a potential therapeutic approach
to prevent or treat the reduced regenerative potential of
the diabetic heart.
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