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Restoring stem cells — all you need is NAD+
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The loss of stem cells, through 
cell dysfunction or senescence, is 
thought to contribute to biological 
aging. Recently, Hongbo Zhang and 
colleagues have shown that activa-
tion of the mitochondrial unfolded 
protein response, a retrograde stress 
response, through administration 
with an NAD+-raising compound, 
can rejuvenate stem cells and extend 
lifespan in mice. 

Tissue renewal and cellular turnover 
is an essential process for normal ho-
meostasis, and for dealing with injuries. 
This turnover relies on a healthy popu-
lation of stem cells, which have the ca-
pacity to replicate and differentiate into 
parenchymal cell types. With advancing 
age, stem cells lose the ability to both 
proliferate and differentiate, leading to 
tissue degeneration. 

Calorie restriction (CR) is an in-
tervention that maintains stem cell 
function and health into old age and is 
thought to function by activating pro-
tective stress response pathways. The 
sirtuins, a class of NAD+-dependent 
deacetylase enzymes (SIRT1-7), are in-
volved in mediating cellular adaptations 
to CR, including metabolic [1] and epi-
genetic [2] changes. These proteins are 
critically dependent on availability of 
their co-substrate NAD+ for enzymatic 
activity; the decline in NAD+ with old 
age [1] is thought to underlie the decline 
in activity of these proteins with old age. 

Another stress response pathway 
that has been implicated in protect-
ing against aging is the mitochondrial 
unfolded protein response (UPRmt) [3]. 
Given the high concentration of proteins 
in the mitochondria, these organelles are 
constantly on the verge of a solubility 

crisis, and to protect against this, the 
UPRmt promotes the transcription of 
mitochondrial chaperones, and activates 
proteases to re-fold proteins and reduce 
protein concentration, as part of a stress 
response [4] that extends lifespan [3]. 
One stimulus for activation of the 
UPRmt is a stoichiometric imbalance of 
subunits of the mitochondrial electron 
transport chain (ETC), needed for cellu-
lar respiration. The ETC is composed of 
five complexes, with subunits encoded 
by both the mitochondrial and nuclear 
genomes. Reduction of even a single 
subunit of the ETC can activate the 
UPRmt and extend lifespan [5]. SIRT1, 
the best studied sirtuin, promotes tran-
scription of mitochondrial-encoded 
ETC subunits through activation of 
the mitochondrial transcription factor 
TFAM [1]. Previously, the lab of Johan 
Auwerx showed that either CR [6] or 
activation of SIRT1 through supple-
menting with the NAD+ precursor nico-
tinamide riboside (NR) [7] activated 
the UPRmt through an increased ratio 
of mitochondrial-encoded to nuclear-
encoded ETC subunits, which extended 
lifespan in the short-lived model organ-
ism Caenhorabditis elegans [7]. 

In their recent paper published in 
Science, Hongbo Zhang and colleagues 
show that satellite cells, the progeni-
tors for mature skeletal muscle fibres, 
display deficiencies in mitochondrial 
gene expression [8]. Based on previous 
findings showing increased mitochon-
drial content and function with NAD+ 
supplementation, they treated aged mice 
with the NAD+ precursor NR to correct 
this stem cell dysfunction. Consistent 
with previous findings, this intervention 
corrected mitochondrial dysfunction 

and led to rejuvenation of these cells, in-
cluding an increased ability to replicate 
and differentiate into mature muscle 
fibres. The rejuvenation of muscle led 
to increased physical performance in 
aged mice as well as an enhanced abil-
ity to repair muscle damage following 
chemical-induced muscle injury. Even 
in the Mdx mouse model of muscular 
dystrophy, NR supplementation low-
ered senescence in satellite cells, and 
improved muscle healing following 
chemical injury. These findings were not 
limited to muscle stem cells: increased 
neurogenesis in aged animals was also 
observed, suggesting that NR-mediated 
stem cell rejuvenation was not a tissue-
specific observation.

At the molecular level, Zhang and 
colleagues ascribe the beneficial effects 
of raising NAD+ to SIRT1-dependent 
activation of the UPRmt. They show 
that NR treatment rapidly activates the 
prohibitins (PHB1 and PHB2), two 
mediators of the UPRmt. Given that NR 
exerts effects via SIRT1, which has 
pleiotropic roles in the cell, it is surpris-
ing that the increase in prohibitin protein 
levels and UPRmt activation appears 
to be both necessary and sufficient to 
replicate the effects of NR on stem cell 
rejuvenation, leading to the question 
of whether epigenetic stabilization by 
SIRT1 plays any part in stem cells, or 
in differentiated cell types only. 

Finally, Zhang and colleagues show 
that NR treatment extends lifespan 
when delivered to aged mice, however, 
given that NR also extends the lifespan 
of C. elegans [7], a eutelic organism that 
does not undergo stem cell turnover, it 
is not clear whether the UPRmt-mediated 
rejuvenation of stem cells observed 
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in this study contributes to extended 
lifespan in mice. Regardless of the 
mechanism, it is becoming increasingly 
apparent from this study and others [1] 
that restoration of NAD+ levels using 
metabolic precursors leads to pleiotro-
pic benefits to health in old age, raising 
the exciting future possibility of NAD-
based therapeutics.
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