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Abstract
Alveolar epithelial cells (ACEs) gradually senescent as aging, which is one of
the main causes of respiratory defense and function decline. Investigating the
mechanisms of ACE senescence is important for understanding how the human
respiratory system works. NAD+ is reported to reduce during the aging process.
Supplementing NAD+ intermediates can activate sirtuin deacylases (SIRT1–
SIRT7), which regulates the benefits of exercise and dietary restriction, reduce
the level of intracellular oxidative stress, and improve mitochondrial function,
thereby reversing cell senescence. We showed that nicotinamide mononu-
cleotide (NMN) could effectively mitigate age-associated physiological decline
in the lung of 8–10months old C57BL/6mice and bleomycin-induced pulmonary
fibrosis in young mice of 6–8 weeks. Besides, the treatment of primary ACEs
with NMN can markedly ameliorate cell senescence phenotype in vitro. These
findings to improve the respiratory system function and reduce the incidence
and mortality from respiratory diseases in the elderly are of great significance.
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1 INTRODUCTION

One of the most significant changes in lung with aging
is the decrease in the number and function of alveo-
lar epithelial cells (ACEs).1–3 ACEs mainly locate at the
terminal end of the respiratory tract and are the main
components of the blood gas barrier. They are classified
into type I alveolar epithelial cells (AECIs) and type II
alveolar epithelial cells (AECIIs). AECIs account for 96%
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of the total AECs, while AECIIs only 4%. Interestingly,
AECIIs in the lung are active progenitor and secretory
cells, secrete alveolar surfactant, and maintain alveolar
surface tension.4,5 AECs constitute 99% of the surface area
of the lung, playing a major role in lung functions: barrier,
gas exchange, and immunomodulation. The senescence
of these cells is the main reason for the decline of lung
function in aging.6 Although AECs senescence is of great
significance for the study of senescence-related chronic
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lung diseases, its specific mechanism and role are still not
fully understood.7,8 NAD+ supplementation is reported to
improvemany aging-related diseases, such as neurodegen-
erative diseases.9–12 However, the effects of NAD+ precur-
sors on pulmonary aging and AECs senescence have not
been reported.
Recent studies have found that supplementation of

NAD+ precursor nicotinamide mononucleotide (NMN)
and nicotinamide riboside (NR) can increase the levels of
NAD+ within cells.10,13 Supplementation of NMN to AECs
cultured in vitro can significantly alleviate the replication
senescence of AECs, preventing age-related physiological
decline, increasing DNA repair function, and improving
mitochondrial dysfunction and glucose intolerance.13,14
Whether adding NAD+ precursor in vivo could alleviate
the lung aging and improve ACEs senescence in vitro is
still unclear.15

2 RESULTS

2.1 NMN relieves alveolar cell
senescence in aged mice

The function of various tissues and organs of the body
decreases with aging, accompanied by a decrease in
intracellular NAD+, including the lungs.13,16–18 However,
whether the reduction of NAD+ mediates the senescence
of alveolar cells andwhether the supplementation of NMN
could alleviate this phenotype had not been reported. We
administered NMN to C57/BL6 mice aged 8–10 months
at a dosage of 500 mg/kg/day for 2 months. After that,
aging indexes of lung tissue were detected. Senescent cells
accompanied by a reduced proliferative capacity, mainly
due to the increase in expression of cell cycle inhibitor
proteins.19 We found that aging-related cyclic inhibitory

F IGURE 1 Age-related proteins were significantly decreased in the lung tissues of NMN-supplemented mice. (A) The P16,P21
(bar = 20 μm) immunohistochemical staining was performed on the paraffin sections of mice in the four groups (young control group, aged
control group, aged and NMN group by drinking water (DW), and aged and NMN group by gavage (G), 10 mice in each group). (B) Five visual
fields of mice lung tissue aging related protein P16 staining were randomly taken for statistical analysis. (C) Five visual fields of mice lung
tissue aging related protein P21 staining were randomly taken for statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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proteins were significantly reduced in aging+NMN group
by gavage, and aging+NMN group by drinking water com-
pared with the aging group (Figure 1). Therefore, we
believe the long-term adding of NMN can be effective in
improving lung aging.

2.2 NMN can relieve replicative
senescence of ACEs

On the basis of animal experiments, we wanted to further
explorewhetherNMNcould directly alleviateACE replica-
tive senescence and stress-induced senescence. In order to
confirm this hypothesis, we isolated primary ACEs. Cells
appeared senescence phenotype when they were passaged
to 7th/8th generation. The size of the cells appeared to
be rounded, significantly larger in morphology and cell
proliferation was inhibited. One of the reasons for cell
senescence is the decrease of NAD+, the imbalance of oxi-
dation/antioxidant system, and the stress-induced senes-
cence caused by increased oxidative stress.20–22 NMN,
the precursor of NAD+, can effectively increase the level
of NAD+ in vivo.14 We found that NMN supplementa-
tion could effectively alleviate the senescence of ACEs.
NMN was added to the cells from passage 4th to pas-
sage 7th (P7). And the phenotype of cell senescence was
significantly improved compared with the control group
(P3). Senescence-related SA-β-gal staining was found to
be significantly reduced in ACEs in the 7th/8th passages
(Figure 2A and C). In conclusion, the addition of NMN
could effectively alleviate the replication of lung primary
ACEs.

2.3 NMN alleviated bleomycin-induced
alveolar cell senescence in mice

NMN can alleviate the replicative senescence of alveo-
lar cells with aging. Whether it could alleviate the stress-
induced alveolar aging needed further study. Bleomycin
(BLM) is a member of the glycopeptide antibiotic fam-
ily and has an effective antitumor activity. Its main toxic
side effect is pulmonary fibrosis, and the mechanism is
genomic instability and ROS production.23 BLM-induced
pulmonary fibrosis is based on the induction of ACE senes-
cence, thereby damaging the regeneration of ACEs.24 The
study found that BLM induced cell senescence accompa-
nying with pulmonary fibrosis, by inducing cell apopto-
sis. Therefore, we used BLM to induce pulmonary primary
epithelial cell senescence, attempting to detect whether
NMN could relieve the senescence of ACEs. It has been
found that BLM dose is 2 mg/kg, on the 21st day of
treatment. So, we gave BLM to mice by cough method

F IGURE 2 NMN improved cell senescence. (A) NMN
mitigates alveolar epithelial cell senescence as shown by SA-β-gal
staining under inverted microscope (scale bar = 20 μm); three sets
of multiple holes were set in each group. (B) NMNmitigates
bleomycin-induced alveolar epithelial cell senescence as shown in
SA-β-gal staining under inverted microscope (scale bar = 500 μm).
(C) Five fields of alveolar epithelial cell senescence SA-β-gal
staining were randomlycalculated for statistical analysis. (D) Five
visual fields of bleomycin-induced alveolar epithelial cell
senescence SA-β-gal staining were randomly calculated for
statistical analysis (****p < 0).

and began NMN intragastric administration at a dose of
500mg/kg/day. After 21 days of gavage, senescence-related
indicators were detected. It was found that the appearance
of the lung in NMN group was significantly improved, and
the lung weight was significantly decreased (Figure 3A
and B). Through HE staining of mice lung tissue, we
found that NMN can alleviate the destruction of alveoli
and the inflammatory infiltration of the interstitial caused
by BLM (Figure 3C). Besides, we performed flow cytom-
etry of lung tissue and alveolar lavage fluid and found
that the inflammatory cells in the NMN-added group were
significantly reduced (Figure 4). Immunohistochemical
staining showed that the expression of senescence-related
cycle inhibitor protein decreased significantly in NMN-
supplemented group (Figure 3C–E). Therefore, we believe
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F IGURE 3 NMN improved the appearance and weight of lung. (A) Appearance of mice lung tissue anatomy. (B) HE staining (scale bar=
100 μm) of mice lung tissue, and P16 (scale bar = 20 μm), P21 (scale bar = 20 μm) immunohistochemical staining were performed on paraffin
lung sections of mice treated with bleomycin. (C) The weight of lung tissue in mice. (D) Five visual fields of P16 immunohistochemical
staining were randomly taken for statistical analysis. (E) Five visual fields of P21 immunohistochemical staining were randomly taken for
statistical analysis (**p < 0.01, ***p < 0.001, ****p < 0.0001)

that the addition of NMN can significantly improve BLM-
induced ACE senescence.

2.4 NMN alleviated BLM-induced ACE
senescence

Similarly, based on the in vivo model of BLM induced
alveolar cell senescence, we detected whether NMN could
effectively alleviate the senescence of ACEs. We found
that NMN could effectively alleviate BLM-induced senes-
cence. The dosage of BLM was 5 μg/ml. Induction time
was 3 days, and then 3 days later. BLM-treated cells added
NMN (500 μm/ml) at the same time. Activity of SA-β-gal
in BLM-induced ACEs was significantly lower in NMN-
added group than that in nonadded group (Figure 2B and
D). In conclusion, the addition ofNMNcan effectively alle-
viate BLM-induced lung primary cell senescence.

3 DISCUSSION

We tried to understand whether NMN could alleviate
the replication and stress-induced senescence in human
ACEs via mice models. We found that both in vivo and
in vitro, ACEs of the same passage number were signif-
icantly reduced in NMN supplemented and nonsupple-
mented groups. The decreased numbers of cells were not
changed by the BLM treatment nor the BLM treatment
with NMN addition, senescent ACEs were also signifi-
cantly reduced. We also found that NMN reduced BLM-
induced inflammation inmouse lungs. Our data suggested
that NMN could effectively alleviate the replicative and
stress-induced senescence of ACEs in vivo and in vitro. It
provides a preventive and therapeutic approach for aging-
related chronic lung diseases and lung injury caused by
external stimuli in the future.
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F IGURE 4 NMN improved pulmonary inflammation. (A) NMN alleviated bleomycin-induced pulmonary inflammation in mice. The
infiltration of macrophages, neutrophils, and monocytes in lung tissue was detected by flow cytometry. (B) Flow cytometry was used to detect
macrophages in alveolar lavage fluid, three mice in each group. Macrophage activation can be divided into classically activated M1
macrophage (classically activated macrophage) and selectively activated M2 macrophage (alternatively activated macrophage). (C)
Macrophages in lung tissue were detected by flow cytometry, three mice in each group. AM are alveolar macrophages, which play a
demonstrative role during the pathogenesis of lung injury. In the BLMmodel group, mouse alveolar macrophages were damaged and the
percentage decreased. After the administration of NMN, the damage was significantly improved, resulting in a recovery of its percentage. M1
type macrophages are generally activated by interferon-γ and bacterial lipopolysaccharide (LPS). M1 mainly secretes proinflammatory factors
and plays an important role in the early stages of inflammation. M2 type macrophages are activated by Th-2 cytokines, such as IL-4, IL-13, and
immune complexes. M2 expression inhibits inflammatory factors and plays a role in inhibiting inflammation and tissue repair. (D)
Macrophages in alveolar lavage fluid were detected by flow cytometry, three mice in each group. (E) Neutrophils in lung tissues were detected
by flow cytometry, with three mice in each group. (F) Flow cytometry was used to detect monocyte in lung tissues, three mice in each group.
(G) Neutrophils in alveolar lavage fluid were detected by flow cytometry, with three rats in each group. (H) Flow cytometry was used to detect
monocyte in alveolar lavage fluid, three mice in each group. (****p < 0.0001)
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F IGURE 5 The pathways of NMN complement to against cellular aging. Supplementation of NMN or NR can increase NAD+ synthesis,
enhance Sirt1 activity, maintain mitochondrial function, protect nuclear DNA integrity, anti-inflammatory, and promote cellular antioxidant
function, thereby resisting replicative and stressful-induced senescence

NAD+ decreases in vivo with aging and is considered
to be an important regulator of age-dependent patholog-
ical processes.25 NAD+ participates in various physiologi-
cal activities in the body and is a key cofactor for glycoly-
sis, tricarboxylic acid cycle, and oxidative phosphorylation,
also in various redox reactions in cells.26–31 The antiaging
effect of NAD+ supplementation has been confirmed in
many tissues and organs, such as satellite cells, angiogen-
esis, and myocardium of skeletal muscle.13 NMN and NR
can be used as a nutritional additive to increase the level of
NAD+ in vivo, thereby preventing the occurrence of aging
(Figure 5).32–35
There are many factors leading to cell senescence,

including oxidative stress, mitochondrial dysfunction,
and so on.36 Studies have shown that the toxicity of
BLM in cells is mainly due to genetic instability and
increased oxidative stress.37 NMN supplementation not
only decreases the level of oxidative stress in cells, but
also reduces the damage of cellular function induced by
oxidative stress, including genetic instability, improves
mitochondrial functions, and increases the activity of
NAD+-dependent enzymes (e.g., SIRT family).38 Aging is
a complex process; we have not studied in depth howNMN
prevented the aging of ACEs. Cell senescence is a complex
process accompanied by changes in gene expression and
secretion of cytokines and proteases (SASP)39–42; however,
we did not perform SASP test in this experiment. Current
studies have shown that senescent ACEs had a high level

of proinflammatory cytokine phenotype.25 However, this
age-related phenotype was not detected in this study.
Although our data did not exclude other lung parenchyma
cells or extra-pulmonary factors, nor separating alveolar
type I and type II cells. However, our study was based
on cells in the lungs, so there is no doubt that addition
of NMN to alveolar cells decreases senescence cells
absolutely.
In conclusion, we found that the long-term addition

of NMN could effectively improve ACE replication and
stress-induced senescence in vivo and in vitro. Dietary sup-
plementation of NMNmight be a new and effective way to
prevent and reduce aging-related lung diseases and stress-
induced lung injury in the future.

4 MATERIALS ANDMETHODS

4.1 Animals

Unless otherwise stated, all biochemical reagents used
in this study were purchased from Sigma Chemicals (St.
Louis, Missouri, MO, USA). Antibodies listed for mouse
samples were of commercial grades and validated by man-
ufacturers based on their data sheets. All animal experi-
ments were performed according to the Guidelines of the
Institutional Animal Care and Use Committee of Sichuan
University (Chengdu, Sichuan, China), and the protocols
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were approved by the Institutional Animal Care and Use
Committee of Sichuan University.

4.2 Animal treatment

SPF grade C57/BL6 mice (female, 8–10 months or 6–
8 weeks old, 28–30 g or 19–21 g) were purchased from
Beijing Weitong Lihua Laboratory Animal Technology Co.
Ltd. and raised in SPF grade animal room.

4.3 Mice were administered with
gavage

Young (6–8 weeks) and aged (8–10 months) mice were
used. The mice were divided into young control group,
aged control group, aged and NMN group by drinking
water, and aged and gastric NMN group (10 mice in each
group). The water intake was determined in advance to
calculate the concentration of NMN in drinking water.
Mice were given NMN of 500mg/kg/day for 8 weeks. Mice
in BLM-induced aging model were divided into control
group, BLM-induced aging group, and BLM-induced aging
NMN additional group. Mice were given 500 mg/kg NMN
by intragastric administration everyday. BLM was given
2 mg/kg by lingual and laryngeal drip. The mice were then
given the same dose ofNMNby intragastric administration
every day for 3 weeks.

4.4 Cell culture and treatment

Primary lung epithelial cells were isolated from C57/BL6
mice lung (6–8 weeks), cultured with RPMI 1640 (Gibico)
and 10% fetal bovine serum supplemented with 100U peni-
cillin and streptomycin. Mice were sacrificed and the lung
tissues were removed. Lung tissues were washed with
saline and minced into very fine pieces with ophthalmic
scissors followed by adding type IV collagenase. Tissues
were digested at 37◦C for 1 h. After the filtration with a
mesh, the digested cells were isolated with centrifugation
(800 rpm/3 min) and the supernatant was discarded. Next,
erythrocyte lysis buffer, mixed were added for 3 min, fol-
lowed by the centrifugation (1200 rpm/3 min) to discard
the supernatant. The isolated cells were resuspended and
the medium was changed the next day. Cells were grown
in a humidified atmosphere at 37◦C with 5% CO2. When
the cell grows to about 60%, it is treated with 5 μg/ml
of BLM. Cells were grown in a humidified atmosphere
at 37◦C with 5% CO2. The cells are passaged once every
3 days.

4.5 SA-β-gal staining

SA–β-gal activity was quantitatively measured by Senes-
cence β-Galactosidase Staining Kit (Beyotime). Primary
lung epithelial cells cultured in 24 well plates were washed
with PBS or HBSS twice before adding 1 ml of beta
galactosidase staining fixative. Then, fixed at room tem-
perature for 15 min. Gettering cell fixation, cells were
washed with HBSS or PBS three times for 3 min each.
Then, the cells were fixed at room temperature for
15 min. In the next step, cells were washed with HBSS
or PBS for three times. The cells were sealed with paraf-
fin and were incubated overnight at 37◦C. Photographs
were taken under a standing fluorescence microscope.
Photographs were taken under a standing fluorescence
microscope.

4.6 Immunohistochemical staining

The deparaffinized and rehydrated lung sections were
exposed to 3% H2O2 in methanol for 30 min to quench
endogenous peroxidase activity after antigen retrieval
using the citrate buffer (0.01 M, pH 6.0). Nonspecific bind-
ing of antibodies to the tissue sections was blocked by
incubating sections with 5% normal goat serum in PBS
for 30 min. Lung tissue sections were incubated with pri-
mary p16 (Abcam; 1:100) or p21 (Abcam; 1:1000) anti-
body and p53 (Servicebio; 1:200) at a titer overnight at
4◦C. After being washed, sections were incubated with
secondary antibody biotinylated HRP goat anti-rabbit IgG
(servicebio) for 1 h, and DAB was used as peroxidase sub-
strate. The counterstaining with hematoxylin was then
performed before examination under a light microscope.

4.7 Flowcytometry

Single cell suspension of the lung tissues was stained
with antibodies against CD45 conjugated with Percpcy
5.5, CD11B conjugated with APC; LY6G conjugated with
PE; LY6C conjugated with FITC, F4/80 conjugated with
PE; CD206 conjugated with APC. Finally, the cells were
resuspended with 200 μl PBS and analyzed with flow
cytometry.

4.8 Statistical analysis

Data were analyzed by a two-tailed Student’s t test and
ANOVA. Statistical analysis was performed using Graph-
Pad Prism 6.



286 FANG et al.

ACKNOWLEDGMENTS
We would like to thank Wei Xiawei and Xiao Hengyi for
excellent technical guidance. We would also like to thank
the State Key Laboratory of Biotherapy of Sichuan Univer-
sity for providing the experimental platform. Finally, we
thank the individuals described in this research.

CONFL ICT OF INTERESTS
The authors have no conflicts of interest to disclose.

ETH ICS APPROVAL
All studies on animals were performed after approval by
the Ethics Committee of Sichuan University, in compli-
ance with Guidelines for the Use and Care of Small Lab-
oratory Animals.

AUTH OR CONTRIBUT IONS
Xiawei Wei and Hengyi Xiao provided study concepts and
designed the study. Tingting Fang, Jingyun Yang, and Li
Liu did the experiments. Tingting Fang was involved with
data acquisition. Tingting Fang, Jingyun Yang, and Li Liu
were involved with quality control of data and algorithms.
Tingting Fang, Jingyun Yang, and Xiawei Wei edited the
manuscript. Xiawei Wei and Hengyi Xiao reviewed the
manuscript.

DATA AVAILAB IL ITY STATEMENT
All data included in this study are available upon request
by contact with the corresponding author.

REFERENCES
1. Tsuji T, Aoshiba K, Nagai A. Alveolar cell senescence in

patients with pulmonary emphysema. Am J Respir Crit Care
Med. 2006;174(8):886-893.

2. Yin L, Zheng D, Limmon GV, et al. Aging exacerbates damage
and delays repair of alveolar epithelia following influenza viral
pneumonia. Respir Res. 2014;15(1):116.

3. Rangarajan S, Bernard K, Thannickal VJ. Mitochondrial
dysfunction in pulmonary fibrosis. Ann Am Thorac Soc.
2017;14(Suppl_5):S383-S388.

4. Hogan B. Stemming lung disease? N Engl J Med.
2018;378(25):2439-2440.

5. Guillot L, Nathan N, Tabary O, et al. Alveolar epithelial cells:
master regulators of lung homeostasis. Int J Biochem Cell Biol.
2013;45(11):2568-2573.

6. Zhou F, Onizawa S, Nagai A, Aoshiba K. Epithelial cell senes-
cence impairs repair process and exacerbates inflammation after
airway injury. Respir Res. 2011;12(1):78.

7. Kuwano K, Araya J, Hara H, et al. Cellular senescence and
autophagy in the pathogenesis of chronic obstructive pul-
monary disease (COPD) and idiopathic pulmonary fibrosis
(IPF). Respir Investig. 2016;54(6):397-406.

8. Birch J, Anderson RK, Correia-Melo C, et al. DNA damage
response at telomeres contributes to lung aging and chronic

obstructive pulmonary disease.AmJPhysiol LungCellMol Phys-
iol. 2015;309(10):L1124-L1137.

9. Ratajczak J, Joffraud M, Trammell SA, et al. NRK1 con-
trols nicotinamide mononucleotide and nicotinamide riboside
metabolism in mammalian cells. Nat Commun. 2016;7:13103.

10. Mendelsohn AR, Larrick JW. The NAD+/PARP1/SIRT1 axis in
aging. Rejuvenation Res. 2017;20(3):244-247.

11. Di Stefano M, Loreto A, Orsomando G, et al. NMN deamidase
delayswallerian degeneration and rescues axonal defects caused
by NMNAT2 deficiency in vivo. Curr Biol. 2017;27(6):784-794.

12. Imai S, Guarente L. NAD+ and sirtuins in aging and disease.
Trends Cell Biol. 2014;24(8):464-471.

13. Rahman I, Kinnula VL, Gorbunova V, Yao H. SIRT1 as a ther-
apeutic target in inflammaging of the pulmonary disease. Prev
Med. 2012;54(Suppl):S20-S28.

14. Yoshino J, Baur JA, Imai SI. NAD+ intermediates: the biol-
ogy and therapeutic potential of NMN and NR. Cell Metab.
2018;27(3):513-528.

15. Borradaile NM, Pickering JG. Nicotinamide phosphoribosyl-
transferase imparts human endothelial cells with extended
replicative lifespan and enhanced angiogenic capacity in a high
glucose environment. Aging Cell. 2009;8(2):100-112.

16. Aoshiba K, Tsuji T, Nagai A. Bleomycin induces cellular senes-
cence in alveolar epithelial cells. Eur Respir J. 2003;22(3):436-
443.

17. Hwang JW, Yao H, Caito S, Sundar IK, Rahman I. Redox reg-
ulation of SIRT1 in inflammation and cellular senescence. Free
Radic Biol Med. 2013;61:95-110.

18. Zhang H, Ryu D, Wu Y, et al. NAD+ repletion improves mito-
chondrial and stem cell function and enhances life span inmice.
Science. 2016;352(6292):1436-1443.

19. Michan S. Calorie restriction and NAD+/sirtuin counteract the
hallmarks of aging. Front Biosci (Landmark Ed). 2014;19:1300-
1319.

20. Jiang C, Liu G, Luckhardt T, et al. Serpine 1 induces alveolar
type II cell senescence through activating p53-p21-Rb pathway
in fibrotic lung disease. Aging Cell. 2017;16(5):1114-1124.

21. Kasper M, Barth K. Bleomycin and its role in inducing apopto-
sis and senescence in lung cells-modulating effects of caveolin-1.
Curr Cancer Drug Targets. 2009;9(3):341-353.

22. Pardo A, Selman M. Lung fibroblasts, aging, and idiopathic
pulmonary fibrosis. Ann Am Thorac Soc. 2016;13(Suppl 5):S417-
S421.

23. Lehmann M, Korfei M, Mutze K, et al. Senolytic drugs target
alveolar epithelial cell function and attenuate experimental lung
fibrosis ex vivo. Eur Respir J. 2017;50(2):1602367.

24. SelmanM, Pardo A. Revealing the pathogenic and aging-related
mechanisms of the enigmatic idiopathic pulmonary fibrosis. An
integralmodel.AmJRespirCrit CareMed. 2014;189(10):1161-1172.

25. Selman M, López-Otín C, Pardo A. Age-driven developmental
drift in the pathogenesis of idiopathic pulmonary fibrosis. Eur
Respir J. 2016;48(2):538-552.

26. Aoshiba K, Tsuji T, Kameyama S, et al. Senescence-associated
secretory phenotype in a mouse model of bleomycin-induced
lung injury. Exp Toxicol Pathol. 2013;65(7-8):1053-1062.

27. Camacho-Pereira J, Tarragó MG, Chini CCS, et al. CD38 dic-
tates age-related NAD+ decline and mitochondrial dysfunc-
tion through an SIRT3-dependent mechanism. Cell Metab.
2016;23(6):1127-1139.



FANG et al. 287

28. Jane-Wit D, Chun HJ. Mechanisms of dysfunction in senes-
cent pulmonary endothelium. J Gerontol A Biol Sci Med Sci.
2012;67(3):236-241.

29. Verdin E. NAD+ in aging, metabolism, and neurodegeneration.
Science. 2015;350(6265):1208-1213.

30. Yoshino J, Mills KF, Yoon MJ, Imai S. Nicotinamide mononu-
cleotide, a key NAD+ intermediate, treats the pathophysiol-
ogy of diet- and age-induced diabetes in mice. Cell Metab.
2011;14(4):528-536.

31. Aksoy P, White TA, Thompson M, Chini EN. Regulation of
intracellular levels of NAD: a novel role for CD38. Biochem Bio-
phys Res Commun. 2006;345(4):1386-1392.

32. Bai P, Cantó C, Oudart H, et al. PARP-1 inhibition increases
mitochondrial metabolism through SIRT1 activation. Cell
Metab. 2011;13(4):461-468.

33. Barbosa MT, Soares SM, Novak CM, et al. The enzyme CD38
(a NAD glycohydrolase, EC 3.2.2.5) is necessary for the devel-
opment of diet-induced obesity. FASEB J. 2007;21(13):3629-
3639.

34. NahimanaA,AttingerA,AubryD, et al. TheNAD+ biosynthesis
inhibitor APO866 has potent antitumor activity against hemato-
logic malignancies. Blood. 2009;113(14):3276-3286.

35. YangH, Yang T, Baur JA, et al. Nutrient-sensitivemitochondrial
NAD+ levels dictate cell survival. Cell. 2007;130(6):1095-1107.

36. Chini CCS, Tarragó MG, Chini EN. NAD+ and the aging pro-
cess: role in life, death and everything in between. Mol Cell
Endocrinol. 2017;455:62-74.

37. Ryu D, Zhang H, Ropelle ER, et al. NAD+ repletion improves
muscle function in muscular dystrophy and counters global
PARylation. Sci Transl Med. 2016;8(361):361ra139.

38. Trammell SA, Brenner C. Targeted, LCMS-based metabolomics
for quantitative measurement of NAD+ metabolites. Comput
Struct Biotechnol J. 2013;4:e201301012.

39. Rajman L, Chwalek K, Sinclair DA. Therapeutic potential of
NAD-boosting molecules: the in vivo evidence. Cell Metab.
2018;27(3):529-547.

40. Liu L, Su X. Quantitative analysis of NAD+ synthesis-
breakdown fluxes. Cell Metab. 2018;27(5):1067-1080.e5.

41. Childs BG, Durik M, Baker DJ, van Deursen JM. Cellular senes-
cence in aging and age-related disease: from mechanisms to
therapy. Nat Med. 2015;21(12):1424-1435.

42. Rodier F, Muñoz DP, Teachenor R, et al. DNA-SCARS: dis-
tinct nuclear structures that sustain damage-induced senes-
cence growth arrest and inflammatory cytokine secretion. J Cell
Sci. 2011;124(Pt 1):68-81.

How to cite this article: Fang T, Yang J, Liu L,
Xiao H, Wei X. Nicotinamide mononucleotide
ameliorates senescence in alveolar epithelial cells.
MedComm. 2021;2:279–287.
https://doi.org/10.1002/mco2.62

https://doi.org/10.1002/mco2.62

	Nicotinamide mononucleotide ameliorates senescence in alveolar epithelial cells
	Abstract
	1 | INTRODUCTION
	2 | RESULTS
	2.1 | NMN relieves alveolar cell senescence in aged mice
	2.2 | NMN can relieve replicative senescence of ACEs
	2.3 | NMN alleviated bleomycin-induced alveolar cell senescence in mice
	2.4 | NMN alleviated BLM-induced ACE senescence

	3 | DISCUSSION
	4 | MATERIALS AND METHODS
	4.1 | Animals
	4.2 | Animal treatment
	4.3 | Mice were administered with gavage
	4.4 | Cell culture and treatment
	4.5 | SA--gal staining
	4.6 | Immunohistochemical staining
	4.7 | Flowcytometry
	4.8 | Statistical analysis

	ACKNOWLEDGMENTS
	CONFLICT OF INTERESTS
	ETHICS APPROVAL
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


