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A decline in capillary density and blood flow with age is a major cause of mortality and morbidity. 

Understanding why this occurs is key to future gains in human health. NAD+ precursors reverse 

aspects of aging, in part, by activating sirtuin deacylases (SIRT1-7) that mediate the benefits of 

exercise and dietary restriction (DR). We show that SIRT1 in endothelial cells is a key mediator of 

pro-angiogenic signals secreted from myocytes. Treatment of mice with the NAD+ precursor 

nicotinamide mononucleotide (NMN) improves blood flow and increases endurance in elderly 

mice by promoting SIRT1-dependent increases in capillary density, an effect augmented by 

exercise or increasing the levels of hydrogen sulfide (H2S), a DR mimetic and regulator of 

endothelial NAD+ levels. These findings have implications for improving blood flow to organs and 

tissues, increasing human performance, and reestablishing a virtuous cycle of mobility in the 

elderly.

Graphical abstract

INTRODUCTION

One of the most profound changes to the body as it ages is a decline in the number and 

function of endothelial cells (ECs) that line the vasculature. The performance of organs and 

tissues is critically dependent on a functional microcapillary network that maintains a supply 

of oxygen, exchanges heat and nutrients, and removes waste products (Olfert et al., 2009). 

According to the Vascular Theory of Aging (Le Couteur and Lakatta, 2010), vascular 

decline is one of the major causes of aging and age-related diseases.

Despite the importance of capillary loss to human health, it is surprising how little we 

understand about its underlying causes (Le Couteur and Lakatta, 2010). Exercise is currently 

the best way to delay the effects of aging on the microvasculature by promoting 

neovascularization, but little is known about why tissues become desensitized to exercise 

with age (Bassel-Duby and Olson, 2006; Booth and Thomason, 1991; Hood, 2001). Skeletal 

muscle is an ideal tissue to study the effects of aging on neovascularization and capillary 

maintenance. For reasons that are unclear, as we age there is an increase in muscle EC 
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apoptosis, decreased neovascularization, and blood vessel loss (Groen et al., 2014; Wang et 

al., 2014), resulting in reduced muscle mass (sarcopenia) and a decline in strength and 

endurance in the later decades of life, even with exercise (Denis et al., 1986; Prior et al., 

2016; Ryan et al., 2006). A few exercise-mimetic agents have been reported that increase 

mitochondrial function (e.g. resveratrol and PPARδ agonists), none of which are known to 

work by increasing capillary density or blood flow (Canto et al., 2012; Lagouge et al., 2006; 

Narkar et al., 2008).

SIRT1 is a member of the sirtuin family of NAD+-dependent deacylases that mediate the 

health benefits of DR and can extend lifespan when overexpressed (Guarente, 2013; Haigis 

and Sinclair, 2010; Kanfi et al., 2012; Satoh et al., 2013). In young muscle, SIRT1 is 

required for ischemia-induced neovascularization (Potente et al., 2007), vascular relaxation 

(Mattagajasingh et al., 2007; Pearson et al., 2008; Ungvari et al., 2010) and is implicated in 

EC senescence (Ota et al., 2007; Zu et al., 2010). It is, however, unknown whether 

endothelial SIRT1 regulates microvascular remodeling in skeletal muscle tissue, and if so, 

whether its breakdown with age is cell-autonomous or reversible.

SIRT1 activating compounds (STACs) such as resveratrol and SRT1720 have been pursued 

as a strategy for ameliorating age-related diseases (Hubbard et al., 2013; Sinclair and 

Guarente, 2014). A more recent approach has been to restore NAD+ levels by treating with 

NAD+ precursors such as nicotinamide riboside (NR) or nicotinamide mononucleotide 

(NMN) (Canto et al., 2015; Gomes et al., 2013; Mouchiroud et al., 2013; Ramsey et al., 

2008). NAD+ precursors increase the angiogenic capacity of ECs in cell culture (Borradaile 

and Pickering, 2009; Hughes-Large et al., 2014), improve the exercise capacity of young 

mice (Canto et al., 2012), and protect against age-related physiological decline including 

reduced DNA repair, mitochondrial dysfunction, and glucose intolerance (de Picciotto et al., 

2016; Gomes et al., 2013; Li et al., 2017; Yoshino et al., 2011). Whether a decrease in NAD+ 

and SIRT1 activity in ECs is a cause of microvasculature loss and frailty during aging is not 

yet known.

Another DR mimetic is hydrogen sulfide (H2S), a gas generated endogenously by 

cystathionine β-synthase (CBS) and/or cystathionine γ-lyase (CSE) (Hine and Mitchell, 

2015). Evidence indicates that SIRT1 and H2S may lie in the same pathway. For example, in 

Caenorhabditis elegans, hydrogen sulfide (H2S) extends lifespan in a Sir2.1-dependent 

manner (Miller and Roth, 2007). In mammals, ectopic treatment with H2S induces SIRT1 in 

response to oxidative stress (Suo et al., 2013; Wu et al., 2015; Zheng et al., 2014) and 

protects rat hearts from ischemia/reperfusion via a mechanism requiring SIRT1 (Hu et al., 

2016).

In this study, we tested whether a decline in SIRT1 activity in ECs is a major reason why 

blood flow and endurance decrease with age, and whether SIRT1 stimulation by NMN 

and/or H2S can reverse these changes. We show that loss of endothelial SIRT1 results in an 

early decline in skeletal muscle vascular density and exercise capacity, while overexpression 

of endothelial SIRT1 has a protective effect, ostensibly by sensitizing ECs to vascular 

endothelial growth factor (VEGF) coming from muscle fibers. Pharmacologically raising 

NAD+ levels promotes muscle vascular remodeling following ischemic injury and restores 
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capillary density and treadmill endurance of old mice back to youthful levels, and in young 

mice during chronic exercise, an effect that is further augmented by H2S.

RESULTS

Aging is associated with decreased muscle microvasculature, endurance and 
angiogenesis

One of the most reliable, yet pernicious aspects of mammalian aging is a decrease in blood 

flow to skeletal muscle. Consistent with this, the abundance of ECs and capillaries in 

skeletal muscle and exercise endurance of 20-month old mice was significantly lower 

compared to 6-month olds (Fig. 1A–C, S1A).

A possible explanation was impaired angiogenic potential. To test this, a series of in vitro 
angiogenesis assays were performed on mouse lung ECs (MLECs) from young and old 

mice. MLECs were cultured in the presence of conditioned media (CM) with angiogenic 

factors provided by peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α)–

overexpressing C2C12 myotubes (Arany et al., 2008). Compared to young mice, MLECs 

from 20-month old mice had reduced migratory capacity (Fig. 1D, S1B), decreased ability to 

form capillary-like structures (Fig. 1E, S1C) and shorter spheroidal sprout lengths (Fig. 1F).

Endothelial SIRT1 deletion mimics the effect of aging on capillary density and endurance

To test if SIRT1 is required for vascular maintenance and angiogenesis late in life, we used a 

Tie2-Cre mouse to knock out or overexpress SIRT1 specifically in the ECs. The EC-

specificity of Tie2 promoter was confirmed using a GFP reporter mouse strain (Fig. 2A, 

S2A–D). Endothelial-specific SIRT1 knockout mice (ESKO, Fig. 2B–C, S2E–F) were 

healthy and born in expected Mendelian ratios. In 6-month old ESKO mice, the density and 

number of capillaries was significantly lower compared to age-matched wildtype (WT) mice 

(Fig. 2D, S2G).

Although there were no obvious physiological differences between the genotypes (Fig. 

S2H–J), in a high intensity endurance test ESKO mice ran only half as long and far as their 

WT littermates (Fig. 2E, Movie 1). There was also a trend towards higher post-exercise 

serum lactate levels in ESKO mice (p = 0.055) (Fig. 2F).

Differences in exercise capacity are commonly attributable to changes in muscle fiber type 

(Pette and Staron, 2000) or mitochondrial content (Lin et al., 2002). A comparison of 

gastrocnemius and quadriceps muscles from ESKO and WT mice showed no significant 

differences in fiber type (Fig. S2K), mitochondrial content (Fig. S2L) or mitochondrial 

activity (Fig. S2M), further supporting the hypothesis that the low exercise capacity of 

ESKO mice is due to a reduced number of capillaries.

Endothelial SIRT1 is required for exercise-induced neovascularization

In young individuals, exercise is a potent stimulator of angiogenesis, but this effect wanes 

considerably with advancing age for reasons that are not known. To test if SIRT1 plays a 

role in this process, we first subjected 10-month old inducible SIRT1 knockout mice 

(SIRT1-iKO, Fig. S2N) (Price et al., 2012) to a four-week treadmill training paradigm. 

Das et al. Page 4

Cell. Author manuscript; available in PMC 2019 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immediately after SIRT1 deletion, there was no difference in capillary number or density. 

After four weeks of exercise training, however, the number of capillaries and capillary 

density in the quadriceps muscle of SIRT1-iKO mice was only 1.4-fold higher compared to 

2-fold in WT mice (Fig. 2G), indicating that SIRT1 is required for exercise-induced muscle 

neovascularization.

PGC-1α increases mitochondrial function and induces the secretion of VEGF to promote 

neovascularization (Arany et al., 2008). Indeed, mice lacking PGC-1α have limited 

angiogenesis after exercise (Chinsomboon et al., 2009) whereas mice overexpressing 

PGC-1α in muscle have increased mitochondria and capillary density (Lin et al., 2002). We 

deleted SIRT1 either in ECs or myocytes of the muscle-specific PGC-1α overexpressing 

mouse (MCK-PGC-1α). Despite there being no effect on mitochondrial protein levels (Fig. 

S2O–P), MCK-PGC-1α;ESKO mice had significantly reduced capillary density compared 

to MCK-PGC-1α;WT mice (Fig. 2H). As shown in Fig. 2I, the presence or absence of 

SIRT1 in myocytes made no difference in the number of capillaries induced by PGC-1α. 

Together, these data indicate that SIRT1 in ECs but not myocytes is a critical downstream 

mediator of PGC-1α-induced signals originating from myofibers. In treadmill tests, MCK-
PGC-1α;ESKO mice had greatly reduced endurance compared to MCK-PGC-1α mice (Fig. 

2J) but not in the MCK-PGC-1α;MSKO mice (Fig. 2K). Thus, SIRT1 in ECs is required for 

PGC-1α to improve exercise tolerance, even if mitochondrial function is already higher, 

underscoring the critical role of the vasculature SIRT1 in endurance.

SIRT1 is required for pro-angiogenic growth factor signaling from myocytes to ECs

To investigate the specific signals that EC SIRT1 responds to, we performed in vitro 
transwell migration and spheroid assays using MLECs derived from WT and ESKO mice. 

MLECs without SIRT1 had a blunted chemotactic response (Fig. 3A, S3A), reduced tube 

formation (Fig. 3B), and shorter EC spheroid sprout length (Fig. 3C). Stimulation of EC 

replication and migration after exercise involves several pro-angiogenic factors including 

VEGF and basic fibroblast growth factor (FGF) (Arany et al., 2008). To determine if growth 

factors require SIRT1 activity, we examined aortic rings from WT and SIRT1-iKO mice that 

were exposed to either VEGF or FGF (Fig. 3D, S3B). Stimulation of spouting was reduced 

in the aortic rings lacking SIRT1 (Fig. 3D, S3C). SIRT1-deficient human aortic ECs 

(HAECs) (Fig. S3D) also had a reduced response to growth factors (Fig. 3E, 3F). SIRT1 had 

no effect on VEGF mRNA or VEGF protein in serum (Fig. S3E, S3F).

Increasing endothelial SIRT1 activity increases muscle capillary density and exercise 
capacity

Having found that endothelial SIRT1 is necessary for vascular remodeling, we tested if 

increasing its abundance or activity was sufficient. To test this, an EC-specific SIRT1 

overexpressing mouse strain (ESTO, Fig. 4A–B, S4A–B) was generated. There were no 

apparent physical abnormalities (Fig. S4C–E) or differences in mitochondria (Fig. S4D–H) 

but interestingly, blood glucose levels were reduced related to WT (Fig. S4I), indicating that 

endothelial SIRT1 may promote glucose uptake or suppress gluconeogenesis.
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Compared to littermate controls, the density and number of capillaries in the quadriceps of 

ESTO mice was 1.5-fold and 2-fold greater, respectively (Fig. 4C), with similar increases in 

gastrocnemius (Fig. S4J). Relative to WT, six-month old ESTO mice ran 1.8 times longer 

and covered 1.9 times the distance before exhaustion (Fig. 4D, Movie 2), and even had lower 

post-exercise serum lactate (Fig. 4E). Thus, increasing the expression of SIRT1 in ECs is 

sufficient to increase the capillary density of skeletal muscle and enhance exercise 

performance.

If endothelial SIRT1 is a downstream mediator of angiogenic signals from myocytes (see 

Fig. 2 and 3), increasing endothelial SIRT1 should augment these signals. Overexpression of 

SIRT1 in MLECs increased cell motility (Fig. 4F), tube formation, and sprout length of EC 

spheroids (Fig. 4G–H). Overexpression of SIRT1 in human umbilical vein ECs (HUVECs) 

increased the number of branching points by 33% and the total tubule length by 15% 

compared to the control cells (Fig. 4I, S4K–L). In a spheroid assay, adeno-SIRT1 infected 

ECs had 19% longer sprout lengths compared to the control cells upon VEGF stimulation 

(Fig. 4J, S4M). Aortic rings from whole body SIRT1 overexpressing mice (SIRT1-Tg, Fig. 

S4N) had double the sprout number and triple the total spout area (Fig. 4K). ESTO mice had 

higher VEGF serum protein levels (Fig. S4O), indicating that SIRT1 is part of a positive 

feedback pathway sensitizing myocytes to VEGF and is both necessary and sufficient for 

skeletal muscle capillary formation.

The NAD+ precursor, NMN, promotes angiogenesis by inhibiting SIRT1-mediated Notch 
signaling

The loss of exercise responsiveness in older mice might have been due to a decline in SIRT1 

or the levels of its co-substrate NAD+ (Gomes et al., 2013). NAD+ precursors are an 

effective way to raise intracellular NAD+ levels and stimulate SIRT1 activity (Bogan and 

Brenner, 2008; Gomes et al., 2013; Yoshino et al., 2011). In cell migration, sprouting and 

tube formation assays (Fig. 5A–D, S5A–D) NMN increased angiogenesis in a SIRT1-

dependent manner, significantly improving tubule structure while preventing tube 

disintegration (Movies 3 and 4). NMN also doubled the number of outgrowths or sprouts 

from aortic rings taken from 18-month old WT mice but not old SIRT1-iKOs (Fig. 5E, S5E). 

SIRT3 and SIRT6 also increase the angiogenic potential of ECs in culture (Cardus et al., 

2013; Wei et al., 2017). Knockdown of SIRT3 and SIRT6 in HAECs decreased tube 

formation and spheroid sprouting that was partially rescued by NMN (Fig. S5F–H), 

indicating that it’s angiogenic effects are primarily mediated by SIRT1.

In vertebrates, the Notch signaling pathway is indispensable for blood vessel formation 

(Blanco and Gerhardt, 2013). Notch signaling in ECs is controlled by the Notch1 

intracellular domain (NICD) protein, which in turn is negatively regulated by SIRT1 

(Guarani et al., 2011). After stimulation with VEGF or Notch ligand Dll4 (Fig. 5F, S5I), 

NMN treatment decreased Notch target gene expression and NICD protein levels (Fig. 5G, 

S5J). Blocking NICD release with the γ-secretase inhibitor DAPT increased sprout length 

irrespective of SIRT1 levels (Fig. 5H–I, S5K) while treatment with the VEGF receptor 

inhibitor SU5416 completely blocked sprouting and this was not rescued by NMN treatment 

(Fig. 5H). NMN treatment induced proliferation (Fig. S5L) and reduced apoptosis in ECs in 
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a SIRT1-dependent manner, consistent with an inhibition of Notch (Noseda et al., 2004) 

(Fig. S5M). Thus Notch signaling in ECs depends on NAD+ levels and the concomitant 

activity of SIRT1 (Fig. 5J).

NAD+ reverses loss of the microvasculature and exercise capacity in old mice via SIRT1

During aging, the level of NAD+ declines in many tissues, in part, due to increased activity 

of the NAD-consuming enzymes CD38 and PARP1 (Bai et al., 2011b; Camacho-Pereira et 

al., 2016; Li et al., 2017; Mouchiroud et al., 2013). We hypothesized that decreasing NAD+ 

levels in ECs might explain why older individuals have fewer capillaries and decreased 

blood flow. Gastrocnemius muscle and ECs isolated from 20-month old mice had lower 

NAD+ levels compared to those from 6-month olds (Fig. 6A). We reasoned, therefore, that 

restoring NAD+ levels in ECs of old mice to youthful levels might also restore capillary 

density, blood flow, and endurance. To restore NAD+ levels, we administered NMN to 18-

month old mice via drinking water for two months at 400 mg/kg/day (Fig. S6A–C).

NMN restored the number of capillaries and capillary density of the old mice to those 

typically seen in young mice (Fig. 6B, S6D). Resting muscle perfusion (Fig. 6C, S6E) and 

soluble oxygen (sO2) levels were significantly higher in NMN-treated mice compared to 

controls (Fig. 6D). Mitochondrial protein and activity levels and other muscle properties 

remained unaltered (Fig. S6F–L). NMN supplementation dramatically increased home-cage 

oxygen consumption (Fig. S6M) but the most striking effect was a 56–80% improvement in 

endurance, with lower post-exercise blood lactate (Fig. 6E–F, Movie 5).

To test if SIRT1 is necessary for neovascularization in vivo, 20-month old tamoxifen-treated 

WT and SIRT1-iKO mice were treated with NMN for two months. NMN increased 

gastrocnemius capillarity in WT but not in the SIRT1-iKO mice (Fig. 6G). Angiogenesis is 

also important for tissues to recover from ischemia. NMN restored blood volume and 

capillary density in a SIRT1-dependent manner in mice subjected to femoral artery ligation 

(Fig. 6H, S6N).

NMN did not alter the capillarity or exercise capacity of sedentary animals younger than 12-

months (not shown), consistent with overexpression of Nampt, an NAD biosynthetic gene 

(Frederick et al., 2015). There was a strong effect, however, in young mice on NMN after 

endurance training for one month, resulting in 70% more capillaries than untreated sedentary 

mice, more than twice the effect of NMN alone (Fig. 6I). To test if NMN works by 

sensitizing ECs to VEGF, we treated mice with axitinib, an inhibitor of VEGF signaling 

(Fig. S6O) and saw no effect of NMN on capillary density and exercise capacity (Fig. 6J, 

S6P).

Exogenous hydrogen sulfide activates SIRT1 and augments the effects of NMN

As a signaling molecule, H2S shares many similarities with NAD+. It increases SIRT1 

activity, protects against oxidative stress and can promote angiogenesis (Longchamp et al., 
an accompanying submission). Treatment of HUVECs with NaHS or NMN alone increased 

SIRT1 protein levels but the combination was even more potent (Fig. 7A). NaHS increased 

intracellular NAD+ levels, MLECs motility (Fig. 7B–C) and spheroid sprouting (Fig. 7D, 

S7A), an effect that was SIRT1-dependent (Fig. 7C). Consistent with Longchamp et al., H2S 
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increased cell migration independently of VEGF but dependent on SIRT1 (Fig. S7B), while 

lowering basal OCR while NMN did not (Fig. S7C). These findings indicate that NAD+ and 

H2S have overlapping and distinct functions in ECs.

To test the effects of the NMN-NaHS combination, we co-treated 32-month old mice with 

NMN and NaHS for four weeks (Fig. S7D). The combination of NaHS and NMN 

dramatically increased capillary density compared to other treatment groups (Fig. 7E). 

Neovascularization declines during aging, in part, because of an increase in oxidative stress 

and EC apoptosis (Dimmeler and Zeiher, 2000; Pearson et al., 2008). In response to H2O2 

treatment, NMN reduced the number of apoptotic ECs from 42% to 17% and, in 

combination with NaHS, reduced it to 11% (Fig. 7F, S7E). NMN also reduced apoptosis in 

HUVECs by 13% and the combination reduced it by 36% (Fig. 7G, S7F). Mice treated with 

NMN had 1.6-fold increase in time and distance run compared to untreated mice (Fig. 7H), 

while the combination of NMN with NaHS treatment doubled their endurance.

The reduced baseline capillary density of ESKO mice confounded the interpretation of the 

effects of NMN and NaHS. To circumvent this, we knocked down SIRT1 in old mice using a 

lentivirus expressing SIRT1 miRNA downstream of the vascular endothelium cadherin (VE-

cad) promoter (Fig. S7G, Table S1) (Zhang et al., 2013). The most efficient miRNA virus 

was #5, which knocked down SIRT1 80% and raised NICD (Fig. 7I, S7H). SIRT1 was 

knocked down in 20-month old mice (Fig. 7J, S7I) that were then treated for four weeks 

with NMN and/or H2S precursors (NaHS and GYY4137). The ability of NMN alone or in 

combination with H2S precursors to increase vascularization was blocked in the SIRT1 

knockdown mice (Fig. 7K). Although the system may result in off-target effects and produce 

short-term effects making it difficult to directly compare them to knockout mice, they are 

consistent with our previous conclusions that raising NAD+ levels and stimulating SIRT1 

activity in ECs is an effective way to increase angiogenesis and blood flow to improve 

exercise endurance, a pathway that is further enhanced by co-treatment with H2S (Fig. S7L).

DISCUSSION

From the age of 40 onward, the tissue perfusion declines steadily and seemingly inexorably, 

leading to organ dysfunction and increasing frailty in the last decades of life (Degens, 1998; 

Le Couteur and Lakatta, 2010). Though exercise is recommended, it only delays a cycle of 

decline, both physically and physiologically (Denis et al., 1986). In this study, we show that 

a decrease in endothelial NAD+ is a primary reason why our ability to exercise and receive 

its benefits diminish as we age. Specifically, endothelial NAD+ and SIRT1 are critical 

regulators of vascular remodeling in response to VEGF-stimulated angiogenesis. NMN 

restores angiogenesis in old mice ostensibly via a SIRT1-reguluated Notch signaling 

pathway, underscoring the importance of Notch signaling in aging. At 32-months of age, the 

effects of aging on the mouse microvasculature were surprisingly easy to reverse. As far as 

we are aware, this is the first time a small molecule has induced neovascularization at an 

advanced age.

Interestingly, NMN supplementation had no effect on the capillary density of sedentary 

young to middle-aged mice. Only when coupled with exercise training or after ischemia did 
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NMN improve these parameters. This result, and the fact that NMN restores the capillary 

density of elderly mice to youthful levels but not further, indicates that there may be a signal 

within EC that caps the number of capillaries in muscle that EC NAD+ can induce, a limit 

that is overcome by exercise. If this putative factor is found, it could have significant 

implications for human health. A potential candidate is CBP/p300-interacting transactivator 

with ED-rich tail 2 (CITED2), an inhibitor of hypoxia-inducible factor 1 (HIF-1α) signaling 

that is implicated in type 2 diabetes (Wang et al., 2016). It would be interesting to test 

whether exercise inhibits expression of CITED2 and if NMN requires CITED2 to increase 

angiogenesis.

Increasing SIRT1 activity has been thought to improve endurance capacity by increasing 

mitochondrial function (Bai et al., 2011a; Bai et al., 2011b; Baur et al., 2006; Canto et al., 

2009; Lagouge et al., 2006; Pearson et al., 2008). Challenging this assumption, there were 

no changes in the muscle oxidative capacity in ESTO or NMN-treated mice, despite a 

dramatic increase in endurance. Conversely, increasing muscle oxidative capacity was 

insufficient to improve endurance in the absence of increased capillarity, indicating the 

modes by which SIRT1 activators or NAD boosters increase exercise endurance should be 

reexamined. Although we saw no change in cardiac function or capillary density, we cannot 

rule out the possibility of cardiac changes.

The ability of NMN to promote angiogenesis raises the question of whether it might 

stimulate tumor growth. Mice treated with NMN or NR for extended periods show no 

evidence of increased tumor burden (Mills et al., 2016; Zhang et al., 2016). Indeed, during 

the course of our studies, no increase in tumor burden was seen with NMN-treatment or in a 

DEN-induced model of hepatocarcinoma (Fig. S7J–K), though more study is warranted.

A major cause of age-associated endothelial dysfunction is an increase in oxidative stress 

and apoptosis (Harman, 1956). SIRT1 and H2S protect against oxidative stress mediated 

apoptosis and senescence (Miller and Roth, 2007; Salminen et al., 2013; Suo et al., 2013; 

Wu et al., 2015). We suggest that in response to exercise, a SIRT1-H2S pathway within ECs 

prevents apoptosis after oxidative stress and sensitizes the cells to PGC-1α-mediated VEGF 

secretion (Fig. S7L). During aging, however, NAD+ levels decline in ECs, leading to a 

reduction in SIRT1 activity and the ability of ECs to survive oxidative stress and respond to 

growth factor signaling. The age-associated increase in oxidative stress further reduces 

SIRT1 expression, exacerbating the decline.

Skeletal muscle isn’t the only tissue that requires adequate blood flow to maintain function. 

Heart, liver, bone and the brain, for example, are critically dependent on blood flow. It will 

be interesting to test whether upregulation of the endothelial NAD+-H2S pathway improves 

the vasculature and blood flow into those tissues as well. If so, precursors to NAD+ and H2S 

may not only be effective agents for increasing the recovery from vessel blockages and 

enhancing the effects of exercise, but also for treating the most common of age-related 

diseases, if not aging itself.
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STAR Methods

Contact for Reagent and Resources Sharing

Further information and requests for resources and reagents should be directed to, and will 

be fulfilled by, the Lead Contact, Dr. David A. Sinclair (david_sinclair@hms.harvard.edu).

Experimental Model and Subject Details

Animals—All experiments were performed according to procedures approved by UNSW 

Animal Care and Ethics Committee (UNSW, Australia), MIT’s Committee on Animal Care 

(MIT, MA) and Institutional Animal Care and Use Committees (Harvard Medical School, 

MA). Mice were fed standard chow and housed under a 12 hrs light/12 hrs dark cycle.

The EC specificity of Tie2 promoter was determined by crossing a Tie2-Cre mouse to a 

reporter mouse (mT-STOPf/f-GFP). mT-STOPf/f-GFP mouse expresses membrane-targeted 

tandem dimer Tomato protein (TOMATO) ubiquitously. When crossed to Tie2-Cre mouse 

(Tie2-Cre-GFP) green fluorescent protein (EGFP) is expressed. Tie2-Cre mouse was crossed 

to SIRT1f/f or SIRT1STOP mouse to generate ESKO (Tie2-Cre;SIRT1f/f) (Cheng et al., 2003; 

Potente et al., 2007) or ESTO (Tie2-Cre;SIRT1STOP) mouse, respectively. Myog-Cre was 

crossed to SIRT1f/f mouse to generate MSKO mouse. MCK-PGC-1α mouse was crossed to 

ESKO or MSKO mouse where required.

SIRT1-iKO mice were fed tamoxifen (360 mg/kg) diet for five weeks to elicit whole-body 

SIRT1 exon 4 excision as described previously (Price et al., 2012). In all cases, otherwise 

indicated, animals were administered NMN (400 mg/kg/day), NaHS (20 mg/kg/day) and/or 

GYY4137 (20 mg/kg/day) (Rose et al., 2015) via drinking water. NMN stock was changed 

twice per week and NaHS/GYY4137 was supplemented daily.

Cells—C2C12 and HEK293T cells were grown in DMEM supplemented with 10% FBS 

and 1% Penicillin/Streptomycin (Pen/Strep) at 37°C with 5% CO2. ECs (HUVEC, HAEC 

and MLEC) were cultured in EGM-2 media at 37°C with 3% O 2 and 5% CO2.

Method Details

Endurance testing of mice—Mice were acclimatized to the treadmill system for 3 days 

prior to endurance testing by running at 10–15 m/min for 20 min. In low intensity endurance 

testing, the speed started at 5 m/min for 5 min, and then the speed was increased by 1 every 

minute until 21 m/min and kept constant. In high intensity endurance testing, the speed 

started at 13 m/min for 5 min at 5°inclination, and then the speed was increased by 1 every 

minute until 20 m/min and kept constant for 20 min. Every 20 min, the speed was increased 

by 5 m/min and held constant for 20 min. In both tests, mice were run until exhaustion. Mice 

were considered exhausted when they sat on the shocker plate for more than 10 sec without 

attempting to reinitiate running.

Exercise training of mice—Mice were acclimatized to the treadmill system for 3 days 

prior to the start of exercise training by running at 10 m/min for 20 min. The animals that 

were successfully acclimated were then trained at 15–20 m/min at 5°inclination for 30 
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minutes once daily for 30 days. Mice receiving treatment were given NMN (500 mg/kg/day) 

and/or axitinib (30 mg/kg/day) throughout the course of exercise training regimen. NMN 

given via drinking water was changed every 3 days and axitinib (Escudier and Gore, 2011) 

given via food was changed daily. The exhaustive exercise capacity of the mice was tested at 

the end of training.

Blood glucose, lactate and VEGF—Mice were fasted for 6 hrs and blood glucose 

levels were measured by tail bleed using a commercially available glucose meter. Blood 

lactate was measured before and immediately after treadmill exercise (30 min at 15 m/min) 

by tail bleed using a commercially available lactate meter. Serum VEGF was measured 

using a commercially available ELISA kit or by Eve Technologies, Canada.

Urine creatinine—Urine was collected from mice after a 2 hrs fast and analyzed for 

creatinine levels using a colorimetric assay kit.

Rotarod test—Motor coordination was assessed using the rotarod test as previously 

described (Mersmann et al., 2011). In short, mice were acclimatized to a rotarod for 3 days 

in three trials lasting 2 min each at a constant speed of 5 rpm. On the 4th day, the animals 

were subjected to three trials on the accelerating roller (4 – 40 rpm in 4 min) and the time 

that the mice remained was recorded.

Hindlimb ischemia—The effect of NMN in ischemia-induced vessel formation was 

assessed in a murine model of hindlimb ischemia using 8-month old SIRT1-iKO and WT 

mice according to the published protocol (Limbourg et al., 2009). Treatment of animals with 

NMN (500 mg/kg/day) via drinking water started one week prior to femoral ligation and was 

continued until the end of the experiment. The blood flow in the ischemic limb was 

measured using contrast-enhanced ultrasound imaging, 20 days after the surgery.

Contrast-enhanced ultrasound (CEU)—Mice were anesthetized with isoflurane (1.5–

2%, 500 ml O2/min), hindlimbs were shaved using depilatory cream and a 27-gauge catheter 

was placed into each mouse’s tail and kept in place with surgical tape. Each mouse was 

placed in a supine position on a platform heated to 38°C with each paw taped to a surface 

electrode to monitor ECG, heart rate, and respiratory rate. CEU was performed using Vevo 

2100 system at an imaging frequency of 18 MHz. The probe was placed on the medial side 

of the leg to image the lower hindlimb in a sagittal plane. A bolus injection of microbubbles 

(contrast reagents) were injected through the tail vein catheter according to the 

manufacturer’s instructions. A cine loop was recorded at a frame rate of 20 frames/s for a 

total of 1,000 frames. Curve fit analysis was used to measure echo power over time. The 

difference in maximum and minimum video intensity was determined as the peak 

enhancement (Baltgalvis et al., 2014).

Cardiac ultrasound—Parasternal short-axis M-mode images were acquired using the 

Vevo 2100 system as previously described (Respress and Wehrens, 2010). Mice were 

anesthetized with 1–2% isoflurane, and heart rate was measured between 450 and 500 beats/

min.
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Photoacoustic imaging—Mice were anesthetized with isoflurane (1.5–2%, 500 ml O2/

min), and body portion below chest area was shaved using depilatory cream. The animals 

were then placed horizontally in the imaging chamber of MSOT inVision 256-TF small 

animal imaging system and three-dimensional scanning of the lower portion was performed 

as per manufacture’s protocol (Morscher et al., 2014).. Briefly, a tunable optical parametric 

oscillator (OPO) pumped by an Nd:YAG laser provided excitation pulses with a duration of 

9 ns at wavelengths from 680 nm to 980 nm at a repetition rate of 10 Hz with a wavelength 

tuning speed of 10 ms and a peak pulse energy of 100 mJ at 730 nm. Ten arms of a fiber 

bundle provided even illumination of a ring-shaped light strip of approx. 8 mm width. For 

ultrasound detection, 256 toroidally focused ultrasound transducers with a center frequency 

of 5 MHz (60% bandwidth), organized in a concave array of 270° an gular coverage and a 

radius of curvature of 4 cm, were used.

Metabolic measurements and body composition—Metabolic chambers were used 

to perform whole-body measurements of metabolic function. Following acclimatization to 

the metabolic chambers, individually housed mice were monitored continuously over 48 hrs 

to determine oxygen consumption, carbon dioxide production, respiratory exchange ratio, 

energy expenditure, food intake, water intake and activity. Body composition (fat mass, lean 

mass, and total body water) was measured by EchoMRI.

Permeabilized fiber respiration—Permeabilized fibres were prepared and 

mitochondrial function was analyzed according to published protocols with some 

modifications (Kuznetsov et al., 2008). Briefly, soleus and extensor digitorum longus (EDL) 

muscles were dissected tendon-to-tendon into ice-cold isolation buffer A and fibers were 

prepared immediately. Fiber bundles (~3 mg wet weight) were treated with saponin (50 

μg/mL) for 20 min at 4°C and subsequently washed in cold respiration medium B (0.5 mM 

EGTA, 3 mM MgCl2.6H2O, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 0.1% BSA, 

15 mM potassium-lactobionate, 110 mM mannitol, 0.3 mM dithiothreitol, pH 7.1). 

Mitochondrial respiratory chain function was analyzed on a Clark-type electrode in situ in 

respiration medium B at 37°C with the sequential addition of glutamate (10 mM), malate (5 

mM), ADP (2 mM), rotenone (0.5 μM), succinate (10 mM), antimycin A (5 μM), N,N,N′,N
′-tetramethyl-p-phenylenediamine dihydrochloride (0.5 mM TMPD) and ascorbate (2 mM), 

cytochrome c (10 μM). Fibers were recovered after polarography and results were expressed 

as nmoles of O2/min/mg of tissue. Mitochondrial membrane integrity was verified by 

cytochrome c release test.

Enzyme activity assays—Quadriceps muscle was homogenized 1:19 (w/v) in 50 mM 

Tris-HCl, 1 mM EDTA, 0.1% Triton X-100, pH 7.4. The homogenates were subjected to 

three freeze-thaw cycles and centrifuged for 10 min at 7,000 × g at 4°C. Supernatants were 

used to determine the activity for citrate synthase (CS) and succinate dehydrogenase (SDH) 

as described previously (Turner et al., 2009). Cytochrome c oxidase staining of muscle 

sections was performed according to the published protocol (Ross, 2011). Briefly, 20 μm 

cryostat sections of quadriceps muscle were incubated with Cytochrome c (0.1 mM), 

catalase (2 μg/mL) and DAB (0.05%) in PBS for 40 min at 37°C. The slides were 
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dehydrated through alcohol, cleared in xylene and then mounted with DPX. The slides were 

images using Aperio XT Slide Scanner.

NAD+ measurements—Levels of NAD+ in ECs and muscle homogenates were measured 

using commercially available kit. Alternatively, NAD+ levels in muscle and liver were 

measured by assay in-house developed method (Uddin et al., 2016). In brief, liver and 

gastrocnemius samples were homogenized in extraction buffer (10 mM Tris-HCl, 0.5% 

TritonX-100, 10 mM Nicotinamide, pH7.4) and then centrifuged (12,000 × g for 5 min at 

4°C), after which an aliquot of supernatan t was taken for protein quantification. After 

phenol:chloroform:isoamylalcohol (25:24:1) and chloroform extractions the supernatant was 

separated in two aliquots. One was used to measure total NAD. The other aliquot was 

acidified with HCl, and then neutralized with NaOH on ice to quantify NAD+. Samples were 

mixed in a 96-well plate samples were mixed with alcohol dehydrogenase at room 

temperature. Total NADH and NAD+ were quantified using a plate reader.

Genotyping PCR analysis—Small piece of tail or tissue obtained from SIRT1-iKO and 

WT was incubated in 50 μL of alkaline lysis reagent (25 mM NaOH, 0.2 mM EDTA, pH 12) 

and incubated at 100°C for 1 hr. After cooling, 50 μL of neutralizing reagent (40 mM Tris-

HCl, pH 5) was added and 2 μL of the supernatant was used for PCR to detect the excision 

of SIRT1 gene using the primers Sir2A6860 and Sir2A6171.

Primary mouse EC (MLEC) isolation—MLECs from lungs and muscles were isolated 

and purified according to published protocol (van Beijnum et al., 2008) with some 

modifications. Briefly, tissues were collected, weighed, rinsed with cold PBS, minced with 

sterile blades and then washed with DMEM media (10% FBS and 1% Pen/Strep). After 

adding 2.5 mL of digestion buffer (1 mg/mL Collagenase/Dispase, 0.1 mg/mL DnaseI in 

DMEM) per 100 mg of tissue, the mixture was incubated at 37°C for 20 min with shaking in 

a gentleMACS dissociator. The resulting suspension was then filtered through a 100-μ filter 

into an equal volume of washing/blocking buffer (20% FBS in PBS). The flow-through was 

spun at 300 × g for 5 min, supernatant discarded and the cells were suspended in 10 mL of 

washing/blocking buffer. The solution was filtered through 70-μ filter, spun again, 

resuspended in 2 mL RBC lysis buffer (155 mM NH4Cl, 12 mM NaHCO3 and 0.1 mM 

EDTA) and incubated for 5 min at room temperature. Immediately afterwards, 10x volume 

of washing/blocking buffer was added and the solution was filtered through a 40-μ filter. The 

cells were collected by centrifugation, resuspended in Antibody Binding Buffer (2 mM 

EDTA, 1% FBS, 0.5% BSA and 2mM EDTA in PBS) and counted. MLECs were then 

isolated using CD31-APC antibody and EasySep mouse APC positive selection kit 

according to manufacturer’s instructions. MLECs were cultured as described before.

Measurement of percent skeletal muscle ECs—Skeletal muscles from the hindlimbs 

were isolated, then digested with collagenase/dispase as described before and filtered 

through a 40-μ filter. The number of cells was counted and the cell suspension was incubated 

with APC-conjugated anti-mouse CD31 antibody for 20 min. Number of CD31+ ECs were 

measured and analyzed by flow cytometry.
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RNA interference and viral infection—ECs were transfected with ON-Targetplus 
SMART pool siRNA reagents using Dharmafect 4 transfection reagent as per manufacturer’s 

protocol. ON-TARGETplus Non-Targeting pool siRNA (NT) was used as a negative control. 

SIRT1 silencing was also achieved using pLKO.1 lentiviral plasmid mediated shRNA 

expression according to the published protocol (http://www.addgene.org/tools/protocols/

plko/). Briefly, psPAX2, pMD2.G and lentiviral vector plasmids were co-transfected into 

293T cells using FuGENE HD transfection reagent. At 48 hrs post-transfection, virus was 

harvested and ECs were infected. pLKO.1 encoding a scrambled shRNA (Scr) was used as a 

negative control. ECs were infected with adenoviruses expressing human SIRT1 or GFP 

according to manufacturer’s protocol. ECs were used for different angiogenesis assays, 24 

hours post-transfection/infection.

Dll4 and VEGF stimulation of ECs—The ECs to be stimulated were serum-staved 

overnight and transferred to media containing VEGF (50 ng/mL) or to Dll4-coated plates, 

and then incubated for indicated time. Dll4 coating was performed as described before 

(Guarani et al., 2011). Dll4 were reconstituted in PBS containing 0.1% bovine serum 

albumin (BSA). The culture dishes were coated with Dll4 (0.5 μg/mL) in 0.1% gelatin 

solution for 1 hr at 37°C. ECs were pre-incubated with NMN (0.5 mM) overnight prior to 

stimulation wherever indicated.

Construction of miRNA vectors and lentivirus production—The lentivirus 

plasmids expressing different miRNAs were constructed according to the published method 

(Zhang et al., 2013). Pre-miRNA sequences targeting mouse SIRT1 open reading frame 

(GenBank accession no. NM_019812.3) were designed using the BLOCK-iT RNAi designer 

tool. Oligos corresponding to miRNAs (Table S1) were annealed and ligated into 

pcDNA6.2-GW/EmGFP-miR vector according to manufacturer’s instructions. pcDNA6.2-

GW/EmGFP-miR-neg control plasmid was used as a control. The fragments carrying 

EmGFP and miRNA sequences were amplified by polymerase chain reaction (PCR) using 

the primers: sense, 5′-AGGCGCGCCTGGCTAACTAGAGAAC-3′, and antisense, 5′-

GAATTCTATCTCGAGTGCGGC-3′. The amplified fragments were digested with AscI and 

EcoRI, and then inserted into the AscI and EcoRI sites of Lenti-VE-Cad miRNA plasmid to 

generate lentiviral plasmids expressing NT or SIRT1 miRNAs (#1–4). Lentiviral particles 

were produced as described before and concentrated in PBS by ultracentrifugation to ~1 × 

1012 transducing units (TU)/mL. The lentiviral titer was measured using a qRT-PCR titration 

kit according to the manufacturer’s instructions.

MLECs were infected with lentiviral particles at a multiplicity of infection (MOI) of 30. 

Lentiviral particles (1 × 1010 TU) were injected to animals via retro-orbital injection. Mice 

received two consecutive injections behind alternate eyes two days apart. 10 days post final 

injection; mice were assigned to different treatment groups. Cells/mice expressing SIRT1 

miRNA #5 was generated by co-infecting equal titers of lentiviral particles carrying SIRT1 

miRNA #1 and #4.

C2C12 Conditioned Media (CM)—C2C12 myoblasts transfected with adenovirus 

expressing PGC-1α were differentiated in DMEM supplemented with 5% heat inactivated 
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horse and then conditioned media (CM) was collected by replacing the differentiation 

medium with DMEM (1% FBS) medium for 48 hrs.

Transwell migration assay—Chemotaxis assays were performed as described previously 

(Oommen et al., 2011). Primary murine lung endothelial cells (MLECs) were serum-starved 

overnight and then seeded (2.5 – 5 × 104 cells) in the upper compartment of a transwell. 

C2C12 CM or DMEM was added to the bottom well to serve as chemo-attractant for 

MLECs. HUEVCs and HAECs were stimulated with EBM-2 media (0.2% FBS) containing 

VEGF (50 ng/mL) or FGF (50 ng/mL). NMN (0.5 mM) and/or NaHS (0.1 mM) were added 

to the chemo-attractant media wherever mentioned. ECs were allowed to migrate for 24 hrs, 

after which cells were fixed, stained with DAPI and quantified by Fiji software. For each 

biological replicates (see figure legend) at least three random fields were photographed 

(@10X, Nikon Eclipse Ti).

Tube formation assay—Formation of tube networks was assessed as described before 

(Borradaile and Pickering, 2009). ECs were seeded at 10,000 cells per well in a 24-well 

plate coated with 150 μL Cultrex reduced growth factor basement membrane matrix. The 

cells were simulated with C2C12 CM or EBM-2 medium containing VEGF (30 ng/mL) or 

FGF (30 ng/mL). NMN (0.5 mM) and NaHS (0.1 mM) were added to the media wherever 

mentioned. Following an 18 hrs-incubation, resulting tube networks from each biological 

replicates (see figure legend) were analyzed in at least three random fields by light 

microscopy (@10X, Nikon Eclipse TiE). The number of branch points and total length of 

tubule networks were quantified by Fiji software (Angiogenesis Analyzer).

Spheroid assay—EC spheroids were generated as described previously (Korff and 

Augustin, 1998). Briefly, ECs (1000 cells per spheroid) were suspended in EGM-2 medium 

containing 20% methocel and seeded in non-adherent round-bottom 96-well plates. Under 

these conditions all suspended cells contributed to the formation of a single spheroid. The 

spheroids were harvested after 24 hrs and embedded into 400 μL of 2.2 mg/mL collagen 

gels. Sprouting was initiated by adding 200 μL of C2C12 CM or EBM-2 medium containing 

VEGF (50 ng/mL). DMEM (1% FBS) or EBM-2 (BSA) was used as control for C2C12 CM 

or EBM-2 (VEGF), respectively. NMN (0.5 mM), NaHS (0.1 mM), DAPT (20 μM) or 

SU5416 (10 μM) were added to the media wherever mentioned. After 24 hrs, spheroids were 

photographed using phase-contrast microscopy (@10X, Nikon Eclipse Ti) and angiogenic 

capacity was quantified by measuring the sprout length that had grown out of each spheroid 

analyzing 8–10 spheroids per group. DAPT: γ-secretase inhibitor, SU5416: VEGFR2 

inhibitor.

Aortic ring assay—Aortic ring assay was performed according to the published protocol 

(Baker et al., 2012). Briefly, thoracic aortas from mice were excised, cut into ~0.5 mm wide 

rings and serum starved overnight by incubating in Opti-MEM medium (1% Pen/Strep). 

Next day, each aortic ring was embedded in 50 μL of 1 mg/mL collagen matrix in a 96-well 

plate and vessel sprouting was stimulated by supplementing with VEGF (30 ng/mL) or FGF 

(30 ng/mL) in 150 μL of Opti-MEM culture containing FBS (2.5%). Control condition was 

minimal growth factors (2.5% FBS) with almost no sprouting because of low factor 
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stimulation, as reported elsewhere (Baker et al., 2012). NMN (0.5 mM) or DAPT (20 μM) 

were added to the media wherever mentioned. The media was replaced every two days. 

After incubating for 7 days, the resulting sprouts were stained with BS1 lectin-FITC and 

imaged using fluorescence microscope (@4X, Nikon A1). The number and total area of 

sprouts originating from aortic rings were quantified by Fiji software. Aortic rings were 

collected from at least 8 mice per experiment (see figure legend) and assay was performed 

using 4–5 technical replicates.

Wound scratch assay—ECs were cultured in a 24-well plate until forming a confluent 

monolayer and a scratch was made using a 200 μL pipette tip. ECs were allowed to migrate 

± NaHS (0.1 mM) and ± NMN (0.5 mM) in EGM-2 medium for 6 hrs. Images were taken at 

the same location using a brightfield inverted microscope (Olympus 2467) every 2 hrs. The 

area of gap closure was calculated using Fiji software.

Proliferation assay—ECs (0.1 × 105 cells) were seeded in a 48-well plate and incubated 

± NMN (0.5 mM) in EGM-2 medium for 48 hrs. At the end of the incubation time, cell 

number was determined using flow cytometry.

Apoptosis assay—HUVECs were pretreated ± NaHS (0.1 mM), ± NMN (0.5 mM) for 6 

hrs, followed by exposure to H2O2 (0.6 mM) for another 4 hrs. After treatments, the number 

of apoptotic cells was determined using Annexin V-FITC apoptosis detection kit as per 

manufacturer’s instruction. Annexin-V and PI staining were detected with a flow cytometry. 

MLECs were serum starved overnight ± NMN (0.5 mM) and the number of apoptotic cells 

was determined as above.

Seahorse analysis—Oxygen consumption rates (OCR) were measured using Seahorse 

XF96 analyzer. Briefly, 40,000 HUVECs were plated onto XF96 plates and incubated 

overnight at 37°C/5% CO 2. Next day, the media was replaced with XF assay media 

(DMEM, 1 g/L glucose, 2 mM glutamate, 1mM pyruvate, pH 7.4). NaHS (0.1 mM) and/or 

NMN (0.5 mM) were added at the start of the experiment. OCR measurements were made 

approximately every 8 min under basal conditions, and after the addition of oligomycin (1 

μM). Experiments were replicated in six wells and averaged for each experimental 

condition.

Immunofluorescence—Freshly isolated whole quadriceps and gastrocnemius muscle 

samples were mounted in O.C.T. compound, placed in an isopentane bath and slowly cooled 

in liquid nitrogen. Transverse sections at 20 μm-thickness were sectioned on a cryostat. The 

sections were fixed in pre-cooled acetone (−20°C) for 10 min. In case of cells, 4% 

paraformaldehyde in TBS (50 mM Tric-HCl, 150 mM NaCl, pH7.5) was used for fixation. 

The slides were washed with TBS twice and the tissues/cells were permeabilized by 

incubating with TBST (TBS + 0.1% Triton-X) for 10 min at room temperature. The slides 

were washed with TBS twice, blocked with BlockAid blocking solution for 1 h at room 

temperature, and then incubated with primary antibodies diluted in blocking buffer (1:100) 

overnight at 4°C. Next day, slides were washed with PBS and incubated with secondary 

antibodies (1:500 dilution) for 2 h at room temperature. Slides were washed again with TBS 

and mounted with mounting medium. Images were acquired using a confocal fluorescence 
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microscope (Nikon A1). Muscle cross-sections were immunostained with anti-CD31 and 

anti-laminin antibodies to visualize capillaries and basal lamina surrounding the fibers, 

respectively. We restricted our examination to the mid-portion of the muscles because of its 

high capillary density and well-known adaptations to exercise (Chinsomboon et al., 2009). 

Quantification of capillaries and capillary density were performed using Fiji software. 

TUNEL staining was performed in muscle sections using TUNEL assay kit as per 

manufacturer’s protocol.

Hematoxylin and eosin (H&E) staining—After fixation of frozen sections, samples 

were stained with 0.1% Hematoxylin for 10 min, rinsed with dH2O, stained with Scott’s 

blue solution for 1 min and then washed with dH2O. The sections were then dipped in Eosin 

for 3 min, dehydrated through alcohol and cleared in xylene. The slides were mounted with 

DPX and imaged using Aperio XT Slide Scanner.

RNA analysis—Total mRNA was isolated from cells and tissues using TRIzol. cDNAs 

were synthesized from 1 μg of total RNA using iScript Reverse Transcription Supermix. 

qPCR was performed with LightCycler 48 SYBR Green I Mastermix using the LightCycler 

480 System according to the manufacturer’s instructions. Relative mRNA expression levels 

were calculated using the ΔΔCt method. The forward and reverse primer sequences used in 

qPCR amplification reactions are displayed in Table S2.

Western—SDS-PAGE and Western blot analysis was performed according to standard 

procedures and detected with the ECL detection kit. Quantification of band intensities by 

densitometry was carried out using Fiji software.

Quantification and Statistical Analysis

Data are presented as means ± SEM. Statistical significance was performed using Student’s t 

test, one-way or two-way ANOVA with Bonferroni’s Multiple Comparisons Test. Statistical 

test was performed using GraphPad Prism software. P values of less than 0.05 were 

considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Reduced blood flow with age is due to loss of endothelial NAD+-SIRT1 

activity

• NAD+ and H2S control muscle angiogenesis and increase endurance in old 

mice

• The NAD precursor NMN mimics and augments exercise by inhibiting 

NICD-Notch

• Neovascularization is as important as mitochondria for rejuvenating muscle
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Figure 1. Aging is associated with decreased muscle angiogenesis and endurance
(A) Flow cytometry plots and percent CD31+ ECs in skeletal muscle of young and old mice 

(n = 7).

(B) Gastrocnemius sections (@20X) showing CD31 and laminin staining. Number of 

capillaries and capillary/fiber ratio per high power field (HPF) (n = 7).

(C) Duration and distance run by mice until exhaustion (n = 11).

(D) Number of migrated MLECs in a transwell (n = 10).

(E) Images and number of branch points of tube networks formed by MLECs (n = 8).

(F) Images and sprout length of MLEC spheroids (n = 10).

Data expressed as mean ± SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, δp < 0.00005 by 

Student’s t test (A–C) or two-way ANOVA with Bonferroni’s correction (D–F). See also 

Figure S1
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Figure 2. Endothelial SIRT1 deletion mimics the effect of aging on capillary density and 
endurance
(A) Gastrocnemius sections (@40X) showing GFP, CD31 and mTOMATO protein 

expression.

(B) SIRT1 and eNOS protein abundance in ECs isolated from skeletal muscle of WT and 

ESKO mice. SIRT1 exon 4 excision in ESKO results in SIRT1 band (Δ exon4) running 

slightly below the WT band. Tubulin serves as a loading control.

(C) SIRT1 protein in lung and quadriceps. Tubulin serves as a loading control.

(D) Quadriceps sections (@20X) showing CD31 and laminin staining. Number of capillaries 

and capillary/fiber ratio (6-month old, n = 8).

(E) Duration and distance run until exhaustion in a high intensity treadmill test (6-month 

old, n = 8).

(F) Post-exercise serum lactate levels (6-month old, n = 5).

(G) Quadriceps sections (@20X) from sedentary (SIRT1-iKO + WT) and exercised mice 

showing CD31 and laminin staining. Number of capillaries and capillary/fiber ratio (10-

month old, n = 6).

(H) Quadriceps sections (@40X) showing DAPI and CD31 staining. Number of capillaries 

and capillary/fiber ratio (4-month old, n = 6).

(I) Number of capillaries and capillary/fiber ratio in the quadriceps (4-month old, n = 6).

(J) Duration and distance run until exhaustion in high intensity treadmill test (4-month old, n 

= 7).
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(K) Duration and distance run until exhaustion in high intensity treadmill test (4-month old, 

n = 7).

Data expressed as mean ± SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, δp < 0.00005 by 

Student’s t test (D–F and H, J, K) or one-way ANOVA with Bonferroni’s corrections (G). 

See also Figure S2 and Movie 1
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Figure 3. SIRT1 is required for angiogenesis in vitro
(A) Number of migrated MLECs (n = 12).

(B) Images, number of branch points and length of tube networks formed by MLECs (n = 

5).

(C) Images and sprout length of MLEC spheroids (n = 8).

(D) Images, number and total area of microvessel sprouts in aortic rings (n = 8).

(E) Images, number of branch points and length of tube networks formed by HAECs 

infected with lentivirus expressing scrambled (Scr) or SIRT1 (T1) shRNA (n = 8).

(F) Number of migrated HAECs (n = 8).

Data are expressed as mean ± SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, δp < 0.00005 by 

Student’s t test (C), one-way (D–F) or two-way (A–B) ANOVA with Bonferroni’s 

corrections. See also Figure S3

Das et al. Page 27

Cell. Author manuscript; available in PMC 2019 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Endothelial SIRT1 increases capillary density and exercise capacity
(A) SIRT1 protein abundance in quadriceps and lungs. Tubulin serves as a loading control.

(B) Quadriceps sections (@60X) showing SIRT1 and CD31 expression.

(C) Quadriceps sections (@20X) showing CD31 and laminin staining. Number of capillaries 

and capillary/fiber ratio (6-month old, n = 8).

(D) Duration and distance run until exhaustion in a high intensity treadmill test (6-month 

old, n = 8).

(E) Post-exercise blood lactate levels (n = 5).

(F) Number of migrated MLECs (n = 10).

(G) Images, number of branch points and length of tube networks formed by MLECs (n = 

8).

(H) Images and sprout length of MLEC spheroids (n = 8–9).

(I) Images, number of branch points and length of tube networks formed by HUVECs 

infected with adenovirus expressing GFP or SIRT1 (n = 8–9).

(J) Sprout length of HUVEC spheroids (n = 8).

(K) Images, number and total area of microvessel sprouts in aortic rings (n = 9).

Data expressed as mean ± SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, δp < 0.00005 by 

Student’s t test (C–E and H) or two-way ANOVA with Bonferroni’s corrections (F, G and I–

K). See also Figure S4 and Movie 2
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Figure 5. Endothelial NAD+ sensitizes ECs to VEGF by suppressing Notch
(A) Number of migrated MLECs (n = 12).

(B) Sprout length of MLEC spheroids (n = 8).

(C) Sprout length of HAEC spheroids transfected with non-targeting (NT) or SIRT1 (T1) 

siRNAs (n = 8).

(D) Number of branch points and length of HAEC tube networks (n = 13).

(E) Number and total area of sprouts originating from aortic rings (18-month old, n = 8).

(F) Relative mRNA levels of Notch target genes (HEY1, HES1 and NRARP) and NOTCH1 

in HAECs stimulated with VEGF for 1 hr (n = 4).

(G) Notch Intracellular Domain (NICD) protein and relative abundance in HAECs 

stimulated with VEGF for 5 hrs (n = 3).

(H) Sprout length of VEGF-stimulated HAEC spheroids transduced with NT or T1 siRNAs 

(n = 8).

(I) Number of sprouts in VEGF-stimulated aortic rings (18-month old, n = 8).

(J) VEGF stimulation during sprouting angiogenesis upregulates expression of Dll4 ligand 

in the tip cells, activating Notch in the stalk cells, which triggers proteolytic cleavage of 

Notch receptor by γ-secretase complex to release NICD from the cell membrane so it 

translocates to the nucleus and induces transcription of target genes. Activation of SIRT1 by 

the NAD booster NMN promotes migration, proliferation and survival in VEGF-stimulated 

ECs. In stalk cells, NMN suppresses NICD during VEGF/Dll4 stimulation and Notch target 
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gene activation, thereby promoting sprouting. VEGF receptor inhibitors SU5416 or axitinib 

block the effects of NMN on angiogenesis.

Data expressed as mean ± SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, δp < 0.00005 by 

Student’s t test (G), one-way (H and I) or two-way (A–F) ANOVA with Bonferroni’s 

corrections. See also Figure S5, Movie 3 and Movie 4
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Figure 6. NAD repletion restores the microvasculature and exercise capacity of old mice
(A) NAD+ levels in MLECs (n = 6) and gastrocnemius muscles (n = 10) isolated from 6 and 

20-month old mice.

(B) Quadriceps sections (@20X) from 20-month old vehicle or NMN-treated mice showing 

CD31 and laminin staining. Number of capillaries and capillary/myofiber ratio (n = 8).

(C) Contrast-mode and peak enhancement-mode contrast-enhanced ultrasound images of 

mouse hindlimb. Quantification of peak enhancement (20-month old, n = 5).

(D) Total hemoglobin (Hb) and oxygenated Hb (HbO2) mean intensity in the hindlimbs of 

mice measured using photoacoustics tomography. Percent soluble O2 levels (n = 13).

(E) Duration and distance run until exhaustion (20-month old, n = 13).

(F) Post-exercise blood lactate levels (20-month old, n = 13). (G) Capillary/myofiber ratio in 

gastrocnemius sections (20-month old, n = 5).

(H) Peak enhancement and capillary/myofiber ratio for ischemic hindlimbs (8-month old, n 

= 5).

(I) Capillary/myofiber ratio in quadriceps of sedentary or exercised mice (10-month old, n = 

5).

(J) Capillary/myofiber ratio in quadriceps (5-month old, n = 5). Distance run until 

exhaustion at the end of the exercise paradigm (n = 5).

Data are expressed as mean ± SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, δp < 0.00005 by 

Student’s t test (A–F), one-way (J) or two-way (G–I) ANOVA with Bonferroni’s corrections. 

See also Figure S6 and Movie 5
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Figure 7. Exogenous hydrogen sulfide activates SIRT1 and augments the effects of NMN
(A) SIRT1 protein and relative abundance in HUVECs treated for 24 hrs (n = 4).

(B) NAD+ levels in HUVECs treated for 24 hrs (n = 6).

(C) Number of migrated MLECs stimulated with C2C12 CM for 12 hrs (n=15).

(D) Sprout length of VEGF-stimulated HUVEC spheroids (n = 7).

(E) Quadriceps sections (@20X) showing CD31 and laminin staining. Capillary number and 

capillary/myofiber ratio (32-month old, n = 7).

(F) Percent TUNEL+ capillaries in quadriceps sections (32-month old, n = 5).

(G) Number of apoptotic HUVECs (Annexin V+/PI−) following exposure to H2O2 (n = 12).

(H) Duration and distance run until exhaustion in a low intensity treadmill test (32-month 

old, n = 7).

(I) SIRT1 and NICD proteins in MLECs transduced with lentiviruses expressing NT or 

SIRT1 miRNAs (miRNA # 1–5). Relative SIRT1 protein abundance (n = 3).

(J) Images of gastrocnemius sections (@40X) immunostained with EGFP and CD31 from 

WT mice injected with lentiviral particles that transduced EGFP and NT miRNA.

(K) Capillary/myofiber ratio in the gastrocnemii of mice infected with lentiviral particles 

transducing NT or SIRT1 # 5 miRNA (n = 6).
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Data are expressed as mean ± SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, δp < 0.00005 by 

Student’s t test (I), one-way (A–B and D–H) or two-way (C and K) ANOVA with 

Bonferroni’s corrections. See also Figure S7 and Table S1
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