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Under normal physiological conditions, nicotinamide adenine dinucleotide (NAD+) consumption is matched by its
synthesis primarily via the salvage pathway catalyzed by nicotinamide phosphoribosyltransferase (NAMPT). However,
aging and muscular contraction enhance NAD+ utilization, whereas NAD+ replenishment is limited by cellular sources of
NAD+ precursors and/or enzyme expression.
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1. Muscle Nicotinamide Adenine Dinucleotide (NAD+) Level Decreases
with Aging

The discovery that aging could cause declines in cellular nicotinamide adenine dinucleotide (NAD+) levels came from the
observation that sirtuins (SIRTs) activities were lowered in aged animals 2. |t was noticed that transgenic mice
overexpressing SIRT1 stimulated insulin secretion and ameliorated glucose metabolism when they were young, but the
positive effects faded when mice grew older. Subsequent research revealed that SIRT1 activity was compromised
because of diminished NAD+, the mandatory substrate for SIRTs [&. Supplementation of NAD+ precursor nicotinamide
mononucleotide (NMN) was able to restore NAD+ due to the conversion of NMN to NAD+ by NAMN transferase (NMNAT)
and ameliorated the aging effect. Since then, a number of studies confirmed that NAD+ levels in mammals, as well as in
several species of invertebrates, decrease with advanced age in tissues and organs such as the liver, brain, and muscle
(LISIAEN8]. Skeletal muscle is one of the organs dramatically demonstrating this phenomenon [EIEILOLL]

In living cells, NAD+ is much more abundant than 3-hydroxylacyl coenzyme A dehydrogenase (NADH) 2, presumably
because the latter is readily converted back to NAD+ by the ETC under normal physiological conditions. Thus, most
studies use the NAD+ level as an indication of the total cellular nicotinamide adenine dinucleotide pool. Although cellular
NAD+ levels have been shown to decline as much as 80% at old age I3l the extent of NAD+ change in skeletal muscle
is less clear and variable data have been reported in the literature. Gomes et al. W showed that NAD+ content in the
gastrocnemius muscle of 6-month-old mice was ~230 pmol/mg protein. Frederic et al. [ showed that NAD+
concentrations in the mixed hindlimb muscles (quadriceps, gastrocnemius, and tibialis anterior) of both male and female
mice were about 500 pmol/mg muscle. It is unclear whether wet or dry muscle weight was used to normalize NAD+
concentration. Researchers also showed that NAD+ concentration in isolated muscle mitochondria was in several nmole
ranges per mg protein. In a recent study, Yeo et al. 24 measured NAD+ concentration at 250 pmol/mg protein in mouse
gastrocnemius and quadriceps muscles, similar to that of Gomes et al. . Since NAD+ concentration is highly
compartmented in the cell, it is difficult to know the extent of age-related NAD+ deficit in muscle. Yeo et al. 14! found that
NAD+ concentration in the homogenate of mouse quadriceps and gastrocnemius muscle decreased about 50%,
comparing 12 months and 24 months of age with 6 months of age. The nuclear NAD+ level was also decreased by
approximately half, whereas cytoplasmic NAD+ showed only a modest decrease of ~20%. Because nuclear poles are
large enough for NAD+ to exit into the cytosol, the exact concentration of NAD+ in cytosol is often uncertain. Since
skeletal muscle is highly heterogeneous in fiber type compositions with different genotypic sources of originality and
metabolic profile, the NAD+ level is likely to be different in different fiber types 2. Furthermore, different fiber types age at
different rates, giving even greater diversity of biochemical and physiological endowments 18l Currently, there is a paucity
of data regarding fiber-specific alteration of NAD+ turnover during aging.

| 2. Consequences of NAD+ Deficit in Aging Muscle

A hallmark of aging is decreased mitochondrial function, demonstrated by a reduced ability to utilize metabolic fuels,
decreased ATP production, and oxygen consumption 2218l Mitochondrial volume also decreases in aged muscle, largely



explained by decreased mitochondrial biogenesis controlled by the SIRT/PGC-1a/Tfam axis 19, However, the mechanism
of age-related decline in mitochondrial quality and quantity is not entirely clear. The discovery that aged organisms,
including muscle suffer from diminished NAD+ pools, has provided a new insight to this decade-old puzzle in age
research.

The enzyme that is most affected by a diminished NAD+ level with aging is SIRTSs, especially SIRT1 and SIRT3. SIRT
activity systematically declines in aging despite the relatively stable enzyme protein content 29, This decline can directly
affect its ability to deacetylate PGC-1a, leading to a lower Tfam, the primary nuclear factor to activate mitochondrial
biogenesis 12, SIRT1 is also known to activate mitochondrial enzyme expressions via a PGC-1a-independent, but HIF-
dependent pathway &l In addition, decreased NAD+ also inactivates SIRT3, the mitochondrial sirtuin, thus causing
inhibition of enzymes in the TCA cycle through increased acetylation 2. Moreover, lower mitochondrial NAD+ could
hinder the ability of Complex | to oxidize NADH and restrict electron flow through the ETC [22[23124125] Thys, a
compromised NAD+ level may provide a direct explanation of the age-related loss of mitochondrial homeostasis, which
leads to muscle functional loss and sarcopenia. Indeed, in a recent study, Yeo et al. 14 demonstrated that NAD+ deficit in
24-month-old mice was associated with increased acetylation of a wide range of proteins, such as PGC-1a, GCN5, p65,
and SOD2 in mouse hindlimb muscles and heart. Ironically, protein levels of SIRT1, 3, 5, and 6 were upregulated
comparing old vs. young muscles. Other researchers have also reported decays of SIRT activities with aging, and directly
attributed SIRT downregulation to NAD+ deficit 228l These data emphasized the importance of cellular NAD+ in
controlling overall acetylation status and thus, muscle functionality.

Another serious consequence of decreased NAD+ availability in an aged organism is compromised antioxidant defense,
leading to increased oxidative stress and inflammation, termed “inflammaging” 4. First, aged muscle is known to
generate high levels of ROS primarily in the mitochondria, but also due to inflammation 2228 Diminished NAD+ levels
and SIRT3 activity can attenuate SOD2 deacetylation and thus, the ability of removing superoxide anion. Acetylation
increases the binding activity of p65, a crucial step in the transactivation of pro-inflammatory cytokine expression 2239,

Moreover, lowered NAD+ level limits the ability of PARP-1 to utilize pADPr to repair DNA damage that occurs at old age
[31][32]

| 3. Potential Mechanisms of Age-Related NAD+ Decline

Cellular mechanisms for decreased NAD+ levels with aging are multifaceted, related to both NAD+ consumption and
synthesis. The most important reason is probably related to increased protein acetylation in aging organisms 2227,
Proteomic analysis reveals that over 100 lysine sites in mitochondrial proteins are acetylated, which can be one of the
most common post-translational modifications of mitochondrial homeostasis 23, Aging is a prominent inducer of
mitochondrial protein hyperacetylation, the major cause of mitochondrial enzyme dysfunction in the TCA cycle and ETC,
loss of redox homeostasis, and increased organelle oxidative damage 4B A recent study revealed that hindlimb
muscles of 24-month-old mice had enhanced acetylation of PGC-1a by 6-fold, p65 by 4-fold, SOD2 level by 8-fold, GCN5
by 50%, and total protein level by 3-fold, compared to those of 6-month-old counterparts 14!, Importantly, most of these
parameters showed significant elevations at 12 months of age, indicating age-dependent NAD+ deficit might start earlier
than previously thought. Increased protein acetylation requires higher SIRT activity for deacetylation, and in turn, more
NAD+ to accept acetyl moieties from acetylated proteins 2426l whether aging upregulates or downregulates SIRT1 is still
controversial. The ironic finding was that despite increased protein expression of SIRT1 in response to aging, its activity is
unchanged or even decreased due to diminished NAD+ supply in muscle cells 937,

Besides increased consumption by SIRTs, aging has been shown to increase CD38 and CD157 activities 28l Cleavage of
NAD+ generates ADP-ribose and NAM, used as DNA damage repair and for NAD+ salvage, respectively. Recent studies
reported that aging gradually increases CD38 protein levels and its NADase activity (&8940 cp3g gene knockout and
78c, a specific CD38 inhibitor, rescued intracellular NAD+ and preserved SIRTs activity 19, |t was demonstrated that
CD38 expression increased by 2—6-fold in the skeletal muscle of mid-aged mice and by 5-13-fold in the old mice,

supporting the view that upregulation of this enzyme, could be the main reason for muscle NAD+ deficit at old aged 24141
2,

Another explanation for age-associated decreases in muscleNAD+ is an upregulation of PARP-1, which uses NAD + as a
substrate to catalyze the covalent transfer of ADP-ribose for DNA repair 22, Elevated PARP-1 levels may be an inevitable
process of aging due to an accumulation of DNA damage Bl Treatment of PARP-1 inhibitor was shown to increase NAD+
pools and elevate SIRT activity BL43144]  Skeletal muscles of old mice accumulated higher levels of cleaved pADPT,
suggesting that PARP-1 activity was increased during aging 24, Taken together, aged muscles clearly suffer from a NAD+



deficit, which might be attributed to the enhanced deacetylation demand catalyzed by SIRTs and the upregulation of two
enzymes that consume NAD+, namely CD38, and PARP-1.

While clear evidence exists that aging increases NAD+ degradation in muscle, research also indicates that NAD+
synthesis may diminish at old age. As previously mentioned, the primary means to replenish cellular NAD+ is the NAD+
salvage pathway catalyzed by its rate-limiting enzyme NAMPT. There is a consensus that aging decreases NAMPT
expression in several tissues, including skeletal muscle 1245 Age-associated downregulation of NAMPT is probably
caused by a defective circadian rhythm regulation by CLOCK and BMAL Bl48l BMAL and CLOCK control the expression
of NAMPT, whereas they are regulated by SIRT1 through the deacetylation of a central clock component in the liver 42!
(48] An age-related decline in SIRT1 activity may be the primary reason for the observed downregulation of NAMPT.

NAMPT downregulation during aging may also be triggered by increased inflammation, marked by elevated pro-
inflammatory cytokine expression. TNF-a inhibits BMAL/CLOCK-mediated transcription in hepatocytes and hence,
NAMPT expression BI29. Since aging is associated with increased muscle inflammation, marked by elevated TNF-a and
other inflammatory triggers, such as cyclooxygenase 2 (COX2), suppression of muscle inflammation may provide an
alternative strategy to maintain proper NAD+ and SIRT levels during aging B9,

| 4. Supplementation of NAD+ Precursors Ameliorates Muscle Aging

At a young age and in a healthy state, NAD+ levels do not seem to limit cardiac and skeletal muscle physiology &1,
However, decreases in NAD+ content are apparent in the brain, liver, and muscle, coincident with functional declines in
these tissues at older age [EIBI43] Fyrthermore, increased NAD+ levels are associated with increased longevity in the
invertebrates and improve metabolic function in rodents 1227 Therefore, various strategies have been postulated and
experimented aiming to restore and boost cellular NAD+ pools, making NAD+ supplementation a hot area of both basic
research and human clinical trials. It is noticed that supplementation of four different NAD+ precursors has demonstrated
age-specific efficacy not necessarily in agreement with the observation of younger animals or humans.

Since mitochondrial dysfunction is considered the hallmark of muscle aging, the majority of research has linked NAD+
precursor supplementation to mitochondrial function. It is generally agreed that the primary reason for NR
supplementation to restore NAD+ levels and ameliorate aging effects in muscle is due to increased SIRT1 activity, thus
activating the SIRT1/PGC-1a/Tfam axis and improving mitochondrial homeostasis 2253154155 NAMPT overexpression
alone augmented endurance performance in mice, demonstrating the efficacy of the salvage pathway 28, While NAM
supplementation alone may not be effective in raising cellular NAD+ levels, physical exercise in conjunction with NAM has
shown some promise. For example, Pajk et al. B4 supplemented NAM in drinking water to young and old mice in
conjunction with endurance training. NAM treatment increased SIRT1 deacetylation activity in both age groups,
accompanied by an increased PGC-1a level in older mouse muscle. These data provided some promise that oral NAM
supplementation, especially combined with exercise, may not cause SIRT1 inhibition in vivo. Recently, Das et al. 58
demonstrated that supplementation of NAM increased blood flow and endurance capacity in old mice by promoting
SIRT1-mediated capillary density. The role of blood flow in aging muscle and highlighted the role of SIRT1 in
angiogenesis to elevate hydrogen sulfide (H2S) and restore NAD+ levels in the endothelial cells. Long-term administration
of NMN was found to be an effective regimen to mitigate an age-associated physiological decline in mice B2, Twelve
months of NMN supplementation with a regular chow diet in C57BL/6N mice suppressed body weight gain, enhanced
energy metabolism, promoted physical activity, and improved insulin sensitivity during normal aging. Thus, NMN may be a
more direct and simpler dietary source to ameliorate aging effects.

Another potential site of action for NAD+ precursors to ameliorate muscle aging is muscle stem cells (MuSC), as revealed
in a study by Zhang et al. 84, NAD+ concentration in MuSC from aged mice was lower than that from young mice,
indicating NAD+ deficit was the main reason for these mice demonstrating a range of muscle dysfunctions, whereas
supplementation of NR increased NAD+ levels in MuSC. NR rejuvenated age-associated MuSC regeneration,
mitochondrial function, and SIRT1 activity. Importantly, NR also increased muscle strength, running duration, and life span
in aged mice 9. A study shed new light to the role of NAD+ in improving not only the existing senescent myocyte function
but also the ability to reverse muscle morphological and physiological declines at old age via stem cell rejuvenation.

Due to the importance of the salvage pathway in recycling NAM to synthesize NAD+, the role of NAMPT as the rate-
limiting enzyme for this pathway, and as a key factor for ameliorating aging, was highlighted inl61l, Transgenic
overexpression of NAMPT has been reported to improve cellular functions and attenuate the onset of senescence in
several tissues, including skeletal muscle 21, NAD+ levels were shown to increase by 2-fold in transgenic lines of mouse



embryotic fibroblast (MEF) compared to WT MEF cells [l Increased SIRT1 activity, elevated antioxidant enzyme
expression, and resistance to oxidative stress were also observed in this cell line.

It is noteworthy that NAD+ precursor supplementation is still a controversial subject and the research outcome of its
efficacy, especially in humans, is mixed. Several recent clinical trials revealed that chronic NR supplementation did not
improve mitochondrial volume and function in humans [B2I63I64]65] eyen though NAM and nicotinic acid riboside (NAR)
contents were elevated 82, These studies challenged the proposition that aged people should increase consumption of
vitamin B3 compounds for the sake of preserving muscle function. For example, Connell et al. 58 fajled to observe
increases in NAD+ levels or limb muscle functional improvement conducted by MRI scanning after one-month
supplementation of a mixture of niacin equivalent (tryptophan, NA, and NAM). Noticeably, NR was missing from the
ascribed dietary source. Stocks et al. 82 also did not observe a significant change in muscle NAD+ content or
mitochondrial functional capacity following 7-days of NR supplementation. Clearly, the efficacy and mechanism of NR
supplementation in ameliorating functional improvement of aging muscle require more innovative and thorough
investigation, and the effects of exercise in ameliorating dietary supplementation seem to be critically important (871,
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