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Telomeres are specialized nucleoprotein structures that form protective caps at the ends of
chromosomes. Short telomeres are a hallmark of aging and a principal defining feature of
short telomere syndromes, including dyskeratosis congenita (DC). Emerging evidence
suggests a crucial role for critically short telomere-induced DNA damage signaling and
mitochondrial dysfunction in cellular dysfunction in DC. A prominent factor linking nuclear
DNA damage and mitochondrial homeostasis is the nicotinamide adenine dinucleotide
(NAD) metabolite. Recent studies have demonstrated that patients with DC and murine
models with critically short telomeres exhibit lower NAD levels, and an imbalance in the
NAD metabolome, including elevated CD38 NADase and reduced poly (ADP-ribose)
polymerase and SIRT1 activities. CD38 inhibition and/or supplementation with NAD
precursors reequilibrate imbalanced NAD metabolism and alleviate mitochondrial
impairment, telomere DNA damage, telomere dysfunction-induced DNA damage
signaling, and cellular growth retardation in primary fibroblasts derived from DC
patients. Boosting NAD levels also ameliorate chemical-induced liver fibrosis in murine
models of telomere dysfunction. These findings underscore the relevance of NAD
dysregulation to telomeropathies and demonstrate how NAD interventions may prove
to be effective in combating cellular and organismal defects that occur in short telomere
syndromes.
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INTRODUCTION

Telomeres are chromosome termini structures consisting of tandem DNA nucleotide repeats and a
six-protein complex (shelterin complex) composed of TRF2, TRF1, POT1, TIN2, TPP1, and RAP1
(De Lange, 2018). Telomeres cap chromosome ends from eliciting the DNA damage response (DDR)
and play a central role in monitoring cell divisions and ensuring genome integrity. Loss of telomere
repeats or loss of protection by the shelterin complex can evoke an ATM- or ATR-dependent DDR,
resulting in telomere dysfunction-induced foci containing γ-H2AX and other DDR proteins (d’adda
di Fagagna et al., 2003; Takai et al., 2003). This telomere-dysfunction induced DDR is a
driver of cellular senescence, cell death, and genome instability (d’adda di Fagagna et al., 2004)
(Figure 1).
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NAD (or NAD+) and its reduced form NADH are
fundamental coenzymes in redox reactions required for energy
metabolism. Depletion of NAD has emerged as a critical feature
of aging (Canto et al., 2015; Verdin, 2015; Chini et al., 2017; Fang
et al., 2017). The bioavailability of NAD is diminished in aged and
DNA repair-deficient animal models with premature aging
phenotypes, and treatment of these models with NAD
precursors has demonstrated improvements in mitochondrial
integrity, genome stability, and health span (Fang et al., 2014;
Scheibye-Knudsen et al., 2014; Mills et al., 2016; Das et al., 2018;
Mitchell et al., 2018; Fang et al., 2019; Igarashi et al., 2019;
Tarantini et al., 2019; Okur et al., 2020).

Recent studies have begun to shed light on the role of critically
short telomeres in NAD dysregulation (Sun et al., 2020).
Additionally, these studies have begun to show that NAD-
boosting supplements provide benefits for DC and murine
models with critically short telomeres (Amano et al., 2019;
Sun et al., 2020). In this review, we discuss the molecular basis

linking short telomeres to imbalanced NADmetabolism as well as
the evidence supporting that NAD intervention could be utilized
to combat the pathological consequences of telomere shortening/
dysfunction (or telomeropathies).

Telomere Loss in Cellular Senescence and
Short Telomere Syndromes
As one of the hallmarks of aging (Lopez-Otin et al., 2013),
telomere attrition is associated with biological/chronological
aging (Blackburn et al., 2015; Chakravarti et al., 2021). This
association underscores the importance of telomere
maintenance in aging and age-related disease. Short telomeres
are a key feature of short telomere syndromes including DC,
aplastic anemia, and idiopathic pulmonary fibrosis (Armanios,
2013; Sarek et al., 2015; Bertuch, 2016; Savage, 2018). Patients
with DC have very short telomeres at a young age due to germline
mutations of key telomere maintenance genes, and have a high

FIGURE 1 | Telomere dysfunction-induced DNA damage response and NADmetabolism in telomeropathies. Telomere dysfunction via loss of telomere repeats or
loss of protection by telomeric shelterin proteins elicits DDR, driving cellular senescence or apoptosis. Short telomeres and DDR also evoke NAD metabolome
dysregulation, via CD38 hyperactivation, which excessively consumes NAD and reduces the available NAD to PARPs and SIRTs. As a result, the functions of PARylation
and SIRT1 activities in telomere and mitochondrial maintenance are limited. Consequently, mitochondrial impairment-induced ROS and defective PARP-related
DNA repair may accelerate telomere damage and aggravate cellular senescence or apoptosis. Top right: an overview of the NAD salvage pathway. The NAD consuming
enzymes, PARPs, SIRTs, and NADases consume NAD and generate NAM. The NAD biosynthesizing enzyme nicotinamide/nicotinic acid mononucleotide
adenylyltransferase (NMNAT) recycles NAM into NMN, followed by conversion of NMN to NAD by nicotinamide mononucleotide (NAMPT). The NAD precursor, NR is
converted to NMN by NRKs nicotinamide riboside kinases.
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risk for bone marrow failure, cancer, pulmonary fibrosis, liver
disease, and numerous other conditions (Dokal, 2011; Savage,
2018; Bhala et al., 2019). Emerging evidence suggests a crucial role
for critically short telomere-induced DDR in cellular dysfunction
in DC (Armanios, 2013; Bertuch, 2016; Savage, 2018). However,
other pathways or cellular defects cannot yet be ruled out as
contributing factors in the pathophysiology of DC. For example,
DC patients and late generation telomerase null mice display
mitochondrial impairment (Sahin et al., 2011; Westin et al.,
2011), which may further increase telomere DNA damage,
thereby accelerating telomere dysfunction. A prominent factor
linking nuclear DNA damage to mitochondrial homeostasis is the
nicotinamide adenine dinucleotide (NAD) metabolite. NAD is
utilized by poly (ADP-ribose) polymerases (PARPs) and sirtuins
(SIRTs), and the NAD-dependent activities of PARPs and SIRTs
participate in signaling networks that are involved in
mitochondrial health, genome maintenance, and longevity
(Canto et al., 2015; Verdin, 2015; Fang et al., 2017). Detailed
characterization of NAD metabolism as well as the underlying
molecular mechanisms linking the NAD metabolite to
mitochondrial impairment in DC and mouse models of
telomere dysfunction remain elusive.

NAD Metabolism in Aging and Diseases
NAD is an essential coenzyme for various metabolic pathways,
including glycolysis, fatty acid oxidation, and the tricarboxylic
acid cycle. Depletion of NAD occurs with aging and in various
age-related pathologies, including liver disease, cardiomyopathy,
sarcopenia, and neurodegenerative diseases (Canto et al., 2015;
Verdin, 2015; Chini et al., 2017; Fang et al., 2017; Katsyuba et al.,
2020). The mechanisms leading to the loss of NAD in many of
these pathologies are not well known. Efficient synthesis and
consumption of NAD requires various enzymes, and disruption
of these enzymes could distort the biological pathways that
utilize NAD.

NAD is synthesized via the de novo biosynthesis, Preiss-
Handler, and salvage pathways (Canto et al., 2015; Verdin,
2015; Fang et al., 2017). Intracellular NAD levels are greatly
impacted by the NAD salvage pathway that consists of several
NAD consumption and biosynthesis enzymes (Canto et al., 2015;
Verdin, 2015; Chini et al., 2017; Fang et al., 2017) (Figure 1). The
NAD-biosynthesizing enzymes recycles the NAD precursor
nicotinamide (NAM) into nicotinamide mononucleotide
(NMN), which is then adenylated to NAD. NMN can also be
generated from the NAD precursor, nicotinamide riboside (NR)
by nicotinamide riboside kinases (NRKs) (Bieganowski and
Brenner, 2004). Nicotinamide phosphoribosyltransferase
(NAMPT) is believed to be the rate limiting NAD
biosynthesizing enzyme, and its expression declines with
aging, which leads to a decreased intracellular NAD
concentration (Revollo et al., 2004; Wang et al., 2006; Imai
and Yoshino, 2013; Ma et al., 2017). In contrast to NAM,
NMN and NR do not require NAMPT to generate NAD
(Figure 1), which may make them more attractive therapeutic
candidates for age-related diseases and telomeropathies.

NAD is consumedmainly by three groups of NAD-consuming
enzymes: PARPs, SIRTs, and NADase/cyclic ADP-ribose

synthases (Canto et al., 2015; Verdin, 2015; Chini et al., 2017;
Fang et al., 2017). SIRTs are a family of NAD-dependent
deacylases. Seven different SIRTs are expressed in mammals,
with SIRT1 being the most characterized consumer of NAD
(Morris, 2013; Canto et al., 2015). PARPs are a group of
proteins that catalyze the transfer of the first ADP-ribose unit
from NAD to target molecules, and PARP1 accounts for ∼90%
PARP activity (D’amours et al., 2001; Kim et al., 2005). The third
group of NAD-consuming enzymes are NADase/cyclic ADP-
ribose synthases, which include CD38 and sterile alpha and Toll/
interleukin receptor motif-containing protein 1 (SARM1)
(Gerdts et al., 2015; Gerdts et al., 2016; Chini et al., 2017;
Katsyuba et al., 2020). The NADases hydrolyze NAD to
produce NAM and ADP-ribose or a precursor of the second
messenger molecule, cyclic ADP-ribose. The NAM by-product
generated from NAD consumption reactions is recycled back to
NAD by the biosynthesizing enzymes (Figure 1).

NAD consuming enzymatic reactions are vital for signaling
networks that contribute to cell fate, including mitochondrial and
genome maintenance (Canto et al., 2015; Verdin, 2015; Chini
et al., 2017; Fang et al., 2017). The major PARP family protein,
PARP1, plays a critical role in genome maintenance and is
involved in DNA repair (Kim et al., 2005; Gibson and Kraus,
2012; Eisemann and Pascal, 2019). NAD consumption by PARP1
is mostly increased due to poly (ADP) ribosylation (PARylation)
during genotoxic stress (Kruger et al., 2020). Persistent activation
of PARP1 has been shown to cause a significant decrease in
cellular NAD in DNA repair-deficient rodent and human cells
(Fang et al., 2014; Fang et al., 2016). The major sirtuin
deacetylase, Sirtuin 1 (SIRT1) participates in the deacetylation
and activation of several proteins implicated in the regulation of
DDR and mitochondrial homeostasis, including p53 and the
peroxisome proliferator-activated receptor γ coactivator-1α
(PGC-1α) (Fernandez-Marcos and Auwerx, 2011; Morris,
2013; Tang, 2016). Increasing NAD levels enhances SIRT1
activity, leading to increased PGC-1α expression and
mitochondrial biogenesis (Barbosa et al., 2007; Bai et al., 2011;
Canto et al., 2012; Gong et al., 2013; Yang et al., 2014; Yang and
Sauve, 2016). CD38 is the predominant NADase in mammalian
cells and establishes intracellular NAD levels (Chini, 2009; Chini
et al., 2017). CD38 expression and activity increases with aging
and may contribute to age-related NAD decline (Camacho-
Pereira et al., 2016). However, the mechanisms underlying this
age-dependent increase in CD38 expression are unclear. CD38
hyperactivity contributes to a decline in PARylation and SIRT
deacylase activities, resulting in mitochondrial impairment and
genome instability in aged mice (Camacho-Pereira et al., 2016;
Chini et al., 2017). Conversely, depletion or inhibition of CD38
leads to significantly increased NAD concentrations and
ameliorates age-related metabolic and immune dysfunction in
mice (Chini, 2009; Camacho-Pereira et al., 2016; Chini et al.,
2018; Hogan et al., 2019; Chini et al., 2020). Besides CD38,
another NADase, SARM1, also participates in regulating
intracellular NAD levels (Gerdts et al., 2015; Gerdts et al.,
2016; Summers et al., 2016; Essuman et al., 2017). Notably,
NAD-consuming enzymes compete for bioavailable NAD
(Camacho-Pereira et al., 2016). Thus, hyperactivity of one
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NAD-consuming enzyme may limit the activities of the others,
consequently skewing their cellular functions.

Nicotinamide Adenine Dinucleotide
Metabolism and Intervention in Short
Telomere Syndromes and Murine Models of
Telomere Dysfunction
Declines in telomere length and in NAD levels have emerged
as key features of aging (Mouchiroud et al., 2013; Verdin,
2015; Zhu et al., 2015; Camacho-Pereira et al., 2016; Fang
et al., 2017; Katsyuba et al., 2020). However, the molecular
basis linking these hallmarks of aging is unclear. Recently, our

group utilized primary fibroblasts derived from DC patients as
well as late generation telomerase reverse transcriptase
knockout (Tert−/−) mice with critically short telomeres to
investigate the relationship between critically short
telomeres/telomere dysfunction and the NAD metabolome
(Sun et al., 2020). Our studies revealed several insights: 1) DC
fibroblasts and late generation Tert−/− mice are defective in
NAD metabolism. This is evident based on lower NAD levels
and elevated CD38, but reduced PARP1 and SIRT1 expression
and activities; 2) DC fibroblasts are defective in the NAD-
consuming enzyme-related signaling networks, including the
SIRT1-mitochondria and the PARP-telomere DNA repair axis
(Figure 1); and 3) NAD mechanism-based intervention
strategies restore NAD levels and/or NAD-consuming
PARP and SIRT activities, alleviate mitochondrial
impairment, and delay the onset of replicative senescence
in DC fibroblasts (Figure 2).

In line with these findings, a recent report by Amano et al.
demonstrated decreased SIRT expression and activity in the livers
of late generation Tert−/−mice. In addition, supplementation with
the NAD precursor, NMN, led to increased expression of SIRT1
and ameliorated carbon tetrachloride- and thioacetamide (TAA)-
induced liver fibrosis in late generation Tert knockout mice
(Amano et al., 2019). These findings signify a potential benefit
of NAD metabolism-based interventions in alleviating the liver
pathology that occurs in patients with short telomere syndromes.

Boosting the NADmetabolite may not only alleviate the NAD-
related biological pathways that are disrupted by telomere
shortening/dysfunction, but may also reduce telomere damage
to prevent a further imbalance of the NAD-metabolome. Tarragó
et al. observed increased NAD levels, accompanied by fewer
telomere dysfunction-induced foci in hepatocytes and
myofibers of aged mice given the CD38 inhibitor, 78c
(Tarrago et al., 2018). Our studies revealed a decreased
number of telomeric oxidative lesions and telomere
dysfunction-induced foci in DC fibroblasts upon treatment
with NR (Sun et al., 2020). The decreased telomere DNA
damage may be dependent on improved functions of SIRTs
and PARPs, since NR supplementation and CD38 inhibition
could restore their activities (Sun et al., 2020). In addition, NR
treatment significantly dampened the DNA damage response,
including p53 acetylation as well as p16 and p21 expression in DC
fibroblasts (Sun et al., 2020). Therefore, rescuing NAD levels and/
or diverting its consumption from CD38 to PARPs and SIRTs
could improve telomere integrity, which in turn, could diminish
telomere shortening/dysfunction-induced NAD dysregulation.

Collectively, these studies support the notion that telomere
shortening/dysfunction in both humans and mice interferes with
the NAD metabolism, i.e., a decline in telomere repeats leads to
CD38 NADase hyperactivation. Subsequently, CD38
hyperactivity drives the loss of NAD homeostasis, thereby
limiting NAD bioavailability for PARP and SIRT enzymatic
activities. Decreased PARP and SIRT activities would disrupt
their related biological pathways, thereby aggravating telomere/
genome damage and mitochondrial abnormalities, which
ultimately contributes to cellular senescence and
telomeropathy (Figure 1).

FIGURE 2 | Short telomeres evoke an imbalance in NAD metabolism in
primary cells derived from patients with DC. NR supplementation and CD38
inhibition improve NAD homeostasis and the biological pathways regulated by
PARPs and SIRTs, which diminish telomere DNA damage and
mitochondrial impairment, and delay replicative senescence.
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Future Aspects
Recent studies have resolved several key questions, including 1) if
telomere shortening disrupts NAD metabolism; 2) if defective
NADmetabolism contributes to telomere disease features; and 3)
if supplementation of NAD precursors rescues the telomere
disease features. Aspects to be further explored include: 1)
tissue-specific differences in the benefits provided by NAD re-
equilibration in the context of telomere shortening/dysfunction;
2) the molecular pathways linking telomere shortening/
dysfunction and dysregulated NAD consuming enzymes, e.g.,
CD38 hyperactivation; 3) Is CD38 hyperactivation responsible
for telomere shortening/dysfunction-mediated pathophysiology
in other short telomere syndromes and animal models? and 4)
does re-equilibration of imbalanced NAD metabolome
ameliorate pathophysiology in patients with short telomere
syndromes?

It is conceivable that highly proliferative organs, such as bone
marrow, skin, and reproductive systems that are more susceptible
to critically short telomere-induced DDR would benefit from
NAD interventions. Thus, it would be of great interest to explore
the tissue-specific effects of NAD interventions on health-span
and telomere integrity and function over time. Previous reports
have demonstrated beneficial effects of NAD supplementation on
hematopoiesis (Vannini et al., 2019). Since bone marrow failure is
the leading cause of mortality in patients with DC, it would be
valuable to investigate the potential therapeutic value of NAD
intervention for critically short telomere-elicited bone marrow
failure in mouse models with telomere dysfunction.

Although the molecular basis leading to CD38 overexpression
in aging is not fully understood, ATM inhibition leads to a partial
decline in CD38 levels in DC fibroblasts (Sun et al., 2020). Thus, a
DDR-dependent mechanism may contribute to CD38
hyperactivation in DC. In addition, telomere dysfunction-
induced p53 activation represses the expression of SIRTs,
while supplementation with the NAD precursor, NMN
improves SIRT1 deacetylation activity (Amano et al., 2019).
Thus, it is likely that both telomere dysfunction-induced CD38
and p53 activation may drive the loss of NAD homeostasis.

NAD mechanism-based intervention strategies via
supplementation with the NAD precursors, NR and NMN,
restore NAD levels and homeostasis, delay cellular senescence,
and improve health-span in DC fibroblasts and in telomerase null
mice (Amano et al., 2019; Sun et al., 2020). Emerging evidence has
also identified CD38 as a potential target in combating cancer and
age-related diseases (Chini, 2009; Chini et al., 2018; Manna et al.,
2019). Although CD38 knockdown leads to only a moderate
increase in intracellular NAD levels in DC fibroblasts, it boosts
the crucial NAD consumption activities of PARPs and SIRT1
(Sun et al., 2020). Similarly, the CD38 inhibitor, 78c, moderately
increases intracellular NAD levels in DC fibroblasts (Sun et al.,
2020). Since PARylation and SIRT1 deacetylation activities are
particularly low in DC fibroblasts, NAD is likely consumed by
restored activities of PARPs and SIRT1 upon CD38 depletion.
When combined with a low dose of NMN, CD38 depletion or
inhibition resultes in significantly elevated NAD levels (Sun et al.,
2020). Thus, a combination of CD38 inhibition and NAD
supplementation may present as an effective intervention for
human telomere-driven diseases.

AUTHOR CONTRIBUTIONS

AS and YL contribute to the manuscript preparation.

FUNDING

The work was supported by the Intramural Research Program of
the National Institutes of Health, National Institute on Aging.

ACKNOWLEDGMENTS

AS and YL were supported by the Intramural Research
Program of the National Institutes of Health, National
Institute on Aging.

REFERENCES

Amano, H., Chaudhury, A., Rodriguez-Aguayo, C., Lu, L., Akhanov, V., Catic, A.,
et al. (2019). Telomere Dysfunction Induces Sirtuin Repression that Drives
Telomere-dependent Disease. Cel Metab. 29, 1274–1290. doi:10.1016/
j.cmet.2019.03.001

Armanios, M. (2013). Telomeres and Age-Related Disease: How Telomere Biology
Informs Clinical Paradigms. J. Clin. Invest. 123, 996–1002. doi:10.1172/jci66370

Bai, P., Cantó, C., Oudart, H., Brunyánszki, A., Cen, Y., Thomas, C., et al. (2011).
PARP-1 Inhibition Increases Mitochondrial Metabolism through SIRT1
Activation. Cel Metab. 13, 461–468. doi:10.1016/j.cmet.2011.03.004

Barbosa, M. T. P., Soares, S. M., Novak, C. M., Sinclair, D., Levine, J. A., Aksoy, P.,
et al. (2007). The Enzyme CD38 (A NAD Glycohydrolase, EC 3.2.2.5) Is
Necessary for the Development of Diet-induced Obesity. FASEB j. 21,
3629–3639. doi:10.1096/fj.07-8290com

Bertuch, A. A. (2016). The Molecular Genetics of the Telomere Biology Disorders.
RNA Biol. 13, 696–706. doi:10.1080/15476286.2015.1094596

Bhala, S., Best, A. F., Giri, N., Alter, B. P., Pao, M., Gropman, A., et al. (2019). CNS
Manifestations in Patients with Telomere Biology Disorders. Neurol. Genet. 5,
370. doi:10.1212/nxg.0000000000000370

Bieganowski, P., and Brenner, C. (2004). Discoveries of Nicotinamide Riboside as a
Nutrient and Conserved NRK Genes Establish a Preiss-Handler Independent
Route to NAD+ in Fungi and Humans. Cell 117, 495–502. doi:10.1016/s0092-
8674(04)00416-7

Blackburn, E. H., Epel, E. S., and Lin, J. (2015). Human Telomere Biology: A
Contributory and Interactive Factor in Aging, Disease Risks, and protection.
Science 350, 1193–1198. doi:10.1126/science.aab3389

Camacho-Pereira, J., Tarragó, M. G., Chini, C. C. S., Nin, V., Escande, C., Warner,
G. M., et al. (2016). CD38 Dictates Age-Related NAD Decline and
Mitochondrial Dysfunction through an SIRT3-dependent Mechanism. Cel
Metab. 23, 1127–1139. doi:10.1016/j.cmet.2016.05.006

Cantó, C., Houtkooper, R. H., Pirinen, E., Youn, D. Y., Oosterveer, M. H., Cen, Y.,
et al. (2012). The NAD+ Precursor Nicotinamide Riboside Enhances Oxidative
Metabolism and Protects against High-Fat Diet-Induced Obesity. Cel Metab.
15, 838–847. doi:10.1016/j.cmet.2012.04.022

Frontiers in Aging | www.frontiersin.org October 2021 | Volume 2 | Article 7851715

Stock and Liu NAD Metabolism and Telomere Dysfunction

https://doi.org/10.1016/j.cmet.2019.03.001
https://doi.org/10.1016/j.cmet.2019.03.001
https://doi.org/10.1172/jci66370
https://doi.org/10.1016/j.cmet.2011.03.004
https://doi.org/10.1096/fj.07-8290com
https://doi.org/10.1080/15476286.2015.1094596
https://doi.org/10.1212/nxg.0000000000000370
https://doi.org/10.1016/s0092-8674(04)00416-7
https://doi.org/10.1016/s0092-8674(04)00416-7
https://doi.org/10.1126/science.aab3389
https://doi.org/10.1016/j.cmet.2016.05.006
https://doi.org/10.1016/j.cmet.2012.04.022
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Cantó, C., Menzies, K. J., and Auwerx, J. (2015). NAD+ Metabolism and the
Control of Energy Homeostasis: A Balancing Act between Mitochondria and
the Nucleus. Cel Metab. 22, 31–53. doi:10.1016/j.cmet.2015.05.023

Chakravarti, D., Labella, K. A., and Depinho, R. A. (2021). Telomeres: History,
Health, and Hallmarks of Aging. Cell 184, 306–322. doi:10.1016/
j.cell.2020.12.028

Chini, C. C. S., Peclat, T. R., Warner, G. M., Kashyap, S., Espindola-Netto, J. M., De
Oliveira, G. C., et al. (2020). CD38 Ecto-Enzyme in Immune Cells Is Induced
during Aging and Regulates NAD+ and NMN Levels. Nat. Metab. 2,
1284–1304. doi:10.1038/s42255-020-00298-z

Chini, C. C. S., Tarragó, M. G., and Chini, E. N. (2017). NAD and the Aging
Process: Role in Life, Death and Everything in between. Mol. Cell Endocrinol.
455, 62–74. doi:10.1016/j.mce.2016.11.003

Chini, E. (2009). CD38 as a Regulator of Cellular NAD: a Novel Potential
Pharmacological Target for Metabolic Conditions. Cpd 15, 57–63.
doi:10.2174/138161209787185788

Chini, E. N., Chini, C. C. S., Espindola Netto, J. M., De Oliveira, G. C., and Van
Schooten, W. (2018). The Pharmacology of CD38/NADase: An Emerging
Target in Cancer and Diseases of Aging. Trends Pharmacol. Sci. 39,
424–436. doi:10.1016/j.tips.2018.02.001

D’adda Di Fagagna, F., Teo, S. H., and Jackson, S. P. (2004). Functional Links
between Telomeres and Proteins of the DNA-Damage Response.Genes Dev. 18,
1781–1799. doi:10.1101/gad.1214504

D’amours, D., Sallmann, F. R., Dixit, V. M., and Poirier, G. G. (2001). Gain-of-
function of poly(ADP-Ribose) Polymerase-1 upon Cleavage by Apoptotic
Proteases: Implications for Apoptosis. J. Cel Sci. 114, 3771–3778.

Das, A., Huang, G. X., Bonkowski, M. S., Longchamp, A., Li, C., Schultz, M. B., et al.
(2018). Impairment of an Endothelial NAD+-H2S Signaling Network Is a
Reversible Cause of Vascular Aging. Cell 173, 74–89. doi:10.1016/
j.cell.2018.02.008

De Lange, T. (2018). Shelterin-Mediated Telomere Protection. Annu. Rev. Genet.
52, 223–247. doi:10.1146/annurev-genet-032918-021921

Dokal, I. (2011). Dyskeratosis Congenita.Hematol. Am Soc Hematol Educ Program
2011, 480–486. doi:10.1182/asheducation-2011.1.480

Eisemann, T., and Pascal, J. M. (2019). Poly(ADP-ribose) Polymerase Enzymes and
the Maintenance of Genome Integrity. Cell Mol Life Sci. 77, 19–33. doi:10.1007/
s00018-019-03366-0

Essuman, K., Summers, D. W., Sasaki, Y., Mao, X., Diantonio, A., and Milbrandt, J.
(2017). The SARM1 Toll/Interleukin-1 Receptor Domain Possesses Intrinsic
NAD + Cleavage Activity that Promotes Pathological Axonal Degeneration.
Neuron 93, 1334–1343. doi:10.1016/j.neuron.2017.02.022

Fagagna, F. d. A. d., Reaper, P. M., Clay-Farrace, L., Fiegler, H., Carr, P., Von
Zglinicki, T., et al. (2003). A DNA Damage Checkpoint Response in Telomere-
Initiated Senescence. Nature 426, 194–198. doi:10.1038/nature02118

Fang, E. F., Hou, Y., Lautrup, S., Jensen, M. B., Yang, B., Sengupta, T., et al. (2019).
NAD+ Augmentation Restores Mitophagy and Limits Accelerated Aging in
Werner Syndrome. Nat. Commun. 10, 5284. doi:10.1038/s41467-019-13172-8

Fang, E. F., Kassahun, H., Croteau, D. L., Scheibye-Knudsen, M., Marosi, K., Lu, H.,
et al. (2016). NAD + Replenishment Improves Lifespan and Healthspan in
Ataxia Telangiectasia Models via Mitophagy and DNA Repair. Cel Metab. 24,
566–581. doi:10.1016/j.cmet.2016.09.004

Fang, E. F., Lautrup, S., Hou, Y., Demarest, T. G., Croteau, D. L., Mattson, M. P.,
et al. (2017). NAD + in Aging: Molecular Mechanisms and Translational
Implications. Trends Mol. Med. 23, 899–916. doi:10.1016/
j.molmed.2017.08.001

Fang, E. F., Scheibye-Knudsen, M., Brace, L. E., Kassahun, H., Sengupta, T., Nilsen,
H., et al. (2014). Defective Mitophagy in XPA via PARP-1 Hyperactivation and
NAD+/SIRT1 Reduction. Cell 157, 882–896. doi:10.1016/j.cell.2014.03.026

Fernandez-Marcos, P. J., and Auwerx, J. (2011). Regulation of PGC-1α, a Nodal
Regulator of Mitochondrial Biogenesis. Am. J. Clin. Nutr. 93, 884S–890S.
doi:10.3945/ajcn.110.001917

Gerdts, J., Brace, E. J., Sasaki, Y., Diantonio, A., and Milbrandt, J. (2015). SARM1
Activation Triggers Axon Degeneration Locally via NAD+ Destruction. Science
348, 453–457. doi:10.1126/science.1258366

Gerdts, J., Summers, D. W., Milbrandt, J., and Diantonio, A. (2016). Axon Self-
Destruction: New Links Among SARM1, MAPKs, and NAD+ Metabolism.
Neuron 89, 449–460. doi:10.1016/j.neuron.2015.12.023

Gibson, B. A., and Kraus, W. L. (2012). New Insights into the Molecular and
Cellular Functions of poly(ADP-Ribose) and PARPs.Nat. Rev. Mol. Cel Biol. 13,
411–424. doi:10.1038/nrm3376

Gong, B., Pan, Y., Vempati, P., Zhao, W., Knable, L., Ho, L., et al. (2013).
Nicotinamide Riboside Restores Cognition through an Upregulation of
Proliferator-Activated Receptor-γ Coactivator 1α Regulated β-secretase 1
Degradation and Mitochondrial Gene Expression in Alzheimer’s Mouse
Models. Neurobiol. Aging 34, 1581–1588. doi:10.1016/
j.neurobiolaging.2012.12.005

Hogan, K. A., Chini, C. C. S., and Chini, E. N. (2019). The Multi-Faceted Ecto-
Enzyme CD38: Roles in Immunomodulation, Cancer, Aging, and Metabolic
Diseases. Front. Immunol. 10, 1187. doi:10.3389/fimmu.2019.01187

Igarashi, M., Miura, M., Williams, E., Jaksch, F., Kadowaki, T., Yamauchi, T., et al.
(2019). NAD + Supplementation Rejuvenates Aged Gut Adult Stem Cells.
Aging Cell 18, e12935. doi:10.1111/acel.12935

Imai, S., and Yoshino, J. (2013). The Importance of NAMPT/NAD/SIRT1 in the
Systemic Regulation of Metabolism and Ageing. Diabetes Obes. Metab. 15,
26–33. doi:10.1111/dom.12171

Katsyuba, E., Romani, M., Hofer, D., and Auwerx, J. (2020). NAD+ Homeostasis in
Health and Disease. Nat. Metab. 2, 9–31. doi:10.1038/s42255-019-0161-5

Kim, M. Y., Zhang, T., and Kraus, W. L. (2005). Poly(ADP-ribosyl)ation by PARP-
1: `PAR-Laying’ NAD+ into a Nuclear Signal. Genes Dev. 19, 1951–1967.
doi:10.1101/gad.1331805

Krüger, A., Bürkle, A., Hauser, K., andMangerich, A. (2020). Real-timeMonitoring
of PARP1-dependent PARylation by ATR-FTIR Spectroscopy. Nat. Commun.
11, 2174. doi:10.1038/s41467-020-15858-w

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013).
The Hallmarks of Aging. Cell 153, 1194–1217. doi:10.1016/j.cell.2013.05.039

Ma, C., Pi, C., Yang, Y., Lin, L., Shi, Y., Li, Y., et al. (2017). Nampt Expression
Decreases Age-Related Senescence in Rat Bone Marrow Mesenchymal Stem
Cells by Targeting Sirt1. PLoS One 12, e0170930. doi:10.1371/
journal.pone.0170930

Manna, A., Aulakh, S., Jani, P., Ahmed, S., Akhtar, S., Coignet, M., et al. (2019).
Targeting CD38 Enhances the Antileukemic Activity of Ibrutinib in Chronic
Lymphocytic Leukemia. Clin. Cancer Res. 25, 3974–3985. doi:10.1158/1078-
0432.ccr-18-3412

Mills, K. F., Yoshida, S., Stein, L. R., Grozio, A., Kubota, S., Sasaki, Y., et al. (2016).
Long-Term Administration of Nicotinamide Mononucleotide Mitigates Age-
Associated Physiological Decline in Mice. Cel Metab. 24, 795–806. doi:10.1016/
j.cmet.2016.09.013

Mitchell, S. J., Bernier, M., Aon, M. A., Cortassa, S., Kim, E. Y., Fang, E. F., et al.
(2018). Nicotinamide Improves Aspects of Healthspan, but Not Lifespan, in
Mice. Cel Metab. 27, 667–676. doi:10.1016/j.cmet.2018.02.001

Morris, B. J. (2013). Seven Sirtuins for Seven Deadly Diseases Ofaging. Free Radic.
Biol. Med. 56, 133–171. doi:10.1016/j.freeradbiomed.2012.10.525

Mouchiroud, L., Houtkooper, R. H., Moullan, N., Katsyuba, E., Ryu, D., Cantó, C.,
et al. (2013). The NAD+/Sirtuin Pathway Modulates Longevity through
Activation of Mitochondrial UPR and FOXO Signaling. Cell 154, 430–441.
doi:10.1016/j.cell.2013.06.016

Okur, M. N., Mao, B., Kimura, R., Haraczy, S., Fitzgerald, T., Edwards-
Hollingsworth, K., et al. (2020). Short-term NAD+ Supplementation
Prevents Hearing Loss in Mouse Models of Cockayne Syndrome. NPJ Aging
Mech. Dis. 6, 1. doi:10.1038/s41514-019-0040-z

Revollo, J. R., Grimm, A. A., and Imai, S.-i. (2004). The NAD Biosynthesis Pathway
Mediated by Nicotinamide Phosphoribosyltransferase Regulates Sir2 Activity
in Mammalian Cells. J. Biol. Chem. 279, 50754–50763. doi:10.1074/
jbc.m408388200

Sahin, E., Colla, S., Liesa, M., Moslehi, J., Müller, F. L., Guo, M., et al. (2011).
Telomere Dysfunction Induces Metabolic and Mitochondrial Compromise.
Nature 470, 359–365. doi:10.1038/nature09787

Sarek, G., Marzec, P., Margalef, P., and Boulton, S. J. (2015). Molecular Basis of
Telomere Dysfunction in Human Genetic Diseases. Nat. Struct. Mol. Biol. 22,
867–874. doi:10.1038/nsmb.3093

Savage, S. A. (2018). Beginning at the Ends: Telomeres and Human Disease.
F1000Res 7, 524–538. doi:10.12688/f1000research.14068.1

Scheibye-Knudsen, M., Mitchell, S. J., Fang, E. F., Iyama, T., Ward, T., Wang, J.,
et al. (2014). A High-Fat Diet and NAD + Activate Sirt1 to Rescue Premature

Frontiers in Aging | www.frontiersin.org October 2021 | Volume 2 | Article 7851716

Stock and Liu NAD Metabolism and Telomere Dysfunction

https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.1016/j.cell.2020.12.028
https://doi.org/10.1016/j.cell.2020.12.028
https://doi.org/10.1038/s42255-020-00298-z
https://doi.org/10.1016/j.mce.2016.11.003
https://doi.org/10.2174/138161209787185788
https://doi.org/10.1016/j.tips.2018.02.001
https://doi.org/10.1101/gad.1214504
https://doi.org/10.1016/j.cell.2018.02.008
https://doi.org/10.1016/j.cell.2018.02.008
https://doi.org/10.1146/annurev-genet-032918-021921
https://doi.org/10.1182/asheducation-2011.1.480
https://doi.org/10.1007/s00018-019-03366-0
https://doi.org/10.1007/s00018-019-03366-0
https://doi.org/10.1016/j.neuron.2017.02.022
https://doi.org/10.1038/nature02118
https://doi.org/10.1038/s41467-019-13172-8
https://doi.org/10.1016/j.cmet.2016.09.004
https://doi.org/10.1016/j.molmed.2017.08.001
https://doi.org/10.1016/j.molmed.2017.08.001
https://doi.org/10.1016/j.cell.2014.03.026
https://doi.org/10.3945/ajcn.110.001917
https://doi.org/10.1126/science.1258366
https://doi.org/10.1016/j.neuron.2015.12.023
https://doi.org/10.1038/nrm3376
https://doi.org/10.1016/j.neurobiolaging.2012.12.005
https://doi.org/10.1016/j.neurobiolaging.2012.12.005
https://doi.org/10.3389/fimmu.2019.01187
https://doi.org/10.1111/acel.12935
https://doi.org/10.1111/dom.12171
https://doi.org/10.1038/s42255-019-0161-5
https://doi.org/10.1101/gad.1331805
https://doi.org/10.1038/s41467-020-15858-w
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1371/journal.pone.0170930
https://doi.org/10.1371/journal.pone.0170930
https://doi.org/10.1158/1078-0432.ccr-18-3412
https://doi.org/10.1158/1078-0432.ccr-18-3412
https://doi.org/10.1016/j.cmet.2016.09.013
https://doi.org/10.1016/j.cmet.2016.09.013
https://doi.org/10.1016/j.cmet.2018.02.001
https://doi.org/10.1016/j.freeradbiomed.2012.10.525
https://doi.org/10.1016/j.cell.2013.06.016
https://doi.org/10.1038/s41514-019-0040-z
https://doi.org/10.1074/jbc.m408388200
https://doi.org/10.1074/jbc.m408388200
https://doi.org/10.1038/nature09787
https://doi.org/10.1038/nsmb.3093
https://doi.org/10.12688/f1000research.14068.1
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Aging in Cockayne Syndrome. Cel Metab. 20, 840–855. doi:10.1016/
j.cmet.2014.10.005

Summers, D. W., Gibson, D. A., Diantonio, A., and Milbrandt, J. (2016). SARM1-
specific Motifs in the TIR Domain Enable NAD+ Loss and Regulate Injury-
Induced SARM1 Activation. Proc. Natl. Acad. Sci. USA 113, E6271–E6280.
doi:10.1073/pnas.1601506113

Sun, C., Wang, K., Stock, A. J., Gong, Y., Demarest, T. G., Yang, B., et al. (2020). Re-
equilibration of Imbalanced NAD Metabolism Ameliorates the Impact of
Telomere Dysfunction. EMBO J. 39, e103420. doi:10.15252/embj.2019103420

Takai, H., Smogorzewska, A., and De Lange, T. (2003). DNA Damage Foci at
Dysfunctional Telomeres. Curr. Biol. 13, 1549–1556. doi:10.1016/s0960-
9822(03)00542-6

Tang, B. L. (2016). Sirt1 and the Mitochondria. Mol. Cell 39, 87–95. doi:10.14348/
molcells.2016.2318

Tarantini, S., Valcarcel-Ares, M. N., Toth, P., Yabluchanskiy, A., Tucsek, Z., Kiss,
T., et al. (2019). Nicotinamide Mononucleotide (NMN) Supplementation
Rescues Cerebromicrovascular Endothelial Function and Neurovascular
Coupling Responses and Improves Cognitive Function in Aged Mice. Redox
Biol. 24, 101192. doi:10.1016/j.redox.2019.101192

Tarragó, M. G., Chini, C. C. S., Kanamori, K. S., Warner, G. M., Caride, A., De
Oliveira, G. C., et al. (2018). A Potent and Specific CD38 Inhibitor Ameliorates
Age-Related Metabolic Dysfunction by Reversing Tissue NAD+ Decline. Cel
Metab. 27, 1081–1095. doi:10.1016/j.cmet.2018.03.016

Vannini, N., Campos, V., Girotra, M., Trachsel, V., Rojas-Sutterlin, S., Tratwal, J.,
et al. (2019). The NAD-Booster Nicotinamide Riboside Potently Stimulates
Hematopoiesis through Increased Mitochondrial Clearance. Cell Stem Cell 24,
405–418. doi:10.1016/j.stem.2019.02.012

Verdin, E. (2015). NAD + in Aging, Metabolism, and Neurodegeneration. Science
350, 1208–1213. doi:10.1126/science.aac4854

Wang, T., Zhang, X., Bheda, P., Revollo, J. R., Imai, S.-i., and Wolberger, C. (2006).
Structure of Nampt/PBEF/visfatin, a Mammalian NAD+ Biosynthetic Enzyme.
Nat. Struct. Mol. Biol. 13, 661–662. doi:10.1038/nsmb1114

Westin, E. R., Aykin-Burns, N., Buckingham, E. M., Spitz, D. R., Goldman, F. D., and
Klingelhutz, A. J. (2011). The p53/p21WAF/CIP Pathway Mediates Oxidative Stress
and Senescence in Dyskeratosis Congenita Cells with Telomerase Insufficiency.
Antioxid. Redox Signaling 14, 985–997. doi:10.1089/ars.2010.3444

Yang, S. J., Choi, J. M., Kim, L., Park, S. E., Rhee, E. J., Lee, W. Y., et al. (2014).
Nicotinamide Improves Glucose Metabolism and Affects the Hepatic NAD-
Sirtuin Pathway in a Rodent Model of Obesity and Type 2 Diabetes. J. Nutr.
Biochem. 25, 66–72. doi:10.1016/j.jnutbio.2013.09.004

Yang, Y., and Sauve, A. A. (2016). NAD +Metabolism: Bioenergetics, Signaling and
Manipulation for Therapy. Biochim. Biophys. Acta (Bba) - Proteins Proteomics
1864, 1787–1800. doi:10.1016/j.bbapap.2016.06.014

Zhu, X.-H., Lu, M., Lee, B.-Y., Ugurbil, K., and Chen, W. (2015). In Vivo NAD
Assay Reveals the Intracellular NAD Contents and Redox State in Healthy
Human Brain and Their Age Dependences. Proc. Natl. Acad. Sci. USA 112,
2876–2881. doi:10.1073/pnas.1417921112

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Stock and Liu. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Aging | www.frontiersin.org October 2021 | Volume 2 | Article 7851717

Stock and Liu NAD Metabolism and Telomere Dysfunction

https://doi.org/10.1016/j.cmet.2014.10.005
https://doi.org/10.1016/j.cmet.2014.10.005
https://doi.org/10.1073/pnas.1601506113
https://doi.org/10.15252/embj.2019103420
https://doi.org/10.1016/s0960-9822(03)00542-6
https://doi.org/10.1016/s0960-9822(03)00542-6
https://doi.org/10.14348/molcells.2016.2318
https://doi.org/10.14348/molcells.2016.2318
https://doi.org/10.1016/j.redox.2019.101192
https://doi.org/10.1016/j.cmet.2018.03.016
https://doi.org/10.1016/j.stem.2019.02.012
https://doi.org/10.1126/science.aac4854
https://doi.org/10.1038/nsmb1114
https://doi.org/10.1089/ars.2010.3444
https://doi.org/10.1016/j.jnutbio.2013.09.004
https://doi.org/10.1016/j.bbapap.2016.06.014
https://doi.org/10.1073/pnas.1417921112
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

	NAD-Linked Metabolism and Intervention in Short Telomere Syndromes and Murine Models of Telomere Dysfunction
	Introduction
	Telomere Loss in Cellular Senescence and Short Telomere Syndromes
	NAD Metabolism in Aging and Diseases
	Nicotinamide Adenine Dinucleotide Metabolism and Intervention in Short Telomere Syndromes and Murine Models of Telomere Dys ...
	Future Aspects

	Author Contributions
	Funding
	Acknowledgments
	References


