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ABSTRACT

Smoking is the main risk factor for many lung diseases including chronic obstructive pulmonary disease.
Cigarette smoke (CS) contains carcinogenic and reactive oxygen species that favor DNA mutations and perturb
the homeostasis and environment of cells. CS induces lung cell senescence resulting in a stable proliferation
arrest and a senescence-associated secretory phenotype. It was recently reported that senescent cell
accumulation promotes several lung diseases. In this study, we performed a chemical screen, using an FDA-
approved drug library, to identify compounds selectively promoting the death of CS-induced senescent lung
cells. Aside from the well-known senolytic, ABT-263, we identified other potentially new senescence-
eliminating compounds, including a new class of molecules, the dihydropyridine family of calcium voltage-gated
channel (CaV) blockers. Among these blockers, Benidipine, decreased senescent lung cells and ameliorates lung
emphysema in a mouse model. The dihydropyridine family of CaV blockers thus constitutes a new class of
senolytics that could improve lung diseases. Hence, our work paves the way for further studies on the senolytic
activity of CaV blockers in different senescence contexts and age-related diseases.

INTRODUCTION

The lung is the first organ impacted by cigarette smoke
(CS). Prolonged CS exposure accelerates lung alterations
including inflammation, emphysema, fibrosis and chronic
obstructive pulmonary disease (COPD) during aging, and
is even thought to accelerate aging [1, 2].

A major effect of exposure to CS is the induction of
cellular senescence [3-6]. This is characterized by a
stable proliferation arrest and the acquisition of a
specific senescence-associated secretory phenotype or
SASP, containing pro-inflammatory cytokines, immune
modulators as well as metalloproteases. Senescence is
considered to favor numerous age-related diseases as
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depletion of senescent cells increases lifespan and
healthy lifespan. Cellular senescence is proposed to
favor aging and aging-related diseases likely by limiting
the proliferative capacity of tissues, by inducing
inflammation and/or by favoring disorganization of
tissue architecture and fibrosis [7—-10].

Senescent cell accumulation has also been associated
with an increased risk of lung diseases, fostered by
exposure to CS [7-10]. In the lung, decreasing cellular
senescence or depleting senescent cells have been
shown to improve lung alterations including fibrosis
and emphysema [11-15], thus advocating for the use of
senolytic compounds to kill lung senescent cells and
improve pulmonary health. Here, our aim was to
identify senolytic compounds in the context of CS-
induced senescence and to assess whether they
improved lung emphysema.

RESULTS AND DISCUSSION

As expected, CS condensates (CSC) induced premature
senescence of normal human lung fibroblasts (MRC5)
as evidenced by: (i) proliferation arrest it provoked as
CS decreased cell density (Supplementary Figure 1A),
diminished level of KI67 proliferation marker
(Supplementary Figure 1B), increased expression of
cyclin-dependent kinase inhibitors CDKN1A/p21
(Supplementary Figure 1B) and molecular signatures
associated with proliferation arrest (Supplementary
Figure 1C); (ii) an increase in SA-B-Gal activity
(Supplementary Figure 1D); (iii) an increase in the
expression of SASP factors and associated molecular
signatures (Supplementary Figure 1E-1G). These
senescent cells were used for 2 sequential drug screens
using an FDA-approved library, to identify compounds
able to kill CS-induced senescent cells. In the first
screen, 1,363 molecules were tested on senescent cells
at 10 uM. We then discarded conventional chemo-
therapies and toxic molecules, which resulted in 134
molecules that strongly decreased the number of nuclei
(Figure 1A and Supplementary Table 1). These
molecules were then tested in control and CS-induced
senescent cells at 3 different concentrations (Figure 1B),
and among these, 26 potentially killed CS-induced
senescent cells (Table 1).

Aside from the well-known ABT-263 senolytic
compound [16, 17], our screens identified Birinapant, a
Smac mimetic with a reported senolytic activity [18],
and three other compounds proposed to exert senolytic
activity in filled patents (Table 1). Strikingly, 4 different
molecules targeting voltage-gated calcium channels
(CaV), namely Benidipine, Cilnidipine, Felodipine and
Lacidipine, displayed potential senolytic activities on
CS-induced senescent cells. To confirm this senolytic

activity, we assessed Benidipine, or Cilnidipine, on
control and CS-induced senescent cells and observed a
clear specific decrease cell number and density of
senescent cells without impacting the non-senescent
cells (Figure 1C, 1D and Supplementary Figure 2A,
2B). This decreased cell number correlated with
senescent cell death as assessed by the quantity of blue
trypan positive cells (Figure 1E).

Destruction of lung parenchyma and induction of lung
emphysema upon exposure to CS is mediated by elastase
activity. Intra-tracheal elastase injection is thus frequently
used to better understand mechanisms regulating and
impacting the development of lung emphysema [19-23].
During elastase treatment, elimination of senescent cells,
by ABT-263 or by depleting p19*f-positive cells, de-
creases emphysema [14]. Here, we assessed whether
Benidipine treatment exerted similar protective effects
against elastase-induced emphysema. At necropsy, lung
tissues were inflated with fixative under constant pressure
to avoid altering lung morphology. As expected, elastase
induced a significant change in lung morphology and in
the alveolar mean linear intercept, which reflects the
mean alveolar size (Figure 1F). Strikingly, these lung
alterations were strongly reduced when mice were treated
with Benidipine (Figure 1F). This was correlated with a
decrease in senescent cells according to level of p21
senescence marker (Figure 1G). Together Benidipine
mimicked the effect of eliminating senescent cells during
elastase-induced emphysema [14] strongly supporting
that Benidipine is acting as a senolytic. We did not
observe increase expression of p21 senescence marker 3
weeks after elastase treatment, suggesting that either
increase of senescent cells occurred earlier or/and the
increase of senescent cells was masked by complex lung
remodeling after elastase treatment. These results are in
line with the ones observed by [14]. It will also be
interesting to extend these observations in the future in
additional model of lung emphysema such as during CS
exposure or during aging.

Hence, Benidipine, a dihydropyridine CaV blocker used
to lower blood pressure, could constitute a new senolytic
compound targeting lung senescent cells, as it herein
improved lung emphysema. We also identified other
dihydropyridine CaV blockers that may cause CS-induced
senescent cell death, some of which including Benidipine
improve pulmonary fibrosis [24], a process also
promoted by lung senescent cells [15]. This suggests
that dihydropyridine family of CaV blockers could
constitute a new class of senolytics that could improve
lung diseases, in particular in the context of heavy
smokers, a population with a higher risk of developing
interconnected lung diseases, including fibrosis, COPD
and cancers [25-28]. Collectively, this work offers
novel perspectives for the use of CaV blockers to
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Figure 1. Identification of CaV blockers as a potential new class of senolytics. (A) Schematic representation of the experimental
strategy used to identify molecules able to decrease the quantity of CSC-induced senescent cells. (B) Summary of the procedure used to
validate which molecules among the 26 identified in (A) display senolytic activity on CSC-induced senescent cells. (C) Dose response curve
of CaV blocker Benidipine senolytic activity. X axis shows Benedipine contrations used, y axis shows pourcentage of cell count relative to
control DMSO treated cells (% of counted nuclei) (mean + SEM). (D) After paraformaldehyde fixation, cells were crystal violet stained to
visualize cell density. (E) Cells were collected, incubated with trypan blue before being counted. The percentage of dying cells (trypan blue-
positive) is shown. (mean + SEM, One-way ANOVA statistical test, n = 5). (F) Mice were treated once with elastase or vehicle and five time a
week with Benidipine or vehicle. Three weeks after elastase injection, lungs were fixed, embedded and slides stained by hematoxylin/eosin.
The left panel shows representative images of lungs for each experimental condition. The right panel shows quantification of emphysema
by calculating the mean linear intercept. (mean = SEM, One-way ANOVA statistical test, ctrl: n = 7; elastase: n = 7; Benidipine: n = 3;
elastase + Benidipine: n = 5). (G) RT-gPCR results performed on RNA samples extracted from lungs of mice treated or not with Elastase
and/or Benedipine. “p < 0.05; **"*p < 0.0001.
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Table 1. List of molecules that may display senolytic activity during cigarette smoke-induced senescence.

Molecules Targets Senolytic activity proposed
ABT-263 Anti-apoptotic BCL2, BCLxL, BCLW inhibitors Egg:%gg:g:gﬁgié%éﬁﬁ:ﬁ#s
Aprotinin Serine protease inhibitors Not described (nd)

Belinostat Histone deacetylase inhibitor nd

Benidipine Voltage-gated calcium channel (CaV) inhibitor nd

Birinapant Smac mimetic https://doi.org/10.1101/2022.04.01.486768
Cilnipidine CaV inhibitor nd

Cinacalcet allosteric agonist of Ca receptor nd

Cyclosporine A Calcineurin, mPTP opening WO02018215795A2

Dabigatran etexilate mesylate  Thrombin inhibitor nd

DHEA Steroid hormone nd

Domiphen bromide Chemical antiseptic

Ebastine H1-histamine receptor antagonist nd

Enzastaurin (LY317615) Serine/threonine Kinase inhibitor WO02015116735A1

Erlotinib EGFR inhibitor nd

Erlotinib EGFR inhibitor nd

Felodipine CaV inhibitor nd

Flunarizine Na+/Ca2+ channel (T-type) blocker nd

Idebenone Coenzyme Q10 analog, antioxidant nd

Lacidipine CaV inhibitor nd

Oltipraz NRF2 inhibitor nd

Orlistat Ii:;]aglict;)rizteg';ic and gastric lipases inhibitor, FASN nd

PCI-32765 (Ibrutinib) BTK inhibitor nd

Regorafenib Multi-targeted receptor tyrosine kinase inhibitor nd

Suprofen COX-1 and -2 inhibitors EP18202657A1

Trandolapril ACE inhibitor nd

Trifluoperazine Dopamine D2 receptor inhibitor nd

Experiments were performed using 134 selected molecules as described in Figure 1B. Here, the molecules that decreased the
number of CS-induced senescent cells vs. vehicle treated CS-induced senescent cells with at least 2 different concentrations (0.4, 2
and 10 mM were tested for each molecule) are listed. Erlotinib was identified twice as it was in 2 different formulations in the initial

library. The underlined molecules targets CaV channels.

improve other age-related diseases that are promoted by
senescent cells.

MATERIALS AND METHODS
Cell culture and reagents

MRCS5 normal human fibroblasts (ATCC) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Life
Technologies, USA) with GlutaMax and supplemented
with 10% FBS (Sigma-Aldrich, USA) and 1%
penicillin/streptomycin  (ThermoFisher  Scientific,
USA). Cells were maintained at 37°C under a 5% CO2

atmosphere. All experiments were carried out on cells at
early passages (between 22 and 28). A DiscoveryProbe
FDA-approved Drug Library (Clinisciences France),
Benidipine (Clinisciences) and cigarette smoke con-
densates (Murty Pharmaceuticals, USA) were used at
the concentrations indicated in the figures.

RNA extraction, reverse transcription and real-time
guantitative PCR

Total RNAs were extracted with phenol-chloroform
using Upzol (Dutscher, Brumath, France). cDNAs were
synthetized using the Maxima First cDNA Synthesis Kit

www.aging-us.com 13584

AGING


https://doi.org/10.1111/acel.12445
https://doi.org/10.1038/nm.4010
https://doi.org/10.1101/2022.04.01.486768

(ThermoFisher Scientific). Quantitative PCR (gPCR)
were performed by combining cDNA mixed with
primers (200 nM), SYBR™ Green PCR Master Mix for
mouse genes (ThermoFisher Scientific) or TagMan mix
for human genes (Roche, Switzerland) and Universal
Probe Library probes (100 pM) (ThermoFisher
Scientific) for the gene of interest. g°PCR analyses were
carried out with the CFX96 Thermocycler (Bio-Rad,
USA). Relative mRNA levels were calculated using the
Comparative Ct (AACT) method. Gene expression was
normalized against GAPDH. Primer sequences used are
listed in Supplementary Table 2.

Senescence-associated p-Galactosidase analysis and
Crystal violet

For SA-B-Galactosidase assay, cells were washed with
PBS 1X, fixed for 5 min in 0.5% glutaraldehyde, rinsed
twice in PBS 1X, and incubated at 37°C overnight in
SA-B-Galactosidase staining solution as previously
described [29]. For crystal violet staining, cells were
washed with PBS 1X, fixed for 15 min in 3.7%
formaldehyde and stained with crystal violet.

Cell counts

After treatment, cells were fixed with 3.7%
paraformaldehyde and stained with Hoechst (Sigma-
Aldrich, USA). Images were automatically acquired by
Operetta CLS High Content Analysis System
(PerkinElmer, USA). The number of nuclei per well were
counted using Columbus Image Data Storage and
Analysis System (PerkinEImer).

Animals

Eight weeks old C57B/6 males (Janvier Labs, USA)
were used. Intratracheal injection of Elastase 10 Ul
(MedChemExpress, USA) or NaCl 0.9% vehicle was
performed, followed by intra-peritoneal injection of
2.5 mg/kg Benidipine (MedChemExpress) or vehicle
(5% DMSO, 40% PEG 300, 5% Tween 80 and 50%
NaCl 0,9%) every day from Monday to Friday. Three
weeks after elastase injection, mice were necropsied.
Lungs were inflated at constant pressure and fixed
with 4% formaldehyde. At this step, lungs were
excluded, if not properly inflated, for the mean linear
intercept (MLI) analysis. They were then paraffin-
embedded and slides were prepared as described in
[30]. The mean linear intercept was assessed using HE
stained slides as previously reported [13] at 3 different
depths and MLI per mouse calculated. Mice were
maintained in laminar-flow boxes under standard
conditions (standard diet and water ad libitum) in our
specific pathogen-free facility. Experiments were
performed according to animal care guidelines of

European and French laws. Protocols were authorized
by the local animal ethics evaluation committee (CLB-
2019-008) and by the French Ministry of Education
and Research (Apafis#21449).

Transcriptome analysis

Gene expression profiling has been performed by
Microarrays using Whole Human Genome Microarrays 4
x 44K v2 (Agilent Technologies, USA) and the Agilent
workflow for one-color gene expression. Briefly, 100 ng
of total RNA, extracted from MRCS5 cells with RNA
NucleoSpin® kit (Macherey-Nagel, France), were
labelled with Cy3 dye using one-color Low Input Quick
Amp Labeling Kit, (Agilent Technologies). After quality
control validation, 1650 ng of Cy3-labeled cRNAs
purified with RNeasy columns (Qiagen, USA) were
hybridized on the 4 x 44K arrays for 17 hr at 65°C.
Microarrays were washed and scanned with Agilent
DNA microarray scanner G2565CA (Agilent Techno-
logies). Fluorescence signals were quantified with
Feature Extraction Software Version 10.5.1.1 (Agilent
Technologies). Then Genespring GX 12.6 software
(Agilent Technologies) was employed for data pro-
cessing and data mining. Data normalization was done
applying 75th percentile method. Microarray probes were
filtered using Agilent flag filter to remove probes with
raw signal below 10 in all the conditions tested.
Transcriptomic analysis was performed on 3 independent
replicates and differentially expressed genes were
selected with fold change cutoffs > or < 1.5 and t-test p
value < 0.05. Pre-ranked Gene Set Enrichment Analysis
(GSEA) was performed on ranked list of fold change
expression using GSEA v2.0.13 software using default
parameters. All gene set files for this analysis were
obtained from GSEA website (http://www.broadinstitute.

org/gsea/).

Statistical analysis

All statistical analyses and graphs were created with
GraphPad Prism 9.3.1. Statistical analyses are indicated
for each graph. Abbreviation: ns: non-significant; "p <
0.05; ™p < 0.01; ™ p < 0.001.
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request.
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SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. Cigarette smoke condensates induce premature senescence. MRC5 human fibroblasts were treated
6 days with cigarette smoke condensates (CSC) at 40 ug/ml. Two to 4 days after the last treatment, various assays were performed: (A) Cells
were PFA-fixed and crystal violet stained to visualize cell density. (B) RTqCR analysis against proliferation marker (KI67) and cyclin
dependent kinase inhibitor p21 were performed on CSC-treated cells (CSC) and DMSO treated control cells (CTL). Results were normalized
against GAPDH reference (mean + SEM, paired t-test, n = 5). (C) Transcriptomic analysis were performed on CSC treated cells (CSC) and
DMSO-treated control cells (CTL). GSEA enrichment plots from transcriptomic analysis of CSC- treated cells versus control cells are shown.
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Enriched pathway indicating a proliferation arrest are displayed. Name of the pathway are indicated on the top of plots. Normalized
enrichment score (NES) and statistic g-values are indicated. (D) SA-B-Gal assays were performed on CTL and CSC-treated cells.
Representative images are shown, as well as the percentage of positive cells. (mean + SEM, paired t-test, n = 4). (E) Heatmap shows up-
regulation of numerous senescence SASP markers defined par MAYO clinic signature in CSC condition compared to CTL condition. R1 R2 R3
indicates 3 independent replicates. (F) GSEA enrichment plots of pathways linked to the SASP. (G) RTQCR analysis against SASP factors.
Results were normalized against GAPDH (mean *+ SEM, paired t-test, n = 5). "p < 0.05; **p < 0.01; ***p < 0.001.
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Supplementary Figure 2. Cilnidipine induces the death of CS-induced senescent cells. (A) Dose response curve of CaV blocker
Cilnidipine senolytic activity. X axis shows Cilnidipine contractions used, Y axis shows percentage of cellcount relative to control DMSO treated
cells (% of counted nuclei) (mean + SEM). (B) After indicated treatment, cells were fixed by paraformaldehyde and stained using crystal
violet to visualize cell density.
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Supplementary Tables

Supplementary Table 1. List of 134 molecules selected after the first round of screening.

2-Methoxyestradiol (2-MeOE2)
ABT-263 (Navitoclax)

Afatinib (BIBW2992)

Afatinib dimaleate

Amlodipine

Amlodipine Besylate
Anidulafungin

Aprotinin

Azelnidipine

Azithromycin

Azithromycin Dihydrate

Bardoxolone methyl
Belinostat (PXD101)
Benidipine HCI

Benzydamine HCI

Birinapant (TL32711)

Cabozantinib (XL184, BMS-
907351)

Cabozantinib malate (XL184)
Calcitriol
Carfilzomib (PR-171)

Carmofur

CEP-18770

Cepharanthine

Cetrimonium Bromide (CTAB)

Cetylpyridinium Chloride

Chlorquinaldol
Cilnidipine

Cinacalcet
Cinacalcet HCI
Cobicistat (GS-9350)
CUDC-101
Curcumin
Cyclosporin A

Cyclosporine
Dabigatran etexilate mesylate

Dasatinib (BMS-354825)

Daunorubicin HCI

Dehydroepiandrosterone
(DHEA)

Desloratadine
Digoxin
Disulfiram

DL-a-Difluoromethylornithine
(hydrochloride hydrate)

Docetaxel Trihydrate
Domiphen Bromide
Doxorubicin

Drospirenone
Dyclonine HCI
Ebastine

EMD-1214063

Entinostat
(MS-275, SNDX-275)

Entrectinib
Enzastaurin (LY317615)

Epirubicin HCI
Erlotinib

Erlotinib
Hydrochloride
Ethacridine lactate

MLN2238

MLN8237 (Alisertib)

monohydrate
Felodipine Mocetinostat
P (MGCDO0103, MG0103)
Fenbendazole Motolimod
(VTX-2337)
Fingolimod .
(FTY720) Mycophenolate Mofetil
Flunarizine 2HCI Nifedipine
. Nintedanib
Fluvastatin (BIBF 1120)
Fluvastatin Sodium Nisoldipine
Foretinib - .
(GSK1363089) Novobiocin Sodium
Ganetespib Olaparib
(STA-9090) (AZD2281, Ku-0059436)
Hydroxychloroquine .
Sulfate Oltipraz
Ibuprofen Lysine Orlistat
Idarubicin HCI Oxytocin
Idebenone Pacritinib

Imatinib (STI571) Pamidronate Disodium

Imatinib Mesylate Panobinostat (LBH589)

(STI571)

Ispinesib (SB- Pazopanib
715992) (GW-786034)
Isradipine PCl-24781

(Dynacirc) (CRA-024781)
Ivermectin PCI1-32765 (Ibrutinib)
K-115 Pelitinib (EKB-569)
Lacidinine Pimasertib
P (AS-703026)
Lomitapide Ponatinib (AP24534)
Lovastatin Pracinostat (SB939)
LY2784544 Proflavine Hemisulfate
Mefloquine .
hydrochloride Quetiapine Fumarate
Mevastatin R788 disodium

Mitoxantrone HCI Raloxifene HCI

Raltitrexed

Regorafenib

Regorafenib
hydrochloride

RG7388

Rocilinostat

(ACY-1215)

Romidepsin
(FK228, depsipeptide)

Rupatadine Fumarate
Salmeterol xinafoate

Saracatinib (AZD0530)
Sertaconazole nitrate

Suprofen
Telaprevir (VX-950)
Tetracaine HCI

TG101348 (SAR302503)

Tofacitinib
(CP-690550, Tasocitinib)

Trandolapril
Trifluoperazine 2HCI

Vandetanib (ZD6474)

Vemurafenib
(PLX4032, RG7204)

Verapamil HCI

Vinorelbine

Vorinostat
(SAHA, MK0683)
VX-680 (MK-0457,
Tozasertib)

YM155
Zinc Pyrithione
Zoledronic Acid

CS-induced lung senescent cells were treated with 10 pM of each 1,379 molecule contained in the FDA-approved library and the number of
nuclei were automatically counted. We selected molecules that resulted in an approximate 40% decrease in stained nuclei and we excluded
molecules known to have broad cytotoxic activity independently of senescence.
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Supplementary Table 2. List of primers used.

Gene Primer forward Primer reverse UPL#
GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC 60
CDKN1A/p21 TCACTGTCTTGTACCCTTGTGC GGCGTTTGGAGTGGTAGAAAT 32

SPP1 GAGGGCTTGGTTGTCAGC CAATTCTCATGGTAGTGAGTTTTCC 18
ANGPTL4 GACAAGAACTGCGCCAAGA GCCGTTGAGGTTGGAATG 49
MCDKN1A/p21 TGCGCTTGGAGTGATAGAAA AACATCTCAGGGCCGAAA NA
mGAPDH CCTGCTTCACCACCTTCTTG TGTCCGTCGTGGATCTGAC NA
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