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Cellular senescence is a complex physiological process characterized by persistent 
growth arrest followed by some alterations inside cells even under normal physiological 
conditions. Accumulation of senescent cells is a major feature of aged individuals, which in 
turn causes tissue and organismal aging. Cellular senescence can be categorized into two 
groups; one is the replicative senescence, and another is the stress-induced premature 
senescence. Replicative senescence is the result of telomere shortening after a limited 
number of cell divisions. Whereas, the stress-induced premature senescence is triggered by 
various endogenous or exogenous agents which cause stresses or damages to the cell such as 
oxidative stress, DNA damage, endoplasmic reticulum (ER) stress, oncogene activation, 
telomere damage, and X-ray irradiation. 

Decrease in nicotinamide adenine dinucleotide (NAD+) level is known to be one of 
the critical events for tissue and organismal aging, because replenishment of NAD+ in 
organism ameliorates these processes. It is crucial to maintain NAD+ homeostasis through 
balancing the mechanism of NAD+ production and degradation. Previously, Khaidizar et al. 
(2017) reported that nicotinamide phosphoribosyltransferase (Nampt) transcript, encoding a 
rate-limiting enzyme for the dominant NAD+ biosynthesis pathway, and NAD+ decrease with 
passages of primary mouse embryonic fibroblasts (MEFs), and primary MEFs derived from 
Nampt overexpressing transgenic mice (Nampt TG-MEFs) delay the onset of replicative 
senescence in vitro. Increase and/or activation of NAMPT have become one of the attractive 
strategies to delay the onset of replicative senescent cells in an organism. Cells in the body 
are also continuously exposed various endogenous and exogenous stressors, which are 
known to promote the induction of stress-induced premature senescence. However, it is not 
understood yet whether Nampt TG-MEFs have resistances against stress-induced premature 
senescence. In this study, it was examined that Nampt overexpression also prevents stress-
induced premature senescence in vitro. 

In this study, I found that Nampt TG-MEFs had higher resistances toward both 
oxidative and ER stress-induced premature senescence. I first evaluated whether Nampt TG-
MEFs could proliferate more than wild type MEFs (WT-MEFs) after the exposure of H2O2 
as oxidative stress or tunicamycin as ER stress. Against both stresses, I found that Nampt 
TG-MEFs possessed higher proliferative capacity compared with WT-MEFs, suggesting that 
Nampt TG-MEFs possessed resistance to turn senescent by these stressors. Next, to address 
that possibility, senescence-associated b-galactosidase assay (SA-b-Gal assay) was 
performed. The results showed that the accumulation of senescent cells in Nampt TG-MEFs 
was lower than that of WT-MEFs. Moreover, by comparing two different Nampt TG-MEF 
lines, I found that MEFs expressing more NAMPT/NAD+ possessed more resistance against 
H2O2 or tunicamycin-induced premature senescence, indicating the NAMPT/NAD+ dose-
dependency against stress-induced premature senescence. Based on these results, I 
concluded that Nampt TG-MEFs develop higher resistance to stress-induced premature 
senescence.  
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Further, to look into the molecular basis of ER stress-induced premature senescence 
in Nampt TG-MEFs, I evaluated expression levels of some ER stress-related genes in both 
genotypes. Physiologically, cells have quality control machinery to maintain protein 
homeostasis through the unfolded protein response (UPR) signalling pathway. This system 
guarantees prevention of cells from damage which lead to age-related diseases, apoptosis or 
senescence. ER stressor such as tunicamycin may disturb protein homeostasis inside cells 
which lead to apoptosis or senescence. Thus, I evaluated the relationship between the UPR 
pathways and ER stress-induced premature senescence. I first examined the spliced form of 
Xbp1, because the spliced form of Xbp1 mRNA by IRE1a is known to trigger ER stress 
responses and can be used as an indicator for ER stress. After 3 hours of tunicamycin 
treatment, the spliced form of Xbp1 was more in Nampt TG-MEFs than that in WT-MEFs. 
Interestingly, the spliced form of Xbp1 at 24 hours was comparable between genotypes. 
These results suggested that Nampt TG-MEFs were more sensitive when responding to ER 
stress compared with WT-MEFs. Some other UPR-related genes were also upregulated in 
Nampt TG-MEFs after 3 hours of tunicamycin treatment compared to WT-MEFs. For 
example, I detected some key genes which regulate proper protein folding through 
chaperoning system such as Bip and enzyme dismutase such as Pdi. I also detected the UPR-
related genes which play a role in cell adaptation through misfolding/unfolding protein 
degradation such as Herpud1 and Erdj4 or apoptosis such as Chop and Gadd34. These results 
proposed that Nampt TG-MEFs were more sensitive to ER stress and responded quickly to 
prevent cells from severe damage and causing senescence and probably apoptosis. 

Collecting together, I concluded that the increase of NAMPT/NAD+ level could 
protect stress-induced premature senescence in vitro. This study and a previous study by 
Khaidizar et al. (2017) were complimentary, suggesting that elevation of NAMPT activity 
or NAD+ level in vivo can be developed as one therapeutic strategy to delay the onset of both 
replicative and premature senescence which later support healthy aging and longevity.   
 
Keywords: NAMPT, NAD+, premature senescence, oxidative stress, ER-stress, primary 
MEFs 
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1.0 Introduction 

 
1.1 Cellular senescence 

 In 1961, Hayflick and Moorhead reported that some strains of human primary fibroblast 

showed growth cessation after several times of cell division (Hayflick & Moorhead, 1961), and 

now this phenomenon is called cellular senescence. Recent decades, senescence gains more 

attention especially to various pathophysiological alterations which involve the onset of insulin 

resistance, decreasing of β-cell function, the onset of chronic inflammation, and processes 

which influence homeostasis in response to diet and surrounding environment (Imai & 

Yoshino, 2013). Cellular senescence is a complex physiological process which is characterized 

by one clear feature that is constant growth arrest followed by some modifications inside the 

cell. Thus, the cell cannot proliferate even under physiological stimuli (Campisi & d’Adda di 

Fagagna, 2007; Pawlikowski et al., 2013; Petrova et al., 2016). This promotes to accumulate 

senescent cells in an aged organism (Schosserer et al., 2017) and brings to consequence 

impairment of tissues regeneration and functions (Campisi & d’Adda di Fagagna, 2007; 

Khaidizar et al., 2017). Despite its adverse effects, cellular senescence has some beneficial 

effects to organisms. Senescence participates in tissue repairs and regenerations, suppression 

of tumorigenesis, elimination of unwanted cells such as damaged cells in cancer and aging 

(Campisi & d’Adda di Fagagna, 2007; Pawlikowski et al. 2013; Munoz-Espin & Serrano, 2014; 

Hernandez-Segura et al., 2018a), also in embryonic development  (Munoz-Espin & Serrano, 

2014; Schosserer et al., 2017).  

There are some specific physiological and morphological features in senescence such 

as high secretion of pro-inflammatory substances (Schosserer et al., 2017; Hernandez-Segura 

et al., 2018a), high reactive oxygen species (ROS) level (Rufini et al., 2013; Hernandez-Segura 

et al., 2018a), activation of anti-programmed cell death genes, endoplasmic reticulum stress, 

increasing of lysosomal activity, cell enlargement and flattened, nucleus enlargement, as well 

as chromatin fragmentation (Hernandez-Segura et al., 2018a). Senescent cells can be detected 

using a marker which shows positive to proliferation, since senescent cells show negative 

(Matjusaitis et al., 2016). Senescent cells also can be detected through its lysosomal activity 

using a quite popular assay, senescence-associated beta-galactosidase (SA-b-Gal) assay (Dimri 

et al., 1995; Campisi & d’Adda di Fagagna. 2007; Pawlikowski et al., 2013; Munoz-Espin & 

Serrano, 2014; Matjusaitis et al., 2016), DNA mutation/damage markers, and secretion of 

senescence-associated secretory phenotypes (SASPs) such as interleukins, chemokines, as well 
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as growth factors (Pawlikowski et al., 2013; Munoz-Espin & Serrano, 2014; Matjusaitis et al., 

2016). In senescence, there is an alteration of genes expression which regulates proliferation, 

cell cycle, and tumor suppressors such as p16, p21, and p53. The expression level of p16, p21, 

and p53 increase in senescence (Pawlikowski et al., 2013; Munoz-Espin & Serrano, 2014; 

Matjusaitis et al., 2016). The appearance of senescence-associated heterochromatic foci 

(SAHF) in some cell types also can be used as a marker of senescence (Campisi & d’Adda di 

Fagagna, 2007; Pawlikowski et al., 2013; Munoz-Espin & Serrano, 2014). However, mouse 

senescent cells such as senescent fibroblasts do not show SAHF configuration (Kennedy et al., 

2010). 

Mouse fibroblasts use p19/p53 as the dominant pathway in senescence, whereas p16 

may not show an important function in senescence signalling (Itahana et al., 2004; Kennedy et 

al., 2010). Narita (2007) reviewed that p53 and p16/pRb activity increased in senescence 

without considering its causes. p16 is essential to stimulate G1-S checkpoint (Mirzayans et al., 

2012). The role of p16 is still debatable in cellular senescence. The previous study reported that 

lifespan increases after the loss of p53 and p16 expression (Huschtscha & Reddel, 1999). 

Recently Rhinn et al. (2019) reviewed that there are two major signalling pathways in 

senescence, internal and external pathways. The internal pathway consists of p16, p19, p21, 

and p53. Whereas, the external pathway consists of p53, p38, NF-kB, Cebpb, and Gata4. 

 

1.2 Replicative senescence 

 Somatic cells such as human fibroblast physiologically lose their proliferation capacity 

after several times of division. This condition refers as replicative senescence (Hayflick, 1979; 

Brookes et al., 2004; Cristofalo et al., 2004) and is considered as the main factor in tumor 

suppression (Huschtscha & Reddel, 1999). Replicative senescence in human cells usually 

connects with telomere shortening since they lack telomerase, a ribonucleoprotein polymerase, 

activity (Herbig et al., 2004; Itahana et al., 2004; Kennedy et al., 2010). A telomere is the 

terminal part of a chromosome which gives genomic stability (Greider, 1996; Narita, 2007). 

This structure consists of G-rich DNA duplication, which shortens in each replication event and 

brings cell becomes senescence (Narita, 2007; Liu et al., 2019). On the other hand, telomere 

extension by the activity of telomerase promotes the onset of the tumor (Greider, 1996; Liu et 

al., 2019). 

 Instead of human, some other organisms such as cat, dog, sheep, horse, cow, beaver, 

and capybara also lack telomerase activity (Gorbunova & Seluanov, 2009). The rate of telomere 

shortening was known related with the lifespan of organisms. For example, the rate of telomere 
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shortening in goat is ~ 360 bp/year with average of lifespan ~ 20 years, whereas the rate of 

telomere shortening in human is ~ 70 bp/year with average of lifespan ~ 80 years (Whittemore 

et al., 2019). However, somatic cells of some organisms, such as mouse have telomerase 

activity and can maintain their proliferation capacity under physiological oxygen level in vitro 

(Gorbunova & Seluanov, 2009). Yang & Fogo (2010) stated that telomeres of mouse and rat 

are quite long and only undergo little reduction. Thus, aging and senescence in these organisms 

do not show telomeres dependency. 

 

1.3 Stress-induced premature senescence  

Instead of undergoing senescence naturally through telomere shortening as in 

replicative senescence, cells may experience senescence earlier than they should. In human 

cells, this senescence happens before the phase caused by telomere shortening. This is called 

as premature senescence (Kuilman et al., 2010). Moreover, cells/tissues are exposed 

continuously endogenous and exogenous agents which cause stress and cell defect. The cell has 

two choices to cope with this condition. At low stress level, cell may defence and recover. 

However, at severe condition, cell activates programmed cell death mechanism (apoptosis 

pathway) (Campisi & d’Adda di Fagagna, 2007; Pluquet et al., 2015). During adaptation to the 

stress, the cell may arrest its growth transiently or permanently. Thus, the condition which cells 

stop to proliferate permanently is called stress-induced premature senescence. Some stimulants 

can cause stress-induced premature senescence. There are some examples of those stimulants: 

oncogene activation (Campisi & d’Adda di Fagagna, 2007; Pawlikowski et al., 2013; Pluquet 

et al., 2015), DNA-damage-response (chemotherapeutic drug) (Campisi & d’Adda di Fagagna 

2007; Pluquet et al., 2015; Bhatia-Dey et al., 2016), chromatin perturbation (i.e. epigenetic 

alterations, aneuploidy) (Campisi & d’Adda di Fagagna. 2007; Bhatia-Dey et al., 2016), 

oxidative stress (Pawlikowski et al. 2013; Pluquet et al., 2015; Bhatia-Dey et al., 2016), 

mitochondrial dysfunction, inflammation, energy sensing, altered metabolic regulation, chronic 

mitogenic signalling, dysfunctional extracellular matrix (Bhatia-Dey et al., 2016), telomere 

damage (Pluquet et al., 2015), and X-ray irradiation (Hewitt et al., 2012). 

 

1.4 Effects of H2O2 on stress-induced premature senescence 

 H2O2 plays some essential roles in a redox reaction, signalling pathways, and may 

regulates cell fate, life or death (Lennicke et al., 2015; Sies et al., 2017). Vilema-Enriquez et 

al. (2016) stated that H2O2 could regulate cell proliferation depending on cell type and H2O2 

concentration. H2O2 promotes cell growth cessation and cell death (Sies et al., 2017). This 
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compound also is widely known to induce senescence in various type of cells such as human 

fibroblast (Chen & Ames, 1994; Bladier et al., 1997; Duan et al., 2005; Furukawa et al., 2007), 

mouse osteoblast cell line, human osteoblast-like cell line (Li et al., 2009), human tumor cell 

(Yoshizaki et al., 2009), mouse gingival fibroblast (Kiyoshima et al., 2012), mesenchymal stem 

cell (Choo et al., 2014), and bone marrow mesenchymal stem cell (Li et al., 2017).  

 Chen & Ames (1994) studied that H2O2 prevented cell proliferation through irreversible 

DNA synthesis inhibition. Human fibroblasts failed to response to growth factor stimuli such 

as basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), and serum after H2O2 

treatment since inhibition of DNA synthesis cannot be recovered within four days. Decreasing 

proliferation capacity possibly is facilitated by p21 (de Haan, 1996; Bladier et al., 1997). 

Moreover, senescent cell after H2O2 treatment also shows elevation of p21, p53 (Duan et al., 

2005; Kiyoshima et al., 2012; Choo et al., 2014), and gadd45 (Duan et al., 2005). The molecular 

mechanism of H2O2 to induce senescence also involves p21, p53, and SIRT1 pathways 

(Furukawa et al., 2007). Li et al. (2009) studied that cell growth cessation in osteoblast after 

H2O2 treatment involved reducing cyclin B1 protein. 

 

1.5 The unfolded protein response (UPR) pathway in the response of endoplasmic  

      reticulum stress-induced premature senescence 

The endoplasmic reticulum (ER) is an organelle which has prominent function in 

protein production, assembly, and maturation (Oslowski & Urano, 2011; Brown & Naidoo, 

2012; Krajarng et al., 2015; Iurlaro & Munoz-Pinedo, 2015). Thus, it is equipped by a 

machinery system which guarantees correct protein folding. This machinery needs to maintain 

protein homeostasis, which ensures the balance between protein production and breakdown 

(Oslowski & Urano, 2011; Lafleur et al., 2013). However, a lot of factors such as infection of 

virus, toxins (Oslowski & Urano, 2011), nutrient deficiency, hypoxia (Martinez et al., 2017; 

Hetz & Papa, 2018), and imbalance of calcium or redox level (Martinez et al., 2017) can impair 

its function. This condition promotes and increases the accumulation of misfolded and unfolded 

protein which is called ER stress (Oslowski & Urano, 2011, Walter & Ron, 2011, Iurlaro & 

Munoz-Pinedo, 2015; Krajarng et al., 2015; Hetz & Papa, 2018). Such situations activate the 

adaptation machinery system, called the unfolded protein response (UPR) pathways (Oslowski 

& Urano, 2011, Walter & Ron, 2011, Iurlaro & Munoz-Pinedo, 2015; Krajarng et al., 2015; 

Hetz & Papa, 2018). The final effect of these stressors may depend on several factors such as 

the action pathway of stressor, concentration, duration of exposure (acute or chronic), cell type, 

nutrient status, and oxidative stress (Oslowski & Urano, 2011; Lafleur et al., 2013).  
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Once stressor comes, ER responses by activating the UPR pathway. This pathway 

triggers several mechanisms to overcome stress. One of the adaptive controls to overcome stress 

involves ER-associated degradation (ERAD) (Doultsinos et al., 2017). Thus, the UPR system 

is important to guarantee ER protein homeostasis (proteostasis). On the other hand, if stress is 

persistent, the UPR system activates apoptosis pathway (Brown & Naidoo, 2012; Iurlaro & 

Munoz-Pinedo, 2015; Doultsinos et al., 2017, Martinez et al., 2017; Amodio et al., 2018; Hetz 

& Papa, 2018). In aging, the UPR-related genes which regulate chaperoning and folding system, 

as well as target genes which play a role in ERAD were activated (Brown & Naidoo, 2012). 

Thus, studying the UPR pathway may promote the development of a new therapeutic method, 

especially in aging (Doultsinos et al., 2017).  

In the ER machinery, there are chaperones which ensure correct protein assemblies, 

such as GRP78/BIP (78 kDa glucose-regulated protein/binding immunoglobulin protein), PDI 

(protein disulfide isomerase), and calnexin (Matos et al., 2015; Doultsinos et al., 2017). BIP is 

a chaperone which plays as an essential modulator during the UPR activation in ER stress. BIP 

assists protein folding. This protein expresses in a great amount; thus, can be used as an 

indicator of ER-stress (Oslowski & Urano, 2011). Further, PDI, an enzyme which catalyzes 

disulfide bond formation, is required to ensure disulfide bond formation during protein folding 

(Matos et al., 2015; Doultsinos et al., 2017). Whereas, calnexin, an ER transmembrane lectin, 

is needed to control glycoproteins production (Matos et al., 2015). 

There are three major transmembrane proteins in the UPR system: inositol-requiring 

enzyme 1a (IRE1a), PKR like ER kinase (PERK), and activating transcription factor 6 (ATF6). 

During the normal condition, these proteins bind to GRP78/BIP. The binding dissociates when 

the ER gains stressor which increases misfolded or unfolded protein (Oslowski & Urano, 2011; 

Lafleur et al., 2013; Krajarng et al., 2015; Amodio et al., 2018). The first pathway involves 

dissociation of IRE1a from BIP (Amodio et al., 2018). This protein links with pro-survival 

pathways during ER stress via modulation of various chaperones (Iurlaro & Munoz-Pinedo, 

2015). After IRE1a is activated, it splices 26 nucleotides from the mRNA encoding the X-box-

binding protein 1 (Xbp1) permitting the translation of Xbp1 (Matos et al., 2015; Iurlaro & 

Munoz-Pinedo, 2015; Krajarng et al., 2015; Amodio et al., 2018). Spliced Xbp1 (Xbp1s) 

controls many target genes in this pathway such as ER chaperones (Bip) and genes which 

regulate ER-associated degradation, such as Erdj4 (Krajarng et al., 2015), Edem, and Hrd1 

(Oslowski & Urano, 2011) (Figure 1.).  

The second pathway is PERK. This protein acts by decreasing protein translation and 
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modulating oxidative stress (Iurlaro & Munoz-Pinedo, 2015). After dissociation from BIP, 

PERK undergoes auto-phosphorylation and triggers in the ER membrane. PERK activates 

specific transcription factors such as ATF4. ATF4 activates the transcription of pro-apoptotic 

factors C/ EBP homologous protein (CHOP) and GADD34 (Oslowski & Urano, 2011; Brown 

& Naidoo, 2012; Iurlaro & Munoz-Pinedo, 2015; Krajarng et al., 2015) (Figure 1.).  

The third pathway is ATF6. After unbinding from BIP, this protein relocates to the Golgi 

apparatus and divides into its active form by site-1 and site-2 protease (S1P and S2P). Active 

ATF6 triggers transcription of many target genes such as Bip, Grp94 (Iurlaro & Munoz-Pinedo, 

2015; Krajarng et al., 2015; Doultsinos et al., 2017), Chop, Xbp1 (Iurlaro & Munoz-Pinedo, 

2015; Krajarng et al., 2015), Herpud1 (Doultsinos et al., 2017), and Pdi (Brown & Naidoo, 

2012; Doultsinos et al., 2017) (Figure 1.).  

 
Figure 1. The three UPR pathways on ER stress responses. 1st pathway is IRE1a activation 
involves Xbp1s mRNA splicing as a transcription factor which triggers ERAD genes. 2nd 
pathway is PERK activation relates with the promotion of apoptotic pathway. 3rd pathway is 
ATF6 activation triggers ERAD genes. Xbp1u, unspliced Xbp1: Xbp1s, spliced Xbp1 (Modified 
from Rutkowski & Kaufman, 2007; Oslowski & Urano, 2011; Hetz & Papa, 2018). 
 

Decreasing proteostasis capability in ER-stress is a clear feature of aging. Senescence 

causes modification in protein metabolism which affects cell growth cessation and secretion of 

SAPSs (Pluquet et al., 2015; Wiley & Campisi, 2016). Further, ER has two main mechanisms 

to attenuate senescence; first, accelerated misfolded or unfolded protein degradation through 

ERAD pathway, second, changes in the translational efficiency to avoid senescence (Wiley & 

Campisi, 2016). However, the mechanism in the UPR pathway remains unknown. ER-stress 

responses in correlation to many factors. Thus, the results may vary in some of studies. A lot of 
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studies reported that there was a relationship between the response of the UPR-related genes 

and senescence (Pluquet et al., 2015; Kannan et al., 2016). However, the studies about the 

relationship between the UPR and senescence still need further exploration.  

Different results suggest that ER-stress is influenced by a lot of factors in the body, not 

only related to ER-machinery itself. ROS production also plays a role in ER stress-induced 

premature senescence. Rajesh et al. (2013) proved ROS elevation caused cell growth 

attenuation in PERK or eIF2aP-deficient primary cells. However, this condition could be 

repaired by antioxidant administration. This condition also found in pancreatic and breast 

cancer cells caused by cristacarpin, a metabolite of Erythrina suberosa. The compound triggers 

ER stress via ROS production. Cristacarpin increases p21 level followed by morphological 

changes such as enlarged and flattened cell as well as SAHF arrangement (Chakraborty et al., 

2016).   

Some studies showed that the UPR machinery responses in different pathway either 

adaptation to cope ER stress or triggers apoptosis if the damage progresses continuously. Paz 

Gavilan et al. (2006) and Gavilan et al. (2009) reported that BIP, calnexin, and PDI were 

downregulated in the hippocampus of old rats whereas CHOP level was increased. Hussain & 

Ramaiah (2007) reported decreasing of ATF4 and BIP levels in the brain of old rats as well as 

increasing of PERK and GADD34. Whereas, aged macrophages showed alleviation of IRE1a 

activation and elevated sensibility to the apoptosis pathway in ER stress condition (Song et al., 

2013). These findings suggested that the ability to connect the UPR pathway may be interrupted 

during aging (Martinez et al., 2017). Increased levels of CHOP, ATF4, and XBP1s were 

observed in primary osteocytes from aged mice when compared to adult mice exposed to ER 

stress-inducing agents (Chalil et al., 2015). Similar results were reported in stromal cells from 

adipose tissue of aged mice, associated with augmented levels of BIP, CHOP, ATF6, and 

phosphorylated IRE1a (Ghosh et al., 2015). CHOP level of the hindlimb muscular tissue of 

aged rats was also shown higher compared to that of adult rats (Baehr et al., 2016). Lenox et 

al. (2015) also studied that the UPR target genes also have a relationship with aging in the 

central nervous system. They found that phosphorylation of CHOP, ATF6, GADD34, ATF4, 

and eIF2a are upregulated in the retina of aged rats. Druelle et al. (2016) evaluated that 

senescence has a correlation with increasing ER stress level accompanied by elevation of ER 

size. The condition caused by an elevation of protein level in ER during senescence is mainly 

through ATF6 activation.  
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1.6 Senescence related to decreasing of NAD+ level in the cell 

NAD+ plays an essential role in various biological processes/metabolic reactions such 

as glucose, lipid, and energy homeostasis (Lin & Guarente, 2003, Peek et al., 2013; Di Stefano 

& Conforti, 2013), cell communication, cell metabolism (Chini et al., 2017), post-translational 

protein modification, DNA repair, redox reaction, as well as multiple signalling pathways (De 

Figueiredo et al., 2011; Yaku et al., 2018). Decreasing NAD+ level gains great attention because 

of association with the onset of age-associated diseases such as metabolic and 

neurodegenerative diseases, and many types of cancer (Imai, 2009; Yaku et al., 2018). NAD+ 

level decreases as the organism become older (van der Veer et al., 2007; Khaidizar et al., 2017; 

Ma et al., 2017). Ma et al. (2017) reported that mesenchymal stem cells from aged rats had a 

low level of NAMPT followed by declining of intracellular NAD+ as well as SIRTUIN 1 

(SIRT1) levels and activities. Moreover, Khaidizar et al. (2017) investigated that this phenotype 

also found in replicative senescence of mouse embryonic fibroblasts. This supports previous 

study which showed that there was reducing NAMPT activity accompanied by replicative 

senescence of human smooth muscle cells through decreasing of SIRT1 activity (van der Veer 

et al., 2007). Imai & Guarente (2014) suggested that the onset of aging is related to reducing 

SIRTUIN activity in nucleus and mitochondria, which caused a reduction of NAD+.  

Several factors cause decreasing of NAD+ level. Imbalance of NAD+ production and 

degradation can be caused by damage of NAMPT and PARP (poly ADP ribose polymerase), 

respectively (Imai & Guarente, 2014). Some endogenous and exogenous factors such as DNA 

damage, oxidative stress, senescence, and inflammation reduce NAD+ level. This mechanism 

can be occurring vice versa. This means the reduction of NAD+ level can be caused by the 

alteration in NAD+ breakdown, production, or both (Chini et al., 2017) which leads to aging 

and disturbances of metabolic and physiological functions (Figure 2.). 
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Figure 2. The connection between stressor, aging, and decreasing of NAD+ level, which 
promotes metabolic and physiological disfunction (Modified from Chini et al., 2017). 
 

1.7 Maintenance of NAD+ homeostasis is a strategy to prevent senescence 

In mammals, NAD+ is maintained mostly through the salvage pathway. This pathway 

converts nicotinamide (NAM, one of vitamin B) to nicotinamide mononucleotide (NMN) by 

the rate-limiting enzyme, NAMPT. Further NMN is converted to NAD+ by nicotinamide 

mononucleotide-adenylyltransferase (NMNAT) 1-3. NAD+ is utilized by NAD+-consuming 

enzymes such as SIRTUINs, PARPs, and cluster of differentiation (CD) 38 for several 

physiological and metabolic aspects (Houtkooper et al., 2010; Nikiforov et al., 2015). Thus, it 

is crucial to maintain NAD+ homeostasis through balancing the mechanism of NAD+ synthesis 

and degradation (Chini et al., 2017; Yaku et al., 2018) (Figure 3.). 

 
Figure 3. NAD+ salvage pathway. NAD+ homeostasis tightly controlled by its rate-limiting 
enzyme (NAMPT) and its consuming enzymes (SIRTUINs, PARPs, CD38) (Modified from 
Nakahata et al., 2009; Imai, 2010; Imai & Guarente, 2014). 
 

Many strategies have already done to increase NAD+ level in the body. The first strategy 

relates to limiting NAD+ reduction or increasing NAD+ level using its precursors such as NAM 
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or other supplementations. This can be one of the best and fast strategies (Imai & Guarente, 

2014; Yaku et al., 2018). Kang et al. (2006) reported that NAM could stimulate life extension 

of human fibroblast. NAM is predicted to be involved in this process through the suppression 

of ROS production and mitochondrial activity. NAM supplementation could maintain the level 

of some cell cycle regulator proteins such as p53, p21, and pRb in human fibroblast. Increasing 

NAD
+ 

level by NMN and nicotinamide ribose (NR), another NAD+ precursor, supplementation 

also can repair many age-associated pathophysiologies caused by NAD+ reduction (Imai & 

Guarente, 2014). Increasing of NAD+ metabolism extends lifetime in various organisms. Thus, 

it is obvious that NAD+ regulation plays an essential role in aging and lifespan extension (Yaku 

et al., 2018).  

The second strategy can be done using an internal mechanism which requires activation 

of NAMPT, a rate-limiting enzyme of NAD+ production, which involves activation of SIRT1 

to inhibit senescence. A previous study by van der Veer et al. (2007) found that the introduction 

of the Nampt gene into human smooth muscle cells (SMCs) can delay senescence. NAMPT-

mediated SMCs lifespan extension was associated with increased activity of the NAD+-

dependent longevity enzyme SIRT1. Ho et al. (2009) also found that NAMPT activity 

influenced SIRT1 activity in smooth muscle cells (SMCs). Overexpression of Nampt delayed 

senescence of SIRT1-overexpressing SMCs by increasing SIRT1 activity. Khaidizar et al. 

(2017) studied this mechanism using primary mouse embryonic fibroblasts (MEFs). Raising 

NAMPT level is proofed to play a role in the delay of onset of replicative senescence with 

increasing SIRT1 activity.  

Although almost all researches investigate the effect of NAD+ on senescence were 

carried out about replicative senescence, most of the senescence is caused by stress-induced 

premature senescence such as oxidative or endoplasmic reticulum stress (Toussaint et al., 2002; 

de Magalhaes & Passos, 2018). Stressors may promote cellular senescence depend on the 

concentration of stressor, cell type, duration of exposure (de Magalhaes & Passos, 2018). Duan 

et al. (2005) and Pienkowska et al. (2020) stated that stress-induced premature senescence 

caused by stress such as oxidative stress after H2O2 exposures might have a different response 

from replicative senescence. Thus, it is still needed to reveal whether NAD+ has resistances to 

stress-induced premature senescence in the mammalian cell. To address that, I use the fibroblast 

cells derived from Nampt-overexpressing mice, which were previously established in my 

laboratory (Khaidizar et al. 2017). This study is important to get a more comprehensive 

understanding of the role of NAMPT on senescence that would be essential to find suitable 
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therapies for mammalian age-associated diseases.  

I found that Nampt overexpressing MEFs (Nampt TG-MEFs) resistant against stress-

induced premature senescence caused by oxidative- and ER-stress, which showed higher cell 

growth, normal cell morphology, and lower SA-b-Gal positive cells compared with the 

counterpart WT-MEFs. Nampt TG-MEFs also needed a higher concentration of stressors to 

become senescence. Besides, Nampt TG-MEFs showed more resistance and response more 

quickly against ER stress.  

 

1.8 Objectives 

Senescence gains attention since the process is associated with aging and age-associated 

degenerative diseases. It is needed a proper strategy to prevent cellular senescence. Decreasing 

of NAD+ level is known to be related to senescence in elderly both human and mouse cells. 

Thus, increasing of NAMPT activity or NAD+ level can become a choice. Previously, van der 

Veer et al. (2007) and Khaidizar et al. (2017) proved that this strategy could postpone 

replicative senescence. However, the senescence response can be different between replicative 

and stress-induced premature senescence. Moreover, most of the senescence is caused by 

endogenous and exogenous stressors. Thus, the purpose of this study is studying the effects of 

overexpression of Nampt in mouse embryonic fibroblasts against oxidative and endoplasmic 

reticulum stress-induced premature senescence. Further, this can be a more comprehensive 

understanding related to the role of NAMPT/NAD+ in senescence to promote healthy 

aging/longevity in vivo. 

 

1.9 Hypothesis 

Nampt TG-MEFs have resistance against oxidative and ER stress-induced premature 

senescence caused by hydrogen peroxide (H2O2) and tunicamycin, respectively compared to 

WT-MEFs which are caused by high NAMPT activity followed by high NAD+ level. 
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2.0 Materials and Methods 
 

2.1 Generating transgenic mice 

In this study, I used C57BL/6 mice. The mice were purchased from Japan SLC, Inc. 

(Hamamatsu, Japan) and maintained under 12 hours light/12 hours dark cycles. Transgenic 

mice were generated using human Nampt coding sequence with HA tag at 3’ region of pCMV, 

which subcloned into pCAGGS vector. The clone was digested by PvuI and BamHI. Further, 

the clone was microinjected into the pronuclei of fertilized eggs of C57BL/6 mice. TG mice 

were crossed with C57BL/6 female mice to produce primary MEFs (Khaidizar’s thesis, 2017). 

My experiments were approved by the Animal Care Committee of Nara Institute of Science 

and Technology and performed in consent with the guideline that was established by the Science 

Council of Japan. 

 

2.2 Primary mouse embryonic fibroblasts 

Primary mouse embryonic fibroblasts were harvested from embryonic day 14.5 

embryos. Protocols to establish and maintain Nampt TG- and WT- primary MEFs were 

followed procedure by Khaidizar et al. (2017). First, the head and intestinal organs of the mouse 

were removed. The mouse embryo was rinsed with 1x PBS and chopped on a petri dish. 

Chopped tissues were incubated with 2 ml of trypsin solution (0.05% trypsin, 0.53 mmol/l 

EDTA-4Na, Wako, Japan) for 10 min at 37°C with a flow of 5% CO2. After that, added 8 ml 

of Dulbecco’s Modified Eagle Media (DMEM) (4.5 g/L glucose) (Nacalai tesque, Kyoto, 

Japan) supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate (Nacalai tesque), 

1× MEM amino acids (GIBCO), 0.1 mM 2-mercaptoethanol (GIBCO), 10 U/ml penicillin/10 

µg/ml streptomycin (Nacalai tesque), and 0.1 mg/ml primocin (InvivoGen). This media 

deactivated trypsin. The chopped tissues and media were powerfully pipetted several times to 

get a higher number of single cells. The cell suspension was let for 5 min at room temperature, 

and the supernatant was removed to a 10-cm dish and incubated at 37°C with a flow of 5% CO2 

for 1 day. These cells defined as passage 0. All cells used in this study were from passage 1.  

 

2.3 Cell culture  

Primary Nampt TG- and WT-MEFs were cultured in 10 ml culture dish nourish with 

Dulbecco’s Modified Eagle Media (4.5 g/L glucose) enriched with 10% fetal bovine serum, 1 

mM sodium pyruvate (Nacalai tesque), 1× MEM amino acids (GIBCO), 0.1 mM 2-
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mercaptoethanol (GIBCO), 10 U/ml penicillin/10 µg/ml streptomycin, and 0.1 mg/ml primocin 

incubated at 37°C with a flow of 5% CO2. After reached 70-90% confluency, the cells were 

trypsinized for 5 mins at the 37°C to detach from neighboring cells and 10 ml culture dish. 10 

ml primary MEF media was added to deactivate trypsin. After that, gently pipetting cell 

suspension to detach them completely. The cell suspension was removed to the conical tube. 

For counting the cell number, then take 10 µl of cell suspension and mixed with 10 µl trypan 

blue in a microtube. Cell counting was done using counting cell chamber haemocytometer. The 

number of the cells were seeded based on the experiment design in each procedure.  

 

2.4 Cell viability assay by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium     

   bromide) assay 

 Cells were grown at 1,500 cells/well in 96-well plate and incubated at 37°C with a flow 

of 5% CO2 for 24 hours prior treatment. After 24 hours culture, cells were treated with various 

concentration (25, 50, 100, 200, 400, and 600 µM) of hydrogen peroxide (H2O2) (Wako, Osaka, 

Japan) for 24 hours and trypsinized right after treatment or various concentration (2, 20, and 

200 ng/ml) of tunicamycin (Sigma-Aldrich, St. Louis, MO, USA) for 3 hours and trypsinized 

after additional 21 hours culture. All treatments were made triplicate. Cell viability was 

measured using MTT assay based on manufacturer protocol (Nacalai tesque, Kyoto, Japan). 

This method used to evaluate cell viability by quantifying the dehydrogenase activity of 

mitochondria. 10 µl of MTT solution (5 mg/ml MTT in phosphate-buffered saline) was added 

to each well and the plate was incubated at 37°C with a flow of 5% CO2 for 3 hours. 

Subsequently, 100 µl of solubilization solution (0.04 mol/l HCl in isopropanol) was added to 

each well, and the solution was pipetted repeatedly to dissolve the precipitated formazan. The 

plate was observed under the microscope to ensure that all formazan has dissolved. Finally, the 

absorbance was measured using a microplate reader (Mithras) at 570 nm wavelength. Cell 

viability represents as a percentage of viable cells. 

 

2.5 Cell growth assay 

Cells were grown at 4 x 104 cells in 35 mm dishes at and cultured for 24 hours at 37°C 

with a flow of 5% CO2. Primary WT- and TG-MEFs were treated with various concentration 

(50, 200, and 400 µM) of hydrogen peroxide for 24 hours or various concentration (2, 20, and 

200 ng/ml) of tunicamycin for 3 hours. Cells were washed twice with 1x PBS and cultured for 

another 6 days (day 7) with a single passaging after 3 days culturing (day 4). After trypsinization 
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at day 4 and 7, the cells were counted using trypan blue staining to analyze cell growth assay. 

 

2.6 Senescence-associated β-galactosidase activity  

The same cells which used for growth assay were used for SA-b-Gal assay. Cells were 

grown in 35 mm dishes at 4 x 104 cells and cultured for 24 hours at 37°C with a flow of 5% 

CO2. Primary MEFs were treated with various concentration of hydrogen peroxide (25, 50, 100, 

200, 400, and 600 µM) for 24 hours or tunicamycin (2, 20, and 200 ng/ml) for 3 hours. Cells 

were rinsed twice with 1x PBS and cultured for another 6 days with a single passaging 3 days 

after treatment. After trypsinization at day 7, the cells were seeded again in 35 mm dishes at 4 

x 104 cells and cultured for 24 hours at 37°C with a flow of 5% CO2 prior SA-b-Gal assay 

(Figure 4.). SA-b-Gal assay was done according to the protocol described by Debacq-Chainiaux 

et al. (2009). Cells were rinsed twice with 1x PBS, fixed with 2 ml the mixture of 2% 

formaldehyde and 0.2% glutaraldehyde in H2O for 5 min at room temperature. After that, the 

cells were rinsed again with 1x PBS twice. Further, 2 ml of SA-b-Gal staining solution (40 mM 

sodium citrate (pH 6.0), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 1 mg/ml 

5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal), 150 mM sodium chloride, and 2 

mM magnesium chloride) were added to the cells and incubated at 37°C without CO2 for 18 

hours with gentle agitation. Each sample was checked under an inverted microscope. Every 

sample was count for minimum of 200 cells. Positive senescence cells were stained blue. Those 

cells were counted and represented in percent. The cells were photographed. 

 

2.7 RNA extraction and cDNA synthesis  

2.7.1 RNA extraction 

Cells were grown at 4x104 cells in 35 mm dishes and cultured for 24 hr at 37°C with a 

flow of 5% CO2. MEFs treated with tunicamycin for 3 hours at the various concentration (2, 

20, and 200 ng/ml) of tunicamycin. Total RNA was extracted from MEFs at 0 or 21 hours after 

tunicamycin treatment. The medium of the cells was aspirated. Cells were rinsed twice using 

1x PBS to clean the cells from remaining medium. 1 ml Sepasol RNA-I Super G (Nacalai 

tesque, Kyoto, Japan) were added to the cells. All cells were scraped evenly and transferred to 

1.5 ml tubes and maintained at -80°C before used.  

For extracting the RNA, cells were thawed by left to stand at room temperature for 30 

mins with gentle agitation. After cells melted and mixed evenly, 200 µl chloroform is added to 

each tube. The content was mixed by inverting the tubes vigorously several times and left to 
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stand for 10 mins. 

 Afterwards, the mixture was centrifuged at 12,000 x g for 15 mins at 4°C to obtain the 

aqueous phase that contains the RNA fractions. 500-600 µl of the aqueous phase was removed 

to new 1.5 ml Eppendorf tubes and further added with an equal volume of isopropanol. The 

mixture was again mixed by inverted the tube vigorously and left to stand at room temperature 

for 10 mins. Next, the mixture was centrifuged at 12,000 x g for 10 mins at 4°C to make the 

RNA become pellet. The supernatant was discarded and RNA pellet was rinsed by adding 75% 

ethanol, and followed by centrifugation at 12,000 x g for 5 mins at 4°C. The supernatant was 

discarded carefully without disturbing the pellet of RNA. The pellet was air-dried for 10 mins 

at room temperature before dissolved in purified water. The total amount of RNA was 

calculated. RNA quantification was carried out using Nanodrop spectrophotometer (Thermo 

Scientific). Purified RNA samples are kept at -20°C freezer for long term storage. 

 

2.7.2 cDNA synthesis 

One µg of total RNA was converted to complementary DNA (cDNA) by reverse-

transcription PCR using SuperscriptTM II Reverse Transcriptase (Invitrogen, Carlsbad, CA, 

USA) with random primers following the manufacturer’s instructions. Each reaction consists 

of 1 µg RNA extract, 1X First-Strand Buffer, 10 mM dNTPs, 250 ng random primers, and added 

with purified autoclaved water to a final volume of 20 µl. First, RNA samples were added to 

random primers, dNTPs, and water in a PCR strip and were heated to 65°C for 10 mins. After 

that, First-Strand Buffer, 10 mM DTT, and Reverse Transcriptase were added to each sample. 

The samples were then heated up to 42°C for 2 hours, followed by 70°C for 15 mins. The cDNA 

products were diluted with distillate water 5x and kept at -20°C freezer for long term storage.  

 

2.8 Real-time quantitative PCR (qPCR) 

Quantitative PCR was performed using SYBR green dye from KAPA SYBR FAST 

Universal 2× qPCR Master Mix (Nippon Genetics, Tokyo, Japan). Each reaction consists of 1X 

KAPA SYBR FAST qPCR Master Mix universal, 200 nM of forward and reverse primers, 20 

ng of cDNA products and added water to a final volume of 10 µl. All reagents except the cDNA 

were prepared in a master mix and aliquoted into wells of a white multiwell plate before lastly 

adding the cDNA samples. qPCR was performed out using the Light Cycler 480 (Roche) under 

the following conditions: samples were heated to 95°C for initial denaturation 3 min, and 

followed by 40 cycles of denaturation at 95°C for 10s, hybridization at 60°C for 20s followed 
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by elongation at 72°C for 1s. Fold change of target gene transcripts was calculated using the 

absolute quantification method and normalized to Gapdh gene expression as an endogenous 

control. The sequences of the forward and reverse primers are listed in Table 1. as follows. 

Table 1. Table of primers. 

No. Gene Sequences 

1. Gapdh FW: TTCACCACCATGGAGAAGGC 

RV: TTGTCATGGATGACCTTGGC 

2. Nampt FW: TTGTTCAGTCCTGGTATCCAAT 

RV: CCTATGCCAGCAGTCTCTTG 

3.  Chop *1 FW: CCACCACACCTGAAAGCAGAA 

RV: AGGTGAAAGGCAGGGACTCA 

4. Edem *1 FW: CTACCTGCGAAGAGGCCG 

RV: GTTCATGAGCTGCCCACTGA 

5. Bip *2 FW: CATGGTTCTCACTAAAATGAAAGG 

RV: GCTGGTACAGTAACAATG 

6. Gadd34 *2 FW: GAGATTCCTCTAAAAGCTCGG 

RV: CAGGGACCTCGACGGCAGC 

7. Erdj4 FW: CTCCACAGTCAGTTTTCGTCTT 

RV: GGCCTTTTTGATTTGTCGCTC 

8. Pdi FW: TGAACAGACAGCTCCGAAGAT 

RV: GCCGTCATAGTCAGATACACTCT 

9. Hyou1 *3 FW: TACTCCCGTTCCTTGGCTGAAG 

RV: GGCTGTGGCAGTGTTGTCATTG 

10. Herpud1 *4 FW: AGAACATCTCTAGGCCTGAG 

RV: TGCCTTGCATAGATCTGCTG 

11. Calnexin *5 FW: GGGAGTCTTGTCGTGGAATTG   

RV: TGCTTTCCAAGACGGCAGA 

 

*1 Oslowski, C. M. & Urano, F. (2011). Measuring ER stress and the unfolded protein response 

using mammalian tissue culture system. Methods Enzymol, 490, 71–92. 

*2 Rutkowski, D. T., Arnold, S. M., Miller, C. N., Wu, J., Li, J., Gunnison, K. M., Mori, K., 

Akha, A. A. S., Raden, D., & Kaufman, R. J. (2006). Adaptation to ER stress is mediated by 

differential stabilities of pro-survival and pro-apoptotic mRNAs and proteins. PLoS Biology, 
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4(11), e374. 

*3 Walters, S. N., Luzuriaga, J., Chan, J. Y., Grey, S. T., & Laybutt, D. R. (2013). Influence of 

chronic hyperglycemia on the loss of the unfolded protein response in transplanted islets. 

Journal of Molecular Endocrinology, 51, 225–232. 

*4 Le, T. M., Hashida, K., Ta, H. M., Takarada-Iemata, M., Kokame, K., Kitao, Y., & Hori, O. 

(2016). Deletion of Herpud1 enhances Heme Oxygenase-1 expression in a mouse model of 

Parkinson’s disease. Parkinson’s Disease, 2016, Article ID 6163934. 

https://doi.org/10.1155/2016/6163934. 

*5 Martindale, J. J., Fernandez, R., Thuerauf, D., Whittaker, R., Gude, N., Sussman, M. A., & 

Glembotski, C. C. (2006). Endoplasmic reticulum stress gene induction and protection from 

ischemia/reperfusion injury in the hearts of transgenic mice with a tamoxifen-regulated form 

of ATF6. Circulation Research, 98, 1186-1193. 

 

2.9 Statistical analysis  

Values are reported as mean ± SEM. Statistical differences were determined by a 

Student's two-tailed t test. Statistical significance is displayed as * (p < 0.05), ** (p < 0.01), or 

*** (p < 0.001) or # (p < 0.05), ## (p < 0.01), or ### (p < 0.001).  
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3.0 Results 
 

There are several strategies to increase NAD+ level in the body to prevent age-related 

diseases and senescence. In this study, I used strategy to increase NAD+ level in cells by 

overexpressing Nampt to inhibit senescence. Previously, the laboratory that I belong to showed 

that transgenic Nampt-overexpressing primary mouse embryonic fibroblasts (Nampt TG-

MEFs) postponed replicative senescence (Khaidizar, et al., 2017). However, there is no clear 

report yet whether Nampt overexpressing or NAD+ precursor administrated to cells also show 

similar resistance or mechanism to response stress-induced premature senescence. In this study, 

I used H2O2 and tunicamycin to induce stress-induced premature senescence. H2O2 is known as 

by-product in cellular metabolism, which is prominent to increase cellular ROS level (Guo et 

al., 2010). This compound is widely known as stress-induced premature senescence inducer 

(Duan et al., 2005). Whereas, tunicamycin is a drug which suppresses the UDP-N-

acetylglucosamine-dolichol phosphate N-acetylglucosamine-1-phosphate transferase (GPT) in 

the ER, therefore obstructs the primary stage of glycoprotein bioproduction in the ER. 

Tunicamycin treatment causes unfolded glycoprotein aggregations in ER, promoting to ER 

stress. Tunicamycin disturbs proper protein folding in cell thus result in ER stress which causes 

the onset of senescence (Oslowski & Urano, 2011).  

 

3.1 Nampt overexpressing transgenic mice 

Previously, Khaidizar et al. (2017) generated transgenic mice overexpressing HA-

tagged human Nampt gene (Figure 4.), which is explained in section 2.1 of Materials and 

Methods. Kahidizar et al. (2017) established 4 different lines of Nampt TG-MEFs. Those lines 

increased NAD+ levels playing a role to postpone replicative senescence in primary MEFs. The 

authors reported that line #4 has the highest NAMPT/NAD+ among their counterpart and has 

the highest effect against senescence. Thus, in this study, I used Nampt TG-MEFs line #4 (refers 

as TG-MEFs) unless otherwise mentioned. 
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Figure 4. The construct of the expression vector of Nampt overexpressing transgenic C57BL/6 
mice. Human Nampt gene tagged with HA to produce Nampt overexpressing transgenic mice. 
(Modified from Khaidizar’s thesis, 2017). 
 

3.2 Nampt overexpressing MEFs showed higher Nampt mRNA level compared to wild type  

      MEFs 

In this study, first I measured Nampt mRNA amount in MEFs by qPCR using the primer 

set, which could detect both mouse and human Nampt. I confirmed that relative Nampt mRNA 

amount in TG-MEFs line #4 was around 53 folds compared to WT-MEFs (Figure 5A.). This 

result was consistent with Khaidizar et al. (2017) result, which showed that NAMPT protein 

amount of TG-MEFs line #4 was the highest among the other counterparts. This result also 

confirmed for TG-MEFs line #1. I found that TG-MEFs line #1 had relative Nampt mRNA 

amount around 28 folds compared to WT MEFs (Figure 5B.) which were again consistent with 

Khaidizar et al. (2017) result. They reported that NAMPT protein level in TG-MEFs line #1 

was the second-highest among the littermate. Later, I also used this TG-MEFs line #1 in some 

experiments for confirmation. Khaidizar et al. (2017) reported that Nampt overexpression in 

TG-MEFs caused increasing of NAD+ level. Further, they found that Nampt overexpression 

played a role to postpone replicative senescence in primary mouse embryonic fibroblasts. High 

Nampt mRNA in TG-MEFs reflects high NAMPT amount along with high NAMPT activity 

which further may play a role in stress-induced premature senescence. In this study, I used 

Gapdh as a reference gene. Gapdh is an enzyme involved in the transformation of 

glyceraldehyde-3-phosphate (G3P) into 1,3-biphosphoglycerate (1,3-BPG) in glycolysis 

(Tristan et al., 2013). Hernandez-Segura et al. (2018)b reviewed that Gapdh widely used as a 

reference gene, either single (Gapdh only) or mix (Gapdh with other reference genes). This is 

supported by many studies that evaluated Gapdh is quite stable and can be used as a reference 

gene in the qPCR analysis (Barber et al., 2005; Zainuddin et al., 2010; Gonzalez-Bermudez et 

al., 2019; Yan et al., 2019). 
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Figure 5. Relative Nampt mRNA level of TG-MEFs was higher compared to wild type MEFs. 
Moreover, relative Nampt mRNA level of TG-MEFs line #4 also higher compared to TG-MEFs 
line #1. A. TG-MEFs line #4 and WT-MEFs at passage 1 were extracted to collect total RNA 
and subjected to quantitative PCR analysis, B. TG-MEFs line #1 and WT-MEFs at passage 1 
were extracted to collect total RNA and subjected to quantitative PCR analysis. Gapdh was 
used as reference gene, ***: p < 0.001 (Student’s t-test), n=3. 
 

3.3 Nampt overexpressing MEFs had higher cell growth under acute oxidative and ER  

      stress compared to wild type MEFs 

Previously Khaidizar et al. (2017) showed that Nampt TG-MEFs postponed replicative 

senescence. However, it remains unclear whether Nampt overexpressing MEFs also show 

similar resistance or mechanism to response stress-induced premature senescence in oxidative 

stress with H2O2 treatment and ER stress with tunicamycin treatment. Toussaint et al. (2002) 

and de Magalhaes & Passos (2018) stated that stressors such as UV irradiation, H2O2, and 

hyperoxia, can cause senescence and may become the major cause of senescence. Therefore, 

first, I evaluated the effect of H2O2 and tunicamycin on cell viability.  

My results showed that after 24 hours of H2O2 treatment up to the concentration of 200 

µM, cell viability was above 80%. Decreasing of cell viability clearly happened at the 

concentration of 400 µM. In this concentration, cell viability of WT-MEFs was 66.46 ± 6.32% 

whereas in TG-MEFs was 74.12 ± 8.68%. Further, at the highest treated concentration (600 

µM), cell viability of WT-MEFs was 65.51 ± 5.26% whereas in that of TG-MEFs was 55.86 ± 

5.7% (Figure 6A.). However, cell viability between WT- and TG-MEFs in almost all studied 

concentrations were not significantly different but decreased dose-dependently. I used passage 

1 for this experiment. I thought that, in this condition, both WT- and TG-MEFs still had normal 

biochemical and physiological properties. Khaidizar et al. (2017) reported that MEFs started to 

cease cell proliferation around passage 6 and 7 for WT- and TG-MEFs, respectively.  
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Chen & Ames (1994) studied that H2O2 treatment on human fibroblast at the 

concentration between 50-300 µM relatively did not affect cell viability on the first day after 

treatment. Bladier et al. (1997) reported that up to the concentration of 100 µM, H2O2 treatment 

did not affect primary human fibroblasts. Other studies by Pizzaro et al. (2009) reported that 

H2O2 treatment at the concentration of 500-1000 µM reduced viabilities of rat neuroblastoma 

cell line more than 25%. Kiyoshima et al. (2012) reported that mouse gingival fibroblasts 

(MGFs) showed a similar result as Bladier et al. (1997). H2O2 treatment up to the concentration 

of 100 µM relatively did not affect cell viability. Similar to my result, those studies showed that 

H2O2 treatment affect cell viability dose-dependently both in human and mouse cells. 

Although previously Khaidizar et al. (2017) reported that administration H2O2 for 24 

hours at the concentration of 200-800 µM showed decreasing cell viability dose-dependently, 

they found that TG-MEFs have higher cell viability compared to WT-MEFs. However, they did 

that study at passage 3, and I did my experiment at passage 1. Previously, Khaidizar et al. (2017) 

found that NAMPT amount decreased along with the number of passages. Decreasing of 

NAMPT amount was accompanied by decreasing of NAD+ level. I guessed that at passage 1 

NAMPT/NAD+ level of WT-MEFs is still high and comparable to TG-MEFs. This might be 

the reason why WT- and TG-MEFs viabilities at passage 1 were not significantly different 

between both genotypes.  

Whereas, after 3 hours of tunicamycin treatment, cell viability in both genotypes was 

still above 90% up to the concentration of 20 ng/ml and decreased more than 30% at the 

concentration of 200 ng/ml (Figure 6B.). The response of tunicamycin depends on various 

factors such as cell type, concentration, and time of exposure. Chalil et al. (2015) showed that 

cell viability of mouse osteocyte after tunicamycin treatment at the concentration of 1-5 µg/ml 

for 17 hours was above 75%. Ji et al. (2018) showed that cell viability of intestinal epithelial 

cell treated with tunicamycin at the concentration of 5 µg/ml and above for 24 hours decreased 

more than 25%. Wu et al. (2018) found that in various human gastric epithelial cell lines treated 

with 200 ng/ml tunicamycin had cell viability above 75%. On those experiments, cell viability 

was decreased dose-dependently. Those previous reports used a higher dose of tunicamycin 

compared to my study. My result was also similar to the study by Shen et al. (2015) that showed 

after 24 hours of tunicamycin treatment up to the concentration 500 ng/ml on primary rat 

cardiomyocytes, cell viability was above 70%. Whereas the study by Nakahata et al. (2018) 

reported that tunicamycin treatment at the concentration of 20 ng/ml decrease MEFs cell 

viability more than 20%. Interestingly at that study, tunicamycin administration up to the 
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concentration of 200-2000 ng/ml did not show a significant difference in cell viability to that 

of the cells treated by 20 ng/ml of tunicamycin. These results suggest that cells need time to 

response stressor, which affect cell viability. Thus, cell viability between both genotypes were 

still comparable after short time of exposure.  

 
Figure 6. Nampt overexpressing MEFs (TG-MEFs) showed no significant difference in cell 
viability compared to wild type MEFs after acute oxidative and ER stress condition. A. Cell 
viability was assessed at passage 1 under the various concentration of H2O2 treatment for 24 
hours, B. Cell viability was assessed at passage 1 under the various concentration of 
tunicamycin treatment for 3 hours followed by 21 hours incubation.  Cell viability was analyzed 
using MTT assay and represent as a percentage compared to the control group. H2O2: hydrogen 
peroxide, Tm: tunicamycin, *: p < 0.05 (Student’s t-test), n=3 (Data published by Nuriliani et 
al., 2020). 

 

A major characteristic of senescence is growth arrest. Khaidizar et al. (2017) reported 

that there was a decreasing of cell proliferative capacity in senescence. They proofed that TG-

MEFs had higher cell growth compared to WT-MEFs under continuous H2O2 (50 µM) 

treatment beginning from passage 2. In this project, I used a single treatment of various 

concentration of H2O2. The results showed that at the concentration of 50 µM H2O2 treatment, 

proliferation capacity of WT- and TG-MEFs were comparable and continuously proliferated 

up to day 7. However, TG-MEFs growth seemed slightly higher compared to that of WT-MEFs. 

My result showed that after H2O2 treatment at the concentration of 100 µM WT-MEFs 

proliferation capacity seemed ceased at day 4. However, TG-MEFs proliferation capacity 

remained high until day 7. At the concentration of 400 µM H2O2, WT-MEFs totally diminished 

its proliferation capacity. In contrast, TG-MEFs proliferation remained up to day 7. However, 

TG-MEFs proliferation capacity was reduced compared to at the concentration of 100 µM H2O2 
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treatment (Figure 7.). The results showed that TG-MEFs required a higher concentration of 

H2O2 to induce cell growth arrest compared to WT-MEFs. Furthermore, this result was 

consistent with previous reports by Chen & Ames (1994) and Bladier et al. (1997) which 

showed that under sub-lethal H2O2 concentration treated condition, human fibroblasts 

decreased its proliferative capacity.  

 
Figure 7. Nampt overexpressing MEFs (TG-MEFs) had higher cell growth under acute 
oxidative stress-induced premature senescence compared to wild type MEFs. A-C: cell growth 
was assessed start from passage 1 under the various concentration of H2O2 treatment for 24 
hours. Cells were stained by trypan blue exclusion. Viable cells were unstained whereas death 
cells were stained blue, **: p < 0.01, ***: p < 0.001 (Student’s t-test), n=3 (Data published by 
Nuriliani et al., 2020). 

 

I studied whether this effect is specific to oxidative stress or not. Thus, I evaluated WT- 

and TG-MEFs cell growth in ER-stress condition after 3 hours of tunicamycin treatment. The 

results showed that at the concentration of 2 and 20 ng/ml of tunicamycin treatment, WT- and 

TG-MEFs cell growth was arrested at day 4, although proliferation capacity was higher in TG-

MEFs. At the concentration of 200 ng/ml, tunicamycin treatment affected both genotypes more 

than lower tunicamycin concentration. At this concentration, TG-MEFs still proliferated more 

than WT-MEFs (Figure 8.). My results were consistent with previous studies which showed 

that tunicamycin treatment in various concentration and exposure time decreased proliferation 

capacity of human breast cancer cells (Zhong et al., 2017; Serrano-Negron et al., 2018). 
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Figure 8. Nampt overexpressing MEFs (TG-MEFs) had higher cell growth under acute ER 
stress-induced premature senescence compared to wild type MEFs. A-D: cell growth was 
assessed start from passage 1 under the various concentration of tunicamycin treatment for 3 
hours. Cells were stained by trypan blue exclusion. Viable cells were unstained whereas death 
cells were stained blue, *: p < 0.05, **: p < 0.01, ***: p < 0.001 (Student’s t-test), n=3 (Data 
published by Nuriliani et al., 2020). 
 

3.4 Nampt overexpressing MEFs had resistance to stress-induced premature senescence   

      compared to wild type MEFs 

Since I found that oxidative and ER stress using H2O2 and tunicamycin treatment 

decreased cell growth. Further, I evaluated whether that arrest is caused by senescence. One 

reliable method to detect senescence is using a senescence-associated b-galactosidase assay 

which reflects lysosomal activity (Campisi & d’Adda di Fagagna, 2007; Debacq-Chainiaux et 

al., 2009; Pawlikowski et al., 2013; Munoz-Espin & Serrano, 2014; Matjusaitis et al., 2016). 

Dimri et al. (1995) and Itahana et al. (2013) reported that many human cells expressed b-

galactosidase. This enzymatic activity can be detected at pH 6, so can be a valuable marker to 

evaluate senescence cells in vitro and in vivo. Moreover, this marker can be used to distinguish 
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from quiescent and terminally differentiated cells, which do not show any positive result to this 

marker. 

The results showed that 3 days culture after H2O2 treatment up to the concentration of 

200 µM SA-b-Gal positive cells in both WT- and TG-MEFs remained low (< 5%) comparable 

with the control groups in the same genotype. At the control group, positive cells of WT-MEFs 

and TG-MEFs were 1 ± 0.52% and 0.71 ± 0.19%, respectively. However, at the concentration 

of 400 µM H2O2, WT-MEFs showed positive around 7.51 ± 2.16%, and TG-MEFs showed 

positive around 3.05 ± 0.99% without significant difference although positive cells in WT-

MEFs was a little bit higher. At the concentration of 600 µM H2O2, WT-MEFs showed positive 

around 10.46 ± 0.46%, and TG-MEFs showed positive around 3.72 ± 0.57% with significant 

difference. SA-b-Gal positive cells in the WT-MEFs at the concentration of 400 µM H2O2 and 

more were significantly higher than the control group. However, significantly increase of SA-

b-Gal positive cells in TG-MEFs clearly detected at the concentration of 600 µM H2O2, but the 

number was relatively low (Figure 9A.). 

Previously, as Khaidizar et al. (2017) showed that TG-MEFs delayed replicative 

senescence, I would like to know whether a prolonged culture of TG-MEFs up to 6 days after 

treatment of oxidative stress remains resistance to senescence. At the control group, positive 

cells of WT- and TG-MEFs still low around 2.96 ± 0.56% and 1.3 ± 0.24%, respectively. 

Further, I found that at the lowest concentration in this study, 25 µM of H2O2 SA-b-Gal positive 

cells in WT-MEFs were significantly different compared to TG-MEFs. However, the number 

of senescent cells remained low up to the concentration of 50 µM. WT-MEFs were 3.44 ± 

0.49% and TG-MEFs were 1.46 ± 0.37% in 50 µM. SA-b-Gal positive cells increased dose-

dependently in WT-MEFs. At the concentration of 100 and 200 µM, SA-b-Gal positive cells 

were 7.35 ± 0.41% and 8.11 ± 0.91%, respectively in WT-MEFs. At the concentration of 400 

and 600 µM, SA-b-gal positive cells were 20.14 ± 1.71% and 34.31 ± 1.42%, respectively. 

However, the SA-b-Gal positive cells of TG-MEFs remained low, at the concentration of 400 

µM were 2.2 ± 0.32% and increased up to 11.96 ± 0.7% at the concentration of 600 µM (Figure 

9B.). These results support my hypothesis that TG-MEFs have resistance to oxidative stress-

induced premature senescence. In my study, I determined the concentration was enough to 

induce senescence when SA-b-Gal positive cell numbers were at least 2 folds compared to that 

of control treatment. Thus, 400 µM of H2O2 was enough to induced senescence in WT-MEFs 

whereas TG-MEFs need 600 µM of H2O2 to induce senescence. 
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At the ER-stress treatment using tunicamycin significantly difference of SA-b-Gal 

positive cells between both genotypes were found at the concentration of 200 ng/ml. At that 

concentration, SA-b-Gal positive cells in WT-MEFs were 12.59 ± 1.19%, and positive cells in 

TG-MEFs were 6.21 ± 1.04%. At the same genotype, I found that the number of SA-b-Gal 

positive cells of WT-MEFs were significantly increased at the concentration 20 and 200 ng/ml. 

Whereas, in TG-MEFs, the number of positive cells was relatively similar to the control event 

at the concentration of 200 ng/ml. At the concentration of 20 ng/ml, positive cells in TG-MEFs 

were significantly different compared to control. The number of TG-MEFs positive cells at the 

concentration of 20 ng/ml were around 7.18 ± 1.32%, whereas the control cells were around 

3.29 ± 0.35% (Figure 9C.). My results showed that positive cells in WT- and TG-MEFs’ control 

groups were 2.71 ± 0.82% and 3.29 ± 0.35%, respectively. Again, I determined that treated 

concentration is enough to induce senescence if can increase SA-b-Gal positive cells at least 2 

folds compared to the control group. Thus, the concentration of 200 ng/ml tunicamycin was 

enough to induce senescence in WT-MEFs, but no treated concentrations of tunicamycin were 

enough to induce senescence in TG-MEFs.  
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Figure 9. The number of SA-b-Gal positive cells in Nampt overexpressing MEFs (TG-MEFs) 
line #4 were lower compared to wild type MEFs under acute oxidative and ER-stress condition. 
A. Under various concentration of H2O2, 3 days culture after treatment, B. Under various 
concentration of H2O2, 6 days culture after treatment, C. Under various concentration of 
tunicamycin, 6 days culture after treatment. H2O2, hydrogen peroxide; Tm, tunicamycin; *: p < 
0.05, **: p < 0.01: ***: p < 0.001 (WT vs TG), #: p < 0.05, ##: p < 0.01, ###: p < 0.001 (each 
genotype compares to its control), Student’s t-test, n = 3 (Data published by Nuriliani et al., 
2020). 
 

I performed the same experiments using TG-MEFs line #1 to confirm the result of TG-

MEFs line #4. The results showed that TG-MEFs line #1 had a similar pattern with TG-MEFs 

line #4. TG-MEFs line #1 also showed resistance to senescence compared to WT-MEFs both 

in oxidative stress using H2O2 and ER-stress using tunicamycin. At the H2O2 treatment, I found 

that 200 µM of H2O2 was enough to induce senescence in WT-MEFs both 3 and 7 days after 

treatment (Figure 10A-B.). At tunicamycin treatment, 200 ng/ml was required to induce 

senescence in WT-MEFs. At the same genotype, I found that the number of SA-b-Gal positive 

cells of WT-MEFs were significantly increased from control DMSO at the concentration 20 
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and 200 ng/ml. Whereas, in TG-MEFs, the number of positive cells was relatively similar to 

the control event at the concentration of 200 ng/ml. Positive cells in TG-MEFs at the 

concentration of 20 ng/ml were statistically different compared to control, but not enough to 

induce senescence. The number of positive TG-MEFs at the concentration of 20 ng/ml were 

around 7.46 ± 0.71%, whereas the control cells were around 5.1 ± 0.43% (Figure 10C.). Again, 

that concentration was not enough to induce senescence because I determined that treated 

concentration is enough to induce senescence if can increase SA-b-Gal positive cells at least 2 

folds compared to the control group. 

Moreover, by comparing between TG-MEFs line #4 and TG-MEFs line #1, I found that 

400 µM H2O2 was enough to induce senescence in TG-MEFs line #1 whereas, in TG-MEFs 

line #4 required 600 µM H2O2. This means TG-MEFs line #4 requires a higher concentration 

of stressor to induce senescence.  

 
Figure 10. The number of SA-b-Gal positive cells in Nampt overexpressing MEFs (TG-MEFs) 
line #1 were lower compared to wild type MEFs under acute oxidative and ER-stress condition. 
A. Under various concentration of H2O2, 3 days culture after treatment, B. Under various 
concentration of H2O2, 7 days culture after treatment, C. Under various concentration of 
tunicamycin, 6 days culture after treatment. H2O2, hydrogen peroxide; Tm, tunicamycin; *: p < 
0.05, ***: p < 0.001 (WT vs TG), #: p < 0.05, ##: p < 0.01, ###: p < 0.001 (each genotype 
compares to its control), Student’s t-test, n = 3 (Data published by Nuriliani et al., 2020). 
 

Further, I found discrepancies in this study. The result showed TG-MEFs cell growth 

decreased at the concentration of 400 µM H2O2. However, the number of SA-b-Gal positive 

cells at that concentration remained low, similar to control and the lower concentration of H2O2 

groups. These results suggested that at the concentration of 400 µM H2O2 proliferation capacity 

of TG-MEFs was impaired. However, the cells did not directly become senescence; instead, 

they ceased in a quiescent-like state. These results were consistent with the previous report by 
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Khaidizar et al. (2017), which reported that TG-MEFs remained in quiescent-like condition 

longer compared to WT-MEFs. 

I also found that WT-MEFs cell growth at the concentration of 20 ng/ml tunicamycin 

treatment decreased at day 4 and 7 compared to that of TG-MEFs. Whereas SA-b-Gal positive 

cells were not significantly different between both genotypes. Again, this is probably because 

WT-MEFs stopped growing and remained in a quiescent-like condition. 

A special characteristic of senescence also could be seen in the cell morphology 

alteration such as enlarged and flattened shape as well as enlargement of nuclei (Bladier et al., 

1997; Kiyoshima et al., 2012). In oxidative stress-induced premature senescence by H2O2 and 

ER-stress-induced senescence by tunicamycin, the WT cells showed more enlarged and 

flattened cells. However, TG cells showed regular and fusiform shape (Figure 11. & 12.). 
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Figure 11. Nampt overexpressing MEFs (TG-MEFs) showed regular and fusiform cell 
morphology, whereas  wild type MEFs showed enlargement and flattened cell morphology after 
treated by a various concentration of H2O2. A-C: WT-MEFs, D-F: TG-MEFs, G: insert photo 
shows a single senescent cell with enlargement and flattened morphology. H: insert photo 
shows a single non-senescent cell with regular and fusiform morphology. Bright-field image of 
SA-b-Gal positive cells, scale bar: 200 µm (black); 100 µm (blue and red), H2O2, hydrogen 
peroxide; black arrow, non-senescent cell; white arrow, senescent cell.  
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Figure 12. Nampt overexpressing MEFs (TG-MEFs) showed regular and fusiform cell 
morphology, whereas  wild type MEFs showed enlargement and flattened cell morphology after 
treated by a various concentration of tunicamycin. A-B: WT-MEFs, C-D: TG-MEFs, E: insert 
photo shows a single senescent cell with enlargement and flattened morphology. F: insert photo 
shows a single non-senescent cell with regular and fusiform morphology. Bright-field image of 
SA-b-Gal positive cells, scale bar: 200 µm (black); 100 µm (blue and red), Tm, tunicamycin; 
black arrow, non-senescent cell; white arrow, senescent cell. 
 

3.5 Nampt overexpressing MEFs still showed resistance to oxidative stress-induced  

      premature senescence after the prolonged culture time compared to its control in the    

      same genotype 

To convince whether TG-MEFs have resistance to stress-induced premature 

senescence, I used oxidative stress treatment group and compared the same genotype in 

different days of culture. The results showed that TG-MEFs dramatically showed resistance to 

oxidative stress-induced premature senescence compared to WT-MEFs in various 

concentration from the lowest (25 µM H2O2) to the highest concentration (600 µM H2O2). From 

the lowest concentration of treatment 25 µM H2O2, I found that WT-MEFs were significant 
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different, increasing the number of SA-b-Gal cells between 3 and 6 days after treatment. 

Moreover, the number of positive cells increased dose-dependently, especially at 6 days after 

treatment (Figure 13A.). Whereas, in TG-MEFs, almost all treated concentration did not show 

any significant difference either at 3 or 6 days after treatment, except at the highest 

concentration 600 µM H2O2 (Figure 13B.).  

 

 
Figure 13. Nampt overexpressing MEFs (TG-MEFs) showed resistance to stress-induced 
premature senescence compared to wild type MEFs. The graphs represent the number of SA-
b-Gal positive cells 3 and 6 days after H2O2 treatment among the same genotype. A. WT-MEFs, 
B. TG-MEFs. H2O2, hydrogen peroxide. *: p < 0.05, **: p < 0.01, ***: p < 0.001 (Student’s t-
test), n = 3. 
 

This result strengthens the evidence that TG-MEFs are more tolerant to oxidative stress-

induced premature senescence. Moreover, TG-MEFs require higher H2O2 concentration to 

induce senescence compared to WT-MEFs. My study used cells from passage 1. Cells were 

subculture every 3 days. That mean 6 days after treatment, cells were at passage 3. Previously, 
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Khaidizar et al. (2017) reported that primary MEFs underwent senescence starting around 

passage 7. Thus, cells at passage 3 are categorized at early middle phase. This supports that 

senescent cells in my study were stress-induced premature senescent cells, not replicative 

senescent cells.  

 

3.6 Nampt overexpressing MEFs were more responsive to ER stress compared to wild type  

      MEFs  

 Inside cells, the balance of protein production is regulated by special machinery in the 

endoplasmic reticulum. Endogenous or exogenous ER stressors such as tunicamycin may cause 

disturbance of ER homeostasis, which lead to ER stress. This stress triggers the UPR pathway, 

which in turn protects the cell from damage. There are 2 mechanisms inside cell to prevent the 

cell from damage. First, adaptive mechanism is activated if the damage is not too severe. 

Second is programmed cell death (apoptosis pathway) which is promoted if the damage 

continues and becomes severe. 

 Previously, some studies on the UPR pathway regulation caused by ER stress focused 

on cell growth inhibition (Serrano-Negron et al., 2017; Hou et al., 2018; Wu et al., 2018) and 

cell death mechanism (Lin et al., 2012; Kishino et al., 2017; Zhong et al., 2017; Serrano-Negron 

et al., 2017; Hou et al., 2018; Ji et al., 2018; Wu et al., 2018). However, the study of how ER 

stress activates the UPR pathway which promotes senescence remain unclear. In this study, I 

evaluated the effect of tunicamycin on the UPR pathway related to senescence process. I studied 

how TG-MEFs respond to ER stress compared to that of WT-MEFs in senescence. Xbp1 is 

known as a gene in the UPR system, which is very responsive to stress. Yoshida et al. (2001) 

reported that Xbp1 splicing process is essential to trigger the UPR target genes as a response to 

ER-stress. 

Spliced form of Xbp1 mRNA is known to trigger ER stress responses and can be used 

as an indicator for ER stress (Yoshida et al., 2001). Therefore, I measured the amounts of 

spliced Xbp1 mRNA (Xbp1s) and total Xbp1 mRNA (Xbp1t, mixed of spliced and unspliced 

Xbp1) in both WT- and TG-MEFs at two-time points. First, I measured right after 3 hours of 

tunicamycin treatment and the second is 21 hours after tunicamycin treatment, at a condition 

where the cells are permitted to repair after the tunicamycin treatment. My results showed that 

3 hours after tunicamycin treatment at the concentration of 2 and 20 ng/ml, both Xbp1s and 

Xbp1t relative mRNA amounts were not elevated in WT- and TG-MEFs (Figure 14A.). 

However, Xbp1s and Xbp1t relative mRNA amounts were increased in both genotypes at the 

concentration of 200 ng/ml tunicamycin. TG-MEFs showed higher amount of Xbp1s and Xbp1t 
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compared to WT-MEF cells. Moreover, the ratio of Xbp1s to Xbp1t was also higher in TG-

MEFs. These results suggest that TG-MEFs express more amount of Xbp1 and have higher 

Xbp1 splicing efficiency compared to WT-MEFs in responses to ER stress. However, 21 hours 

after tunicamycin treatment (24-hour time point), Xbp1s and Xbp1t amounts between WT- and 

TG-MEFs were comparable (Figure 14B). The results of SA-b-Gal assay and xbp1 mRNA 

expression propose that TG-MEFs are more responsive to ER stress compared with WT-MEFs 

to trigger proper protein folding and improves proteostasis. 

 

 

 
Figure 14. Relative Xbp1s, Xbp1t, and the ratio of Xbp1s/Xbp1t mRNA levels of Nampt 
overexpressing MEFs (TG-MEFs) were higher compared to wild type MEFs at 3-hour time 
point but not at 24-hour time point. Total RNA was extracted at A. 3-hour time point and B. 
24-hour time point and subjected to qPCR analysis, Gapdh was used as reference gene, *: p < 
0.05, ***: p < 0.001 (WT vs TG), #: p < 0.05, ##: p < 0.01, ###: p < 0.001 (each genotype 
compares to its control), Student’s t-test, n = 3 (Data published by Nuriliani et al., 2020). 
 

Rutkowski & Kaufman (2007) and Walter & Ron (2011) reported that once 

endoplasmic reticulum undergoes imbalance, it triggers the UPR system through 3 different 

pathways which direct cell to reach its homeostasis condition or promote programmed cell 

death if stress condition cannot be restored. ER stress greatly relates to other aging or associated 
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degenerative diseases thus, it still needs further studies on how the UPR plays a role in 

senescence. Here I checked some of the UPR target genes to screen how TG cells response to 

ER stress compared to WT cells 3 hours after treatment. In ER stress condition, the cell activates 

some key chaperones such as BIP, PDI, and calnexin. These chaperones function to ensure 

proper protein folding. Further, I examined the expression of the UPR target genes in WT- and 

TG-MEFs. My results showed that some of the UPR target genes that I evaluated in this study 

(Bip, Pdi, Chop, Gadd34, Herpud1, and Erdj4) in TG-MEFs were upregulated 3 hours after 

tunicamycin treatment (Figure 15A-B.). My results showed that some of key chaperones such 

as Bip and Pdi mRNA levels increased in response to stress higher in TG-MEFs compared to 

WT-MEFs. BIP is one of the major chaperones to cope with misfolded or unfolded protein 

caused by stress (Olowski & Urano, 2011; Brown & Naidoo, 2012). Some studies investigated 

that there was a decline of BIP level in aged mice (Hussain & Ramaiah, 2007; Gavilan et al., 

2009) and higher BIP level in young mice (Naidoo et al., 2009). PDI, an enzyme which is 

needed in the mechanism of disulphide bond formation in protein assembly was also 

significantly higher in TG-MEFs group after 200 ng/ml of tunicamycin treatment. Whereas, 

there were no differences calnexin mRNA levels in WT- and TG-MEFs in tunicamycin 

treatment (Figure 15C.) although at the highest concentration, calnexin in TG-MEFs was 

slightly higher compared to that in WT-MEFs. In the UPR system, there are 3 pathways which 

respond to the stress differently regarding the exposure time and severity of stress. Then the 

cells activate adaptation or cell death mechanism (Rutkowski & Kaufman, 2007; Oslowski & 

Urano, 2011). Among the 3 UPR pathways, there are IRE1, PERK, and ATF6, which detach 

from BIP protein under ER stress condition (Walter & Ron, 2011; Iurlaro & Munoz-Pinedo, 

2016). Thus, I determined how each of these pathways responses to ER stress in TG-MEFs. I 

detected mRNA levels of some of the UPR target genes on each pathway. The first pathway, 

IRE1 pathway is the most conserved pathway which is found in simple organism until the 

complex organism such as mammals (Tsuru et al., 2016; Amodio et al., 2018). Some of its 

target genes are Edem1 and Erdj4, which involve in ERAD (Oslowski & Urano, 2011; Krajarng 

et al., 2015). My results showed that Erdj4 mRNA levels was higher in TG-MEFs compared to 

WT-MEFs at the highest concentration of tunicamycin treatment (Figure 15B.) but Edem1 not. 

The Edem1 mRNA level in TG-MEFs was similar to WT-MEFs and showed an almost similar 

amount of mRNA levels among all concentration. There was only slightly increasing of Edem1 

mRNA level in TG-MEFs compared to WT-MEFs in the lowest concentration of tunicamycin 

(Figure 15C.), and at the highest concentration, TG-MEFs was slightly higher compared to WT-

MEFs although there is no significant difference. Based on these results, I assumed that TG-
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MEFs might be more sensitive to the appearance of misfolded or unfolded protein which 

produces during ER stress, thus stimulates activation of ER-association protein degradation 

genes to reduce stress and return the ER to its homeostasis condition. The second pathway, 

PERK, particularly plays a role in cell death mechanism, which involves Chop and Gadd34 as 

downstream target genes (Krajarng et al., 2015). Interestingly, although cell death mechanism 

found in more severe condition, here I found a similar trend with the previous pathway. CHOP 

and GADD34 mRNA levels of TG-MEFs were significantly higher compared to WT-MEFs 

(Figure 15A-B.). Usually, the cell responses to adaptation or cell death mechanism regarding 

length or severity of stress. Interestingly, my results showed that TG-MEFs also seem to 

activate cell death mechanism higher than WT-MEFs. Whereas, in the 3rd pathway, ATF6’s 

targets genes such as Herpud1 and Hyou1 (Shoulders et al., 2013) (Figure 15A. & C.) also 

showed higher mRNA level at the concentration of 200 ng/ml in TG-MEFs compared to WT-

MEFs. Thus, it seemed that TG-MEFs response the stress more sensitive compared to WT-

MEFs. Based on these results, I assumed that in Nampt overexpression condition might cause 

increasing in cell sensitivity to response the stress. Moreover, I found that the basal level 

expression of those genes was comparable in both genotypes. These results suggest that TG-

MEFs are more responsive to ER stress and response quickly to prevent cells from ER stress-

induced damage which promotes senescence and might be apoptosis. 
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Figure 15. Nampt overexpressing MEFs (TG-MEFs) had higher genes expression and more 
sensitive responses to ER stress treated with tunicamycin compared to wild type MEFs. Total 
RNA extracted from primary MEFs after 3 hours of tunicamycin treatment. The samples were 
subjected to qPCR analysis. A. Relative mRNA level of Chop, Herpud1, and Bip, B. Relative 
mRNA level of Gadd34, Erdj4, and Pdi, C. Relative mRNA level of Calnexin, Edem1, and 
Hyou1. Gapdh was used as reference gene, *: p < 0.05, **: p < 0.01, ***: p < 0.001 (WT vs 
TG), #: p < 0.05, ##: p < 0.01, ###: p < 0.001 (each genotype compares to its control), Student’s 
t-test, n = 3 (Data published by Nuriliani et al., 2020). 
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 Overall, my finding suggests that TG-MEFs are resistant to stress-induced premature 

senescence compared to WT-MEFs. Moreover, to overcome stress, especially in ER stress 

caused by tunicamycin treatments, TG-MEFs raise their mRNA levels of some genes which 

involve in 3 majors of the UPR pathways. However, TG-MEFs tend to activate all of those the 

3 UPR pathways unselectively like those in WT-MEFs. These results showed that at the higher 

concentration, cell can response and activate the UPR pathway quickly to cope with stress 

condition. 

Results shown in this study revealed that Nampt TG-MEFs have higher resistance 

against oxidative and ER stress-induced premature senescence in vitro, most likely by 

upregulating antioxidant gene and UPR genes, respectively, via NAMPT/NAD+ axis, 

suggesting that the increment of NAMPT enzymatic activity or NAD+ in vivo could protect 

cells from stress-induced premature senescence, thereby potentially keeping organisms healthy. 
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4.0 Discussion 
 

4.1 Nampt overexpressing MEFs had resistance against oxidative and ER stress-induced  

      premature senescence 

My results gave evidence that Nampt overexpressing primary mouse embryonic 

fibroblasts (MEFs) had resistance against oxidative and ER stress-induced premature 

senescence caused by hydrogen peroxide and tunicamycin, respectively. Moreover, I found that 

TG-MEFs required a higher concentration of the stressors to promote stress-induced premature 

senescence. This is supported by the results of cell growth and SA-b-Gal assay results. Further, 

I found that on stress-induced premature senescence, some of the UPR target genes were 

upregulated both in WT- and TG-MEFs. However, TG-MEFs responded more sensitively to 

the stress. 

In this study, first I evaluated that single treatment of various concentration of H2O2 for 

24 hours and tunicamycin for 3 hours did not show any significant difference on cell viability 

of WT- and TG-MEFs at passage 1. I speculated that NAMPT level and activity in cells/tissues 

did not deplete suddenly. NAMPT level might decrease with age in cells/tissues. In the culture 

of WT-MEFs, this phenomenon might happen during subculture. Khaidizar et al. (2017) found 

that the cell viability of TG-MEFs have more resistance to H2O2 treatment compared to that of 

WT-MEFs at passage 3. They reported that NAMPT/NAD+ level decreased during the passage. 

I thought that probably at passage 1 NAMPT/NAD+ level of WT-cells was comparable to TG-

MEFs. Whereas, at passage 3 NAMPT/NAD+ level of WT-cells might lower compare to 

passage 1. Thus, MEFs of both genotypes at passage 1 might have similar power to deal with 

the stress.  

One aspect which reflects senescence condition involves cell growth arrest. Duan et al. 

(2005) investigated that in senescence, cell lost its proliferation capacity. I found that Nampt 

overexpression in primary MEFs might maintain its proliferation capacity after H2O2-exposure. 

These results were consistent with the previous study by Khaidizar et al. (2017) in replicative 

senescence. In the lower concentration of H2O2 treatment (50 µM), I found that WT-MEFs still 

maintained their proliferation capacity until day 7 and comparable with TG-MEFs. Whereas, at 

the concentration of 100 µM H2O2 treatment, WT-cells growth reduced dramatically at day 7. 

Further, WT-MEFs cell growth completely lessens at the concentration of 400 µM H2O2 

treatment. In this condition, TG-MEFs proliferation capacity remained although reduced. 

Whereas, after tunicamycin treatment, proliferation capacities in both WT- and TG-MEFs 
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decreased compared to the control group of the same genotype. However, WT-MEFs 

proliferation capacity was lower compared to TG-MEFs. 

In WT-MEFs, H2O2 and tunicamycin induced senescence dose-dependently. However, 

TG-MEFs tend to maintain a low number of senescence cells in all concentrations. This 

supports the idea that TG-MEFs are resistant to senescence. Interestingly, these results were 

more clearly in oxidative stress-induced senescence after I prolonged the culturing time. TG-

MEFs had a lower number of SA-b-Gal positive cells at 3 and 6 days after H2O2 treatment 

almost in all treated concentrations (Figure 13.). 

There are some possibilities of resistance against stress-induced premature senescence 

in TG MEFs. In stress-induced premature senescence, proliferation inhibition might be caused 

by high ROS level in cells milieu. Thus, high NAMPT/NAD+ in TG-MEFs probably play a role 

to activate antioxidant enzymes which scavenge ROS. Other possibilities, H2O2 and 

tunicamycin, might cause DNA damage which inhibits DNA synthesis. Cells would stop 

proliferate to repair the defect and might survive in a quiescent condition. If the repair process 

fail, cells would enter senescence phase. Probably in TG-MEFs, the cells kept under quiescent 

condition to allow them to repair the defect. This might explain the discrepancy that I found 

between the result of reducing cell proliferation capacity and low SA-b-Gal positive cells in 

TG-MEFs. Further, higher NAMPT/NAD+ level accompanied by increasing of SIRT1 level 

might play a role in cell cycle regulation through modulation of cell cycle genes such as p53 

and p21. 

Some of the previous studies reported that NAMPT/NAD+ played an important role to 

ensure the longevity of organism (from a simple organism such as yeast to the complex 

organism such as mammals) either through raising NAD+ metabolism or supplementation 

directly or indirectly (supplementation of NAD+ precursors) (Kang et al., 2006; Borradaile & 

Pickering, 2009; Evans et al., 2010; Yaku et al., 2018). Houtkooper et al. (2010) and Nikiforov 

et al. (2015) stated that NAD+ is a ubiquitous compound involved in several physiological and 

metabolic aspects in organisms. NAMPT is a rate-limiting enzyme which crucial to maintain 

cellular NAD+ level (Imai, 2010). NAD+ homeostasis is maintained tightly through several 

enzyme mechanisms which involved SIRTUIN family such as SIRT1, as one of the NAD+-

consuming enzymes and NAMPT (Imai & Yoshino, 2013). Nampt overexpression has many 

beneficial impacts to the organism such as elevation of proliferation capacity, delay of 

senescence, and inhibition of increasing of ROS (Borradaile & Pickering, 2009).  

On the other hand, decreasing NAD+ level might cause adverse effect to the organism 

related to senescence. Some studies reported that decreasing NAD+ level was seen in older 
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organisms (Massudi et al., 2012; Chini et al., 2017; Yaku et al., 2018). Ma et al. (2017) studied 

that low NAMPT level accompanying by decreasing cellular NAD+ was found in aged 

mesenchymal stem cells. Van der Veer et al. (2007) and Khaidizar et al. (2017) reported that 

declining of NAD+ level related with the occurrence of replicative senescence in human and 

mouse cells. Cellular NAD+ level could be reduced by several factors such as DNA damage, 

oxidative stress, senescence, and inflammation, or this can occur vice versa (Chini et al., 2017). 

In reality, our body continuously faces stressors both endogenous (telomere damage and 

genotoxic stress) and exogenous (UV exposure, oxidative stress, drugs, or X-ray irradiation) 

stressors which may affect cellular NAD+ level. Thus, these agents continuously expose to cell, 

it causes stress-induced premature senescence instead of replicative senescence.  

H2O2 is one of the most known agents which causes stress-induced premature 

senescence. Chen & Ames (1994) reported that H2O2 caused senescence-like growth arrest in 

human diploid fibroblast F65 cells. Other studies related to H2O2 caused premature senescence 

was investigated by Bladier et al. (1997) in primary human fibroblast cell line, Duan et al. 

(2005) in human diploid fibroblasts, Furukawa et al. (2007) in human fibroblast TIG3, 

Kiyoshima et al. (2012) in mouse gingival fibroblasts, Suo et al. (2013) in human umbilical 

vein endothelial cells, and Choo et al. (2014) in human mesenchymal stem cells. Other agents 

such as tunicamycin which causes ER stress have been reported to induce senescence and 

affects cell viability in various cancer cells (Serrano-Negron et al., 2017; Hou et al., 2018; and 

Wu et al., 2018) as well as normal cell such as mouse embryonic fibroblasts (Rutkowski et al., 

2006; Nakahata et al., 2018).  

Khaidizar et al. (2017) found that the resistance against replicative senescence is related 

to lower ROS production caused by the higher capacity of antioxidant genes such as sod2 and 

catalase to scavenge ROS (Supplement 1.). Although Liochev (2013) reported that to become 

senescence, high ROS level is not always required. However, ROS production can be a marker 

to detect senescence. Previously, Kang et al. (2006) reported that reducing ROS level plays a 

role to prolong primary human fibroblasts lifespan in relation to NAD+ regulation. Premature 

senescence is caused by an exogenous stressor such as X-ray irradiation (Hewitt et al., 2012), 

DNA damage, mitochondrial dysfunction, ER stress (van Deursen et al., 2014; Pluquet et al., 

2015; Ziegler et al., 2015) accompanied by high ROS level. Rufini et al. (2013) found that high 

ROS level promoted cells to become senescence, which could be repaired by activation of 

antioxidant enzymes. Soto-Gamez et al. (2019) studied that ER stress increased ROS level and 

inhibited proliferation. Moreover, Chen & Ames (1994) reported that after a single exposure of 

various sub-lethal concentration of H2O2 could cause decreasing of DNA synthesis, although 
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proliferation capacity and protein synthesis were unaffected. However, after several days, the 

decreasing ability of DNA synthesis promotes proliferation inhibition. Another study by 

Pizzaro et al. (2009) also confirmed that H2O2 might lead to DNA damage and allowed cells to 

stop at S phase in cell cycle. Thus, it proposes that after expose by stressor cell does not directly 

loose its living capacity.  

Although my study did not reveal overall molecular mechanism aspects, there were 

some reports which confirmed that NAMPT/NAD+/SIRT1 levels and activities are involved in 

resistance to senescence. Ma et al. (2017) confirmed that decreasing NAMPT level of aged rats 

is related with decreasing of NAD+ level and SIRT1 expression as well as activity. This result 

was confirmed that administration of NAMPT inhibitor, FK866, to young MSCs induced 

senescence. The mechanism was associated with declining of NAD+ level and SIRT1 activity. 

Previously, Ho et al. (2009) suggested that the replicative life span of smooth muscle cells 

dramatically elevated by SIRT1 if Nampt is overexpressed. This could happen because the 

process of SIRT1 deacetylation highly depended on NAMPT. Pizzaro et al. (2009) confirmed 

that  SIRT1 involved in p53 regulation. They found that following oxidative stress, SIRT1 

expression rapidly increased. Further, the declining of SIRT1 expression paralleled with an 

elevation of p53 acetylation. Rufini et al. (2013) confirmed that SIRT1 expression completely 

decreased in senescence cells. SIRT1 is important to regulate its main substrate, p53. Cell 

resistance to stress and senescence were depended on the regulation of p53 deacetylation. 

Moreover, in most of stressors, proliferative inhibition involves the regulation of cell-

cycle dependent genes such as p16, p21, pRb, and p53 (Ben-Porath & Weinberg, 2005; Salama 

et al., 2014; Paez-Ribes et al., 2019). Van der Veer et al. (2007) studied that the role of NAMPT 

to prevent senescence may be facilitated by elevation of SIRT1 deacetylase activity. This 

process is important to keep p53 level low hence prevent from senescence. Thus in human 

aging, delaying of senescence may involve a link of Nampt-SIRT1-p53. Furukawa et al. (2007) 

also found that human fibroblast, TIG3 could be induced to undergo senescence under oxidative 

stress condition. In such condition, the authors found that decreasing of NAD+ level along 

diminishing of SIRT1 deacetylation capacity caused augmentation of p53. Whereas, high p53 

acetylation level influenced the high expression of p21. Khaidizar et al. (2017) found that there 

were increasing of p16, p19, and p21 mRNA amount passage dependent manner in WT-MEFs 

started from passage 4, whereas the levels in TG-MEFs remained constant. This suggested that 

cell-cycle dependent genes upregulated in replicative senescence. 

Furthermore, in ER-stress, the cell cycle regulation also involves p16, p21, p53, and 

pRb pathways. Some of the previous studies reported that tunicamycin increases p53 expression 
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in human breast (MCF7) and cervical (HeLa) cancer cells through NF-kB signalling. They 

found that activity and phosphorylation of p53 elevated along with its accumulation in nuclear 

during ER stress (Lin et al., 2012). Rufini et al. (2013) described that there are 2 major cell-

cycle regulation pathways: p53/p21 and p16/pRb. They assured that activation of p53 triggers 

the expression of p21 as a pro-senescence target, which is responsible for allowing cell enter 

G1 phase arrest. 

Van Deursen et al. (2014) and Herranz & Gil (2018) indicated that the senescence 

process happened gradually. Various stressors which cause stress-induced premature 

senescence such as oxidative stress, DNA damage, telomere damage, and mitochondrial 

disfunction will promote p53/p21 and p16 pathways. Initially, these pathways are responsible 

for modulating transient cell-cycle arrest (quiescent phase). In this phase, the cell is allowed to 

recover its condition. Inoue et al. (2017) reported that p21 overexpression could increase cell 

survival after ER stress induction. This activation happened through ATF4 pathway, which 

further prevents senescence. Soto-Gamez et al. (2019) assured that initially, ER stress triggers 

p16 and p53 pathways to prevent cell growth and allow the cell to repair the damage. However, 

if the stress continues and become severe, the cell in the quiescent phase promotes to enter 

senescence. This might explain my results that after treatment using H2O2 or tunicamycin, WT-

MEFs proliferation becomes slower although the number of senescence cells (which are 

indicated in SA-b-Gal positive cells) are still low. Again, this result supports my assumption 

that senescence becomes gradually. 

My results are consistent with the previous study by Chen & Ames (1994). They showed 

that human fibroblasts become senescence 3 days after hydrogen peroxide treatment. After 

several days, those cells appeared similar to senescence cell morphology. Kiyoshima et al. 

(2012) reported that 20 µM H2O2 treatment for 2 hours in mouse gingival fibroblast showed 

increasing of senescence cells, especially at 6 days after treatment. The number of senescence 

cells increased day dependent manner. 

Bladier et al. (1997), Kiyoshima et al. (2012), and Hernandez-Segura et al. (2018)a 

stated that senescence cell had an irregular shape, and enlarged as well as flattened appearance. 

WT-MEFs clearly showed morphological alteration compared to TG-MEFs (Figure 11. &12.). 

WT-MEFs morphology became flattened and enlarged.  

In short, my study suggest that since SIRTUIN activation happens along with increasing 

of NAMPT activity as well as increasing of NAD+ level, sensitivity of TG-MEFs to response 

oxidative stress are regulated through NAMPT/NAD+/SIRTUIN axis (Figure 16.). 
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Figure 16. Nampt overexpressing MEFs (TG-MEFs) response to oxidative stress. Activation of 
NAMPT/NAD+/SIRTUIN axis may promote resistance of TG-MEFs against oxidative stress 
to avoid cellular senescence. 
 

4.2 Nampt overexpressing MEFs sensitively responded to ER stress by upregulating some  

      of the UPR target genes 

Instead of TG-MEFs resistance by evaluating cell growth and the number of senescent 

cells, furthermore, I also assessed the molecular mechanism on how Nampt overexpression 

MEFs responded to ER stress which triggered senescence. My results showed that TG-MEFs 

efficiently spliced Xbp1 mRNA compared to WT-MEFs 3 hours after tunicamycin treatment. 

Xbp1 is a responsive and sensitive gene in response to ER-stress (Yoshida et al., 2001). Its 

splicing process, especially through IRE1a pathway, is important to promote activation of the 

other UPR target genes which play a role in endoplasmic reticulum-associated degradation 

(Yoshida et al., 2001; Kanemoto et al., 2005; Tsuru et al., 2016; Bang et al., 2019). Further, 

this mechanism allowed activation of those UPR target genes to impair ER stress which might 

be permitted cell to recover proteostasis (Tsuru et al., 2016). I postulated that efficiency and 

sensitivity of Xbp1 regulation in TG-MEFs might be regulated through increasing of SIRTUIN 

activity because of high NAMPT/NAD+ level. 

Once stressor enters to the endoplasmic reticulum, this organelle promotes the UPR 

activation to cope with ER stress. The UPR reduces ER burden by increasing the level of ER 

chaperone and foldase, which function to eradicate improper protein folding by lowering genes 

which encode protein production (Schroder & Kaufman, 2005). Although stimulation of the 

UPR is well defined, it remains unclear the mechanisms of how the UPR response, which can 

selectively permit for adaptation (Rutkowski et al., 2006). Blazanin et al. (2017) stated that the 
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relationship of ER stress and the UPR pathway in premature senescence remains unclear, 

especially in the primary cell. The early phase of the UPR consists of a rapid response to reduce 

the influx of proteins into the ER to allow the cell to regain ER homeostasis. Therefore, 

evaluation of the UPR downstream target genes can be one of useful marker to study ER stress 

(Oslowski & Urano, 2011) since the level IRE1a, PERK, and ATF6 in the body were low. 

IRE1a is the most conserved pathway in ER stress response. Activation of this pathway may 

cause mRNA splicing of Xbp1. This step is one of the main markers of ER stress (Oslowski & 

Urano, 2011; Iularlo & Munoz-Pinedo, 2015; Amodio et al., 2018).  

Many studies also reported that Xbp1 regulation involved the role of SIRTUIN family. 

SIRTUIN family is a group of protein which play a role in NAD+ homeostasis modulation. 

Thus, the ER stress attenuation in TG-MEFs may cause by some possibilities related to NAD+- 

dependent SIRTUIN activation. Increasing SIRT1 expression promotes deacetylation of HSF1 

(heat-shock factor protein 1), which attenuates ER stress (Ghemrawi et al., 2013). Shin et al. 

(2013) stated that Xbp1 activate SIRT7, which functions to repress ER stress through Myc 

activation. Xbp1 deacetylation by SIRT6 also found to suppress ER stress (Bang et al., 2019).  

Some studies reported that there is an alteration in mRNA or protein level of the UPR 

related genes/proteins upon ER stress. My results showed that there are increasing of chaperone 

and some of the target genes in the UPR pathways especially in TG-MEFs right after 3 hours 

of treatment such as Bip, Pdi, Chop, Gadd34, Herpud1, and Erdj4. My results suggested that 

TG-MEFs are more responsive to stress and required a higher concentration of stressor. 

Moreover, TG-MEFs had a quick response to ER stress which might have benefit to maintain 

inner cell milieu against senescence. Again, I propose that responsiveness and sensitivity of 

TG-MEFs against ER stress-induced premature senescence are involved increasing of 

SIRTUIN activity because of high NAMPT/NAD+ level. My results also showed that the UPR 

target genes from the 3 pathways responded unselectively to ER stress. Thus, I could not deny 

that these 3 systems were not working alone but interrelated one another.  

ER stress is regulated by transmembrane proteins such as PERK, IRE1a, and ATF6. 

All of the three transmembrane proteins are activated through dissociation with GRP78 when 

there is an imbalanced of unfolded proteins and chaperones (Oslowski & Urano, 2011; Krajarng 

et al., 2015; Amodio et al., 2018). BIP is a central regulator of the UPR stress sensors as well 

as an ER chaperone to assist protein folding. BIP is highly expressed in the ER and can be used 

as an ER marker. PDI is involved in oxidative protein folding in the ER lumen, and its 

expression is induced by ER stress (Oslowski & Urano, 2011). Brown & Naidoo (2012) stated 
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that the impairment of chaperoning system plays an important role on the aging process and 

age-associated diseases. Ghost et al. (2015) found that many proteins in the UPR pathway, such 

as BIP, CHOP, and Xbp1 were elevated in old adipose stromal cells. Shen et al. (2015) 

evaluated that Bip and Chop are quickly upregulated after tunicamycin treatment in primary 

neonatal rat cardiomycetes. The peak of those genes reached after 24 hours and started to 

decline after that. Moreover, in ER stress, the level of BIP, calnexin, PDI, and Ero1 was altered 

to adapt with a senescence-associated imbalance in proteostasis (Matos et al., 2015).  

Increasing of NAD+/NAMPT activity correlates with increasing of SIRTUIN activity. 

Thus, ER stress resistance of TG-MEFs in stress-induced premature senescence may involve 

the role of SIRTUIN family. Some studies reported that SIRT1 involves in ER stress regulation 

through the PERK pathway, which modulates ATF4 and CHOP expression to cope with ER 

stress (Chan et al., 2017). Liu-Byan (2015) studied that modulation of cartilage homeostasis 

involves elevation of AMPK activity which further increased NAD+ level and promoted the 

elevation of SIRT1 activity. Further homeostasis regulation involved in the mitigation of ER 

stress through PERK pathway by restricting CHOP expression. In Caco-2 cells and the colon 

tissues of mice treated SRT1720, an activator of SIRT1, inhibit ER stress-mediated apoptosis 

by decreasing BIP and CHOP (downstream pathway of PERK), cleaved caspase-12, cleaved 

caspase-9, and cleaved caspase-3 (Ren et al., 2019). Prola et al. (2017) reported that SIRT1 

prevents cardiovascular disease by impairing PERK/eIF2α pathway activation in ER stress-

induced apoptosis. However, Koga et al. (2015) found the opposing role of SIRT1 in ER stress. 

They discovered that SIRT1 induction by ER stress was performed through the PI3K-Akt-

GSK3 pathway, not the other 3 main UPR pathways. Further, they evaluated that inhibition of 

SIRT1 expression by EX527 in ER stress reduced cellular damage in vitro and hepatocellular 

injury in vivo. Zhang et al. (2016) studied that SIRT3 involved in ER stress regulation of 

diabetic rat. SIRT3 inhibited apoptosis of pancreatic b-cells. Moreover, knocking down SIRT3 

elevated palmitate-induced BIP acetylation as well as upregulated IRE1a, PERK, ATF6, and 

CHOP. Palmitate triggered apoptosis of pancreatic b-cells. Futhermore, SIRT3 overexpression 

also prevented the hyperacetylation of BIP.  

In this study, I could show that TG-MEFs had higher resistance to stress-induced 

premature senescence and more sensitive to response ER stress. Thus, my project revealed that 

increasing NAD+ level by inserting “foreign” Nampt (human Nampt) in the genome of the host 

organism (mouse) could be a valuable strategy, to protect cells/tissues from adverse effects of 

oxidative and ER stress especially related to senescence. Using this strategy, researchers also 
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can evaluate beneficial and or adverse effects of inserting “foreign” Nampt  related to aging in 

host organism along of the development time until death. However, the limitation of my study 

is that there is no clear molecular mechanism related to the increasing of Nampt activity 

accompanied by increasing NAD+ level. Therefore, the next study related to the role of 

SIRTUIN family, for example, treatment using SIRT1 inhibitors will be one example, since 

this protein family regulation connects with NAMPT activation/inhibition.  

In summary related to ER stress, I speculated that NAMPT/NAD+ axis in TG-MEFs 

regulates stress through increasing sensitivity of the UPR signalling pathway or deacetylation 

of HSF1/BIP/histone by activation of SIRTUIN 1/3/6/7 (Figure 17.). 

 
Figure 17. Nampt overexpressing MEFs (TG-MEFs) response to ER stress. Activation of 
NAMPT/NAD+ axis may promote resistance of TG-MEFs against ER stress through 
proteostasis maintenance to avoid cellular senescence. Resistance mechanism against 
senescence  may regulate at least through two different pathways. First, by increasing sensitivity 
of the UPR signalling pathway. Second, by activation of SIRTUIN family such as SIRT 1/3/6/7 
which deacetylate HSF1/BIP/histone to reduce ER stress. 
  

Collecting together with the previous report by Khaidizar et al. (2017), my study 

suggested that NAMPT/NAD+ activation might prevent primary MEFs from oxidative and ER 

stress-induced premature senescence in vitro in relevant with replicative senescence. My study 

gave more comprehensive data that increasing of NAD level in vitro and probably in vivo can 

be used as one strategy to develop healthy aging/longevity. 
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5.0 Concluding Remarks 
 

In this study, I made an effort to gain a comprehensive understanding regarding the role 

of NAMPT/NAD+ in senescence. Previously, Khaidizar et al. (2017) reported that Nampt 

overexpression postpones replicative senescence of primary mouse embryonic fibroblast. Their 

study supported the previous study by van der Veer et al. (2007), which showed Nampt 

overexpression postpone replicative senescence in human smooth muscle cells. Since, cells 

continuously expose to stressors, it is important to evaluate how Nampt overexpressing MEFs 

response to stress-induced premature senescence.  

My results proved that stress-induced premature senescence could be caused by 

oxidative and ER stress in acute exposure of hydrogen peroxide and tunicamycin, respectively. 

Nampt overexpression may alter NAD+ homeostasis in the cell which permit the cell to tolerate 

high NAD+ condition. This may give advantages through cell cycle regulation since one of the 

NAD+-consuming enzymes, SIRT1 is activated in a high NAD+ level. Moreover, SIRT1 is 

important in p53 regulation. p53/p21 pathway is one of the main pathways which responsible 

in cell cycle modulation. Deacetylation of p53 by SIRT1, which inhibit growth arrest can be 

one of the reasons why Nampt overexpressing MEFs more resistance to the stress-induced 

premature senescence compare to that of WT-MEFs. Besides, NAMPT activation seems related 

to higher antioxidant enzymes production, which scavenges ROS produced by senescence cells. 

Further, I found that TG-MEFs required a higher level of the stressor to induced senescence.  

In this study, I also evaluated how the UPR target genes of ER stress play a role in 

stress-induced premature senescence. My finding suggested that TG-MEFs response to stress-

induced premature senescence more sensitive compare to that of WT-MEFs. This allows cells 

to response stress quickly and allows cells to cope with the stress. Again, I suggested that 

SIRTUIN family may play a role in this mechanism to alleviate ER stress. This supported by 

some previous studies involved the role of SIRTUIN family. Hence, my finding supported that 

Nampt overexpressing mouse embryonic fibroblasts had resistance to stress-induced premature 

senescence. Moreover, molecular study related to the role of SIRTUIN family is needed to 

reveal how NAMPT/NAD+/SIRT axis regulate cells response to stress-induced premature 

senescence.   
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8.0 Supplementary 
 
Supplement 1.  
 

 
 

 
 
Figure 18. The mechanism of TG-MEFs in response to oxidative stress. Resistance against 
H2O2 was regulated by the increasing of NAD+ level accompanied with the increasing of SIRT1 
activity (A.), which increase the antioxidant enzymes, catalase and sod2 (B.). Further, the 
increasing of catalase and sod2 scavenge more ROS followed H2O2 treatment (C.) (Khaidizar 
et al., 2017). 
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