www.nature.com/aps

ARTICLE

Acta Pharmacologica Sinica
®

Check for
Updates

Roxithromycin attenuates bleomycin-induced pulmonary
fibrosis by targeting senescent cells

Xuan Zhang'?, Ying Dong'?, Wan-chen Li"?, Bi-xi Tang'?, Jia Li"**® and Yi Zang"*®

Idiopathic pulmonary fibrosis (IPF) is an aging-associated disease with a poor prognosis. Emerging evidence has revealed that
targeting senescent cells may be a potential treatment for IPF. In this study, we aimed to explore whether roxithromycin (RXM) can
improve lung fibrosis by targeting senescent cells. First, we confirmed the ability of RXM to selectively kill senescent cells by
inducing apoptosis and inhibiting the expression of senescence-associated secretory phenotype (SASP) factors, suggesting the
potential role of RXM as a “senolytic” and “senomorphic” drug. Next, we observed that TGF-f3- and senescent cell-induced lung
fibroblast activation was inhibited by RXM treatment, which prompted us to further investigate its effect in vivo. In a mouse model
of bleomycin (BLM)-induced pulmonary fibrosis, RXM was shown to attenuate lung injury, inflammation, and fibrosis. Furthermore,
the senescent phenotype of lung tissues induced by BLM was significantly diminished after RXM administration, indicating the
potential of RXM as an antifibrotic and antisenescent agent. Interestingly, NADPH oxidase 4 (NOX4), implicated in lung fibrosis and
cell senescence, was shown to be inhibited by RXM treatments. The antifibroblast activation and antisenescent effects of RXM were
abolished in NOX4 knockdown cells, demonstrating that RXM may ameliorate BLM-induced pulmonary fibrosis by targeting
senescent cells mediated by the NOX4 pathway. Collectively, these data demonstrated that RXM may be a potential clinical agent
for IPF and further supported the notion that targeting cellular senescence is a promising treatment for progressive age-related
disease.
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible,
and ultimately fatal age-related disease that is classified as the
most common and severe type of idiopathic interstitial pneumo-
nia [1-3]. IPF is characterized by the excessive deposition of
collagen, enlarged interstitial spaces between alveoli, thickened
alveolar walls and inflammatory cell infiltration, leading to the
destruction of the lung structure and even lung failure. Previous
studies have shown that the incidence and prevalence of IPF
increases with age (mean age at diagnosis is ~66 years old), and
the estimated survival is 3-4 years [1, 4-6]. Although two drugs,
nintedanib (OFEV) and pirfenidone, were approved for the
treatment of IPF mainly based on their ability to increase forced
vital capacity and slow disease progression for most patients, it is
still unclear whether these drugs improve symptoms and survival
[7, 8]. Therefore, therapeutic interventions for IPF are in urgent
demand.

The potential risk factors for IPF are complex and include
genetic susceptibility, environmental factors, and aging-associated
processes, such as cellular senescence [9]. A growing body of

evidence has shown that senescent cells play a critical role in the
pathogenesis of IPF [10, 11]. Cellular senescence is an evolutio-
narily conserved state, exhibiting irreversible cell replicative arrest,
apoptotic resistance and acquisition of a senescence-associated
secretory phenotype (SASP). The SASP is characterized by the
secretion of multiple active substances, including inflammatory
cytokines, chemokines, and matrix proteases, that promote
abnormal and persistent fibroblast activation [12-14].

In the case of IPF, lung epithelial injury caused by multiple
unknown risk factors is characterized by the senescence of
alveolar epithelial type 2 cells (AEC2s), which secrete SASP and
profibrotic factors, especially TGF-B1 [15]. These factors further
induce myofibroblast differentiation, present a stressed and
senescent phenotype, and exacerbate the deposition of extra-
cellular matrix (ECM) components, thus causing irreversible
damage and fibrosis [16, 17]. Collectively, this evidence indicates
that senescent AEC2s and myofibroblasts play a pivotal role in
accelerating the aberrant injury-remodeling process and fibrosis.

Therefore, targeting and eliminating senescent cells have
emerged as promising therapies for IPF [13, 18-20]. Recently,
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emerging studies have shown two main therapeutic strategies to
address the presence of senescent cells. One is the compounds
termed “senolytics”, which can selectively kill senescent cells
[21, 22]. The other relates to the potential to neutralize the
deleterious effects of SASP on senescent cells by drugs named
“senomorphics” [23]. Moreover, the classic senolytic drug cocktail
of dasatinib plus quercetin (DQ) was reported to improve
pulmonary function and physical health, which provided proof-
of-concept evidence for targeting senescent cells as a novel
pharmacological approach for the treatment of IPF.

Roxithromycin (RXM), a macrolide antibiotic, was identified as a
senolytic drug, as it was shown to eliminate senescent MRC-5 cells
[24]. Additionally, several studies have reported that RXM reduced
airway inflammation injury in asthmatic mice and bleomycin-
induced acute lung injury [25-27]. Furthermore, low-dose, long-
term RXM could ameliorate remodeling of dilated bronchial walls
in patients with noncystic fibrosis bronchiectasis [28], which
prompted us to explore whether RXM can improve lung fibrosis
via its ability to selectively kill senescent cells. It is also unknown
whether RXM can suppress SASP factors beyond eliminating
senescent cells. In this paper, we not only confirmed the ability of
RXM to selectively eliminate senescent lung fibroblasts but also
found that RXM inhibited the expression of SASP factors to
prevent senescent cells from deteriorating. Furthermore, RXM was
demonstrated to inhibit senescent cell-induced fibroblast activa-
tion in vitro and attenuate bleomycin (BLM)-induced pulmonary
fibrosis as well as the senescent phenotype during pathogenesis
in vivo. The potential mechanism of RXM was associated with the
downregulation of NADPH oxidase 4 (NOX4) expression, which is
implicated in lung fibrosis and cell senescence [18, 29]. The
antifibroblast activation and antisenescent effects of RXM were
abolished in NOX4 knockdown cells, indicating that RXM may
ameliorate BLM-induced pulmonary fibrosis by targeting senes-
cent cells mediated by the NOX4 pathway.

MATERIALS AND METHODS
Mouse model
For the experiments, we used male C57BL/6 mice (8 weeks),
weighing ~20-25g, obtained from Shanghai SLAC and main-
tained in a 12h light/dark cycle with free access to food and
water. All experimental methods were carried out in accordance
with the guidelines of the IACUC of Shanghai and the National
Research Council Guide for the Care and Use of Laboratory
Animals. All animal experiments were performed according to
procedures approved by the Animal Care and Use Committee of
the Shanghai Institute of Materia Medica. C57BL/6 male mice wre
randomly divided into six groups: the control (WT) group (n = 6),
vehicle group (n=6), OFEV group (60 mg/kg, n=6), and RXM
groups (40, 80, and 160 mg/kg, n=6). For the experiments, all
mice were anesthetized with 1% pentobarbital sodium dissolved
in saline by intraperitoneal injection at 50 mg/kg body weight and
then fixed on the surgery board. The animals received a single
dose of BLM at 0.85 U/kg or saline by intratracheal instillation with
a MicroSprayer” aerosolizer (BJ-PW-R, BioJane, Shanghai, China).
After 5 days of injection, the control and vehicle mice were
subjected to 5% sodium carboxymethyl cellulose (CMC-Na,
dissolved in saline) by oral gavage at a volume of 10 uL/g per
body weight every day, and the vehicle-treated mice received 60
mg/kg OFEV solution (dissolved in 5% CMC-Na) by oral gavage
every day. The mice from the remaining three groups were
administered RXM at 40, 80, and 160 mg/kg by oral gavage every
day. The body weight was recorded every other day and the day
the mice were killed. All mice were killed 3 weeks post-
intratracheal injection.

The reagents used were as follows: OFEV (HY-50904, Med-
ChemeExpress, NJ, USA), BLM (BD01259671, Bidepharma, Shanghai,
China), RXM (MB1621, Meilun BioTech, Dalian, China).
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Sample and tissue extraction

Bronchoalveolar lavage was performed with 6 mL of ice-cold PBS,
and 90% bronchoalveolar lavage fluid (BALF) was retrieved. The
left lobes of the lungs were fixed in 4 mL of 4% polyoxymethylene
solution and then sectioned for histological analysis. The right
lobes of the lungs were weighed and kept in liquid nitrogen and
then transferred to —80 °C for storage.

LDH and cell number evaluation

The remaining BALF was centrifuged (800 x g, 10 min), and 2 mL
of supernatant was collected and stored at —80°C for LDH
measurement. Determination of LDH concentrations was per-
formed with an automatic biochemical analyzer (AU480, Beckman
Coulter, Pasadena, CA, USA). The precipitate was resuspended in
ice-cold PBS up to 500 uL, and the cell numbers were counted
using CountStar (IC1000, Countstar BioTech, Shanghai, China).

Histological staining and semiquantitative analysis

The tissues were fixed in 4% paraformaldehyde and embedded in
paraffin. Hematoxylin—eosin (H&E) staining and Masson'’s trichome
staining were performed, and semiquantitative analysis was
performed according to the Ashcroft scoring criteria.

Immunohistochemistry (IHC) staining

The tissues were fixed in 4% paraformaldehyde and embedded in
paraffin. For immunohistochemical detection of a-SMA and p21
expression, sections were deparaffinized and rehydrated, and
then, endogenous peroxidase was quenched with 3% aqueous
hydrogen peroxide for 15 min. Then, the sections were blocked
with 5% BSA (B2064-10G, Sigma-Aldrich, St. Louis, MO, USA) in
Tris-buffered saline for 1h and incubated with the respective
primary antibodies overnight at 4°C. After PBS washes, the
secondary antibody (abs20002A, Absin Bioscience, Shanghai,
China) was used. After incubation for 30 min, 3,3’-diaminobenzi-
dine tetrahydrochloride was added for 10 min at room tempera-
ture. Finally, the slides were stained with hematoxylin and
examined under a microscope. The primary antibodies included
a-SMA (ab7817, Abcam, Cambridge, UK) and p21 (56062T, Cell
Signaling Technology, Trask Lane Danvers, MA, USA).

Immunofluorescence costaining

The tissues were fixed in 4% paraformaldehyde and embedded in
paraffin. Sections were deparaffinized and rehydrated and then
boiled in EDTA Antigen Retrieval Solution (P0085, Beyotime,
Haimen, China) for antigen retrieval. Slides were preblocked with
5% BSA in PBS and then incubated with primary antibodies
against p21 (56062T, Cell Signaling Technology, Trask Lane
Danvers, MA, USA) at 4 °C overnight. The slides were then washed
with PBS and incubated with secondary antibodies at 37 °C for 1 h.
TUNEL staining was performed as described (C1090, Beyotime,
Haimen, China). Nuclei were stained with Hoechst (C1017,
Beyotime, Haimen, China). Finally, the slides were observed and
photographed using a fluorescence microscope (1013688, PE
Vectra3, Perkin Elmer, Waltham, MA, USA).

Detection of lung hydroxyproline (HYP) content

The hydroxyproline (HYP) assay was performed as follows. Briefly,
20mg of tissue from the right lobes of the lungs was
homogenized in 5mL of 50% HCl and then placed at 120 °C for
22 h. If liquid was lost, the samples were filled with up to 5 mL of
50% HCI. The samples were filtered with a 0.45 um microfiltration
membrane, and 100 yL of the samples was dried at 40°C for
3 days. Each sample was added to 1200 pyL of 50% isopropanol
and 200 pL of chloramine T working solution (1.8% trisodium
citrate dihydrate, 0.3% citric acid, 2.8% sodium acetate, 19.2%
isopropanol, 0.6% chloramine T) at room temperature for 10 min.
One milliliter of Ehrlich working solution (13.6% dimethylamino-
benzaldehyde, 14.9% perchloric acid, 73% isopropanol) was added
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Table 1. Primer information of qPCR experiments.
Gene names Sense (5-3)
H-GAPDH CATTTCCTGGTATGACAACGA
H-p21 CCAGCATGACAGATTTCTACC
H-p53 AGACCTATGGAAACTACTTCCTG
H-p16 CTCGTGCTGATGCTACTGAGGA
H-IL-6 AGACAGCCACTCACCTCTTCAG
H-IL-8 GAGAGTGATTGAGAGTGGACCAC
H-TNFa CTCTTCTGCCTGCTGCACTTTG
H-MMP-9 GCCACTACTGTGCCTTTGAGTC
H-Fibronectin ACAACACCGAGGTGACTGAGAC
H-a-SMA CTATGCCTCTGGACGCACAACT
H-Collagen | GATTCCCTGGACCTAAAGGTGC
M-GAPDH ATGGTGAAGGTCGGTGTGAAC
M-IL-6 TACCACTTCACAAGTCGGAGGC
M-p53 GTTATGTGCACGTACTCTCC
M-Fibronectin CCCTATCTCTGATACCGTTGTCC
M-a-SMA TGCTGACAGAGGCACCACTGAA
M-Collagen | CCTCAGGGTATTGCTGGACAAC
M-TNFa TGATACGCCTGAGTGGCTGTCT
M-CXCL15 GGTGATATTCGAGACCATTTACTG

GTCTACATGGCAACTGTGAG
CAGGGTATGTACATGAGGAGG
GGGAAGGGACAGAAGATGAC
GGTCGGCGCAGTTGGGCTCC
TTCTGCCAGTGCCTCTTTGCTG
CACAACCCTCTGCACCCAGTTT
ATGGGCTACAGGCTTGTCACTC
CCCTCAGAGAATCGCCAGTACT
GGACACAACGATGCTTCCTGAG
CAGATCCAGACGCATGATGGCA
AGCCTCTCCATCTTTGCCAGCA
GCCGTGAGTGGAGTCATACTG
CTGCAAGTGCATCATCGTTGTTC
ACTCGGGATACAAATTTCCT
TGCCGCAACTACTGTGATTCGG
CAGTTGTACGTCCAGAGGCATAG
CAGAAGGACCTTGTTTGCCAGG
CACAAGAGCAGTGAGCGCTGAA
GCCAACAGTAGCCTTCACCCAT

to each sample and then incubated in a 50 °C water bath for 1.5 h.
The OD value was measured at 558 nm using a spectrophot-
ometer (SpectraMax M5, Molecular Devices, Santa Clara, CA, USA)
and compared to a HYP standard curve.

RNA extraction and quantitative real-time polymerase chain
reaction
Total RNA was extracted using ~200 uL of TRIzol reagent (9019,
TaKaRa, Japan). One microgram of the total RNA was transcribed
into cDNA in 20 pL reactions using the PrimeScript RT Master Mix
(RR0O36, TaKaRa, Japan) and then diluted to 300 uL, which was
used in subsequent real-time qPCR reactions. Real-time qPCR was
performed using the SYBR Green gPCR Kit (B21702, Bimake,
Houston, TX, USA) on an Agilent Mx3000P system (Agilent
Technologies, Santa Clara, CA, USA) as specified by the
manufacturer. All reactions were performed in triplicate.

Table 1 shows the primer sequences (5'-3’). The data were
averaged and normalized to the expression level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Cell culture

MRC-5 and WI-38 cells were purchased from ATCC and maintained
in EMEM (30-2003, Gibco, Waltham, MA, USA) supplemented with
10% FBS (10091-148, Gibco, Waltham, MA, USA) and 1% penicillin-
streptomycin-glutamine (0242,0382, VWR Life Science, PA, USA).
A549 cells were purchased from ATCC and maintained in EMEM
(30-2003, Gibco, Waltham, MA, USA) supplemented with 10% FBS
(10091-148, Gibco, Waltham, MA, USA), 0.1% penicillin-
streptomycin-glutamine (0242,0382, VWR Life Science, PA, USA),
and 1% MEM nonessential amino acids (2176640, VWR Life
Science, PA, USA). The cells were all incubated in a humidified
atmosphere of 5% CO, and 95% air at 37 °C and split when they
reached 95% confluency.

For the fibroblast activation experiment, MRC-5 cells were
cultured in a 24-well plate. After 12 h, the original medium was
removed, and MRC-5 cells were starved with EMEM (30-2003,
Gibco, Waltham, MA, USA) supplemented with 0.5% FBS (10091-
148, Gibco, Waltham, MA, USA). After another 12 h, the cells were
treated with OFEV (0.5 uM, HY-50904, MedChemExpress, NJ, USA),
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TGF-B (5ng/mL, 10804-HNAC, Sino Biological Inc, Beijing,
China) +RXM (10, 20, 40, and 80 uM, MB1621, Meilun BioTech,
Dalian, China) or TGF-B (5 ng/mL, 10804-HNAC, Sino Biological Inc,
Beijing, China) alone for 24 h before Western blot analysis. For the
NOX4 dependency experiment, 24-well plate-cultured MRC-5 cells
were transfected with 1puL of siNOX4 using Lipofectamine”
RNAIMAX (2044225, Invitrogen, Carlsbad, CA, USA) for 24 h before
treatment with 5 ng/mL TGF-3 (10804-HNAC, Sino Biological Inc,
Beijing, China) alone or 40 uM RXM (MB1621, Meilun BioTech,
Dalian, China) for another 24 h. The knockdown efficiency was
confirmed at the protein level. Further detection of fibrotic
markers was performed via Western blot analysis.

NOX4 siRNA was purchased from GenePharma, Shanghai,
China.

Sense (5’-3'): UCUGUAUCCCAUCUGUUUGAC

Anti-Sense (5'-3'): CAAACAGAUGGGAUACAGAAG

Senescent cell models

WI-38 cells were exposed to 15 Gy of irradiation using a biological
X-ray irradiator (RS2000, Rad Source Technologies, Buford, GA,
USA) or treated with BLM (25 pg/mL) to obtain the senescent
phenotype after 7 days. Senescence was confirmed by expression
profiling (p21, 53, and IL-8) and senescence-associated [-
galactosidase (SA-B-gal) staining. For the MTS assay, proliferating
and senescent cells were cultured in 96-well plates for 24 h before
the cells were treated with 20, 40, 60, 80, or 100 uM RXM for
another 60-72 h. The MTS assay was performed to evaluate cell
viability.

For induction of cell cycle arrest (short-term senescence), A549
cells were exposed to 25 pug/mL BLM (BD01259671, Bidepharma,
Shanghai, China) with 40 or 80 uM RXM (MB1621, Meilun BioTech,
Dalian, China) for 24 h, and fresh medium was added for another
24 h before the detection of p53, p21, and p16 expression via
Western blots and gPCR analysis. For cellular senescence, A549
cells were simultaneously treated with 5 ug/mL BLM (BD01259671,
Bidepharma, Shanghai, China) and 40 or 80 uM RXM (MB1621,
Meilun BioTech, Dalian, China) for 6 days or treated with 5 ug/mL
BLM for 6 days followed by RXM exposure for another 3 days
before Western blot or gPCR analysis. For SASP factor-induced
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activation of lung fibroblasts, A549 cells were treated with 10 pg/
mL BLM (BD01259671, Bidepharma, Shanghai, China) alone or
with 40 or 80 uM RXM (MB1621, Meilun BioTech, Dalian, China) for
3 days. After fresh medium was added and the cells were cultured
for another 3 days, the supernatant was obtained to culture MRC-5
cells for 3 days. Then, the MRC-5 cells were harvested for the
evaluation of a-SMA, fibronectin, and collagen | expression. For
the NOX4 dependency experiment, 24-well-cultured A549 cells
were transfected with 1pL of siNOX4 using Lipofectamine”
RNAIMAX (2044225, Invitrogen, Carlsbad, CA, USA) for 24 h before
treatment with 15ug/mL of BLM (BD01259671, Bidepharma,
Shanghai, China) alone or with 40 uM RXM (MB1621, Meilun
BioTech, Dalian, China) for 3 days. The knockdown efficiency was
confirmed at the mRNA level. Further detection of the senescent
marker MMP-9 was performed via gPCR analysis.

MTS assay

The MTS assay was performed using a CellTiter96" AQueous Non-
Radioactive Cell Proliferation Assay (MTS) kit (G111, Promega,
Madison, WI, USA) according to the manufacturer’s instructions.
Briefly, the MTS solution and PMS solution (20:1) were mixed and
added to each well of a 96-well plate at a volume of 10 uL and
incubated for 4 h. The absorbance was read at 490 nm with a
spectrophotometer (SpectraMax M5, Molecular Devices, Santa
Clara, CA, USA).

Senescence-associated (3-galactosidase (SA-B-gal) staining
SA-B-gal staining was performed using a Senescence [3-
Galactosidase Staining Kit (C0602, Beyotime, Haimen, China)
according to the manufacturer’s instructions. Cell samples were
fixed with the fixation solution from the kit for 15 min. After three
rinses with PBS for 5min, the cells were incubated with freshly
prepared SA-B-Gal staining solution overnight in a 37 °C humidified
chamber. The next day, the cells were washed three times in PBS for
5min at room temperature and observed with a microscope.

Flow cytometric assay

WI-38 cells were exposed to 25pg/mL BLM (BD01259671,
Bidepharma, Shanghai, China) for 7 days and treated with 40,
80, or 120 uM RXM (MB1621, Meilun BioTech, Dalian, China) for
another 3 days. Then, the cells were harvested for Annexin V-FITC
staining (KGA108, KeyGEN BioTech, Nanjing, China) according to
the manufacturer’s instructions. Briefly, the cells were trypsinized
(EDTA free) and centrifuged at 2000 r/min for 5 min three times.
Then, the supernatant was discarded, and (1-5) x 10° cell pellets
were resuspended in 500 pL of binding buffer. Annexin V (5 uL)
was added to the cell suspension in the dark. The suspension was
then detected by flow cytometry within 15 min. The apoptosis rate
was determined by flow cytometry.

Human IL-8 ELISA measurement

The Human IL-8/CXCL15 Valkine™ ELISA kit (VAL103) was
purchased from Novus Biologicals (Littleton, CO, USA) and the
measurement was conducted according to the manufacturer’s
instructions. Briefly, the supernatant was collected and added to
the well of a human IL-8 microplate for 2 h. After the samples were
washed with wash solution, 100 uL of human IL-8 conjugate was
added to each well for 2 h. The washing process was repeated,
and 200 pL of Substrate Solution was added and incubated for 30
min. Then, 50 uL of Stop Solution was added to each well, and the
optical density was determined within 30 min using a microplate
reader (SpectraMax M5, Molecular Devices, Santa Clara, CA, USA)
set to 450 nm.

Western blot analysis

Protein samples were processed with SDS loading buffer and
boiled to denature the proteins. Then, the denatured samples
were separated based on size using 10%-15% SDS-polyacrylamide
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gel electrophoresis, followed by transferring the proteins of
interest to a membrane. The membrane was blocked with 5%
milk or BSA solution for 1h to prevent nonspecific antibody
binding. Then, the membrane was incubated with the appropriate
primary antibodies at 4 °C overnight, followed by incubation with
a secondary antibody at room temperature for 1h. Finally, the
membrane was stained with ECL detection buffer (1705061, Bio-
Rad, Hercules, CA, USA) and imaged by a ChemiDoc system.
Primary antibodies included GAPDH (ab8245, Abcam, Cambridge,
UK), a-SMA (ab7817, Abcam, Cambridge, UK), fibronectin (ab2413,
Abcam, Cambridge, UK), collagen la1 (ab34710, Abcam, Cam-
bridge, UK), and NOX4 (A11274, ABclonal, Wuhan, China), and a
senescence marker antibody sampler kit (56062T, Cell Signaling
Technology, Trask Lane Danvers, MA, USA) containing p21, p16,
IL-6, MMP-3, TNFa, HMGB1, and p53 (48818S, Cell Signaling
Technology, Trask Lane Danvers, MA, USA) was used.

Statistical analysis

All values are expressed as the mean +SEM, and comparisons
between two groups were performed using two-tailed unpaired
Student’s t test or one-way ANOVA. Statistical analyses were
performed using GraphPad Prism software. Statistical significance
was determined at P < 0.05 (*); P<0.01 (**); and P < 0.001 (***).

RESULTS

Roxithromycin selectively killed senescent cells

To determine whether RXM selectively kills senescent cells, we
devised an in vitro assay with human fetal lung diploid fibroblasts
(WI-38). WI-38 cells were exposed to 15 Gy irradiation (IR) to
induce observable senescence after 7 days. The senescent
phenotype was confirmed by SA-B-gal staining and mRNA and
protein expression of senescent factors (p21 and p53) and SASP
factors (IL-8 and IL-6) (Fig. 1a—f). Subsequently, cell viability was
measured by MTS assays, which showed that RXM, even at a
maximum concentration, had almost no effect on the viability of
normal cells but selectively killed senescent cells in a
concentration-dependent manner (Fig. 1g). We further confirmed
its potential role as a senolytic drug in BLM-induced WI-38 cell
senescence (Fig. Th). The results also revealed that RXM exhibited
a weaker senolytic effect in BLM-induced senescence than IR-
induced senescence, as a higher concentration was required to
elicit similar efficacy. It was reported that BLM is more potent in
inducing whole-chromosome loss than X-rays [30], so we next
confirmed the differences in the degree of senescence between
BLM and X-irradiation stimulation. WI-38 cells were treated with
25 ug/mL BLM or 15 Gy X-irradiation for 7 days, and then, qPCR
and Western blot experiments were performed. As shown in
Supplementary Fig. S1, compared to irradiation, BLM treatment
led to a higher expression of SASP factors, such as IL-6, IL-8, and
p21, which indicated that this dose of BLM induced more severe
senescence in WI-38 cells. Considering that senescent cells are
resistant to cell death, we assume that this senescent status
requires a higher concentration of senolytics to kill senescent cells
[23]. According to previous studies, RXM could induce apoptosis in
neutrophils and airway smooth muscle cells [31, 32], so we also
performed flow cytometry to determine the type of cell death in
senescent WI-38 cells. As shown in Fig. 1i, j RXM significantly
increased the proportion of apoptotic cells, indicating that RXM
induced apoptosis to eliminate senescent cells. Cumulatively,
these data indicated that RXM selectively targeted and cleared
senescent lung fibroblasts.

Roxithromycin inhibited the expression of SASP factors

Next, we sought to determine whether RXM could suppress SASP
factors to prevent extensive local and systemic dysfunction. A549,
a cell line usually used as a replacement for primary AECs, was
exposed to BLM to induce a senescent phenotype and treated
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induced senescent WI-38 cells. Senescent cell numbers were counted by ImageJ after 7 days of irradiation. c—f The mRNA levels of p21, p53,
and IL-8 determined by qPCR and the protein levels of p21, p53, and IL-6 determined by Western blots in proliferating and senescent WI-38
cells were analyzed 7 days after irradiation. g After 7 days of irradiation, proliferating and senescent WI-38 cells were subjected to RXM
treatments at different concentrations, and cell viability was tested by MTS assays. h WI-38 cells were treated with 25 pg/mL BLM for 7 days,
and then, the supernatant was changed with RXM at the indicated concentration for another 3 days. Cell viability was evaluated by MTS
assays. i, j The apoptotic rate of WI-38 cells from the indicated group of (h) was measured by flow cytometric analysis. The results are

presented as the mean + SEM from three independent experiments. Statistical significance, *P < 0.05; **P < 0.01; ****P < 0.0001.

with RXM at the indicated concentrations and time points. As
shown in Fig. 2a-d, 25 pg/mL BLM treatment for 24 h led to cell
cycle arrest, resulting in increased expression of p53, p21, and p16
at the protein and mRNA levels, which were significantly
suppressed by RXM treatment. In addition, the expression of
SASP factors, including IL-6, IL-8, MMP-9, and TNFa, was markedly
elevated after 6 days of 5 ug/mL BLM treatment, and simultaneous
RXM treatment dramatically decreased their expression levels in a
dose-dependent manner (Fig. 2e-j). We also collected the
supernatant of A549 cells from the indicated group in Fig. 2e to
conduct an IL-8 ELISA. As shown in Fig. 2k, the secretion of IL-8
was significantly reduced by RXM. To better address the
senomorphic potential of RXM to reverse SASP factor expression,
we exposed A549 cells to 5pug/mL BLM for 6 days followed by
RXM treatment for another 3 days. The transcriptional expression
of the SASP factors IL-6 and IL-8 was dramatically reversed by RXM
in a concentration-dependent manner. These results suggested
that RXM not only attenuated BLM-induced cell cycle arrest and
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prevented SASP factors secretion but also reversed SASP factor
expression.

Roxithromycin inhibited senescent cell-induced fibroblast
activation
During the pathogenesis of IPF, senescent AEC2-derived TGF-B1 is
probably the strongest profibrotic mediator that promotes the
differentiation of fibroblasts into myofibroblasts [33]. Therefore,
we first investigated the effect of RXM on fibroblast activation
stimulated by TGF-B1 in MRC-5 cells. With OFEV as the positive
control, immunoblot and RNA expression analysis revealed that
the expression of fibronectin, collagen | and a-SMA was dose-
dependently inhibited in MRC-5 cells by RXM treatment compared
with that of the cells subjected to TGF-B treatment alone
(Fig. 3a-d).

To better mimic the effect of senescent AEC2s in fibroblast
activation in vivo, we devised an in vitro assay to test the effect of
RXM on SASP factor-induced activation in lung fibroblasts. A549
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Fig. 2 Roxithromycin inhibited the expression of SASP factors. a-d A549 cells were exposed to 25 pg/mL BLM alone or with RXM at the
indicated concentrations for 24 h and replaced with fresh medium for another 24 h. The expression of p53, p21, and p16 was determined with
(a) Western blots and (b-d) qPCR analysis. A549 cells were treated with 5 pg/mL BLM alone or with RXM at the indicated concentrations for
6 days before (e) Western blots, (f-j) gPCR analysis of IL-8, IL-6, p21, MMP-9, and TNFa, and (k) human IL-8 secretion measurement by ELISAs.
I, m A549 cells were exposed to 5 pg/mL BLM for 6 days followed by RXM treatment for another 3 days. mRNA expression of SASP factors,
including IL-6 and IL-8, was evaluated. The results are presented as the mean +SEM from three independent experiments. Statistical

significance, *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.

cells were treated with 10 pg/mL BLM alone or with RXM for
3 days to generate cell senescence. After changing with the fresh
medium and cultured for another 3 days, the cell medium
containing SASP factors (SASP-CM) was obtained to culture MRC-5
cells for another 3 days (Fig. 3e). Then, fibrotic markers, including
a-SMA, fibronectin, and collagen |, in MRC-5 cells were analyzed.
As shown in Fig. 3f-h, compared with that in the control
conditioned medium group, the expression of ECM proteins was
increased in the SASP-CM group and was significantly decreased
in the medium from the RXM-treated groups. These results
indicated that RXM was effective in preventing fibroblast
activation by inhibiting profibrotic SASP factors, which play a
crucial role in the progression of IPF.

Roxithromycin attenuated bleomycin-induced lung injury and
inflammation

Next, we further substantiated the efficacy of RXM on IPF in an
in vivo mouse model of BLM-induced pulmonary fibrosis, which
is a classic model and widely used in IPF studies [34]. To show
the possible clinical relevance of RXM in the treatment of IPF, we
performed intragastric administration of RXM at different
concentrations on day 6 following intratracheal BLM treatment,
with the nintedanib (OFEV) group as a positive control (Fig. 4a).
Compared with the WT group, the vehicle group showed
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significantly diminished body weight upon BLM treatment, an
important indicator of pathological severity following BLM
challenge, while 80 mg/kg RXM and OFEV largely reversed this
effect (Fig. 4b) [35]. After sacrifice on day 22, the 80 mg/kg RXM-
treated mice displayed a significantly lower lung/body weight
ratio than the vehicle-treated mice (Fig. 4c). As the BLM-exposed
mice were initially characterized by lung injury and proinflam-
matory cytokines, the total number of inflammatory cells, lactate
dehydrogenase (LDH) concentration, and histological structure
of the lungs were investigated to evaluate the effect of RXM. We
found that the inflammatory cell numbers presented a decreas-
ing trend in the BALF of the 80 mg/kg RXM- and OFEV-treated
mice compared with that of the vehicle group (Fig. 4d). LDH, a
useful indicator of lung tissue damage and inflammation in
BALF, was significantly reduced by 80 mg/kg RXM compared
with vehicle treatment (Fig. 4e) [36]. Histologically, H&E staining
showed severe dysfunction in the structure of the lung sections
from the vehicle-treated mice, which had thickened alveolar
walls and inflammatory cell infiltration, thus resulting in an
enlarged alveolar space (Fig. 4f, g). The RXM- and OFEV-treated
mice showed decreased dysfunction, presenting much more
intact alveoli and thin, clear alveolar walls. These results
collectively demonstrated that RXM attenuated BLM-induced
lung injuries and inflammation.
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Fig. 3 Roxithromycin inhibited senescent cell-induced fibroblast activation. MRC-5 cells were treated with OFEV (0.5 pM), TGF-B (5 ng/mL) +
RXM (10, 20, 40, and 80 pM) or TGF-$ (5 ng/mL) alone for 24 h before (a) Western blots and (b-d) qPCR analysis of fibronectin, collagen | and a-
SMA. e-h A549 cells were treated with 10 pg/mL BLM alone or with 40 or 80 pM RXM for 3 days, followed by replacement with fresh medium
and culture for another 3 days. Then, the cell medium was collected to culture MRC-5 cells for 3 days again. e Schematic map of the in vitro
assay. f-h MRC-5 cells were harvested for the evaluation of a-SMA, fibronectin, and collagen | expression via RT-gPCR analysis. The results are
presented as the mean + SEM from three independent experiments. Statistical significance, *P < 0.05; **P < 0.01; ***P < 0.001.

(Y
o

5> 28
Bleomycin Intervention Sacrifice = 27 - WT
£ 2 { = Vehic
=) 25 % icle
Roxithromycin or OFEV § 24 ]*]* - RXM (40mg/kg)
& 2l P Z, 23 — RXM (80mg/kg)
d1 d6 d22 E %% - OFEV (60 mg/kg))
20 T T
7 14 21
Day
c d e f
BALF: Cell numbers BALF: LDH biEece

—

lung / body weight ratio
(fold change)
Cell numbers (million)

wWT Vehicle RXM (40mg/kg) RXM (80mg/kg) OFEV (60mg/kg)
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Fig. 5 Roxithromycin ameliorated bleomycin-induced pulmonary fibrosis. a, b Histopathological images of lung sections by Masson’s
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images of immunohistochemistry (IHC) staining for a-SMA in the lungs. The results are presented as the mean + SEM from three independent
experiments. Statistical significance, *P < 0.05; **P < 0.01; ***P < 0.001.

Roxithromycin ameliorated bleomycin-induced pulmonary fibrosis
Based on these anti-inflammatory effects of RXM, we further
investigated its efficacy on fibrosis induced by BLM. Masson’s
trichome staining demonstrated that the 80 mg/kg RXM treat-
ment ameliorated the collagen deposition induced by BLM in a
dose-dependent manner (Fig. 5a, b). Consistently, HYP, the main
component of collagen, was also significantly inhibited by RXM
compared with that in the vehicle group, and RXM treatment
was much more efficient than OFEV treatment (Fig. 5c). We
further evaluated ECM proteins and TGF-f3 expression, which are
biomarkers for fibrotic levels, in the indicated groups. As shown
in Fig. 5d-f, the transcriptional levels of TGF-pB, fibronectin, and
collagen | were significantly decreased in both the RXM- and
OFEV-treated mice compared with the vehicle-treated mice.
Similarly, immunohistochemistry (IHC) analysis also revealed
downregulated a-SMA expression in the RXM-treated groups
(Fig. 59). Collectively, these data indicated that RXM, especially
at a dose of 80mg/kg, protected against bleomycin-induced
pulmonary fibrosis.

The bleomycin-induced cellular senescent phenotype was
diminished by roxithromycin

Senescent cells are the source of activation of multiple signaling
pathways that mediate persistent fibrotic activation in lung
fibrosis [13]. Recent studies have revealed that BLM-induced
cellular senescence contributes to the progression of lung fibrosis,
making it a target for improving lung function and physical health
[13]. To determine whether RXM can ameliorate the senescent
phenotype of lung fibrosis, we investigated senescent biomarkers
such as p53, IL-6, TNFq, and CXCL15 [1, 37]. As shown in Fig. 6a-d,
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RXM treatment significantly blunted the increased transcriptional
levels of p53, IL-6, TNFa, and CXCL15 stimulated by BLM.
Consistently, IHC analysis of p21 showed a marked decrease in
the lungs of the RXM-treated mice compared with those of the
vehicle group (Fig. 6e). Next, to further verify the senolytic effect of
RXM in vivo, we performed immunofluorescence costaining of p21
and TUNEL on the tissue sections. The costaining results
demonstrated that RXM induced apoptosis of senescent cells
marked by p21 (Fig. 6f). Taken together, these murine data
strongly indicate that RXM treatment may suppress the senescent
phenotype in BLM-induced pulmonary fibrosis.

Roxithromycin downregulated the expression of NOX4 in lung
fibrosis

It has been reported that cellular senescence aggravates lung
fibrosis through a mechanism that involves NOX4-mediated ROS
production, which is implicated in regulating TGF-B-mediated cell
signaling and myofibroblast differentiation [18, 29]. Furthermore,
many kinds of macrolides, including RXM, have been reported to
inhibit NOX4 expression and myofibroblast differentiation during
TGF-B stimulation of nasal polyp-derived fibroblasts [38]. Based on
these findings, we aimed to evaluate whether RXM mediated
antifibrotic and antisenescent effects in IPF by regulating NOX4
expression. As shown in Fig. 7a, b, we observed that RXM dose-
dependently reduced NOX4 expression in both the lung tissues
from the BLM-treated mice and the TGF-B-activated MRC-5 cells.
We then designed NOX4 siRNA for gene silencing to explore the
dependence of RXM on NOXA4. The knockdown efficiency of siRNA
in MRC-5 and A549 cells was confirmed by RNA expression and
immunoblot analysis, as shown in Fig. 7c, d. MRC-5 cells were
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transfected with NC or siNOX4 and then stimulated with TGF-3
alone or together with RXM treatment. We found that NOX4
deficiency in MRC-5 cells reversed TGF-f-induced fibronectin and
a-SMA upregulation compared with that in the NC group (Fig. 7e).
More importantly, NOX4 deficiency abolished the antifibrotic
effect of RXM (Fig. 7e). In the parallel senescent cell model, similar
results showed that the increase in the SASP factor MMP-9 due to
BLM treatment was no longer downregulated by RXM when NOX4
was knocked down, which suggested the dependency of RXM on
NOX4 (Fig. 7f). Taken together, these results supported the notion
that RXM mediated the antifibrotic and antisenescent effects
mainly through downregulation of NOXA4.

DISCUSSION

In the present study, we used ionizing irradiation and BLM-
induced senescent cell models and found that RXM could
selectively eliminate senescent cells and inhibit SASP factors.
Further, RXM was demonstrated to inhibit senescent cell-induced
fibroblast activation in vitro. Then, the anti-inflammatory and
antifibrotic effects of RXM were confirmed in mouse model of a
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BLM-induced lung fibrosis. To determine whether RXM inhibited
the senescent phenotype in vivo, we assessed SASP markers and
apoptosis of lung tissues, which showed that cellular senescence
was diminished while apoptosis of senescent cells was enhanced
in the RXM group. NOX4 has been implicated in TGF-B-induced
myofibroblast differentiation and the senescent phenotype in IPF,
the inhibition of which was shown to reduce senescent markers of
lung fibroblasts according to previous studies. Azithromycin,
another kind of macrolide antibiotic, was also reported to
attenuate the progression of pulmonary fibrosis through protea-
somal degradation of NOX4 [39, 40]. Additionally, previous studies
revealed that azithromycin and RXM inhibited a-SMA and collagen
expression in TGF-B-stimulated nasal polyp-derived fibroblasts,
potentially through their antioxidant effect on NOX4 [4, 38]. Based
on these findings, we next evaluated the effect of RXM on NOX4 in
our model and found that RXM suppressed its expression in both
TGF-B-stimulated MRC-5 cells and a mouse model of BLM-induced
lung fibrosis. The dependence of RXM on NOX4 was further
elucidated using siRNA targeting NOX4 in MRC-5 and A549 cells.
Considering that there are indeed many other pathways that
induce NOX4 expression other than TGF-3, such as PKC and TxNIP,
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Fig. 7 Roxithromycin downregulated the expression of NOX4 in lung fibrosis. a The mRNA level of NOX4 in the lungs of the mice from the
indicated groups was evaluated with qPCR analysis. b The mRNA level of NOX4 in the MRC-5 cells stimulated with TGF-f or RXM was
determined by gPCR analysis. c—f Twenty-four-well-cultured MRC-5 and A549 cells were transfected with 1 pL of siNOX4 for 24 h. MRC-5 cells
were then treated with 5 ng/mL TGF- alone or with 40 pM RXM for another 24 h. A549 cells were treated with 15 pg/mL BLM alone or with
40 uM RXM for another 3 days. The cells were harvested for further analysis. ¢, d The knockdown efficiency of NOX4 in MRC-5 and A549 cells
was confirmed by qPCR and Western blot analysis, respectively. e Detection of fibrotic markers in MRC-5 cells was performed by Western blot
analysis. f Evaluation of MMP-9 in A549 cells was performed with qPCR analysis. The results are presented as the mean + SEM from three
independent experiments. Statistical significance, *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.

it is reasonable that RXM did not reverse NOX4 expression to
baseline [23]. However, the specific mechanism by which RXM
downregulates NOX4 expression and one of the downstream
pathways involved in mediating cellular senescence is unclear,
and further studies will be employed to demonstrate this issue.
Emerging evidence has shown that IPF is an aging-related disease
involving accumulation of cell senescence, fibrosis, matrix remodel-
ing, inflammation, DNA damage, telomere attrition, and alveolar
epithelial oxidation [41]. Two therapeutic approaches involving
drugs termed “senolytics” or “senomorphics” are the main strategies
to address age-related diseases [23]. “Senolytic” refers to the effect
of selective elimination of senescent cells. Recently, it was reported
that senolytic drugs could relieve or reverse the development of
aging-related diseases, such as cardiac dysregulation, diabetes
mellitus, and pulmonary fibrosis [42]. Studies have revealed that
treatment with dasatinib (D) and quercetin (Q) in combination (DQ)
in large randomized, controlled trials for IPF is feasible [41]. Notably,
senescent cells also play an important role in tissue homeostasis
under physiological conditions, making senolytics a cautious choice.
An alternative application is the drugs named “senomorphics”,
which have the ability to neutralize the detrimental effect of SASP
factors. Currently, major efforts have been made to identify novel
antisenescent compounds for IPF therapy. Previous studies have
defined azithromycin and RXM, both macrolide antibiotics that act
as senolytic drugs that target senescent lung fibroblasts, but their
parent macrolide compound erythromycin shows no senolytic
properties [24]. In addition, it has been reported that RXM and
clarithromycin inhibit BLM-induced acute lung injury in mice,
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whereas azithromycin showed a weaker anti-inflammatory effect
in this model [27]. Previous findings, together with our work,
highlight the problem of whether the difference in this effect is due
to a specific molecular structure. Could this chemical structure be
employed for further modifications to obtain compounds with even
better senolytic and antifibrotic activities? These questions deserve
further consideration and research. Despite this, systematic and
comprehensive studies of RXM in lung fibrosis and its relationship
with cell senescence remain elusive. Our work not only supported
the previous discoveries but also provided extended evidence that
RXM is not only a senolytic but also a senomorphic. In addition, RXM
was able to ameliorate both BLM-induced pulmonary fibrosis and
the senescent phenotype in a NOX4-dependent manner, suggesting
the potential of RXM as a therapy for IPF.

In the mouse model of BLM-induced pulmonary fibrosis, we
started RXM intervention 5 days after BLM challenge when the
inflammatory and fibrotic status of the lung tissues was significantly
enhanced, similar to the status at day 7 after BLM exposure (data not
shown). Among the studies on pulmonary fibrosis, drug intervention
usually starts at 0 or 7 days after BLM administration in vivo,
including preclinical pharmacological studies of the FDA-approved
drug nintedanib, which might be attributed to the self-resolution of
BLM-induced lung fibrosis in the late stage [43]. Therefore, it is
currently difficult to start drug interventions in the late stage,
indicating that animal models that can completely simulate human
pulmonary fibrosis are in demand. Moreover, IPF patients are usually
in the end stage of fibrosis when they present for clinical treatment;
thus, it would be logical to test drugs in a more appropriate model
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of fibrosis, which may help replace the existing lung transplantation
treatment of end-stage patients in the future.
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