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Various chemical reagents containing inhibitors of mitochondrial activity, antioxidants, nuclear factor-kappa B 
(NF-kB) inhibitor, mammalian target of rapamycin (mTOR) inhibitor and other clinical therapeutics were screened 
in order to identify those that selectively decrease the viability of senescent human lung fibroblasts. Cell 
viability was measured using the CCK-8 assay. The results showed that pravastatin, a drug for hyperlipidemia, 
decreased the viability of senescent cells but not non-senescent cells. The effect of pravastatin on senescent 
cells is thought to be due to the inhibition of cell proliferation, rather than cell death. The effect of pravastatin 
was further investigated using the glucose metabolism assay, which showed that glucose consumption was 
inhibited both in non-senescent and senescent cells and intracellular nicotinamide adenine dinucleotide (NAD) 
was decreased in senescent cells. Changes to the mRNA expression levels of senescence-associated genes in 
response to pravastatin treatment were quantified by real-time-qPCR. There were no significant changes in the 
relative mRNA expression levels of IL-1β, p16, p21, and p53 in pravastatin-treated non-senescent cells, whereas 
the expression of IL-1β and p16 were increased by pravastatin only in senescent cells. The results of this study 
suggest that pravastatin does not induce senolysis, but rather selectively inhibits the proliferation of senescent 
cells and that cellular senescence is enhanced by decreasing intracellular NAD and promoting IL-1β production.

1. Introduction
Cellular senescence is caused by exposure to various stressors, 
including oxidative stress, chemotherapeutic agents, mitochondrial 
dysfunction, and irradiation (Kuilman et al. 2010). Senescent cells 
are characterized by arrest of proliferation and increased activities 
of senescence-associated β-galactosidase and the induction of the 
senescence-associated secretory phenotype (SASP) (Herranz et al. 
2018), which promotes the secretion of various inflammatory cyto-
kines, such as interleukin (IL)-6, IL-8, and C-C motif chemokine 
ligand 2, by senescent cells, potentially resulting in the growth 
of cancer cells and chronic inflammation of surrounding tissues. 
The accumulation of senescent cells has been associated with 
age-related diseases, such as atherosclerosis, diabetes, fibrosis, and 
glaucoma (He et al. 2017; Birch et al. 2020).
Two main strategies are commonly employed for the development 
of anti-aging drugs: (I) inhibition of the SASP and (II) elimination 
of senescent cells. The former aims to prevent the inflammatory 
response caused by the SASP of tissues surrounding senescent 
cells. The thienotriazolodiazepine JQ1, a potent inhibitor of the 
BET family of bromodomain proteins, is reported to attenuate the 
SASP by inhibiting bromodomain-containing protein 4 (Tasdemir 
et al. 2016). The latter aims to selectively induce death of senes-
cent cells via a process known as senolysis.
Senolytic drugs, a new class of drugs that selectively kill senescent 
cells, have been applied for the treatment of age-related diseases 
caused by senescent cells. Senescent cells are resistant to apoptosis, 
and ABT-737, which inhibits expression of the anti-apoptotic factors 
Bcl-2 and Bcl-xL, selectively kills both senescent human lung fibro-
blasts (IMR90) and mouse embryonic fibroblasts with irradiation-in-
duced DNA damage (Yosef et al. 2016). ABT-263 (navitoclax), an 
orally available derivative of ABT-737, is also reported to selectively 
kill senescent human lung cells (WI-38 and IMR90), renal epithelial 
cells, and mouse embryonic fibroblasts. Moreover, oral administration 
of ABT-263 effectively depleted senescent bone marrow hematopoi-

etic stem cells and muscle stem cells in aged mice (Chang et al. 2016). 
Dasatinib, a tyrosine kinase inhibitor used for treatment of chronic 
myeloid leukemia, and quercetin, a flavonoid with antioxidant activi-
ties, are reported to kill senescent human preadipocytes and umbilical 
vein endothelial cells, respectively. In addition, oral gavage with both 
dasatinib and quercetin was shown to reduce the proportion of senes-
cent cells in aged mice (Zhu et al. 2015). However, it remains unclear 
whether these drugs produce senolytic effects in human patients. A 
clinical study reported that Bcl-xL-selective inhibitors cause severe 
thrombocytopenia (Leverson et al. 2015; Wilson et al. 2010) and 
combination therapy with dasatinib and quercetin did not improve 
respiratory function in patients with idiopathic pulmonary fibrosis 
(Justice et al. 2019). Hence, there exist a need to develop safer anti-
aging drugs without harmful adverse effects.
The aim of the present study was to screen candidate drugs to 
selectively decrease the viability of senescent lung fibroblasts. The 
results indicated that pravastatin, a therapeutic drug for hyperlip-
idemia, inhibited the growth of senescent lung fibroblasts in vitro.

2. Investigations and results

2.1. Pravastatin decreased the viability of senescent cells
Various drugs were screened to identify those with the ability to 
decrease the viability of senescent cells (Fig. 1). Chemical reagents 
affecting the function of mitochondria (Mito-TEMPO, mitochon-
drial division inhibitor 1, lonidamine, and PK11195), antioxidant 
drugs (idebenone, ubiquinone, carnosic acid, and glutathione), an 
NF-kB inhibitor (caffeic acid phenethyl ester), and a mTOR inhib-
itor (AICAR) decreased the viability of both non-senescent and 
senescent cells to approximately 80%. In addition, screening of 
drugs prescribed for diabetes (metformin), embolism (apixaban), 
hyperlipidemia (atorvastatin and pravastatin), epilepsy (zonisamide 
and valproic acid), and rheumatoid arthritis (auranofin), as well as 
herbal medicine-derived ingredients (glycyrrhizin, puerarin, and 
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paeoniflorin) found that only pravastatin selectively decreased the 
survival rate of senescent cells. The viability of non-senescent cells 
and senescent cells was reduced to 56% and 41%, respectively, 
with A1155463, which induces senolysis (Zhu et al. 2017), and to 
82.3% and 46% with pravastatin.

2.4. Changes in mRNA expression levels of senes-
cence-associated genes by pravastatin treatment
The results presented in Fig. 3 suggest that pravastatin might 
inhibit mitochondrial activity of senescent cells and a decrease in 
the amount of NAD might promote cellular senescence. RT-qPCR 
was performed to investigate changes in the expression levels of 
the senescence-associated genes IL-1β, IL-6, p16, p21, and p53 
in the control and pravastatin-treated cells (Fig. 4). There were 
no significant changes in the relative mRNA expression levels of 
IL-1β, p16, p21, and p53 in pravastatin-treated non-senescent cells, 
whereas pravastatin had increased the relative mRNA expression 
levels of IL-1β and p16 in senescent cells from 11.7 to 15.4 and 

Fig. 1: Screening of chemical compounds that reduce the viability of senescent cells. 
(A) Non-senescent IMR90 cells and (B) senescent cells were cultured in me-
dium with or without 10 μM tested compounds for 72 h. A1155463 was used 
as positive control. Cell viability was measured as described in the Materials 
and Methods section. The values are presented as the mean ± standard devi-
ation (n = 3). Statistical analysis was performed using one-way analysis of 
variance with Bonferroni correction. *p < 0.05 and ***p < 0.005 vs. non-se-
nescent control cells, †p < 0.05, ††p < 0.01, and †††p < 0.005 vs. senescent 
control cells.

2.2. Suppressive effect of pravastatin on the growth of 
senescent cells
The viability of non-senescent and senescent cells treated with 
each concentration of pravastatin for 72 h was determined using 
the CCK-8 assay and compared to that of the control cells (Fig. 
2A and B). Pravastatin at concentrations of <2.5 μM main-
tained the viability of non-senescent cells and senescent cells 
at 90% or higher. Pravastatin at 10 μM decreased the viability 
of non-senescent and senescent cells to 72% and 47%, respec-
tively. At pravastatin concentrations of >20 μM, there was little 
difference in the viability between non-senescent and senescent 
cells.
The cytotoxicity of pravastatin to non-senescent and senescent 
cells was assessed using the trypan blue exclusion assay. The 
results showed that the cytotoxicity of pravastatin to the control 
cells was approximately 3% and there was no significant differ-
ence between the non-senescent and senescent cells at concen-
trations of ≤20 μM (Fig. 2C and D). The highest cytotoxicity 
(~7.4%) of pravastatin to both non-senescent and senescent cells 
was detected at 40 μM.

2.3. Effect of pravastatin on glucose and NAD metabo-
lism of senescent cells
To determine whether pravastatin alters glucose metabolism in 
non-senescent and senescent cells, glucose concentrations were 
measured in culture medium with and without 10 μM pravastatin. 
The results showed that pravastatin increased the glucose concen-
tration of the medium of the non-senescent cells from 1.5 to 
1.8 μM and that of senescent cells from 1.9 to 2.6 μM (Fig. 3A). 
The concentration of lactate, which is produced as a result of 
glucose metabolism, was also quantified in the culture medium. 
The results showed that pravastatin increased the amount of 
lactate in the medium of non-senescent and senescent cells from 
2.5 to 3.2 μM and from 3.5 to 4.4, respectively (Fig. 3B). In addi-
tion, intracellular NAD, which is an indicator of mitochondrial 
activity, was also quantified in the medium of non-senescent and 
senescent cells treated with and without pravastatin. The results 
showed that pravastatin decreased the amount of intracellular 
NAD by 24% in senescent cells, but had no effect in non-se-
nescent cells (Fig. 3C). In addition, there was no significant 
difference in intracellular NADH between the non-senescent and 
senescent cells (Fig. 3D).

Fig. 2: Pravastatin inhibited the growth of senescent cells. (A and C) Non-senescent 
cells and (B and D) senescent cells were treated with each concentration of 
pravastatin for 72 h. Cell viability was determined using the CCK-8 assay. 
The cytotoxicity of pravastatin to non-senescent and senescent cells was de-
termined with the trypan blue dye exclusion assay after pravastatin treatment 
for 72 h. The values are presented as the mean ± standard deviation (n = 3). 
Statistical analysis was performed using one-way analysis of variance with 
Bonferroni correction. *p < 0.05 and ***p < 0.005 vs. non-senescent control 
cells, †††p < 0.005 vs. senescent control cells.

Fig. 3: Pravastatin inhibited glucose and NAD metabolism of senescent cells. (A and 
B) Non-senescent cells (NSCs) and senescent cells (SCs) were cultured in 
medium with or without 10 μM pravastatin (PS) for 72 h. The concentrations 
of glucose and lactate in the medium were determined as described in the 
Material and Methods section. (C and D) The control and pravastatin-treated 
cells were collected by trypsin treatment and cell lysates were prepared using 
NAD/NDAH extraction buffer. The concentrations of total NAD/NADH and 
NADH in the lysates were determined as described in the Material and Meth-
ods section. The values are presented as the mean ± standard deviation (n = 
3). Statistical analysis was performed using Student’s t-test. ***p < 0.005 vs. 
control NSCs, †p < 0.05 and †††p < 0.005 vs. control SCs.
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from 1.8 to 2.2, respectively, but decreased the relative mRNA 
expression of IL-6 from 1.0 to 0.42 in non-senescent cells with no 
significant change in senescent cells.

cells (Gitenay et al. 2014; Dodson et al. 2013). The results of the 
present showed that pravastatin suppressed glucose consumption 
and promoted lactate production in both non-senescent and senes-
cent cells. Pravastatin reduced intracellular NAD concentrations by 
24% only in senescent cells, which may contribute to the selective 
proliferation inhibitory effect against senescent cells. These find-
ings suggest that pravastatin further increases cellular senescence.
The expression levels of the inflammatory cytokines IL-1β and 
IL-6 are up-regulated in many types of senescent cells and both 
are secreted extracellularly via the SASP, which is characteristic 
of senescent cells (Khosla et al. 2020; Birch et al. 2020; De Cecco 
et al. 2019). In this study, IL-1β mRNA was 11.7-fold greater in 
senescent cells than non-senescent cells and pravastatin selectively 
upregulated IL-1β mRNA expression by 32% in the senescent 
cells. This effect differs from previously reported anti-aging strat-
egies by reducing IL-1β expression (Huang et al. 2020). However, 
future studies are needed to elucidate the molecular mechanism 
underlying the selective action of pravastatin on senescent cells 
and the predicted adverse inflammatory effects of pravastatin-in-
duced increases in IL-1β expression in other tissues. The results 
also showed that pravastatin decreased IL-6 mRNA expression in 
senescent cells, but not senescent cells, suggesting the possible 
involvement of pathways associated with Klotho (an anti-senes-
cent hormone) or STAT3 that induce decreased expression of IL-6 
(Xia et al. 2016; Loppnow et al. 2011). It is also possible that these 
regulatory mechanisms are disrupted in senescent cells, thereby 
weakening the anti-inflammatory effects of pravastatin. The three 
proteins p16, p21, and p53 are important factors involved in cell 
cycle arrest and the expression levels are increased in various 
senescent cells (Rayess et al. 2012; Jiang et al. 2017). In this study, 
pravastatin further increased p16 mRNA expression in senescent 
cells, suggesting that pravastatin does not activate the p21/p53 
pathway, but rather a pathway by which IL-1β increases p16 
expression (Wang et al. 2020; Philipot et al. 2014). In addition to 
the replicative senescence model used in this study, exposure to 
ionizing radiation, doxorubicin treatment, and oncogene transfec-
tion (also called oncogene-induced senescence) can also induced 
senescence in vitro (Li et al. 2018; Mohammadrezaei et al. 2016; 
Liu et al. 2018). Thus, future studies are warranted to verify the 
effects of pravastatin with other senescence models.
In conclusion, this is the first report that pravastatin selectively 
inhibited the proliferation of senescent lung fibroblasts. Further 
analysis of intracellular NAD turnover and the physiological func-
tion of IL-1β in senescent cells will help to better understand the 
differences in pravastatin sensitivity between non-senescent and 
senescent cells and aid in the development of drugs to selectively 
inhibit the growth of senescent cells.

4. Experimental

4.1. Chemicals and materials
Minimum essential medium (MEM), trypsin, fetal bovine serum, and non-essential 
amino acids were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 
Dimethyl sulfoxide and pravastatin were obtained from Nacalai Tesque, Inc. (Kyoto, 
Japan) and FUJIFILM Wako Pure Chemical Industries, Ltd., Osaka, Japan (Osaka, 
Japan), respectively. Trypan blue was purchased from Bio-Rad Laboratories (Hercules, 
CA, USA). A1155463 was purchased from Cayman Chemical Company (Ann Arbor, 
MI, USA). Mito-TEMPO, mitochondrial division inhibitor 1, lonidamine, idebenone, 
and metformin were purchased from Focus Biomolecules, LLC (Plymouth Meeting, 
PA, USA). PK11195 was purchased from Santa Cruz Biotechnology, Inc. (Dallas, 
TX, USA). Ubiquinone, carnosic acid, caffeic acid phenethyl ester, 5-aminoimid-
azole-4-carboxamide 1-β-D-ribofuranoside (AICAR), atorvastatin, zonisamide, and 
puerarin were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 
Valproic acid, auranofin, and paeoniflorin were purchased from FUJIFILM Wako. 
Glutathione was purchased from Nacalai Tesque, Inc. Apixaban was purchased from 
ChemScene, LLC (Monmouth Junction, NJ, USA). Glycyrrhizin was purchased form 
Kanto Chemical Co., Inc. (Tokyo, Japan). All other chemicals were of the highest 
commercially available grade.

4.2. Cell culture
Human lung fibroblasts (IMR90 and IMR90-40) were obtained from the Japanese 
Collection of Research Bioresources Cell Bank (Osaka, Japan) and verified as free of 
mycoplasma contamination. Cells were cultured in MEM containing 10% (v/v) fetal 
bovine serum, 1% (v/v) non-essential amino acids, and antibiotics (0.07 g/L penicillin 
G and 0.1 g/L streptomycin) at 37°C under a humidified atmosphere of 5% CO

2
/95% 

Fig. 4: Pravastatin-induced changes in the expression levels of senescence-associat-
ed genes. Non-senescent cells (NSC) and senescent cells (SC) were cultured 
in the medium with or without 10 μM pravastatin (PS) for 72 h. Total RNA 
was extracted and reverse-transcribed into cDNA using a reverse transcrip-
tion kit. The relative mRNA expression levels of IL-1β, IL-6, p16, p21, and 
p53 in NSC without PS treatment were quantified by RT-qPCR. Values are 
presented as the mean ± standard deviation (n = 3). Statistical analysis was 
performed using one-way analysis of variance with Bonferroni correction. *p 
< 0.05 vs. control NSCs, †p < 0.05 vs. control SCs.

Table 1: Primers used for RT-qPCR analysis

Target gene Forward primer Reverse primer

β-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT

IL-1β AGCCATGGCAGAAGTACCTG CCTGGAAGGAGCACTTCATCT

IL-6 CCTTCTCCACAATACCC GTCGAGGATGTACCGA

p16 GAAGGTCCCTCAGACATCCC GGACCTTCGGTGACTGATGA

p21 TCTTGTACCCTTGTGCCTCG ATCTGTCATGCTGGTCTGCC

p53 TTCCGAGAGCTGAATGAGGC TTTGGACTTCAGGTGGCTGG

3. Discussion
In this study, the growth inhibitory effect of pravastatin was 
assessed in senescent lung fibroblasts and the underlying molec-
ular mechanism was investigated in terms of decreased glucose 
metabolism, amount of intracellular NAD, and changes to the 
mRNA expression levels of senescence-associated genes.
The drug screening results showed that only pravastatin inhibited 
the growth of senescent cells. On the other hand, atorvastatin, 
which is also used for the treatment of hyperlipidemia, decreased 
the viability of both non-senescent and senescent cells. It has 
been reported that atorvastatin possesses more cytotoxic effect 
than pravastatin to induce cell death via the production of reactive 
oxygen species (Chen et al. 2016). It suggests that the capacity to 
reduce cholesterol biosynthesis, which is a common pharmacolog-
ical action of statins, is less involved in the ability of pravastatin to 
selectively decrease the viability of senescent cells.
At concentrations of 5 to 10 μM, pravastatin decreased the 
viability of senescent cells more than that of non-senescent cells. 
The results of the trypan blue assay suggested that the viability-de-
creasing effect of pravastatin was not due to the induction of cell 
death, but rather inhibition of cell proliferation. As compared to 
other senolytic drugs, such as ABT263 and 17-DMAG (Chang et 
al. 2016; Fuhrmann-Stroissnigg et al. 2017), which induce death 
of senescent cells, pravastatin has a milder inhibitory effect on the 
growth of senescent cells.
Previous studies have reported that decreased glucose metabolism 
and down-regulation of mitochondrial activity accompanied by 
decreased intracellular NAD levels are characteristic of senescent 
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air. IMR90 cells (population doubling level of 28) were used as non-senescent cells 
in this study. To induce replicative senescence, IMR90-40 cells were cultured until 
the population doubling level was >50, their cells were used as senescent cells (Jin 
et al. 2013). Cell proliferation was monitored using a TC10 automated cell counter 
(Bio-Rad Laboratories).

4.3. Measurement of cell viability
The Cell Counting Kit-8 (CCK-8) with water-soluble tetrazolium salts (WST-8; 
Dojindo Laboratories Co., Ltd., Kumamoto, Japan) was used to measure the viability 
of non-senescent and senescent cells in accordance with the manufacturer’s protocol. 
Stock solutions of the tested compounds were all prepared in dimethyl sulfoxide. 
Briefly, cells were seeded into the wells of a 96-well microplate (3 × 103 cells/
well). After 24 h, the medium was replaced with fresh medium containing different 
concentrations of the tested compounds, followed by further incubation for 72 h. The 
control groups of non-senescent and senescent cells were incubated with medium 
containing 0.1% dimethyl sulfoxide. CCK-8 solution (10 μL) was added to each well 
and the plates were incubated for 3 h at 37°C under an atmosphere of 5% CO

2
/95% 

air. Absorbance was measured at 490 nm using an iMark microplate reader (Bio-Rad 
Laboratories).

4.4. Measurement of cytotoxicity of pravastatin
The cytotoxicity of pravastatin to non-senescent or senescent cells was measured 
using the trypan blue dye exclusion assay (Strober 2001). Cells were treated with 
different concentrations of pravastatin for 72 h and harvested using 0.25% trypsin. 
An aliquot of the cell suspension stained with 0.4% trypan blue (Bio-Rad Laborato-
ries) was transferred to a cell counting slide and the ratio of living to dead cells was 
measured using a TC10 automated cell counter.

4.5. Measurement of glucose and lactate concentrations
Cells (6 × 103 cells/well) were seeded into the wells of a 96-well microplate and 
precultured for 24 h at 37°C under an atmosphere of 5% CO

2
/95% air. Subsequently, 

the medium was replaced with fresh medium with or without 10 μM pravastatin and 
the cells were cultured for an additional 72 h. The cell supernatant was transferred 
to the wells of a 96-well plate and the concentrations of glucose and lactate were 
determined using the Glucose Assay Kit-WST (Dojindo Laboratories Co., Ltd.) and 
Lactate Assay Kit-WST (Dojindo Laboratories Co., Ltd.), respectively. Absorbance 
was measured at 450 nm using an iMark microplate reader (Bio-Rad Laboratories) 
and the concentrations of glucose and lactate were calculated based on calibration 
curves.

4.6. Measurement of intracellular nicotinamide adenine dinucleotide 

(NAD)/NADH concentrations
NAD/NADH concentrations were determined using a NAD/NADH assay kit 
(Dojindo Laboratories Co., Ltd.). In brief, cells (1.2 × 105 cells) were seeded on a 
100-mm dish and precultured for 24 h at 37°C under an atmosphere of 5% CO

2
/95% 

air. Subsequently, the medium was replaced with fresh medium with or without 
10 μM pravastatin. After 72 h, the cells were harvested with 0.25% trypsin and 
cell lysates were prepared using NAD/NADH extraction buffer. The lysates were 
transferred to filtration tubes (molecular weight cut-off of 10 kDa) and centrifuged 
at 12,000 × g for 10 min. The filtrates were collected and divided into two samples 
each to determine the NAD/NADH ratio and NADH concentration, respectively. 
After the sample solutions were reacted with WST-enzyme working solution, 
the amounts of total NAD/NADH and NADH in the samples were calculated by 
measuring the absorbance at 450 nm using an iMark microplate reader (Bio-Rad 
Laboratories).

4.7. Quantifi cation of mRNA expression
Cells were cultured in MEM with or without 10 μM pravastatin. After 72 h, total RNA 
was extracted from the control and pravastatin-treated cells using the RNeasy mini 
kit (Qiagen, Hilden, Germany) and 1 mg was reverse-transcribed into cDNA using 
ReverTra Ace qPCR RT master mix (Toyobo Co., Ltd., Osaka, Japan). mRNA expres-
sion was quantified by real-time quantitative polymerase chain reaction (RT-qPCR) 
with TB Green Premix Ex Taq II polymerase (Takara Bio, Shiga, Japan) and an Eco 
Real-Time PCR System (Illumina, Inc., San Diego, CA, USA). The relative expres-
sion of each mRNA was calculated using the 2−ΔΔCt method (Livak et al. 1997) and 
normalized to that of β-actin. The sequences of the primer sets used in this assay are 
listed in Table 1.

4.8. Statistical analyses
Statistical analyses were conducted using the R Project for Statistical Computing 
(https://www.r-project.org/). One-way analysis of variance with Bonferroni correc-
tion was used to identify significant differences in cell viability, cytotoxicity of 
pravastatin, and differences in relative mRNA expression between the control and 
pravastatin-treated groups. The Student’s t-test was used to assess significant changes 
in glucose metabolism. A probability (p) value of <0.05 was considered statistically 
significant.
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