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ABSTRACT  

 Damage to vascular cells of the aorta drives vascular dysfunction and disease. 

Nicotinamide adenine dinucleotide (NAD+) is a cellular metabolite critical to cellular 

health, but NAD+ levels decline during oxidative insults and aging. The NAD+ precursor, 

nicotinamide riboside (NR) can augment NAD+ levels. Herein, I determined whether 

orally administrated NR could protect the aorta of middle-aged mice from acute (3-day) 

and sustained (28-day) angiotensin II (Ang II) infusion-induced damage. I demonstrate, 

for the first time, that Ang II infusion can induce early death of aortic endothelial cells 

and smooth muscle cells, that this early death response was associated with DNA strand 

breakage, and that NR abrogated both cell death and DNA degradation. In addition, NR 

blunted DNA oxidation, proinflammatory signaling, and vascular cell senescence, during 

sustained delivery of Ang II. Thus, orally administered NR can protect the aorta from 

damage imposed by Ang II, a finding with clinical implications.  

 

 

KEYWORDS: 

NAD+, nicotinamide riboside, angiotensin II, aorta, endothelial cells, vascular smooth 

muscle cells, cell death, DNA damage, inflammation, senescence 
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1  INTRODUCTION 

This introduction will begin by briefly introducing cardiovascular disease, the 

aorta and its cellular composition. Nicotinamide adenine dinucleotide (NAD+) may 

promote vascular cell health and its biosynthesis and various cellular roles will be 

introduced. Subsequently, proteins that consume NAD+ will be comprehensively 

reviewed, highlighting their roles in NAD+ homeostasis, cellular health and pathology. I 

will then discuss the decline in NAD+ seen during oxidative stress and aging. 

Furthermore, nicotinamide riboside (NR) supplementation will be introduced as a means 

to counteract this decline. Finally, angiotensin II (Ang II) infusion will be introduced as a 

model of age/pathology-related vascular oxidative stress, and the potential for this to 

benefited by NR administration will be introduced. 

 

1.1  Cardiovascular disease, the aorta and its cellular constituents    

Cardiovascular disease remains the commonest cause of death globally1. Critical 

to cardiovascular health is the maintenance of blood vessel structure and function. The 

aorta is the largest vessel in the body, responsible for the distribution of blood to the 

downstream systemic circulation2. Due to its proximity to the heart, the aorta is exposed 

to unique biophysical stresses and is susceptible to aneurysms, atherosclerosis and 

stiffening3,4. Dysfunction in cells that comprise the aorta has been implicated in these 

conditions 5,6. 

The aorta is lined by a  single layer of endothelial cells (ECs), which together with 

underlying extra cellular matrix (ECM) and scattered cells, constitutes the tunica intima7. 
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These endothelial cells control the permeability of the vessel wall, secrete 

vasculoprotective compounds, and crosstalk with vascular smooth muscle cells (VSMCs) 

to alter vessel dynamics7.VSMCs are found in the tunica media. This is the thickest 

region of the aortic wall, which is also made of ECM including distinct layers of elastin. 

VSMCs contract and relax to alter blood flow, response to vessel injury and secrete ECM 

during development and disease. The outermost layer of the aorta is the tunica adventitia. 

This layer is comprised of loose connective tissue and a number of cell types including 

fibroblasts and progenitor cells8. The adventitia anchors vessels to organs and plays a role 

in tissue repair and inflammation8.  

Damage to ECs and VSMCs within the aortic wall compromises their function 

and is considered a driver of vascular disease5,6.  Biophysically, aortic cell damage can 

entail the breakage of DNA strands and the fragmentation of DNA as part of the cell 

death cascade.9,10. DNA damage can be induced by oxidative stress which is considered a 

key feature of cardiovascular disease.11,12. Thus, strategies that allow ECs and VSMCs to 

resist damage, including oxidative damage and DNA degradation, may be critical to 

reducing aortic disease and its complications. One such strategy is the provision of a 

NAD+ precursor to augment the cellular levels of NAD+, a metabolite that promotes cell 

health and function, including resistance to oxidative stress13. I discuss this strategy in the 

following sections, introducing NAD+, its biosynthesis, cellular roles and homeostasis.  
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1.2  NAD+: Routes of synthesis and cellular functions 

1.2.1  NAD+: A brief history 

NAD+ (nicotinamide adenine dinucleotide) is necessary to sustain life and 

accordingly, so are it’s biosynthetic precursors. In the absence of adequate dietary NAD+ 

precursor intake, a condition termed Pellagra develops, which was epidemic in United 

States during the 20th Century14. Research determined that niacin, now known as a 

precursor to NAD+, could cure Pellagra. This eradicated the disease14. In parallel with 

this, NAD+ was	 identified	 and	 demonstrated	 to	 be	 involved	 in	 cellular	 redox	

reactions15.	Hence,	NAD+	precursor	 intake	has	been	known	as	an	important	aspect	

of	 human	 health	 and	 nutrition.	 However,	 in	 recent	 decades,	 NAD+	 has	 been	

identified	 as	 a	 metabolite	 with	 several	 cellular	 functions;	 whose	 levels	 decline	

during	 age	 and	 disease,	 impacting	 cellular	 health16.	 Thus,	 supplementation	 with	

NAD+	precursors	has	been	begun	to	be	investigated	as	a	strategy	to	maintain	cellular	

NAD+	levels	during	aging	and	disease16.			

	

1.2.2  NAD+ synthesis through dietary tryptophan  

Tryptophan (Trp) is an essential amino acid, with several biological roles beyond 

protein synthesis17. Trp is a precursor for serotonin and melatonin, but is primarily 

catabolized in the liver through the kynurenine (KYN) pathway, which can yield NAD+17. 

This occurs through an 8-step pathway, termed the de-novo pathway, because the 

nicotinamide base is made de novo and not recycled, as is the case in other NAD+ 
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synthetic pathways. These latter pathways are termed salvage pathways. Interestingly, 

Trp will only yield NAD+ if there is enough substrate to saturate the activity of enzymes 

directing kynurenine pathway intermediates through alternate routes18. For this reason, 

and because of the pleotropic biological functions of Trp, it is estimated that 60 mg of 

Trp is equivalent to only 1 mg of the NAD+ precursor niacin19. Therefore, Trp is not an 

ideal precursor to NAD+ and cannot sustain NAD+ requirements20. In addition, the KYN 

pathway should not be augmented as its intermediates can induce pathology21.   

 

1.2.3  NAD+ synthesis through dietary salvage pathway intermediates  

When NAD+ is consumed by cellular proteins, nicotinamide (NAM) is formed as 

a byproduct and can be recycled to NAD+ through several salvage pathway 

intermediates20. These intermediates, and NAD+ itself, are naturally present in whole 

food and can be obtained through the diet to generate intracellular NAD+ 22,23,24. Several 

early animal studies have shed light on the absorption of these precursors (Fig. 1).  

Studies suggest that NAD+ and most of its salvage precursors are converted to 

NAM in the small intestine before absorption25. In the small intestine, NAD+ is converted 

to NAM directly26 or indirectly25 through sequential conversion to nicotinamide 

mononucleotide (NMN), NR, and then NAM. This indirect pathway gives insight into the 

intestinal absorption of these NAD+ precursors (NMN, NR, NAM). NMN appears to be 

rapidly converted to NR, which accumulates and is subsequently converted to NAM25. 

NAM is then the major intestinal uptake product, and accordingly, when NAM itself is 

injected into the small intestine it is absorbed intact25. However, when NR is 

administered orally,  some is also directly absorbed and utilized to generate tissue 
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NAD+27. Nicotinic acid (NA) appears to be the only salvage intermediate not 

substantially absorbed as NAM. Instead, when injected in the small intestine, NA remains 

as is and is absorbed largely intact.  

Understanding the absorption of these precursors is important as they appear to 

elevate NAD+ and NAD+ breakdown products to different degrees28. This may be due to 

minor but relevant absorption of non-NAM/NA NAD+ precursors, as has been seen with 

NR27. As well as tissue-specific utilization of absorbed precursors27,29,28.  
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Figure 1.1 NAD+ precursor uptake and metabolism. 

This figure illustrates the absorption and metabolism of NAD+ precursors from the 

intestine to the inside of a cell. As precursors are absorbed from the intestinal lumen to 

the circulation, intestinal cells do perform some minor intracellular metabolism, which is 

not highlighted in this figure. Also not shown is intra- to extra-cellular precursor transport 

and transport from the circulation to the intestinal lumen. Dashed lines indicate less 

elucidated pathways, which may be due to intracellular precursor metabolism and 

secretion. The purple dashed line indicates a pathway that has been hypothesized but not 

directly proven. Abbreviations used are: NAD+, nicotinamide adenine dinucleotide; 

NMN, nicotinamide mononucleotide; NR, nicotinamide riboside; NAM, nicotinamide; 

NA, nicotinic acid; Trp, tryptophan; NAMN, nicotinic acid mononucleotide; NAAD, 

nicotinic acid adenine dinucleotide; NRK1/2, nicotinamide riboside kinase 1/2; NAMPT, 

nicotinamide phosphoribosyltransferase; NMNAT1/2/3, nicotinamide mononucleotide 

adenylyltransferase 1/2/3; NARPT, nicotinate phosphoribosyltransferase; NADSYN, 

NAD+ synthase. 
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1.2.4  NAD+ synthesis and salvage at the cellular level 

In this section, I will outline the handling and processing of NAD+ precursors, 

specifically, intracellular and extracellular transport and processing. NAM, NA and Trp 

can all be directly transported across the cell membrane for utilization30. Intracellularly, 

NAM requires the least processing, undergoing conversion to NMN by the rate-limiting 

enzyme nicotinamide phosphoribosyltransferase (NAMPT) and subsequent adenylation 

by nicotinamide mononucleotide adenylyltransferase (NMNAT1/2/3) to form NAD+20. 

NA on the other hand, goes through the 3-step Preiss-Handler pathway, from NA to 

nicotinic acid mononucleotide (NAMN) to nicotinic acid adenine dinucleotide (NAAD) 

and finally NAD+20. Interestingly, the Trp 8-step de-novo pathway, which also occurs 

intracellularly, converges with the 3-step Preiss-Hanlder pathway at NAAD (step 7)31. 

Not all precursors can cross the cell membrane, as is the case with NMN20. Extracellular 

NMN must first be converted to NR, which can then be transported across the cell 

membrane by nucleoside transporters29. NAD+ is also largely imported into the cell by 

conversion to NMN and subsequently NR20. Once across the cell membrane, 

nicotinamide riboside kinases (NRK1/2) convert NR back to NMN, which is 

subsequently converted to NAD+ by NMNAT1/2/320. Interestingly, NAMPT also exists 

extracellularly, where it can convert NAM to NMN32.  

Importantly, when NAD+ is utilized by sirtuins, poly (ADP-ribose) polymerases 

(PARPs) or NADases, it is cleaved to form NAM and ADP-ribose (Adenosine 

diphosphate ribose)20. This NAM can be salvaged back to NAD+ by NAMPT and 

NMNAT1/2/331. This salvage pathway is believed to be critically important for cellular 

NAD+ homeostasis as blood levels of NAD+ precursors are significantly lower than those 
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required to elevate NAD+ in vitro20. 
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Figure 1.2 NAD+ synthesis from NR and through the salvage pathway. 

This figure depicts the chemical structure of NAD+ and intermediates arising during NR- 

and salvage-derived NAD+ synthesis. Classically, NR is converted to NMN and 

subsequently NAD+. Recently however, it has been identified that NR can directly form 

NAAD, which can then be converted to NAD+. When NAD+ is consumed, NAM is 

formed as a byproduct. NAM can then be salvaged back to NAD+ through conversion to 

NMN and subsequently NAD+. Abbreviations used are: NAD+, nicotinamide adenine 

dinucleotide; NMN, nicotinamide mononucleotide; NR, nicotinamide riboside; NAM, 

nicotinamide; NAAD, nicotinic acid adenine dinucleotide; NRK1/2, nicotinamide 

riboside kinase 1/2; NAMPT, nicotinamide phosphoribosyltransferase; NMNAT1/2/3, 

nicotinamide mononucleotide adenylyltransferase 1/2/3; NADSYN, NAD+ synthase. 
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1.2.5  Importance of NAD+ in redox metabolism  

NAD+ is traditionally known for its role in cellular energy metabolism33. 

Cytoplasmic conversion of glucose to pyruvate in glycolysis requires NAD+. Specifically, 

GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) reduces NAD+ to NADH 

(nicotinamide adenine dinucleotide hydride), converting the glycolytic intermediate 

glyceraldehyde 3-phosphate to 1-3-biphosphoglycerate. Cytosolic NAD+ can also be 

reduced to NADH during the formation of acetyl-CoA from pyruvate. The resulting 

NADH from these reactions can be converted back to NAD+ in the cytoplasm by the 

lactate forming action of lactate dehydrogenase. Cytosolic NADH can also be shuttled to 

the mitochondrion where another pool of NADH exists from the local reduction of NAD+ 

by several steps in the tricarboxylic acid cycle. In the mitochondria, Complex I of the 

electron transport chain (ETC) oxidizes NADH back to NAD+, gaining 2 electrons in the 

process. The gain and transfer of these electrons among ETC complexes facilitates the 

pumping of protons from the mitochondrial matrix to the intermembrane space, creating a 

proton gradient. Protons flowing down this gradient through ATP (adenosine 

triphosphate) synthase, power oxidative phosphorylation of ADP (adenosine 

diphosphate) to form ATP. Here in lies the importance of NAD+ in cell and organism 

viability as a key player in ATP generation.  

 

1.2.6  Importance of NAD+ in NADP+/NADPH homeostasis 

NADP+/NADPH (nicotinamide adenine dinucleotide phosphate/nicotinamide 

adenine dinucleotide phosphate hydride) are also derived from NAD+ and have distinct 
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cellular roles. Addition of a phosphate group to NAD+ by NAD+ kinase forms NADP+,  

which is rapidly dehydrogenated to NADPH34. Hence, NADPH is present in higher 

concentrations than NADP+ and both are maintained at much lower levels than cellular 

NAD+35. Reduction of NADPH to NADP+ is important for forming antioxidants, 

powering detoxifying enzymes and for NADPH oxidase activity31. It is also utilized for 

the synthesis of DNA, fatty acids, steroids and forming of the calcium mobilizer NAADP 

(nicotinic acid adenine dinucleotide phosphate)36. 

 

1.2.7  Importance of NAD+ as a co-substrate for proteins  

The previous sections highlighted NAD+’s role in energy metabolism. Here I will 

briefly introduce NAD+’s role as a co-substrate for enzymatic reactions mediated by 

cellular proteins. Each protein class and their functions will be more thoroughly reviewed 

in section 1.2.  

There are 3 classes of cellular proteins that consume NAD+ for their activity - 

sirtuins, PARPs and NADases. Sirtuins and PARPs are both important for cellular health, 

but PARP-1 has a lower Km and larger Vmax for NAD+ than sirtuins37. Thus, PARP-1 

activity is ordinarily not limited by NAD+ availability, but sirtuin activity is particularly 

sensitive37.  

This phenomenon becomes particularly important during conditions of oxidative 

stress that induce DNA damage and therefore activate PARP. PARP is a DNA damage 

repair protein, that cleaves NAD+, liberating the ADP-ribose (ADPR) moiety to place it 

at sites of DNA damage38. Importantly, this process creates chains of poly ADP-ribose 

(PAR) to recruit DNA damage repair protein. A consequence however, is that this can 
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deplete NAD+ levels39. Severe NAD+ depletion and PARP activation can impair ATP 

synthesis resulting in cell death35. Viable cells with reduced NAD+ levels will have less 

substrate for sirtuin activity, impacting its pleiotropic and important functions in cell 

health20. Furthermore, NAM is a byproduct of PARP mediated NAD+ consumption, and 

NAM itself can suppress sirtuin activity40. 

Sirtuins possess deacetylase activity and perform this function by breaking NAD+ 

into nicotinamide and ADPR, while placing the acetyl group from their target on the 

ADPR moiety, forming O-acetyl-ADPR41. Some sirtuins can also modify targets by their 

ability to desuccinlyate, demalonyate, deglutarylate, decrontolyate, lipomidate, and 

remove fatty acids20. Interestingly, SIRT1 can deacetylate PARP-1, suppressing its 

activity42. However, this action is suppressed during PARP-mediated NAD+ depletion, 

potentially increasing PARP activity and further lowering sirtuin activity37. 

The third class of NAD+-consuming proteins are NADases. Cluster of 

differentiation 38 (CD38) is the major known NADase. CD38 is a transmembrane protein 

that utilizes NAD+ to form cyclic ADP-ribose (cADPR). cADPR is a secondary 

messenger, regulating several biological functions through calcium signaling43. CD38 is 

constitutively active43 and is a major NAD+ consumer, with a lower Km for NAD+ than 

PARP-120. Furthermore, CD38 expression/activity can be increased by several stimuli 

including inflammatory cytokines44 and Ang II45. Inhibition of PARP46 or CD3847 

increases NAD+ levels and imparts protection in some models of disease by promoting 

sirtuin activity20.  
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1.3  NAD+ consumers and their role in resistance to oxidative stress and                          
aging  

 
1.3.1  Sirtuins, a critical protein family in preventing cardiovascular disease 

As previously visited, sirtuins possess deacetylase activity and act on many 

targets regulating cellular health. Seven different sirtuins exists, with distinct cellular 

localization and deacetylation targets. SIRT1 is primarily found in the nucleus but can 

also be moved to the cytoplasm48. SIRT2, on the other hand, is located exclusively in the 

cytoplasm. SIRT3-5 are confined to the mitochondria and SIRT6/7 are predominately 

found in the nucleus.  

Interest in sirtuins first grew from reports demonstrating their importance in 

enhancing yeast replicative lifespan49. Further studies demonstrated increased longevity 

when overexpressing sirtuins in nematodes50 and fruitflies51. Although some 

contradicting studies emerged, these results have now been independently replicated41. 

Meanwhile, many molecular targets of sirtuins have been studied and continue to be 

elucidated. Briefly, sirtuins act on pathways involved in cell survival, DNA damage 

repair, senescence, anti-oxidant defense, inflammation and many more52. Sirtuin 

deacetylase activity can impact these pathways by regulating transcription, activity and 

localization of proteins involved in these pathways53. Accordingly, knock out (KO) and 

overexpression of sirtuins has profound effects in many models of disease, including 

vascular diseases.  

In human abdominal aortic aneurysm (AAA) samples, SIRT1 expression and 

activity are reduced54. Furthermore, when aged mice are infused with Ang II, vascular 

smooth muscle cell (VSMC) SIRT1 KO decreases survival and increases AAA severity 
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and VSMC senescence54. Moreover, overexpression of SIRT1 in VSMCs has been 

reported to attenuate Ang II-induced hypertension, vascular remodeling and 

inflammation55. SIRT1 expression is also reduced in human atherosclerotic plaques. 

Inactivation of SIRT1 in VSMCs of high-fat-diet(HFD)-fed ApoE-/- mice leads to 

increased plaque area, DNA damage and apoptosis56. In mice fed a high-fat-high-sugar 

diet, VSMC SIRT1 KO inhibited overnight fasting-induced reductions in aortic 

stiffness57. Furthermore, SIRT1 overexpression/activation abrogated long term increases 

in aortic stiffness and ROS, while decreasing TNFα-induced aortic vascular cell adhesion 

molecule-1 (VCAM-1) expression. SIRT1 expression is also reduced by HFD and 

endothelial cell (EC) SIRT1 overexpression in ApoE-/- mice mitigates HFD-induced 

atherosclerotic lesions and reductions in endothelium-dependent vasodilation58. 

Accordingly, SIRT1 KO in high-cholesterol-fed ApoE-/- mice promotes atherosclerosis 

and associated inflammation59. SIRT6 KO also promotes atherosclerosis and impairs 

endothelium-dependent relaxation60. 

  

1.3.2  PARP-1 and its role in genomic integrity maintenance and cell death 

As previously discussed, the PARP family of proteins consume NAD+ to form 

ADP-ribose units on target proteins. PARP-1 is the most studied member of the PARP 

family and accounts for >90% of ADP-ribose synthesis61. However, 17 PARP protein 

family members exist, with distinct functions and subcellular localization. PARP-1 plays 

a role in both single62 and double strand break repair63,64. Following DNA damage, 

PARP-1 is activated, consuming NAD+ to create PAR chains at sites of DNA damage, on 

associated repair proteins, and even on itself65. This creates a docking site which is used 
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to recruit repair machinery and chromatin remodeling proteins to facilitate DNA repair65. 

PAR chains also promote phase separation at sites of damage, important for spatial 

organization of repair proteins by intracellular compartmentalization66. However, 

excessive PARP-1 activity and PARylation promotes cell death, possibly signaling DNA 

damage that is considered excessive/irreparable or by metabolic collapse.  

Several modes of cell death involve PAR/NAD+. Traditionally, Berger’s cell 

suicide hypothesis proposed that NAD+ consumption by PARP leads to ATP depletion, 

metabolic failure and necrotic death67. However, recent work has demonstrated that 

marked NAD+ decline, induced by inhibiting NAMPT, does not necessarily directly 

impact ATP levels or glycolysis68. Instead, PARP activation-derived PAR can bind to and 

inhibit the glycolytic enzyme hexokinase (and perhaps other Krebs cycle enzymes) 

leading to ATP depletion. Others have also implicated hexokinase and demonstrated that  

PARP activation-induced reductions in ATP occur before NAD+ decline69. Although not 

highlighted by the authors, eventual reductions in NAD+ were associated with further 

drops in ATP, suggesting both mechanism may be at play. 

Parthanatos is a form of regulated necrosis that is associated with PARP 

hyperactivity and NAD+/ATP depletion70. Exclusive to Parthantos is nuclear 

translocation of apoptosis-inducing factor (AIF) from the mitochondria, inducing large 

scale chromatinolysis and cell death70. Although this pathway hasn’t been fully 

elucidated, inhibition of the PAR clearance enzyme poly (ADP)-ribose glycohydrolase 

(PARG), leads to PARP activation-induced neuronal death without substantial NAD+ 

depletion (mild ~15% NAD+ decline)71. Furthermore, mutation of AIF’s PAR binding 

site prevented translocation to the nucleus and cell death following PARP-1 activation72. 
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Recent work has also demonstrated that PARG activity can promote AIF-mediated death, 

by liberating PAR, creating protein-free PAR chains, which can subsequently migrate to 

the mitochondria and interact with AIF73. Although other PAR clearance enzymes exist, 

PARG preferentially acts on protein-bound PAR and appears to create free-PAR small 

enough to traverse the nucleus73. Mitochondrial permeability transition (MPT) also 

appears to be important, as the MPT inhibitor cyclosporin A prevented AIF translocation 

and cell death74. NAD+ repletion after oxidative stress also prevented MPT and cell 

death. Furthermore, depletion of NAD+ with NADase induced AIF translocation and cell 

death, that was rescuable with pyruvate, even in PARP-1-/- neurons75. This suggests that 

NAD+ depletion does directly cause metabolic changes that mediate AIF translocation. 

Pyruvate also prevented MPT and cell death. Further complicating matters, AIF interacts 

with hexokinase and could therefore play a role in ATP decline76. PARP activation has 

also recently been demonstrated to influence mitochondrial ROS production through 

actions on activating transcription factor 4 (ATF4)77. ATF4 silencing prevented 

improvements in cell survival by PARP inhibition after oxidative stress, suggesting this is 

an important contributor to cell death.   

Necroptosis is another form of regulated necrosis and is mediated through 

receptor interacting protein kinases (RIPKs). Importantly, necroptosis appears to involve 

PARP. In TNF-related apoptosis inducing ligand (TRAIL)-induced necroptosis, PARP-1 

appears downstream of RIPK1 and 3, and their inhibition reduced PARP activation78. 

Inhibition of PARP also reduced the number of TRAIL-induced necrotic cells.  

PARP is generally considered to have little contribution to apoptosis79.  In fact, 

cleavage and therefore inactivation of PARP by caspases is one of the first steps in 
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apoptosis80. Furthermore, apoptosis requires ATP which is not necessarily abundant 

during PARP activation81. In line with this, a number of studies have demonstrated no 

effect of PARP on extrinsic and intrinsic apoptosis79. However, PAR may still be 

important during apoptotic death as it promotes the release of the inflammatory 

stimulator high mobility group box 1 (HMGB1) from damaged cells82.  PARylated 

HMGB1 binds to phosphatidylserine/RAGE (receptor for advanced glycation end 

products), impeding the clearance of apoptotic cells by the immune system83. A 

phenomenon that usually occurs before late-apoptotic cell membrane disruption, which 

triggers inflammation84.  

 

1.3.3  CD38, a NADase and major NAD+ consumer 

NADases are enzymes that hydrolyze NAD+, forming nicotinamide and ADPR. 

Other commonly used names for these enzymes include NAD+ glycohydrolases and 

NAD+ nucleosidases85. Cluster of differentiation 38 (CD38) is the major known NADase, 

a constitutively active, ubiquitous transmembrane protein with ecto-enzyme activity43. 

CD38 primarily functions as a type 2 plasma membrane protein, with extracellular 

NADase activity86. However, it has also been identified with its catalytic domain facing 

intracellularly87, as a soluble protein88, and within the nuclear membrane89. Its 

homologue, cluster of differentiation 157, has also been identified but less thoroughly 

investigated. CD38 uses NAD+ to form cADPR and nicotinamide and may also form 

NAADP from NADP+90. As most CD38 activity exists extracellularly, it has been 

proposed that intracellular NAD+ is transported extracellularly through connexin 43 

hemichannels and cleaved to form cADPR, which is internalized by CD38 or through 
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nucleoside transporters91. cADPR is a second messenger that regulates intracellular 

calcium release91. This impacts several biological functions, and importantly, plays a role 

in Ang II-induced NADPH oxidase-derived oxidative stress92,93. CD38 is very inefficient, 

requiring hydrolysis of ~100 NAD+ molecules to generate one cADPR94.  Accordingly, 

CD38 KO can markedly increase NAD+ levels, although with considerable variation 

between tissues and studies (2- to 27-fold95, 0- to 6-fold96, 0- to 2-fold97, 3.5-fold98). This 

likely has to do with tissue specific expression of CD38 which also varies largely (5- to 

24-fold)95. CD38 expression has been measured in several distinct rat arteries and can 

vary up to ~14-fold, with relatively low expression in the aorta99 All together, CD38 is a 

major NAD+ consumer and is considered to be an important regulator of NAD+ levels.   

 

1.4  NAD+ decline during oxidative stress and aging  

1.4.1  NAD+ decline during acute oxidative stress 

It has been well established that oxidative stress, in both an acute and chronic 

(e.g. age-related) manner, lowers the levels of intracellular NAD+. The classical paradigm 

is that ROS damages DNA, triggering the activation of PARP-1, which consumes NAD+ 

to initiate DNA repair79. ATP decline is a consequence of, or associated with, PARP 

activation-induced NAD+ decline, as discussed in depth in section 1.2.2. This can result 

in necrotic cell death due to metabolic collapse, or contribute to programmed modes of 

cell death38. Furthermore, a PARP-mediated decline in NAD+ lowers sirtuin activity, 

impacting cellular health37. This oxidative stress-induced decline in NAD+ has also been 

hypothesized to contribute to chronic age-related NAD+ decline100.  
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1.4.2  NAD+ decline during aging and disease 

Animal and emerging human data have demonstrated that there is a progressive 

NAD+ decline over the course of an organism’s lifespan. The reason for this decline 

appears to be multifaceted, with evidence of increased NAD+ consumption and decreased 

NAD+ synthesis. Recent work in mice demonstrated that mRNA/protein expression and 

activity of the NADase CD38, a major NAD+ consumer, increases in liver, adipose tissue, 

spleen and skeletal muscle with age97. Human adipose tissue was assayed and also 

exhibited increased CD38 mRNA with age. In the murine liver, where NMNAT mRNA 

was measured, a significant decline in NMNAT1 was observed along with nonsignificant 

drops in NMNAT2/3. CD38 upregulation in mice was associated with a fall in NAD+, 

with no change in the protein/mRNA expression of NAMPT and a decline in PARP-1 

protein expression. However, mice with CD38 KO did not have a decline in tissue NAD+ 

content when aged to 32 months. This work implicates NAD+ consumption by CD38 as 

the major cause of age-associated NAD+ decline, while deemphasizing PARP and 

NAMPT’s role. In contrast to this, another study reported age-related increases in PARP 

protein expression/activity in rat heart, liver, kidney and lung tissue, along with declining 

NAD+100. A decrease in anti-oxidant capacity, oxidation and DNA damage was observed 

in these tissues with age. This suggests that age-related oxidative stress/DNA damage 

may decrease NAD+ by increasing PARP activity. This study was repeated in the rat 

brain with identical results in the hippocampus, cortex, cerebellum and brainstem101. 

Here, NADase activity was also measured and significantly increased with age.  

Importantly, translational work has demonstrated an age-associated decrease in 

brain NAD+ in humans102. Furthermore, in human skin samples, age was negatively 
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correlated with NAD+ levels and positively correlated with oxidation, DNA damage, and 

PARP activity in males103. In a recent study, liver samples obtained from patients <45 

years old contained ~33% more NAD+ than samples from patients >60 years old104. 

These samples also revealed a reduction in NAMPT protein and an increase in NMNAT 

protein expression. This pattern was also displayed in livers of 4- vs. 12- vs. 20-month-

old mice. In the kidney of aged mice, NAMPT mRNA and NAD+ decline has been 

observed, along with a reduction in NMNAT1/3 mRNA105. Overall, animal data has 

revealed age-related reductions in NAD+ in the pancreases106, spleen97, liver100, brain107, 

heart100, kidney105, lung100, skeletal muscle106, muscle stem cells108, white adipose 

tissue106 and retina109. 

 In addition, reductions in NAD+ and related NAD+-producing enzymes have been 

observed in disease. Important to this project, we have demonstrated that NAMPT 

expression is reduced in dilated vs. non-dilated ascending aortas110. Also of interest is a 

decline in endothelial progenitor cell (EPC) NAD+/NAMPT seen in diabetic patients111. 

Here, blood EPC number correlated with NAD/NAMPT levels and was increased upon 

nicotinamide administration. Tissue NAD+ decline has also been observed during 

HFD106, ischemia112, diabetic retinopathy109, light-induced retinal degeneration109, noise-

induced hearing loss (n.s.)113, muscular dystrophy114 and environmental toxin 

exposure115. 

 

1.4.3  Supplemental NAD+ precursors: Advantage nicotinamide riboside 

A number of NAD+ precursors have been synthesized and administered in models 

of disease to augment NAD+ levels. However, the current evidence suggests that NR may 
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be one of the best NAD+ precursor in several respects. Orally administered NR elevates 

liver NAD+ similarly to orally delivered NAM, over the course of 12 hours (AUC: area 

under the curve)28. However, peak NAD+ was ~2-fold greater with NR compared to 

NAM. More importantly, levels of ADP-ribose, indicative of NAD+-consuming activity, 

were ~3-fold greater with NR, perhaps due to negative feedback of sirtuins by NAM. In 

line with this evidence, NAM was not as effective as NR in reversing muscle pathology 

induced by muscle-specific NAMPT KO27. Furthermore, evidence suggests NAM can 

induce lipotoxicity and glucose intolerance116,117. 

In contrast to NAM, oral NA elevates liver ADP-ribose to a similar extent as NR. 

However, ADP-ribose still remained ~25% greater with NR (n.s. n=3-4)28. Furthermore, 

NA only elevated liver NAD+ AUC half as much as NR. Importantly, NA causes a mild 

to extreme flushing reaction which has reduced compliance in dyslipidemic patients 

taking NA, even with extended release formulations118,119. As well, the time course of 

NAD+ elevation after gavage of NA/NAM/NR suggests that twice daily supplementation 

for any of the precursors would be required to elevate 24-hour NAD+ metabolism28. This 

could be a difficult regimen to maintain given NA’s side effects. In addition, NA has 

been demonstrated to reduce insulin sensitivity120,121 and increase oxidative stress122. 

 NMN has also been used to elevate NAD+ levels and logically appears to be a 

good precursor, given that NR is first metabolized to NMN inside the cell before 

becoming NAD+. However, NMN cannot be transported across the cell membrane and is 

first metabolized to NR extracellularly, before cellular uptake29. Some evidence also 

suggests that NR may be the preferred NAD+ precursor during stress. Nerve transection 

elevated neuronal NRK2 >20-fold123 and we observed an increase in aortic NRK1 after 
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NAMPT KO, suggesting a preference for NR-derived NAD+ during NAD+ deficiency124. 

However, this may be of little importance with oral NMN administration protocols,  as 

NMN is converted to NR in the small intestine25. Still, whereas little is known about the 

absorption of NMN, some oral NR is absorbed intact and directly utilized to create 

NAD+27.  Unlike NMN, NR has undergone a comprehensive safety assessment, including 

administration of doses up to 5000 mg/kg/day125. NR has also been administered in a 

clinical trial and demonstrated to elevate human NAD+ metabolism28. Lastly, although 

not statistically evaluated, oral administration126 and IP injection29 of NR appears to 

increase liver and muscle NAD+ more than NMN. 

In summary, NMN and NR both appear to be promising supplemental NAD+ 

precursors. There is evidence that NR increases NAD+ metabolism and attenuates 

pathology more than NA or NAM. Evidence also suggests that NR may elevate NAD+ 

more than NMN in certain tissues.  

 

1.5  Angiotensin II infusion as a model of hypertension, vascular 
oxidative stress and aging  

 

1.5.1  Mechanism of Ang II-induced oxidative stress and associated vascular pathology 

Decades of research has established the role of the renin-angiotensin system 

(RAS) in hypertension and vascular disease. Ang II is the main bioactive product of the 

RAS and has been widely used to induce experimental vascular pathology both in vitro 

and in vivo127. Ang II acts through angiotensin II type 1 (AT1R) and type 2 G protein-

coupled receptors, which can generally be considered to have pathological and protective 
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downstream effects, respectively127. Through the AT1R, Ang II elevates blood pressure, 

which appears to involve oxidative stress in several tissues. This is associated with a 

blood pressure-independent hyperplasia of the ascending aorta, and aortic medial 

hypertrophy in the thoracic, suprarenal and infrarenal zones128. Furthermore, Ang II 

induces endothelial dysfunction129, cardiac hypertrophy130 and abdominal aortic 

aneurysms in some mouse strains131.  

Through the AT1R, Ang II upregulates NADPH oxidase (Nox) subunits at the 

epigenetic, transcriptional and post-transcriptional level, increasing superoxide 

generation127,132. Nox is a transmembrane catalytic protein, with seven isoforms (Nox1-5, 

Duox1-2) formed through interaction with up to 5 distinct/shared cytosolic regulatory 

subunits133. Nox1, 2, 3 and 5 have been found in ECs and VSMCs133. All vascular cell 

types can use Nox to create superoxide by transferring electrons from NADPH to 

molecular oxygen134. This superoxide directly contributes to oxidative stress, or is 

dismutated into hydrogen peroxide (H2O2)133. Oxidative stress is thought to act locally, as 

O2
- is highly reactive, has a short half-life, and cannot passively cross cell membranes134. 

H2O2 on the other hand, has a slightly longer half-life and can cross the plasma 

membrane through aquaporin channels135. Both of these reactive oxygen species (ROS) 

directly react with cellular membranes, proteins and DNA, but can also give rise to other 

ROS. O2
- can react with NO forming ONOO-, and H2O2 can form OH- in the presence of 

Fe2+ 127. During Ang II infusion, H2O2 appears to be important in vascular hypertrophy136 

and endothelial dysfunction137, as over/under expression of H2O2 clearing enzymes 

impacts these endpoints. Interestingly, a feed-forward loop exists where Nox-derived 

ROS upregulates AT1R expression138. Furthermore, NO can suppress AT1R expression 
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but as previously mentioned,  reacts with O2
-, forming ONOO-138.  

Evidence exists to suggest a critical mediating role of Nox-derived oxidative 

stress in Ang II-induced hypertension. Ang II upregulates vascular Nox1 and its gene 

disruption ~halves Ang II-induced ROS production and hypertension139, with conflicting 

reports on thoracic medial hypertrophy140. KO of Nox-2 reduces baseline blood pressure, 

but does not attenuate Ang II-induced blood pressure elevation, despite abrogating ROS 

and attenuating aortic thickening141. KO of the Nox1/2 regulatory subunit P47phox also 

prevented Ang II-induced vascular ROS production and halved hypertension142. Nox4 

has been reported to exert protective and pathological functions. Meanwhile, less is 

known about Nox5 because it is not present in rodents133. Interestingly, evidence suggests 

neuronal ROS plays an important role in Ang II-induced hypertension. Nox disruption or 

anti-oxidant clearance of ROS in several brain regions lowers Ang II-induced ROS and 

hypertension143,144. Adding complexity, Ang II-induced superoxide production can also 

be blunted through vascular IL6 deficiency145 and Cox-2 inhibition146. 

  

1.5.2  Cell death induced by Ang II  

Cell death is one of the most significant consequences of Ang II-mediated cell 

damage. In vitro work has demonstrated that Ang II can induce apoptosis of ECs147 and 

VSMCs148. As well, apoptosis of smooth muscle cells (cleaved-caspase-3) can be seen in 

vivo during long-term Ang II infusion, which is largely associated with areas of aortic 

hemorrhage149. It is not clear if cell death was a primary outcome of Ang II or secondary 

to hemorrhage-associated adverse microenvironment. In this study, EC apoptosis was not 

quantitatively reported and does not appear present in representative images at day 3, 10, 
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18 or 28149. In rats receiving 7 days of Ang II, aortic DNA laddering increased, indicative 

of apoptosis, and VSMC TUNEL was detected, although not quantified150. Investigators 

have also detected apoptosis in the heart151 and kidney152 after Ang II infusion.  

Little is known about other cell death subroutines that may be stimulated by Ang 

II. This may be due to technical limitations in detection. A recently published abstract 

reported increased aortic smooth muscle cell receptor-interacting protein kinase 3 (RIP3) 

in mice receiving high fat diet and 28 days of Ang II infusion, suggesting that necroptosis 

may be present153. 

Uncontrolled and excessive death of ECs and VSMCs is detrimental to vascular 

homeostasis and health. Therefore, preventing their death during age and disease is an 

important endpoint in combating vascular pathology. Healthy ECs maintain the integrity 

of the vascular wall and secrete vasculoprotective compounds such as nitric oxide 

(NO)154. Loss of these functions during EC death has been proposed to promote 

disease154,155. For instance, loss of ECs increases transendothelial leakage156, which can 

promote uptake of macromolecules such as LDL157 and possibly inflammatory cells158. In 

fact, it has been suggested that endothelial leakiness is responsible for 90% of 

transendothelial LDL transport159. Furthermore, inflammatory cells infiltrating the media 

promote atherosclerosis160, ECM degradation161, and secrete ROS which can damage 

VSMCs162. Moreover, inflammatory signaling from dying ECs or VSMCs may enhance 

these processes163. Evidence also suggests EC death/injury promotes thrombosis by 

releasing platelet activating compounds and exposure of platelets to the endothelial cell 

basement membrane154. One interesting context for endothelial cell injury is malignant 

hypertension, which can lead to thrombosis at the capillary level (thrombotic 
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microangiopathy)164. VSMCs are responsible for maintaining vessel structure/integrity 

and tone. Death of VSMCs has been implicated in aneurysm formation165, atherosclerosis 

and plaque rupture166, pathologies in which elevated Ang II is considered a driving factor. 

 

1.5.3  DNA damage, senescence and inflammation induced by Ang II 

Oxidative stress damages DNA. Ang II infusion has been demonstrated to 

increase oxidation of guanine nucleobases and induce formation of the DNA damage 

response protein γ-H2AX in the kidney167, heart167 and VSMCs167. Biochemically, 

guanine is highly susceptible to oxidation forming 8-oxo-2'-deoxyguanosine (8-oxo-dG), 

one of the most frequent DNA lesions168. If un- or mis-repaired, 8-oxo-dG can cause 

GàT and AàC substitutions. Furthermore, recent work has demonstrated 8-oxo-dG 

lesions can silence transcription, even when occurring at non-transcribed/non-promoter 

DNA regions169. In addition, 8-oxo-dG lesions on promoter sequences promote NF-kB-

driven gene expression170. Single and double strand DNA breaks also pose a risk to 

cellular function. When double strand breaks occur, histone H2AX is phosphorylated 

forming γ-H2AX to facilitate DNA repair171. Therefore, detection of γ-H2AX is 

frequently used to assess the extent of DNA double strand breakage. Mutations from 

unrepaired double strand breaks contribute to cell death, inflammation and senescence172. 

Importantly, these lesions have been detected in human VSMCs at sites of 

atherosclerosis173 and aneurysm174. 

 In vitro, it has been demonstrated that Ang II-induced damage to telomeric and 

non-telomeric DNA contributes to replicative senescence and stress-induced premature 

senescence, respectively175. Consistent with this, VSMC senescence has been detected 
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after infusion of Ang II176,54. Moreover, senescence or a predisposition to senescence is 

seen in VSMCs at sites of atherosclerosis177 and aneurysm178, both of which are 

associated with DNA damage. Senescence is a state of permanent cell cycle arrest. 

Senescent cells promote pathology by disrupting normal tissue structure and function, 

while secreting pro-inflammatory cytokines and matrix-degrading enzymes179. In 

replicative senescence, damage or natural shortening of telomeres exposes chromosomal 

DNA to replication mediated cleavage9. Hence a senescent phenotype is adopted to 

prevent proliferation of dysfunctional cells. In stress-induced premature senescence, 

telomere shortening-independent senescence occurs following prolonged oxidative stress 

and DNA damage9. Although several contributing signaling pathways to senescence 

exist, the p16INK4A pathway was investigated in this project. p16INK4A expression is 

increased during oxidative stress180 and DNA damage181. p16INK4A signals through 

several intermediaries to suppress the expression of S-phase genes, preventing cell cycle 

progression and inducing senescence179. For this reason it is a commonly used biomarker 

of senescence and its expression can be increased by Ang II176. 

Ang II infusion also causes inflammation, which contributes to vascular 

pathology182. One important proinflammatory change is an increase in the expression of 

vascular cell adhesion molecule-1 (VCAM-1) in vascular cells183. Circulating 

inflammatory cells adhere to vessels through adhesion molecules, before transmigration 

into the media, where they promote disease160. VCAM-1 in particular has been implicated 

here184,185. Ang II stimulates cyto-nuclear transmigration of the transcription factor NF-

kB, which promotes expression of VCAM-1. This has been demonstrated in vitro186 and 

during infusion of Ang II183 
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1.5.4  Non-vascular pathology induced by Ang II 

Ang II is a particularly noxious peptide that can induce pathology throughout 

many tissues outside of the vasculature.  Ang II can induce muscle wasting by increasing 

ubiquitin proteasome system-dependent protein degradation through ROS187, IGF-1 

decline188 and inflammation189,190. Muscle is the largest site of glucose disposable191 and 

beyond reducing its size, Ang II induces insulin resistance and plays a role in pancreatic 

pathology192. In fact, after Ang II infusion, end organ damage is seen in tissues including 

the heart, kidney and brain, likely through ROS, inflammation and hemodynamic 

changes193. The kidney in particular is affected by Ang II and is important for the 

development of Ang II-induced hypertension130, 194.  

 

1.5.5  Physiological relevance of high dose Ang II infusion in mice  

Ang II is formed from its precursor angiotensinogen. Therefore, the production 

rate of Ang II cannot exceed the production rate of angiotensinogen. Based on this, it has 

been proposed that an infusion of 1.44 mg/kg/day Ang II to a mouse reflects a 30-fold 

increase over the natural production rate of the Ang II precursor angiotensinogen195. 

Although a high Ang II dose, this may be physiologically relevant stimulus. In the murine 

thoracic aorta, Ang II increases ~25-fold from 2 to 12 months, with a further ~1.4-fold 

increase at 24 months (~35-fold vs. 2 months)196. Although, serum Ang II levels only 

increase from ~30 to ~35 to ~45 pg/ml over this time frame, local Ang II concentrations 

are independently regulated and can be 1000-fold higher than circulating levels197,198. As 

well, thoracic aortic AT1R expression more than doubles between time points (2 vs. 12 
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vs. 24 months) with similar declines in AT2R expression. Assuming 1:1 Ang II to AT1R 

signaling, these changes could reflect up to a >140-fold increase in aortic AT1R signaling 

from 2 to 24 months. In addition to this data, non-human primates exhibit a 5-fold 

increase in aortic intimal Ang II immunostaining with age (6 vs. 20 years)199. Similarly in 

humans, thoracic aortic intimal area fraction of Ang II immunostaining was found to 

increase by ~4-fold (possibly saturated based on representative image) with age (20 vs. 

65 years)200. A 4-fold increase in intimal AT1R protein expression was also noted. 

 Acute increases in blood pressure and oxidative stress occur during hypertensive 

crisis201, in which the RAS has been implicated202,203. Therefore, acute infusion of Ang II 

may represent a model of hypertensive crisis. More sustained infusion, with the 

associated oxidative stress and vascular remodeling, has features of vascular aging. 

 

1.5.6  Ang II infusion and NAD+ metabolism 

Intriguing evidence suggests a link between Ang II signaling and NAD+ 

metabolism. AT1R KO, which improves murine lifespan by 26%, is associated with 

greater kidney NAMPT and SIRT3 mRNA204. Furthermore, 0.3 mg/kg/day Ang II for 14 

days was found to reduce whole heart cell lysate NAD+ by ~33%, which was prevented 

with PARP KO205. Ang II also increases activity of the NAD+ consumer CD38, which 

might contribute to Ang II-induced NAD+ decline99. Importantly, we have found that Ang 

II infusion reduces murine aortic NAD+ and NAMPT content. Furthermore, loss of NAD+ 

homeostasis through KO of NAMPT in VSMCs, promotes aortic pathology110. Given that 

Ang II and AT1R expression increase with age, these studies raise the possibility that 

Ang II contributes to age-associated NAD+ decline. Similarly, more acute vascular 
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damage from Ang II might be linked with impaired NAD+ metabolism.    

Therefore, it is reasonable to consider whether improving NAD+ supply through 

precursor supplementation might protect against Ang II-induced vascular damage. In this 

regard, it is noteworthy that a recent study has demonstrated oral NMN reduces vascular 

oxidative stress, aortic stiffness and  improves endothelial function in aged mice206. In 

addition, cell culture work from our lab has found that NR supplementation partially 

inhibits H2O2-induced vascular cell death, DNA damage, and cell senescence124. Whether 

NR can protect against vascular pathology induced by Ang II is unknown, and a central 

question for this thesis. 
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Figure 1.3 Framework of Ang II-induced pathology and NAD+ decline. 

This figure illustrates the mechanism of Ang II-induced pathology and NAD+ decline. 

Moreover, the contribution of NAD+ decline to pathology is highlighted. Ang II can 

reduce synthesis and increase consumption of NAD+, lowering its levels. ROS also play a 

role in Ang II-induced CD38 activity and NAD+ synthetic machinery decline. Declining 

NAD+ impacts sirtuin activity, exacerbating Ang II-induced pathology. Abbreviations 

used are: Ang II, angiotensin II; NAD+, nicotinamide adenine dinucleotide; ROS, reactive 

oxygen species; VCAM-1, vascular cell adhesion molecule-1; CD38, cluster of 

differentiation 38. 
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1.6  Summary of rationale for thesis  

NAD+ homeostasis is vital for vascular cell health. Ang II induces oxidative stress 

and is considered a driver of vascular pathology and disease. Ang II signaling intensifies 

with age and has been demonstrated to suppress NAD+ levels and those of its 

synthesizing enzymes. In vitro, NR can partially protect vascular cells from oxidative 

stress-induced NAD+ decline, death, DNA damage and senescence.  

The objective of my work was to determine whether oral administration of NR 

imparts resistance to Ang II-induced aortic cell damage, in vivo. 

 

1.7  Hypothesis and specific aims 

I hypothesize that nicotinamide riboside administration will protect the aorta from Ang 

II-induced cell death, DNA damage, senescence and, proinflammatory signaling. 

 

To test this hypothesis I will address two aims: 

1. To determine the effect of NR on acute Ang II-induced aortic EC and VSMC 

death and DNA damage 

2. To determine the effect of NR on sustained Ang II-induced aortic EC and 

VSMC DNA damage, proinflammatory signaling and senescence.  
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2  MATERIALS AND METHODS 

2.1  Animals 

Male C57Bl/6 Retired Breeders were ordered from Charles River at 6-9 months of 

age. As these investigations were proof-of-concept, discovery-based research, no formal 

sample size calculation was made. The number of mice in the various treatment groups 

(5-9 for histologic endpoints, 4-14 for physiologic endpoints) was chosen based on an 

assessment of the literature pertaining to Ang II infusion and aortic pathology128,207,208. 

Mice were housed individually, had ad libitum access to food and water and were kept 

under 12 hour light-dark cycles. Mice were given at least one week to acclimate to the 

animal facilities before experiments were performed. Procedures performed were 

approved by Western University, the Animal Care Committee and were done in 

accordance with the Canadian Guide for Care and Use of Laboratory Animals. Only male 

mice were used for this study, as female mice are relatively resistant to Ang II-induced 

pathology209.  

 

2.2  NR administration 

Based on average food intake and body weight, NR-containing food pellets were 

made by mixing NR-containing deionized water (diH2O) with powered Teklad Rodent 

Diet 8604 (naturally containing 64 mg/kg of nicotinic acid, a dose of ~eight mg/kg/day). 

NR capsules (N(r) - NIAGEN®, High Performance Nutrition) were opened and the 

contents were dissolved/vortexed in diH2O before addition to powdered food. Each 

capsule contained 125mg of NR Chloride and was mixed with an appropriate amount of 
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diH2O/powdered food, to deliver ~400mg/kg/day of NR. This dose has been demonstrated 

to elevate NAD+ levels in multiple tissues (eg. muscle, liver, brown adipose  tissue) and 

studies, with associated benefits126,108,210. Vehicle-treated mice also received homemade 

food pellets, which were made with diH2O. Food was allowed to dry for 24-72 hours 

before administration and was remade every 1-2 weeks.  

 

2.3  3-Day angiotensin II experiments 

Nine- to 10-month old mice were given a NR- or vehicle-containing diet for 1 

week. While continuing their designated diet, osmotic pumps (Alzet model 1003D, Cat#: 

0000289) were implanted subcutaneously on the flank, to continuously infuse 1.44 

mg/kg/day of Ang II (Sigma-Aldrich, Cat#: A9525) or saline for 3 days. Osmotic pumps 

were filled 1-2 hours before implantation, which was performed under isoflurane 

anesthesia. Tail-cuff-derived blood pressure was recorded before diet initiation and 2 

days after osmotic pump implantation (n=7-11 mice). On day 3, mice were euthanized 

and studied for DNA strand breakage (comet assay) (n=106-172 cells from the aortic 

wall), cell death (n=5-8 mice) or liver NAD+ content (n=4-8 mice), as described in the 

appropriate sections below.  

 

2.4  28-Day angiotensin II experiments 

C57Bl/6 mice were followed for 6 weeks to determine baseline blood pressure, 

weight and food intake. Mice were then randomly assigned to receive vehicle-containing 
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diet or NR-containing diet for 3 weeks. After 3 weeks, osmotic pumps (Alzet model 

1004, Cat#: 0009922) were implanted subcutaneously on the flank to continuously infuse 

mice with Ang II (1.44 mg/kg/day) or saline for 4 weeks, while continuing their 

designated dietary treatment. Blood pressure (n=6 mice) and body weight (n=7-14 mice) 

measurements were taken weekly during the study period. After 4 weeks of Ang II, mice 

were anesthetized with isoflurane and euthanized by injection of 1M KCl into the inferior 

vena cava. Animals were perfused with PBS by injection into the left ventricle, after 

which a portion of the liver was excised and frozen in liquid nitrogen for NAD+ assay. 

Whole mouse fixation was performed via cardiac infusion of 4% formaldehyde. Tissues 

were processed for histology, as described below, then investigated for medial thickening 

(n=6-9 mice), DNA oxidation (n=6-9 mice), VCAM-1 (n=6 mice) and p16INK4A (n=5-6 

mice). Ang II/saline delivery was verified by measuring remaining osmotic pump volume 

to ensure pump contents had been dispensed. 
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Figure 2.1 Experimental timeline for 3-day and 28-day Ang II experiments  

A. C57Bl/6 (9-10 month-old retired breeders, Charles River, n=4-11) mice were pre-

treated with NR- (400 mg/kg/day) or vehicle-containing diet for 1 week. While 

continuing their designated treatment, an osmotic pump was implanted subcutaneously, 

infusing saline or Ang II (1.44 mg/kg/day) for 3 days. After 3 days, mice were sacrificed 

and tissues/cells were collected for histology, comet assay, or NAD+ assay. B. C57Bl/6 

(7-10 month old retired breeders, Charles River, n=5-14) mice were pre-treated with NR-

diet (400 mg/kg/day) or vehicle-diet for 3 weeks. While continuing their designated 

treatment, Ang II (1.44 mg/kg/day) or saline was delivered for 4 weeks. Mice were then 

euthanized and tissues were harvested for histological analysis. Blood pressure 

measurements were taken twice a week, on the same days and at the same time, for the 

duration of the study. 
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2.5  In vivo cell death assay 

Following dietary treatment and 3 days of Ang II, mice were anesthetized via 

isoflurane inhalation and injected intravenously with Ethidium Homodimer-III (EthD-III, 

300µM in PBS, Biotium, Cat#:40050) through the dorsal penile vein. After 10 minutes, 

mice were killed via isoflurane overdose and perfused with PBS through the myocardium 

for ~5 minutes. The liver was collected for NAD+ assay and immediately frozen in liquid 

nitrogen. Mice were then infused with 4% formaldehyde through the left ventricle, for 10 

minutes to fix tissues. The ascending, thoracic and suprarenal aorta were excised and 

frozen in OCT. Heart, liver and kidney tissue was also collected and frozen in OCT.  

 

2.6  Acute aortic cell isolation and comet assay 

Following dietary treatment and 3 days of Ang II, mice were euthanized via 

isoflurane overdose, the chest cavity was opened, and the aorta was flushed with PBS 

through the left ventricle. The aorta was excised, ligated distally near the 

thoracoabdominal transition zone and placed in a petri dish containing culture media 

(M199). To isolate ECs, collagenase II (480 units/ml in M199, Worthington) was injected 

into the lumen through the proximal opening and the aorta was incubated at 37°C for 35 

minutes. The ligation was removed and the lumen was flushed with M199 to collect ECs. 

The aorta was kept on ice while ECs were counted, filtered through a cell 70-µm cell 

strainer, and processed for comet assay. Next the aorta was cleaned of adventitia, placed 

in a collagenase I (260 units/ml in M199, Worthington) + dispase (1.8 units/ml in M199, 

Worthington) solution, cut finely using scissors and incubated at 37°C for 1.5 hours. 
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Liberated VSMCs were counted, filtered through a 100-µm pore-size cell strainer and 

processed for comet assay. Cells were protected from light and comet assay was 

performed according to the manufacturer’s instructions (Trevigen, Cat#:4250-050-K), 

with electrophoresis performed at 4°C. Cells were stained with Sybr-Gold to visualize 

DNA and fluorescent images were captured (Olympus BX51 microscope). Open Comet 

plugin for ImageJ was used for analysis and supplemented with manual analysis when 

necessary.  

 

2.7  Blood pressure measurements  

Blood pressure measurements were taken using tail-cuff non-invasive volume-

pressure recording with CODA 6 software (Kent Scientific). Measurements were taken at 

the same time of day within each cohort of animals. Animals were brought to the blood 

pressure room one hour before measurements to reduce stress from transport. Mice were 

loaded in holders and placed on a heating block, which was set on low. Recording cuffs 

were placed on the tail and mice were given 15 minutes to acclimate. Five acclimation 

and 30 blood pressure measurements were recorded, the latter of which were averaged to 

give the daily recorded blood pressure. 

 

2.8  NAD+/NADH assay 

Liver NAD+ levels were determined using a colorimetric kit (Biovision, Cat#: 

K337). The assay measures NADH and relies upon an enzymatic cycling reaction, which 
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converts extracted NAD+ into NADH.  By loading samples with decomposed and intact 

NAD+, NAD+ concentration can be measured indirectly, as the difference in measured 

NADH concentration. To extract tissue NAD+/NADH, 20 mg of tissue was homogenized 

(QIAshredder) in 800 uL of lysis buffer. Samples were then spun at 4°C at 16,000g for 

10 minutes. Supernatants were transferred to a new tube from which 500 uL was loaded 

in 10-kDa Spin Columns and spun at 4°C at 12,000g for 30 minutes to deproteinize 

samples. Remaining supernatant was used for BCA protein assay (PierceTM BCA protein 

assay kit, Thermo Fischer Scientific). In a 96 well plate, 15-40 µL of filtrate and 

decomposed filtrate (heated at 60°C for 30 minutes to decompose NAD+) were loaded in 

duplicate. Wells were brought up to 50 µL using lysis buffer and a NADH standard curve 

was loaded (0-100 pmol/well). 100 uL of cycling mix was added to each well and the 

plate was mixed and incubated at room temperature for 5 minutes. Next, the reaction was 

started by adding 10 uL of NADH developer to each well and was left to cycle at room 

temperature for 1 hour. After 1 hour, absorbance at 450 nm was read on a colorimetric 

plate reader (Thermo Electron Corporation, Multiskan Ascent software).  

 

2.9  Processing of formaldehyde-fixed tissue and delineation of aortic 
regions  

After infusing mice with 4% formaldehyde, tissues were excised, left in 4% 

formaldehyde overnight and subsequently immersed in 70% ethanol. The aorta was 

cleaned, cut into ascending/thoracic/suprarenal regions, embedded in paraffin and five-

µm cross-sections were cut. The ascending aorta was defined as the region located one to 

three mm distal of the termination of the aortic valve leaflet stubs. The thoracic aorta 
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comprised the region five to seven mm posterior of the left subclavian artery. The 

suprarenal region was located two mm above of the superior mesenteric artery. These 

precise sites were also used when collecting frozen sections of the aorta. 

 

2.10  Cell death (EthD-III) visualization and quantitation 

After freezing aortic tissue in OCT, 10-µm cross-sections were made from the 

ascending, thoracic and suprarenal aortic regions. Sections were mounted with DAPI-

containing media (DAPI Fluoromount-G®, Southern Biotech), sealed with nail polish 

and allowed to dry for 20 minutes. Fluorescent images of EthD-III (λEx/λEm: 530/620 

nm) and DAPI (λEx/λEm: 350/455 nm) were taken immediately and stacked using 

ImageJ. File IDs were blinded using NameChanger (MRR Software) before 

quantification was performed. DAPI signal was used to identify cells, which were 

considered positive when exhibiting EthD-III signal intensity above levels seen in elastin 

background.   

 

2.11  Cleaved caspase-3 immunostaining of frozen sections 

Immunostaining for cleaved caspase-3 was performed on frozen thoracic cross-

sections from mice infused with Ang II for 3 days. A frozen section of liver from an Ang 

II-infused mouse was also stained as a positive control. Sections were exposed to H2O2 

for 30 minutes before 1 hour block with donkey serum (Sigma) and subsequent overnight 

incubation with rabbit polyclonal anti-cleaved-caspase-3 (1:50, Cell Signaling 
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Technologies, Cat#: 9661S). To detect bound primary against cleaved-caspase-3, HRP-

conjugated donkey anti-rabbit secondary antibody (1:200, Vector Labs) was applied for 2 

hours and visualized with DAB (Vector Labs). Haematoxylin counterstaining was 

performed to label nuclei. Sections were thoroughly investigated and light micrographs 

were obtained (Olympus BX51 microscope).  

 

2.12  H&E staining & morphology quantitation 

Five-micron formaldehyde-fixed paraffin-embedded sections from the ascending, 

thoracic and suprarenal aorta were stained with H&E (Leica Autostainer XL). Light 

micrographs were captured using a 20x objective (Olympus BX51 microscope) and 

stitched together using Grid/Collection stitching211 in FIJI, to create full circumference 

cross-sectional images of the aorta. These images were used to quantify histological data. 

The medial area was quantified by measuring the area within the inner and outer most 

elastin layer, using ImageJ. Areas of branching or hemorrhage were avoided and the 

lumen perimeter of quantified zones was used to standardized medial area measurements.   

 

2.13  Immunostaining of formaldehyde-fixed paraffin-embedded 
sections 

Immunostaining was performed on 5-micron paraffin-embedded thoracic cross-

sections from mice infused with Ang II for 28 days. Briefly, slides were deparaffinised 

and antigen retrieval (Retriever 2100, Prestige Medical) was performed with 100 mM 

sodium citrate buffer. Sections were blocked with H2O2 for 30 minutes before 1 hour 
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block with sheep or donkey serum (Sigma) as appropriate and subsequent overnight 

incubation with the primary antibody for the investigated molecular target. Primary 

antibodies included: mouse monoclonal anti-8-oxo-dG (1:300, Northwest Life Sciences, 

NWA-MOG020), rabbit polyclonal anti-VCAM-1 antibody (1:30, Santa Cruz, Cat#:sc-

1504-R) and mouse monoclonal anti-p16INK4A (1:500 Santa Cruz, Cat#:sc-1661). To 

detect bound primary antibody, HRP-conjugated sheep anti-mouse or HRP-conjugated 

donkey anti-rabbit secondary antibody (1:200, Vector Labs) was applied for 2 hours and 

visualized with DAB (Vector labs). 8-oxo-dG and p16INK4A stained sections were 

counterstained with haematoxylin. Light micrographs were captured, files IDs were 

blinded using NameChanger (MRR Software) and quantitation was performed. Positive 

cells were identified by brown DAB signal within the nucleus. One section was 

quantified per animal. For p16INK4A, two slides containing aortic sections were stained 

from each animal and positivity was determined by averaging the percentage of positive 

cells from one section on each slide. For VCAM-1, a threshold was chosen using ImageJ, 

which captured DAB signal lining the endothelium without capturing the adjacent elastin. 

This threshold was applied to all images and used to measure the area of DAB signal. 

This area was then standardized to the perimeter of the aorta. 

 

2.14  Statistical analyses  

Statistical differences (P < 0.05) were determined using GraphPad Prism software 

version 6.0. Unless otherwise stated below, One-Way ANOVA was used to assess the 

effects of one independent variable on a dependent variable. This test was followed by 
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Dunnett’s Multiple Comparison Test, comparing Saline and NR+Ang II groups, to Ang 

II. For non-uniform data, Kruskal-Wallis Non-Parametric One-Way ANOVA was used to 

assess the effects of one independent variable on a dependent variable (Fig. 3.1A, 3.2C). 

This test was followed by Dunn’s Multiple Comparisons Test, comparing Saline and 

NR+Ang II groups, to Ang II. 
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3  RESULTS 

 
3.1  Dietary NR supplementation augments liver NAD+ levels during 
Ang II infusion  

	
A decline in cellular NAD+ levels has been observed during conditions of 

oxidative stress212,213. Ang II can be damaging to the vasculature and may lower NAD+ 

levels. To determine if NR supplementation impacts Ang II-induced vascular damage, I 

conducted experiments whereby middle-aged C57Bl/6 mice were given a chow diet 

supplemented with NR (400mg/kg/day) or vehicle for 1 week. While continuing their 

respective diet, mice then received a continuous infusion of Ang II (1.44 mg/kg/day) for 

three days. A group of vehicle-treated mice was also infused with saline for three days, as 

control. I first evaluated whether this Ang II infusion protocol affected NAD+ 

metabolism. For this, mice were sacrificed after three days of Ang II and liver NAD+ 

content was assayed. I found that Ang II infusion decreased liver NAD+ content to 55.2% 

of that present in saline-infused mice (p=0.1068, Fig. 3.1A). In contrast, Ang II-infused 

mice that received NR did not have a decrease in NAD+ content. Liver NAD+ content in 

these mice was significantly higher than in Ang II-infused mice on control diet 

(p=0.0321).  

 

3.2  Dietary NR supplementation does not abrogate Ang II-induced 
hypertension 

Ang II infusion elevates blood pressure214. Therefore, I next tested the effect of 

NR on blood pressure during Ang II infusion. In mice implanted with a 3-day Ang II 
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infusion pump, systolic blood pressure on day 2 had increased by 16.6% (~20 mmHg) 

(p<0.01) (Fig. 3.1B). Notably, there was a similar increase in BP in mice on the NR-

supplemented diet (Fig. 3.1B). 

I also measured blood pressure in mice implanted with 28-day Ang II infusion 

pumps. Blood pressure on day 27 of Ang II infusion in mice receiving vehicle-diet 

increased by ~30 mmHg (p<0.01) (Fig 3.1C). Again however, an NR-diet had no impact 

on systolic blood pressure increase in response to Ang II. 

 

3.3  Dietary NR supplementation does not affect Ang II-induced 
bodyweight decline  

Ang II infusion can also lead to body weight loss. This is reportedly due to 

anorexia215 and muscle wasting216, which can be mitigated by AT1R blockers217. I 

therefore tested if NR administration could impact bodyweight. At baseline, body weight 

was not significantly different between treatment groups (~30g). After four weeks of Ang 

II infusion, body weight was ~four grams lower in Ang II-infused mice compared to 

saline-infused mice (p<0.05, Fig. 3.1D). However, NR-diet did not impact this body 

weight disturbance (p=0.9330). 
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Figure 3.1 NR can maintain NAD+ levels during Ang II infusion, but does not affect 

hypertension or bodyweight disturbance A-B. Liver NAD+ levels (A, n=4-8, 

†p=0.0321 vs. Ang II) and tail-cuff systolic blood pressure measurements (B, n=7-11, 

*p=0.006 vs. Saline) from C57Bl/6 mice receiving vehicle- or NR-containing diet for 10 

days, with Ang II- or saline-infusion during the last 3 days. Blood pressure was measured 

on day 2 of infusion. Values are the mean ± S.E.M. C-D. Tail-cuff systolic blood 

pressure (C, n=6, *p=0.009 vs. Saline) and body weight measurements (D, n=7-14, 

*p=0.0415 vs. Ang II) from C57Bl/6 mice receiving vehicle- or NR-containing diet for 3 

weeks, followed by infusion of Ang II or saline for 28 days, while staying on the 

designated diets. Blood pressure was taken on day 27 of infusion. Body weight was taken 

at baseline (before diet initiation) and on day 27 of infusion. Values are the mean ± 

S.E.M. 
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3.4  Dietary NR protects aortic vascular cells from acute Ang II-induced 
death, in vivo 

Ang II induces apoptosis of vascular cells in vitro147,218 and during sustained 

infusion in mice149. However, the true extent of Ang II-induced cell death, which may 

occur through many non-apoptotic routines, is unknown. Furthermore, it is not known if 

an acute infusion of Ang II can induce cell death or if supplementation with NR has any 

protective effect.  Therefore, we used a vital dye to investigate Ang II’s effect on vascular 

cell viability, and whether NR has any impact. To do this, mice were treated with NR- or 

vehicle-diet for 1 week, before also receiving a continuous infusion of Ang II or saline 

for 3 days. Ten minutes before sacrifice, mice were injected intravenously with the vital 

dye, Ethidium Homodimer-III (EthD-III). EthD-III is a cell membrane impermeable dye, 

which fluoresces red upon binding with DNA. Because EthD-III is cell membrane 

impermeable, it can only enter dead/damaged cells, which have a compromised cell 

membrane219. After sacrifice, the aorta was harvested, frozen in OCT and cryosections 

were obtained. Cross-sections of the ascending, thoracic and suprarenal aorta were 

mounted with DAPI-containing media and EC/VSMC EthD-III positivity was assessed. 

This revealed that Ang II induced marked EC death in the ascending, thoracic and 

suprarenal aorta. This death response was attenuated by NR supplementation (Fig. 3.2A). 

On average, EthD-III-positive ECs increased from 4.1% in saline to 43.4% in mice 

subjected to Ang II infusion (p=0.0005, Fig. 3.2B). With NR treatment, EC EthD-III 

positivity decreased to 10.7% (p=0.0012). 

 The ascending, thoracic and suprarenal aorta also exhibited a significant increase 

in VSMC EthD-III positivity upon 3 days of Ang II infusion (Fig. 3.2C). In the thoracic 
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aorta, NR administration significantly reduced the number of EthD-III-positive cells 

(p=0.0275). On average, EthD-III-positive VSMCs increased from 0.3% in saline-infused 

mice to 12.1% in Ang II-infused mice (p=0.0321). With NR supplementation, only 2.8% 

of VSMCs exhibited EthD-III positivity (p=0.0571).  
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Figure 3.2 NR protects vascular cells from acute Ang II-induced death and 

membrane permeability A. Fluorescent images depicting EthD-III (red), elastin 

background (green) and DAPI (blue) signal, from the thoracic aorta of mice treated with 

NR- or vehicle-diet for 1 week, before also receiving a continuous infusion of Ang II or 

saline for 3 days. B-C. Quantitation of the percentage of EthD-III-labeled ECs (B, n=5-8, 

*p=0.0003, **p=0.0075, ***p=0.00128, ****p=0.0005 vs. Saline. †p=0.0047, ††p=0.0046, 

†††p=0.0018, ††††p=0.0012 vs. Ang II) and VSMCs (C, n=5-8, *p=0.0053, **p=0.0004, 

***p=0.0116, ****p=0.0321 vs. Saline. †p=0.0275 vs. Ang II) Bars represent mean ± 

S.E.M. 
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3.5  Ang II-induced death at day 3 is caspase-3-independent 

Long-term Ang II infusion can induce apoptosis in vascular cells of the aorta149. 

We stained for the apoptotic mediator cleaved caspase-3, to determine whether cell death 

at day 3 of Ang II occurs through a caspase-3-dependent apoptosis program. In the 

ascending, thoracic and suprarenal aorta, ECs and VSMCs in all treatment groups did not 

stain positively for cleaved caspase-3 (Fig. 3.3). A liver section from an Ang II-infused 

mouse was used as a positive control, which stained positively for cleaved caspase-3 

(Fig. 3.3, middle panel).  
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Figure 3.3 Acute Ang II-induced EC and VSMC death is caspase-3-independent A. 

Cleaved caspase-3 immunostaining in the thoracic aorta of mice fed a diet with NR or 

vehicle for 1 week, before also receiving a continuous infusion of Ang II or saline for 3 

days. Positive control represents a sample of liver taken from an Ang II-infused mouse. 

Staining was performed in the ascending, thoracic and suprarenal aorta and appeared 

negative in each.   
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3.6  NR protects aortic vascular cells from acute Ang II-induced DNA 
damage  

Ang II can induce DNA strand breakage167. In vivo, this has been assessed only 

indirectly by measuring levels of DNA damage response proteins176. As yet, there is no 

direct evidence that Ang II can cause DNA strand breakage in ECs or SMCs within the 

vessel wall. To assess this, I developed a strategy that builds on the “comet assay”. The 

comet assay uses gel electrophoresis to pull cleaved DNA - which has lost its 

supercoiling, exposing its negative charge - from the nucleus. This forms a comet shaped 

structure, with intact DNA in the “head” and damaged DNA in the “tail”220. Previous in 

vitro work in our lab has demonstrated that NR can protect vascular cells from H2O2-

induced DNA damage.  To investigate NR’s effect on Ang II-induced DNA damage, in 

vivo, mice received a NR- or vehicle-containing diet for 1 week, before also receiving a 

continuous infusion of Ang II or saline for 3 days. After 3 days, mice were euthanized 

and ECs were immediately collected by exposing the aortic lumen to collagenase II for 

35 minutes at 37°C. To collect VSMCs, the aorta was cleaned of adventitia and digested 

in collagenase I and dispase. Comet assay was then performed on the acutely dispersed 

cells. This revealed that, remarkably, short term Ang II infusion induced DNA damage in 

both ECs and VSMCs (Fig. 3.4A). Importantly, in mice receiving NR in the diet, both 

cells types displayed reduced DNA cleavage. Compared to saline infusion, ECs from Ang 

II-infused mice exhibited a 4.1-fold increase in tail moment (p<0.001). However, cells 

from NR-supplemented mice exhibited a 41.6% reduction in tail moment following Ang 

II infusion (p<0.0001). Similarly, Ang II infusion resulted in VSMCs exhibiting a 3.5-

fold increase in tail moment (p<0.0001). Like for ECs, this DNA damage was reduced by 
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40.1% in mice receiving the NR-diet (p=0.0158). 
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Figure 3.4 NR protects aortic vascular cells from Ang II-induced acute DNA 

damage A. Sybr-Gold staining, depicting comet tails of ECs and VSMCs isolated from 

mice that had received a diet containing NR or vehicle for 1 week before also receiving a 

continuous infusion of Ang II or saline for 3 days. B-C. Quantitation of tail moments 

from ECs (B, n=142-172 cells from 2 mice per condition, *p<0.0001 vs. Saline, 

†p<0.0001 vs. Ang II) and VSMCs (C, n=106-180 cells from 1 saline mouse and 2 mice 

from Ang II infused groups, **p<0.0001 vs. Saline, ††p=0.0158 vs. Ang II) using open 

comet software. Bars represent mean ± S.E.M. 
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3.7  NR confers site-specific reduction in Ang II-induced medial 
thickening  

 
Chronic Ang II infusion results in thickening of the aortic media. Having shown 

that early cell death can be prevented by NR, I next investigated whether medial area 

after 28 days of Ang II infusion was affected by NR pre- and co-treatment. After Ang II 

infusion, medial area in the ascending, thoracic and suprarenal aorta was significantly 

increased (Fig. 3.5A to C). Interestingly however, NR treatment did not impact medial 

area in the ascending or thoracic aorta. On the other hand, NR did confer mild protection 

in the suprarenal region. Compared to saline-infused mice, ascending aortic medial area 

in mice receiving either Ang II or Ang II plus NR pre- and co-treatment, was increased 

by 37.6% and 39.7% respectively (p<0.05) (Fig. 3.5D). Similarly, in the thoracic aorta, 

medial area was 43.6% and 42.1% greater in mice receiving Ang II and Ang II plus NR 

treatment, respectively (p<0.01, Fig. 3.5E). However, in the suprarenal aorta, Ang II 

infusion resulted in a 52% increase in medial area, but in mice administered NR, this 

increased by only 29.3% (p=0.0335). 
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Figure 3.5 NR confers site-specific reduction in Ang II-induced medial thickening  

A-C. H&E staining of ascending (A) thoracic (B) and suprarenal (C) aortic sections from 

mice on a diet supplemented with vehicle or NR and subjected to 4 weeks of Ang II 

infusion (n=6-9). D-F. Quantification of medial area, standardized to lumen perimeter 

from the ascending (D, *p=0.0051 vs. Saline) thoracic (E, **p=0.0022 vs. Saline) and 

suprarenal aorta (F, ***p=0.0003 vs. Saline. †p=0.0335 vs. Ang II). Bars represent mean ± 

S.E.M. 
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3.8  NR attenuates Ang II-induced DNA damage in vascular cells at day 
28 

I next asked whether NR pre- plus co-treatment would protect vascular cells from 

genomic damage accumulated after prolonged infusion of Ang II. For this, I 

immunostained the thoracic aorta for the DNA damage biomarker, 8-oxoguanine (8-oxo-

dG), following 28 days of Ang II infusion. 8-oxogaunine is a DNA damage product, 

formed when guanine nucleobases undergo oxidation168. Ang II significantly increased 

the percentage of 8-oxo-dG-positive ECs (Fig. 3.6A, B) and VSMCs (Fig. 3.6A, C) in the 

thoracic aorta (3.8% vs. 51.7% in ECs p=0.0042, 7.1% vs. 30.3% in VSMCs p=0.0012). 

However, Ang II-infused mice supplemented with NR exhibited a significant reduction in 

the percentage of 8-oxo-dG-positive cells (51.7% vs. 22.6% in ECs p=0.0042, 30.3% vs. 

10.8% in VSMCs p=0.0227). 
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Figure 3.6 NR attenuates Ang II-induced DNA oxidative damage in vascular cells  

A. Light micrographs depicting 8-oxo-dG immunostaining in the thoracic aorta of mice 

infused for 4 weeks with saline, Ang II, or Ang II with pre-treatment (3 weeks) and co-

treatment (4 weeks) with NR (n=6-9). Arrows indicate 8-oxo-dG-positive cells. B-C. 

Percent of 8-oxo-dG-positive ECs (B, *p=0.0042 vs. Saline, †p=0.0069 vs. Ang II) and 

VSMCs (C, **p=0.0012 vs. Saline, ††p=0.0227 vs. Ang II) in thoracic aortic sections. Bars 

represent mean ± S.E.M. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 



	

	

68	

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 



	

	

69	

3.9  NR prevents Ang II-induced endothelial VCAM-1 expression 

VCAM-1 has been implicated in several inflammatory diseases, including 

atherosclerosis221. Expression of VCAM-1 increases during Ang II infusion222. To 

determine if NR impacts this, immunostaining for VCAM-1 was performed in the 

thoracic aorta, following 28 days of Ang II infusion (Fig. 3.7A). Endothelial cell VCAM-

1 expression was 2-fold higher in Ang II-infused mice compared to saline-infused mice 

(Fig. 3.7B) (p=0.0092). Treatment with NR completely abrogated this increase 

(p=0.0153).  
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Figure 3.7 NR prevents Ang II-induced endothelial VCAM-1 expression A. VCAM-1 

immunostaining in the thoracic aorta of mice infused for 4 weeks with saline, Ang II, or 

Ang II with pre-treatment (3 weeks) and co-treatment (4 weeks) with NR. B. 

Quantification of VCAM-1-positive area lining the endothelium, standardized to intimal 

perimeter, and expressed relative to the signal in saline-infused mice. Bars represent 

mean ± S.E.M. (n = 6 mice, *p=0.0092 vs. Saline, †p=0.0153 vs. Ang II).  
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3.10  NR ameliorates Ang II-induced p16INK4A expression 

Prolonged oxidative stress and DNA damage can result in cellular senescence223. 

In vitro work in our lab has demonstrated NR can protect ECs and VSMCs from H2O2-

induced senescence124. Therefore, I next investigated whether NR impacted Ang II-

induced senescence  in vivo, by performing immunostaining for the senescence 

biomarker, p16INK4A. p16INK4A is a tumor suppressor that induces cell cycle arrest and is 

therefore commonly used to identify senescent cells223. As depicted in Fig. 3.8, the 

percentage of p16INK4A-positive ECs and VSMCs was significantly higher in Ang II-

infused mice compared to that observed in saline-infused counterparts (26.6% vs. 8.8% in 

ECs p=0.0109, 40.4% vs. 13.1%. in VSMCs p=0.0022) (Fig. 3.8B). Treatment with NR 

reduced p16 INK4A positivity in both ECs (8.5% vs. 26.6% p=0.0097) and VSMCs (22.3% 

vs. 40.4% p=0.0398). 
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Figure 3.8 NR ameliorates Ang II-induced p16INK4A expression A. p16INK4A 

immunostaining in the thoracic aorta of mice infused for 4 weeks with saline, Ang II, or 

Ang II with pre-treatment (3 weeks) and co-treatment (4 weeks) with NR (n=5-6). 

Arrows indicate p16INK4A-positive cells B-C. Quantification of p16INK4A-positive ECs (B, 

*p=0.0109 vs. Saline, †p=0.0097 vs. Ang II) and VSMCs (C, **p=0.0022 vs. Saline, 

††p=0.0398 vs. Ang II ) in whole aortic cross-sections. Bars represent mean ± S.E.M.  
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4  DISCUSSION 

The major findings of this thesis are:  

1. In middle-aged mice infused with Ang II, oral NR administration elevates 

liver NAD+ content. 

2. Administration of NR does not impact the immediate or sustained blood 

pressure rise induced by Ang II in middle-aged mice, nor prevent body weight 

loss induced by sustained Ang II infusion. 

3. Ang II infusion induces aortic EC and VSMC death. This early death response 

is prevented by NR administration.  

4. Administration of NR inhibits oxidation of DNA, VCAM-1 expression, and 

senescence in ECs and VSMCs, induced by chronic Ang II infusion. 

 
4.1  Oral NR supplementation augments liver NAD+ in mice infused 
with Ang II 

During oxidative stress and aging, NAD+ levels decline. This has the potential to 

impair the activity of proteins important to cellular health and function100. To counteract 

this, several precursors to NAD+ have been synthesized or purified and studied to 

ascertain if their delivery productively boosts NAD+ synthesis41. In 2012, Canto et al. 

demonstrated that oral NR administration increases NAD+ levels in several tissues in 

mice126. I employed a similar feeding protocol and show that Ang II-infused mice that 

were fed a diet with NR had higher liver NAD+ content than those subjected to Ang II 

and fed a vehicle-diet. This is the first study to report a NR-mediated augmentation of 

liver NAD+ in mice infused with Ang II. This finding provides assurance that the NR-
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containing diet was properly prepared and administered, and mice receiving NR utilized 

it to generate NAD+. Although vascular cell NAD+ measurements would be desirable, the 

aorta contains relatively few cells, making measuring NAD+ and detecting differences in 

NAD+ difficult. For instance, despite demonstrating impressive vascular benefits, a study 

administering an alternative precursor  (NMN) to aged mice did not detect an increase in 

aortic NAD+206. The authors speculate this was due to rapid metabolism of generated 

aortic NAD+. Another study sought to measure NAD+/NADH ratios in the heart after NR 

treatment but did not report these values because they were deemed “unreliable”224. In a 

third study, NMN administration led to a non-significant trend to increase NAD+ in liver, 

skeletal muscle, cortex and brown adipose tissue225. The authors noted the difficulty of 

measuring small fluctuations in NAD+ and used labeled NMN to confirm its contribution 

to the tissue NAD+ pool.  

In keeping with my finding with respect to Ang II and NAD+, experiments in 

vitro, have revealed a rescuable decline in VSMC NAD+ after 3 days of Ang II176. 

Similarly, in vitro work in our lab has demonstrated NR delivery increases NAD+ content 

and buffers NAD+ decline in ECs and VSMCs exposed to H2O2
124. 

 

4.2  NR does not impact Ang II-induced hypertension 

Certain hypertensive medications can lower Ang II-induced hypertension in mice, 

particularly those that block RAS signaling226,227. I demonstrated that NR has no impact 

on acute and chronic Ang II-induced hypertension in middle-aged C57Bl/6 mice. 

Consistent with this, administering the NAD+-boosting compound, PNU-282987, did not 

impact tail-cuff-derived blood pressure after 14 days of Ang II (0.576 mg/kg/day)176. 
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Furthermore, CD38 KO, an intervention that can markedly increase NAD+ levels, did not 

abrogate the rise in tail-cuff-derived blood pressure induced by 2.16 mg/kg/day of Ang II 

for 14 days228.  

On the other hand, human data has raised the possibility that NAD+ precursors 

may provide mild blood pressure lowering in subsets of patients. In humans, the NAD+ 

precursor niacin has been used to treat dyslipidemia for several decades. In dyslipidemic 

patients administered 1-2 g/day of niacin, systolic/diastolic blood pressure (SBP/DBP)  

was reduced by ~2/3 mmHg after 24 weeks229. In another trial, there was no reduction in 

BP with 3 g/day of niacin in MI survivors230, but a post-hoc analysis suggested a 3/2 

mmHg decline in SBP/DBP in patients considered to have metabolic syndrome231. In 

contrast, of five studies administering niacin combined with other drugs to patients with 

cardiovascular disease, only one found a decrease in blood pressure232. Collectively, these 

studies suggest that NR’s anti-hypertensive potential should not be ruled out entirely, 

particularly in the context of metabolic syndrome/dyslipidemia. However, our results 

demonstrate that in the context of aggressive Ang II delivery, BP is not affected by NR. 

This is noteworthy because despite this ongoing hypertensive milieu, NR was found to 

protect vascular cells from pathology, discussed below.  

 

4.3  NR does not impact Ang II-induced body weight decline  

Skeletal muscle wasting occurs during chronic heart failure (CHF) and is an 

independent risk factor for mortality in these patients233,234. Ang II is elevated in CHF235 

and its infusion in mice results in skeletal muscle atrophy/cachexia236. In our study, Ang 

II infusion resulted in body weight loss. However, this was not impacted by NR 
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treatment.  In agreement with this, mdx-muscular-dystrophy mice treated with NR did not 

increase bodyweight, lean mass, or lower limb muscular wet weight, despite an increase 

in muscle NAD+114. Following hepatectomy237 or intracerebral hemorrhage238, NR/NMN 

did promote bodyweight gain,  although this may be secondary to other functional 

improvements.  

It is possible in my study that NR did not elevate muscle NAD+ levels, that 

declined in response to Ang II infusion. NAD+ does appear to be important for the 

maintenance of bodyweight and lean mass, which are reduced in mice with muscle-

specific NAMPT KO27. These mice exhibit severe skeletal muscle NAD+ depletion 

(~0.75 vs. ~0.18 nmol/mg) and when treated with NR, only a non-significant trend to 

increase muscle NAD+ (~0.25 nmol/mg) or muscle mitochondrial NAD+ was observed. 

Using an isotope-labeled NR tracer, the authors found that NR was directly utilized to 

synthesize NAD+ in the liver, but in muscle, NR was largely converted to NAM, with a 

minor indirect contribution to the muscle NAD+ pool. This suggests that NR may be less 

effective at elevating NAD+ in skeletal muscle, particularly when NAMPT expression is 

reduced. Several studies have demonstrated increased muscle NAD+ following NR/NAD+ 

precursor administration126,114,29. But the aforementioned data raises the possibility that 

NR did not elevate muscle NAD+ levels during the systemic oxidative stress of Ang II 

infusion. 
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4.4  NR abrogates acute Ang II-induced cell death within the aortic wall 

Oxidative stress increases with age and has been implicated in several age-related 

diseases, including vascular disease239. Reductions in NAD+ have been observed during 

oxidative stress and linked to cell death212. Our lab has demonstrated that overexpression 

of the NAD+ generating enzyme, NAMPT, improves survival of vascular cells during 

oxidative stress240,241. Furthermore, in vitro work has demonstrated that administration of 

NR can protect cells from H2O2-induced death124. In the current study, NR was orally 

administered to mice infused with Ang II. I found that this protected ECs and VSMCs 

from acute Ang II-induced death. 

This was the first study using a vital dye to investigate vascular cell death in an 

Ang II infusion model. In doing so, I am the first to report that an acute infusion of Ang 

II induces EC and VSMC death. This data, coupled with a lack of staining for the 

apoptotic mediator cleaved caspase-3, provides the first evidence for a non-apoptotic 

death response to Ang II infusion. This is particularly noteworthy as Ang II infusion has 

been used for decades to induce experimental pathology and this finding expands our 

understanding of Ang II’s pathological effects. 

To label dead cells, I used EthD-III, as it has been used to label dead endothelial 

cells in vivo, and importantly is a sensitive marker of death242 - reduced to near non-

detectable levels by chemical/genetic suppression of cell death mediators242. EthD-III is a 

cell membrane impermeable dye, therefore cells that uptake EthD-III have lost their 

plasma membrane integrity, fulfilling one of the in vitro criterion needed to consider cells 

dead, as established by the Nomenclature Committee on Cell Death243. EthD-III allows 

detection of cell death regardless of the mode of death. Furthermore, currently used 
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molecular markers of cell death can be transient, may not necessarily reflect the true 

incidence of cell death and only inform on specific death routines. 

 Vital dyes based on membrane permeability have been used for decades to assess 

cell viability244,245, although generally not in vivo. This is a strength of my study. It 

should nonetheless be considered that an increase in membrane permeability may reflect 

repairable damage to the cell membrane246. Therefore, I cannot exclude the possibility 

that some of the EthD-III-positive cells were stressed but may have recovered.  

Improvements in cell survival have been demonstrated with delivery of NAD+ 

and certain NAD+ precursors in models of acute kidney injury105, liver injury247, 

intracerebral hemorrhage238, spinal cord I/R injury248, Alzheimer’s disease249 and 

Parkinson’s disease250. In my study, Ang II-induced cell death was not associated with 

cleaved caspase-3, at day 3. Another study, infusing the same dose of Ang II to 12 week 

old mice, also failed to find cleaved caspase-3 in the ascending aorta at day 3149. 

However, caspase-3 was detected at sites of hemorrhage during long-term infusion. 

Therefore, it appears that acute Ang II-induced death is caspase-3-independent.  Potential 

casapse-3-independent forms of cell death that may be abrogated by NR include necrosis, 

parthanatos, necroptosis, autophagic death or caspase-3-independent apoptosis251. 

Interestingly, intracellular NAD+ has been found to promote TNF-α-induced 

necroptosis252, although NR/NMN have also reliably decreased TNF-α in several 

studies238,104,253,254,255. I speculate that increasing NAD+ levels may have protected cells 

by lowering oxidative stress, reducing DNA damage, increasing DNA repair, or 

preventing ATP depletion38. Mechanisms which may have been mediated by NAD+-

dependent sirtuins. 
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4.5  NR abrogates acute Ang II-induced DNA damage  

DNA damage contributes to vascular disease9. Although Ang II-induced DNA 

damage has been studied, I am the first to directly identify aortic DNA strand breakage, 

in vivo. Using a comet assay approach, I show for the first time that Ang II causes single 

and/or double strand breaks in the aorta, and that this occurs rapidly, at day 3 of infusion. 

Importantly, this rapid destruction of DNA strands was abrogated by NR treatment.  

Several potential mechanisms may explain NR’s protective effect. Sirtuin proteins 

require NAD+ for their activity and regulate DNA repair pathways triggered in response 

to single – nucleotide excision repair and base excision repair –  and double strand breaks 

– non-homologous end joining and homologous recombination256. SIRT1 and 6 are 

particularly important. These enzymes deacetylate proteins involved in DNA repair, 

promoting their interaction, assembly, activity and stability256. Sirtuins can localize these 

proteins to sites of damage257 or promote their expression by localizing transcriptional 

regulators258. Sirtuins can also promote remodeling of the chromatin necessary for 

repair259 or delay apoptotic signaling increasing the window for repair260. In addition, 

sirtuins regulate NOX-derived ROS generation261 and anti-oxidant expression52, which 

may have directly lowered oxidative stress and secondarily DNA damage. Importantly, 

aged mice (26-28 months) treated with NMN displayed reductions in vascular superoxide 

production and ex vivo incubation of aortas with NMN upregulated superoxide dismutase 

2206. 

 Another NAD+ consumer, PARP-1, could also play a role. In response to DNA 

damage, PARP1 utilizes NAD+ to create poly(ADP)-ribose chains at damaged sites, 

forming a docking site for DNA repair proteins61. By augmenting NAD+ levels, NR may 
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have promoted DNA repair by transiently enhancing PARP-1-mediated repair. Sirtuins 

can also promote PARP activity262 and even without cleavage, NAD+ can promote 

PARP-1 activity by binding to its negative regulator, DBC-1263.  

Reports from other investigators support my findings. In muscle stem cells 

harvested from young (1 month) and old mice (22-24 months) administered NR, fewer 

cells stained positivity for the DNA damage biomarker, γ-H2AX108.  Furthermore, comet 

assay performed on these cells revealed lower levels of DNA damage with NR treatment. 

NR administration also lowered the number of γ-H2AX positive hepatocytes in a 

hepatocyte carcinoma model driven by NAD+ synthesis deficits and DNA damage264. 

Moreover, liver cells of mice exposed to γ-radiation have lower levels of 8-oxo-dG and 

fewer AP sites when mice are treated with nicotinamide265. In vitro, NAD+ and its 

precursors have protected PBMCs266, PC12 cells250, and cortical neurons249 from DNA 

damage. 

Many of the aforementioned studies and studies involving Ang II-infusion, have 

detected breakage of DNA indirectly, by measuring levels of γ-H2AX176. Early in the 

DNA damage response, histone H2AX is phosphorylated, forming γ-H2AX and 

recruiting repair proteins to sites of damage267. However, H2AX has been shown to be 

phosphorylated during cell cycle progression268, which may confound its use as a DNA 

damage biomarker. Therefore, an increase in γ-H2AX may be due to mitotic arrest or 

increased proliferation, which can be induced by Ang II269,270. γ-H2AX can also be seen 

in senescent cells, which has been argued to reflect persistent DNA damage foci271 and/or 

sites of chromatin remodeling that are not associated with DNA damage272. Direct 
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assessment of DNA damage with the comet assay overcomes these limitations caused by 

indirect measures. 

In summary, my work demonstrates, for the first time, that vascular cells within 

the aorta are susceptible to early destruction of DNA – with DNA breaks in both ECs and 

VSMCs. Oral administration of NR can abrogate this. 

 

4.6  NR abrogates sustained Ang II-induced DNA oxidative damage 

 
I found that after 28 days of Ang II infusion, oxidation of guanine nucleobases in 

vascular cells of the thoracic aorta was also lower in mice fed NR. Interestingly, DNA 

damage at day three, expressed as tail moment, and at day 28, expressed as the 

percentage of 8-oxo-dG-positive cells, was greater in ECs compared to VSMCs. This 

indicates that aortic ECs are more susceptible to Ang II-induced DNA damage than 

VSMCs. This differential pattern was also seen for the cell death response in the aorta 

after three days of Ang II.  

 

4.7  NR confers region-specific protection from Ang II-induced aortic 
thickening 

Infusion of Ang II for 28 days thickens the aorta, independent of blood pressure 

and via actions on the AT1 receptor128. In the ascending aorta, thickening occurs due to 

hyperplasia, while cell hypertrophy is responsible in other aortic regions128. In agreement 

with other studies, I observed thickening in the ascending, thoracic and suprarenal 

regions of the aorta128. NR did not impact thickening in the ascending and thoracic 

region. However, thickening was blunted at the suprarenal region. This region-specific 
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difference in NR’s effect is interesting. It may be due to the embryological origins of 

VSMCs, which differ between the ascending, thoracic and abdominal aorta273. These 

VSMCs originate from the neural crest, somite, and splanchnic mesoderm, respectively. 

Interestingly, VSMCs isolated from these sites have exhibited differential growth and 

transcriptional responses, raising the possibility that they may respond differently to 

NAD+ precursors273,274. In addition, CD38 expression varies markedly between vascular 

regions99. Therefore, it is possible that the aorta exhibits regional variations in the 

expression of enzymes involved in NAD+ homeostasis, and thus responses to precursors. 

 

4.8  NR prevents sustained Ang II-induced VCAM-1 expression 

The role of inflammation in cardiovascular diseases, and particularly 

atherosclerosis, has been widely studied. The cell adhesion molecule VCAM-1 allows for 

the adhesion of monocytes to the vessel lumen160. Monocytes can subsequently enter the 

vessel wall (transmigration), differentiate into macrophages and phagocytose lipid, 

becoming foams cell and forming an atherosclerotic plaque160. Therefore, reducing the 

expression of VCAM-1 may be an important step towards preventing atherosclerotic 

plaque formation. In agreement with other studies, I found increased VCAM-1 

expression after Ang II infusion, indicative of chronic EC dysfunction and a 

proinflammatory  vascular state183. Importantly, this was suppressed by NR 

administration.  

Transcription of VCAM-1 is mediated by NF-κB and is responsible for its 

upregulation by Ang II186. SIRT1 suppresses NF-κB activity by deacetylating its p65 

subunit, a process which is prevented during NAD+ depletion275. Therefore, NR may 
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have augmented NAD+ levels, fueling SIRT1 mediated NF-κB suppression. Beyond 

directly boosting NAD+, reductions in oxidative stress and DNA damage could play a 

role, because PARP-1276 and 8-oxo-dG170 are linked to NF-κB-driven transcription. 

Importantly, I found that NR lowered the number of p16INK4A-positive ECs, suggesting 

fewer senescent cells. This may also be responsible as subsets of senescent ECs exhibit 

prolonged VCAM-1 expression277.   

In agreement with our results, NR abrogated a HFD-induced increase in liver 

VCAM-1 transcript abundance. However, in contrast, NMN did not lower VCAM-1 

expression in a model of intracerebral hemorrhage. NMN was injected 30 minutes after 

hemorrhage and inflammation was assessed after 3 days, while we assessed VCAM-1 

after long-term NR treatment and Ang II infusion. Differences in models, cell types, 

NAD+ precursors and route of administration may be responsible. NAD+ precursors have 

also mitigated inflammation in aging108, muscle damage108 and metabolic disease 

models104,106,253,255.   

4.9  NR attenuates chronic Ang II-induced p16INK4A expression  

During aging, heavily damaged cells can adopt a senescent phenotype. This is 

characterized by permanent cell cycle arrest and the secretion of pro-inflammatory 

cytokines. Clearance of these cells has improved health278,279 and lifespan280 in animal 

models, including vascular endpoints such as carotid artery vascular reactivity281. 

p16INK4A is a commonly used biomarker of senescence, and prevents cell cycle 

progression by suppressing the expression of S-phase genes179.  I found that NR 

abrogated EC and VSMC p16INK4A expression induced by Ang II infusion. 
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The observed reduction in senescence may be due to NR-mediated preservation of 

genomic integrity. This is because prolonged or severe DNA damage may trigger 

senescence as a means to prevent the propagation of mutated DNA, which could give rise 

to dysfunctional proteins and cells9. In addition, NAD+-driven sirtuins can prevent 

senescence by negatively regulating senescence-inducing proteins including p53, 

forkhead box protein O1, Notch intracellular domain and plasminogen activator 

inhibitior-1282. 

Similar to my results, Ang II-induced VSMC senescence was found to be reduced 

in mice administered the NAD+-boosting compound PNU-282987176. NR has also 

ameliorated senescence in muscle stem cells from mdx-muscular-dystrophy mice and 

protects neural and melanocyte stem cells from senescence108. Furthermore, we124 and 

others283 have found cultured cells supplemented with NAD+ precursors are protected 

from H2O2-induced senescence.  

One limitation of my assessment of senescence is the sole use of p16INK4A. p16 

upregulation is known to induce cell cycle arrest, but mutations in downstream proteins 

responsible for executing senescence can prevent this179. Moreover, transient p16 

upregulation has been observed during wound healing and tissue repair284. This may 

reflect the clearance of senescent cells, or a transient increase in p16 that is not associated 

with senescence. Using two biomarkers, such as p21 and senescence associated β-

galactosidase (β-Gal), may strengthen findings. Nevertheless, Ang II has been well 

established to induce vascular cell senescence in the aorta, including in our previous 

study110 and that of others54. Thus it can be more confidently concluded that cells positive 
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for p16INK4A were senescent. As well, we have previously demonstrated that NR lowers 

β-Gal positivity in ECs and VSMCs exposed to H2O2
124.  

My results indicate that an abrupt increase in Ang II, followed by sustained 

delivery in middle-aged mice, causes vascular cell senescence. This is a pathological state 

that can be prevented by NR supplementation.  

 

4.10  Limitations 

There are limitations to my study. This study was only performed in male mice.  

Whether female mice are also susceptible to acute Ang II-induced cell death and DNA 

damage, and whether these can be abrogated by NR warrants specific study. In addition, 

NAD+ levels within the aorta were not measured so I cannot be certain that NR 

augmented NAD+ levels in ECs and VSMCs. Regarding my assessment of cell death, 

EthD-III-positive cells could include cells with transient but repairable cell membrane 

damage. In addition, the sole use of p16INK4A to assess senescence is a limitation. This 

could be overcome by using additional markers for senescence, as noted in section 4.9. 

 

4.11  Future directions 

Ang II infusion has been used experimentally for decades to induce vascular 

pathology. A novel and important finding of this thesis is the extent of EC death/injury 

following acute Ang II infusion. Future work should thoroughly investigate the mode of 

Ang II-induced cell death, by blocking specific death subroutines through genetic or 
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chemical means. Furthermore, the downstream impact of these dead cells on vascular 

homeostasis and their incidence during natural aging would be of interest.  

The use of NR in other contexts of vascular injury, such as atherosclerosis and 

plaque rupture would also be interesting. In addition, comprehensive evaluation of NAD+ 

consuming/synthesizing enzyme expression throughout the aorta and their change during 

age and Ang II should be studied. Moreover, studies of oral NR digestion/absorption are 

needed to inform drug administration protocols. Whether protection from Ang II-induced 

damage can be conferred without NR pre-treatment should also be investigated.  

Translationally, administration of NR in vascular diseases associated with 

ROS/DNA damage/inflammation/senescence should be considered. Directly assessing 

DNA effects would be challenging, but may be possible in patients undergoing surgical 

procedures. For instance, comet assay has been performed on VSMCs taken from 

atherosclerotic plaques from patients undergoing endarterectomy173. Less invasively, 

others have acutely infused Ang II to humans and used plasma oxidation markers to 

assess efficacy of a therapeutic intervention285. Hypertensive emergencies are associated 

with endothelial cell damage201, ROS201 and inflamation286. During these events, patients 

visit the emergency room and receive medication to lower blood pressure. An intriguing 

trial would involve acute administration of NR, and collection of blood to assess 

oxidation, endothelial cell damage (vWF) and inflammation (soluble VCAM-1, C-

reactive protein).  

Pre-clinical studies of NAD+ precursors have demonstrated potential therapeutic 

benefits. The results of this thesis demonstrate that vascular diseases and vascular 
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endpoints should be considered when designing clinical trials to evaluate the benefits of 

supplementation with NR and other NAD+ precursors. 

 

4.12  Conclusion 

In conclusion, I have found that NR protected the aorta of middle-aged mice from 

oxidative stress-associated pathology induced by Ang II infusion. These results support 

my overriding hypothesis. Specifically, NR abrogated acute early cell death and DNA 

damage induced by infusion of Ang II. As well, improvements in genomic integrity were 

evident following sustained Ang II infusion. This was associated with reduced 

proinflammatory signaling and reduced senescence in ECs and VSMCs. Collectively, 

these results suggest that NR has the capacity to protect the vasculature from acute and 

chronic vascular insults. 

 

 

 

 

	

	

	



	

	

90	

5  REFERENCES  

 
1.  Benjamin EJ, Blaha MJ, Chiuve SE, et al. Heart Disease and Stroke Statistics—

2017 Update: A Report From the American Heart Association. Circulation 
2017;135(10):e146-e603. doi:10.1161/CIR.0000000000000485. 

2.  Collins JA, Munoz J-V, Patel TR, Loukas M, Tubbs RS. The anatomy of the aging 
aorta. Clin. Anat. 2014;27(3):463-466. doi:10.1002/ca.22384. 

3.  Bäck M, Gasser TC, Michel J-B, Caligiuri G. Biomechanical factors in the biology 
of aortic wall and aortic valve diseases. Cardiovasc. Res. 2013;99(2):232-241. 
doi:10.1093/cvr/cvt040. 

4.  Belz GG. Elastic properties and Windkessel function of the human aorta. 
Cardiovasc. drugs Ther. 1995;9(1):73-83. 

5.  Malashicheva A, Kostina D, Kostina A, et al. Phenotypic and Functional Changes 
of Endothelial and Smooth Muscle Cells in Thoracic Aortic Aneurysms. Int. J. 
Vasc. Med. 2016;2016:3107879. doi:10.1155/2016/3107879. 

6.  Tabas I, García-Cardeña G, Owens GK. Recent insights into the cellular biology of 
atherosclerosis. J. Cell Biol. 2015;209(1). 

7.  Sandoo A, van Zanten JJCSV, Metsios GS, Carroll D, Kitas GD. The endothelium 
and its role in regulating vascular tone. Open Cardiovasc. Med. J. 2010;4:302-12. 
doi:10.2174/1874192401004010302. 

8.  Majesky MW, Dong XR, Hoglund V, Mahoney WM, Daum G. The Adventitia: A 
Dynamic Interface Containing Resident Progenitor Cells. Arterioscler. Thromb. 
Vasc. Biol. 2011;31(7):1530-1539. doi:10.1161/ATVBAHA.110.221549. 

9.  Bautista-Niño PK, Portilla-Fernandez E, Vaughan DE, Danser AHJ, Roks AJM. 
DNA Damage: A Main Determinant of Vascular Aging. Int. J. Mol. Sci. 
2016;17(5). doi:10.3390/ijms17050748. 

10.  Rowe VL, Stevens SL, Reddick TT, et al. Vascular smooth muscle cell apoptosis 
in aneurysmal, occlusive, and normal human aortas. J. Vasc. Surg. 
2000;31(3):567-76. 

11.  Förstermann U. Oxidative stress in vascular disease: causes, defense mechanisms 
and potential therapies. Nat. Clin. Pract. Cardiovasc. Med. 2008;5(6):338-349. 
doi:10.1038/ncpcardio1211. 

12.  McCormick ML, Gavrila D, Weintraub NL. Role of Oxidative Stress in the 
Pathogenesis of Abdominal Aortic Aneurysms. Arterioscler. Thromb. Vasc. Biol. 
2007;27(3):461-469. doi:10.1161/01.ATV.0000257552.94483.14. 



	

	

91	

13.  Massudi H, Grant R, Guillemin GJ, Braidy N. NAD + metabolism and oxidative 
stress: the golden nucleotide on a crown of thorns. Redox Rep. 2012;17(1):28-46. 
doi:10.1179/1351000212Y.0000000001. 

14.  SYDENSTRICKER VP. The history of pellagra, its recognition as a disorder of 
nutrition and its conquest. Am. J. Clin. Nutr. 6(4):409-14. 

15.  Berger F. The new life of a centenarian: signalling functions of NAD(P). Trends 
Biochem. Sci. 2004;29(3):111-118. doi:10.1016/j.tibs.2004.01.007. 

16.  Elhassan YS, Philp AA, Lavery GG. Targeting NAD+ in Metabolic Disease: New 
Insights Into an Old Molecule. J. Endocr. Soc. 2017;1(7):816-835. 
doi:10.1210/js.2017-00092. 

17.  Badawy AA-B. Kynurenine Pathway of Tryptophan Metabolism: Regulatory and 
Functional Aspects. Int. J. Tryptophan Res. 2017;10:1178646917691938. 
doi:10.1177/1178646917691938. 

18.  IKEDA M, TSUJI H, NAKAMURA S, ICHIYAMA A, NISHIZUKA Y, 
HAYAISHI O. STUDIES ON THE BIOSYNTHESIS OF NICOTINAMIDE 
ADENINE DINUCLEOTIDE. II. A ROLE OF PICOLINIC CARBOXYLASE IN 
THE BIOSYNTHESIS OF NICOTINAMIDE ADENINE DINUCLEOTIDE 
FROM TRYPTOPHAN IN MAMMALS. J. Biol. Chem. 1965;240:1395-401. 

19.  Institute of Medicine (US) Standing Committee on the Scientific Evaluation of 
Dietary Reference Intakes and its Panel on Folate OBV and C. Dietary Reference 
Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, 
Pantothenic Acid, Biotin, and Choline. National Academies Press (US); 1998. 
doi:10.17226/6015. 

20.  Cantó C, Menzies KJ, Auwerx J. NAD+ Metabolism and the Control of Energy 
Homeostasis: A Balancing Act between Mitochondria and the Nucleus. Cell 
Metab. 2015. doi:10.1016/j.cmet.2015.05.023. 

21.  Wang Q, Zhang M, Ding Y, et al. Activation of NAD(P)H Oxidase by 
Tryptophan-Derived 3-Hydroxykynurenine Accelerates Endothelial Apoptosis and 
Dysfunction In Vivo. Circ. Res. 2014;114(3):480-492. 
doi:10.1161/CIRCRESAHA.114.302113. 

22.  Bogan KL, Brenner C. Nicotinic Acid, Nicotinamide, and Nicotinamide Riboside: 
A Molecular Evaluation of NAD + Precursor Vitamins in Human Nutrition. Annu. 
Rev. Nutr. 2008;28(1):115-130. doi:10.1146/annurev.nutr.28.061807.155443. 

23.  Trammell SA, Yu L, Redpath P, Migaud ME, Brenner C. Nicotinamide Riboside 
Is a Major NAD+ Precursor Vitamin in Cow Milk. J. Nutr. 2016;146(5):957-963. 
doi:10.3945/jn.116.230078. 

24.  Mills KF, Yoshida S, Stein LR, et al. Long-Term Administration of Nicotinamide 



	

	

92	

Mononucleotide Mitigates Age-Associated Physiological Decline in Mice. Cell 
Metab. 2016;24(6):1-12. doi:10.1016/j.cmet.2016.09.013. 

25.  Gross CJ, Henderson LM. Digestion and absorption of NAD by the small intestine 
of the rat. J. Nutr. 1983;113(2):412-420. 

26.  Baum CL, Selhub J, Rosenberg IH. The hydrolysis of nicotinamide adenine 
nucleotide by brush border membranes of rat intestine. Biochem. J. 
1982;204(1):203-7. 

27.  Frederick DW, Loro E, Liu L, et al. Loss of NAD Homeostasis Leads to 
Progressive and Reversible Degeneration of Skeletal Muscle. Cell Metab. 
2016;24(2):269-282. doi:10.1016/j.cmet.2016.07.005. 

28.  Trammell SAJ, Schmidt MS, Weidemann BJ, et al. Nicotinamide riboside is 
uniquely and orally bioavailable in mice and humans. Nat. Commun. 
2016;7:12948. doi:10.1038/ncomms12948. 

29.  Ratajczak J, Joffraud M, Trammell S a. J, et al. NRK1 controls nicotinamide 
mononucleotide and nicotinamide riboside metabolism in mammalian cells. Nat. 
Commun. 2016;7:13103. doi:10.1038/ncomms13103. 

30.  Yang Y, Sauve AA. NAD+ metabolism: Bioenergetics, signaling and 
manipulation for therapy. Biochim. Biophys. Acta - Proteins Proteomics 
2016;1864(12):1787-1800. doi:10.1016/j.bbapap.2016.06.014. 

31.  Yang Y, Sauve AA. NAD+ metabolism: Bioenergetics, signaling and 
manipulation for therapy. Biochim. Biophys. Acta - Proteins Proteomics 2016. 
doi:10.1016/j.bbapap.2016.06.014. 

32.  Yoon MJ, Yoshida M, Johnson S, et al. SIRT1-Mediated eNAMPT Secretion from 
Adipose Tissue Regulates Hypothalamic NAD+ and Function in Mice. Cell Metab. 
2014;21(5):706-717. doi:10.1016/j.cmet.2015.04.002. 

33.  Ziegler M. New functions of a long-known molecule. Emerging roles of NAD in 
cellular signaling. Eur. J. Biochem. 2000;267(6):1550-64. 

34.  Pollak N, Niere M, Ziegler M. NAD kinase levels control the NADPH 
concentration in human cells. J. Biol. Chem. 2007;282(46):33562-71. 
doi:10.1074/jbc.M704442200. 

35.  Ying W. NAD + /NADH and NADP + /NADPH in Cellular Functions and Cell 
Death: Regulation and Biological Consequences. Antioxid. Redox Signal. 
2008;10(2):179-206. doi:10.1089/ars.2007.1672. 

36.  Pollak N, Dölle C, Ziegler M. The power to reduce: pyridine nucleotides – small 
molecules with a multitude of functions. Biochem. J. 2007;402(2):205-218. 
doi:10.1042/BJ20061638. 



	

	

93	

37.  Cantó C, Sauve AA, Bai P. Crosstalk between poly(ADP-ribose) polymerase and 
sirtuin enzymes. Mol. Aspects Med. 2013;34(6):1168-201. 
doi:10.1016/j.mam.2013.01.004. 

38.  Fouquerel E, Sobol RW. ARTD1 (PARP1) activation and NAD(+) in DNA repair 
and cell death. DNA Repair (Amst). 2014;23:27-32. 
doi:10.1016/j.dnarep.2014.09.004. 

39.  Bai P, Cantó C. The Role of PARP-1 and PARP-2 Enzymes in Metabolic 
Regulation and Disease. Cell Metab. 2012;16(3):290-295. 
doi:10.1016/j.cmet.2012.06.016. 

40.  Bitterman KJ, Anderson RM, Cohen HY, Latorre-Esteves M, Sinclair DA. 
Inhibition of silencing and accelerated aging by nicotinamide, a putative negative 
regulator of yeast sir2 and human SIRT1. J. Biol. Chem. 2002;277(47):45099-107. 
doi:10.1074/jbc.M205670200. 

41.  Bonkowski MS, Sinclair DA. Slowing ageing by design: the rise of NAD+ and 
sirtuin-activating compounds. Nat. Rev. Mol. Cell Biol. 2016;17(11):679-690. 
doi:10.1038/nrm.2016.93. 

42.  Rajamohan SB, Pillai VB, et al. SIRT1 Promotes Cell Survival under Stress by 
Deacetylation-Dependent Deactivation of Poly(ADP-Ribose) Polymerase 1. Mol. 
Cell. Biol. 2009;29(15):4116-4129. doi:10.1128/MCB.00121-09. 

43.  Chini EN. CD38 as a regulator of cellular NAD: a novel potential pharmacological 
target for metabolic conditions. Curr. Pharm. Des. 2009;15(507):57-63. 
doi:10.2174/138161209787185788. 

44.  Kang B-N, Tirumurugaan KG, Deshpande DA, et al. Transcriptional regulation of 
CD38 expression by tumor necrosis factor-  in human airway smooth muscle cells: 
role of NF- B and sensitivity to glucocorticoids. FASEB J. 2006;20(7):1000-1002. 
doi:10.1096/fj.05-4585fje. 

45.  Gul R, Park JH, Kim SY, et al. Inhibition of ADP-ribosyl cyclase attenuates 
angiotensin II-induced cardiac hypertrophy. Cardiovasc. Res. 2009;81(3):582-591. 
doi:10.1093/cvr/cvn232. 

46.  Zhang G, Chao M, Hui L, et al. Poly(ADP-ribose)Polymerase 1 Inhibition Protects 
Against Age-Dependent Endothelial Dysfunction. Clin. Exp. Pharmacol. Physiol. 
2015:n/a-n/a. doi:10.1111/1440-1681.12484. 

47.  Long A, Park JH, Klimova N, Fowler C, Loane DJ, Kristian T. CD38 Knockout 
Mice Show Significant Protection Against Ischemic Brain Damage Despite High 
Level Poly-ADP-Ribosylation. Neurochem. Res. 2017;42(1):283-293. 
doi:10.1007/s11064-016-2031-9. 

48.  Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators of metabolism and 



	

	

94	

healthspan. Nat. Rev. Mol. Cell Biol. 2012;13(4):225. doi:10.1038/nrm3293. 

49.  Kennedy BK, Austriaco NR, Zhang J, Guarente L. Mutation in the silencing gene 
SIR4 can delay aging in S. cerevisiae. Cell 1995;80(3):485-96. 

50.  Tissenbaum HA, Guarente L. Increased dosage of a sir-2 gene extends lifespan in 
Caenorhabditis elegans. Nature 2001;410(6825):227-230. doi:10.1038/35065638. 

51.  Rogina B, Helfand SL. Sir2 mediates longevity in the fly through a pathway 
related to calorie restriction. Proc. Natl. Acad. Sci. 2004;101(45):15998-16003. 
doi:10.1073/pnas.0404184101. 

52.  Nakagawa T, Guarente L. SnapShot: Sirtuins, NAD, and Aging. Cell Metab. 
2014;20(1):192-192.e1. doi:10.1016/j.cmet.2014.06.001. 

53.  Bonkowski MS, Sinclair DA. Slowing ageing by design: the rise of NAD+ and 
sirtuin-activating compounds. Nat. Rev. Mol. Cell Biol. 2016;230(2001):2-3. 
doi:10.1038/nrm.2016.93. 

54.  Chen HZ, Wang F, Gao P, et al. Age-Associated Sirtuin 1 Reduction in Vascular 
Smooth Muscle Links Vascular Senescence and Inflammation to Abdominal 
Aortic Aneurysm. Circ. Res. 2016;119(10):1076-1088. 
doi:10.1161/CIRCRESAHA.116.308895. 

55.  Gao P, Xu T-T, Lu J, et al. Overexpression of SIRT1 in vascular smooth muscle 
cells attenuates angiotensin II-induced vascular remodeling and hypertension in 
mice. J. Mol. Med. (Berl). 2014;92(4):347-57. doi:10.1007/s00109-013-1111-4. 

56.  Gorenne I, Kumar S, Gray K, et al. Vascular smooth muscle cell sirtuin 1 protects 
against DNA damage and inhibits atherosclerosis. Circulation 2013;127(3):386-
96. doi:10.1161/CIRCULATIONAHA.112.124404. 

57.  Fry JL, Al Sayah L, Weisbrod RM, et al. Vascular Smooth Muscle Sirtuin-1 
Protects Against Diet-Induced Aortic StiffnessNovelty and Significance. 
Hypertension 2016;68(3). 

58.  Zhang Q -j., Wang Z, Chen H -z., et al. Endothelium-specific overexpression of 
class III deacetylase SIRT1 decreases atherosclerosis in apolipoprotein E-deficient 
mice. Cardiovasc. Res. 2008;80(2):191-199. doi:10.1093/cvr/cvn224. 

59.  Stein S, Lohmann C, Schäfer N, et al. SIRT1 decreases Lox-1-mediated foam cell 
formation in atherogenesis. Eur. Heart J. 2010;31(18):2301-9. 
doi:10.1093/eurheartj/ehq107. 

60.  Xu S, Yin M, Koroleva M, et al. SIRT6 protects against endothelial dysfunction 
and atherosclerosis in mice. Aging (Albany. NY). 2017;8(5):1064-1078. 
doi:10.18632/aging.100975. 



	

	

95	

61.  Rouleau M, Patel A, Hendzel MJ, Kaufmann SH, Poirier GG. PARP inhibition: 
PARP1 and beyond. Nat. Rev. Cancer 2010;10(4):293-301. doi:10.1038/nrc2812. 

62.  Morales J, Li L, Fattah FJ, et al. Review of poly (ADP-ribose) polymerase (PARP) 
mechanisms of action and rationale for targeting in cancer and other diseases. Crit. 
Rev. Eukaryot. Gene Expr. 2014;24(1):15-28. 
doi:10.1615/CritRevEukaryotGeneExpr.2013006875. 

63.  Luijsterburg MS, de Krijger I, Wiegant WW, et al. PARP1 Links CHD2-Mediated 
Chromatin Expansion and H3.3 Deposition to DNA Repair by Non-homologous 
End-Joining. Mol. Cell 2016;61(4):547-562. doi:10.1016/j.molcel.2016.01.019. 

64.  Beck C, Robert I, Reina-San-Martin B, Schreiber V, Dantzer F. Poly(ADP-ribose) 
polymerases in double-strand break repair: Focus on PARP1, PARP2 and PARP3. 
Exp. Cell Res. 2014;329(1):18-25. doi:10.1016/j.yexcr.2014.07.003. 

65.  Luo X, Kraus WL. On PAR with PARP: cellular stress signaling through 
poly(ADP-ribose) and PARP-1. Genes Dev. 2012;26(5):417-432. 
doi:10.1101/gad.183509.111. 

66.  Altmeyer M, Neelsen KJ, Teloni F, et al. Liquid demixing of intrinsically 
disordered proteins is seeded by poly(ADP-ribose). Nat. Commun. 2015;6:8088. 
doi:10.1038/ncomms9088. 

67.  Berger NA. Poly(ADP-ribose) in the cellular response to DNA damage. Radiat. 
Res. 1985;101(1):4-15. 

68.  Fouquerel E, Goellner EM, Yu Z, et al. ARTD1/PARP1 Negatively Regulates 
Glycolysis by Inhibiting Hexokinase 1 Independent of NAD+ Depletion. Cell Rep. 
2014;8(6):1819-1831. doi:10.1016/j.celrep.2014.08.036. 

69.  Andrabi SA, Umanah GKE, Chang C, et al. Poly(ADP-ribose) polymerase-
dependent energy depletion occurs through inhibition of glycolysis. Proc. Natl. 
Acad. Sci. U. S. A. 2014;111(28):10209-14. doi:10.1073/pnas.1405158111. 

70.  Fatokun AA, Dawson VL, Dawson TM. Parthanatos: mitochondrial-linked 
mechanisms and therapeutic opportunities. Br. J. Pharmacol. 2014;171(8):2000-
2016. doi:10.1111/bph.12416. 

71.  Zhou Y, Feng X, Koh DW. Activation of Cell Death Mediated by Apoptosis-
Inducing Factor Due to the Absence of Poly(ADP-ribose) Glycohydrolase. 
Biochemistry 2011;50(14):2850-2859. doi:10.1021/bi101829r. 

72.  Wang Y, Kim NS, Haince J-F, et al. Poly(ADP-ribose) (PAR) binding to 
apoptosis-inducing factor is critical for PAR polymerase-1-dependent cell death 
(parthanatos). Sci. Signal. 2011;4(167):ra20. doi:10.1126/scisignal.2000902. 

73.  Mashimo M, Kato J, Moss J. ADP-ribosyl-acceptor hydrolase 3 regulates poly 



	

	

96	

(ADP-ribose) degradation and cell death during oxidative stress. Proc. Natl. Acad. 
Sci. U. S. A. 2013;110(47):18964-9. doi:10.1073/pnas.1312783110. 

74.  Alano CC, Ying W, Swanson RA. Poly(ADP-ribose) polymerase-1-mediated cell 
death in astrocytes requires NAD+ depletion and mitochondrial permeability 
transition. J. Biol. Chem. 2004;279(18):18895-902. doi:10.1074/jbc.M313329200. 

75.  Alano CC, Garnier P, Ying W, Higashi Y, Kauppinen TM, Swanson RA. NAD+ 
depletion is necessary and sufficient for poly(ADP-ribose) polymerase-1-mediated 
neuronal death. J. Neurosci. 2010;30(8):2967-78. doi:10.1523/JNEUROSCI.5552-
09.2010. 

76.  Yoo Y. Cerulenin-induced apoptosis is mediated by disrupting the interaction 
between AIF and hexokinase II. Int. J. Oncol. 2012. doi:10.3892/ijo.2012.1401. 

77.  Hocsak E, Szabo V, Kalman N, et al. PARP inhibition protects mitochondria and 
reduces ROS production via PARP-1-ATF4-MKP-1-MAPK retrograde pathway. 
Free Radic. Biol. Med. 2017. doi:10.1016/j.freeradbiomed.2017.04.018. 

78.  Jouan-Lanhouet S, Arshad MI, Piquet-Pellorce C, et al. TRAIL induces 
necroptosis involving RIPK1/RIPK3-dependent PARP-1 activation. Cell Death 
Differ. 2012;19(12):2003-14. doi:10.1038/cdd.2012.90. 

79.  Robaszkiewicz A, Rodriguez-Vargas JM, Oliver FJ. Poly(ADP-ribose) signaling 
in cell death. Mol. Aspects Med. 2013;34(6):1153-1167. 
doi:10.1016/j.mam.2013.01.007. 

80.  Oliver FJ, de la Rubia G, Rolli V, Ruiz-Ruiz MC, de Murcia G, Murcia JM. 
Importance of poly(ADP-ribose) polymerase and its cleavage in apoptosis. Lesson 
from an uncleavable mutant. J. Biol. Chem. 1998;273(50):33533-9. 
doi:10.1074/JBC.273.50.33533. 

81.  Nicotera P, Leist M, Ferrando-May E. Intracellular ATP, a switch in the decision 
between apoptosis and necrosis. Toxicol. Lett. 1998;102-103:139-42. 

82.  Ditsworth D, Zong W-X, Thompson CB. Activation of poly(ADP)-ribose 
polymerase (PARP-1) induces release of the pro-inflammatory mediator HMGB1 
from the nucleus. J. Biol. Chem. 2007;282(24):17845-54. 
doi:10.1074/jbc.M701465200. 

83.  Davis K, Banerjee S, Friggeri A, Bell C, Abraham E, Zerfaoui M. Poly(ADP-
ribosyl)ation of high mobility group box 1 (HMGB1) protein enhances inhibition 
of efferocytosis. Mol. Med. 2012;18(1):359-69. doi:10.2119/molmed.2011.00203. 

84.  Peter C, Wesselborg S, Herrmann M, Lauber K. Dangerous attraction: phagocyte 
recruitment and danger signals of apoptotic and necrotic cells. Apoptosis 
2010;15(9):1007-1028. doi:10.1007/s10495-010-0472-1. 



	

	

97	

85.  Bock KW, Gäng V, Beer HP, Kronau R, Grunicke H. Localization and regulation 
of two NAD nucleosidases in Ehrlich ascites cells. Eur. J. Biochem. 
1968;4(3):357-63. 

86.  Shrimp JH, Hu J, Dong M, et al. Revealing CD38 Cellular Localization Using a 
Cell Permeable, Mechanism-Based Fluorescent Small-Molecule Probe. J. Am. 
Chem. Soc. 2014;136(15):5656-5663. doi:10.1021/ja411046j. 

87.  Zhao YJ, Lam CMC, Lee HC. The Membrane-Bound Enzyme CD38 Exists in 
Two Opposing Orientations. Sci. Signal. 2012;5(241). 

88.  Fumaro A, Horenstein AL, Calosso L, et al. Identification and characterization of 
an active soluble form of human CD38 in normal and pathological fluids. Int. 
Immunol. 1996;8(11):1643-1650. doi:10.1093/intimm/8.11.1643. 

89.  Khoo KM, Han M-K, Park JB, et al. Localization of the Cyclic ADP-ribose-
dependent Calcium Signaling Pathway in Hepatocyte Nucleus. J. Biol. Chem. 
2000;275(32):24807-24817. doi:10.1074/jbc.M908231199. 

90.  Soares S, Thompson M, White T, et al. NAADP as a second messenger: neither 
CD38 nor base-exchange reaction are necessary for in vivo generation of NAADP 
in myometrial cells. Am. J. Physiol. - Cell Physiol. 2007;292(1). 

91.  Wei W, Graeff R, Yue J. Roles and mechanisms of the CD38/cyclic adenosine 
diphosphate ribose/Ca(2+) signaling pathway. World J. Biol. Chem. 2014;5(1):58-
67. doi:10.4331/wjbc.v5.i1.58. 

92.  Gul R, Shawl AI, Kim S-H, Kim U-H. Cooperative interaction between reactive 
oxygen species and Ca2+ signals contributes to angiotensin II-induced 
hypertrophy in adult rat cardiomyocytes. AJP Hear. Circ. Physiol. 
2012;302(4):H901-H909. doi:10.1152/ajpheart.00250.2011. 

93.  Xu M, Zhang Y, Xia M, et al. NAD(P)H oxidase-dependent intracellular and 
extracellular O2•- production in coronary arterial myocytes from CD38 knockout 
mice. Free Radic. Biol. Med. 2012;52(2):357-65. 
doi:10.1016/j.freeradbiomed.2011.10.485. 

94.  Zielinska W, Barata H, Chini EN. Metabolism of cyclic ADP-ribose: Zinc is an 
endogenous modulator of the cyclase/NAD glycohydrolase ratio of a CD38-like 
enzyme from human seminal fluid. Life Sci. 2004;74(14):1781-90. 

95.  Aksoy P, White TA, Thompson M, Chini EN. Regulation of intracellular levels of 
NAD: A novel role for CD38. Biochem. Biophys. Res. Commun. 
2006;345(4):1386-1392. doi:10.1016/j.bbrc.2006.05.042. 

96.  Young GS, Choleris E, Lund FE, Kirkland JB. Decreased cADPR and increased 
NAD+ in the Cd38−/− mouse. Biochem. Biophys. Res. Commun. 2006;346(1):188-
192. doi:10.1016/j.bbrc.2006.05.100. 



	

	

98	

97.  Camacho-Pereira J, Tarragó MG, Chini CCS, et al. CD38 Dictates Age-Related 
NAD Decline and Mitochondrial Dysfunction through an SIRT3-Dependent 
Mechanism. Cell Metab. 2016;23(6):1127-1139. doi:10.1016/j.cmet.2016.05.006. 

98.  Barbosa MTP, Soares SM, Novak CM, et al. The enzyme CD38 (a NAD 
glycohydrolase, EC 3.2.2.5) is necessary for the development of diet-induced 
obesity. FASEB J. 2007;21(13):3629-3639. doi:10.1096/fj.07-8290com. 

99.  Lee S, Paudel O, Jiang Y, Yang X-R, Sham JSK. CD38 mediates angiotensin II-
induced intracellular Ca(2+) release in rat pulmonary arterial smooth muscle cells. 
Am. J. Respir. Cell Mol. Biol. 2015;52(3):332-41. doi:10.1165/rcmb.2014-
0141OC. 

100.  Braidy N, Guillemin GJ, Mansour H, Chan-Ling T, Poljak A, Grant R. Age related 
changes in NAD+ metabolism oxidative stress and Sirt1 activity in wistar rats. 
PLoS One 2011;6(4):e19194. doi:10.1371/journal.pone.0019194. 

101.  Braidy N, Poljak A, Grant R, et al. Mapping NAD+ metabolism in the brain of 
ageing Wistar rats: potential targets for influencing brain senescence. 
Biogerontology 2014;15(2):177-198. doi:10.1007/s10522-013-9489-5. 

102.  Zhu X-H, Lu M, Lee B-Y, Ugurbil K, Chen W. In vivo NAD assay reveals the 
intracellular NAD contents and redox state in healthy human brain and their age 
dependences. Proc. Natl. Acad. Sci. 2015;112(9):201417921. 
doi:10.1073/pnas.1417921112. 

103.  Massudi H, Grant R, Braidy N, Guest J, Farnsworth B, Guillemin GJ. Age-
associated changes in oxidative stress and NAD+ metabolism in human tissue. 
PLoS One 2012;7(7):e42357. doi:10.1371/journal.pone.0042357. 

104.  Zhou C-C, Yang X, Hua X, et al. Hepatic NAD + deficiency as a therapeutic target 
for non-alcoholic fatty liver disease in ageing. Br. J. Pharmacol. 
2016;173(15):2352-2368. doi:10.1111/bph.13513. 

105.  Guan Y, Wang S-R, Huang X-Z, et al. Nicotinamide Mononucleotide, an NAD + 
Precursor, Rescues Age-Associated Susceptibility to AKI in a Sirtuin 1–Dependent 
Manner. J. Am. Soc. Nephrol. 2017:ASN.2016040385. 
doi:10.1681/ASN.2016040385. 

106.  Yoshino J, Mills KF, Yoon MJ, Imai S. Nicotinamide mononucleotide, a key 
NAD(+) intermediate, treats the pathophysiology of diet- and age-induced diabetes 
in mice. Cell Metab. 2011;14(4):528-36. doi:10.1016/j.cmet.2011.08.014. 

107.  Braidy N, Poljak A, Grant R, et al. Mapping NAD+ metabolism in the brain of 
ageing Wistar rats: potential targets for influencing brain senescence. 
Biogerontology 2014;15(2):177-198. doi:10.1007/s10522-013-9489-5. 

108.  Zhang H, Ryu D, Wu Y, et al. NAD+ repletion improves mitochondrial and stem 



	

	

99	

cell function and enhances life span in mice. Science (80-. ). 2016. 

109.  Lin JB, Kubota S, Ban N, et al. NAMPT-Mediated NAD(+) Biosynthesis Is 
Essential for Vision In Mice. Cell Rep. 2016;17(1):69-85. 
doi:10.1016/j.celrep.2016.08.073. 

110.  Watson A, Nong Z, Yin H, et al. Nicotinamide Phosphoribosyltransferase in 
Smooth Muscle Cells Maintains Genome Integrity, Resists Aortic Medial 
Degeneration and Is Suppressed in Human Thoracic Aortic Aneurysm Disease. 
Circ. Res. 2017. 

111.  Wang P, Yang X, Zhang Z, et al. Depletion of NAD pool contributes to 
impairment of endothelial progenitor cell mobilization in diabetes. Metabolism 
2016;65(6):852-862. doi:10.1016/j.metabol.2016.03.006. 

112.  Yamamoto T, Byun J, Zhai P, Ikeda Y, Oka S, Sadoshima J. Nicotinamide 
Mononucleotide, an Intermediate of NAD+ Synthesis, Protects the Heart from 
Ischemia and Reperfusion. Hosoda T, ed. PLoS One 2014;9(6):e98972. 
doi:10.1371/journal.pone.0098972. 

113.  Brown KD, Maqsood S, Huang J-Y, et al. Activation of SIRT3 by the NAD+ 
Precursor Nicotinamide Riboside Protects from Noise-Induced Hearing Loss. Cell 
Metab. 2014;20(6):1059-1068. doi:10.1016/j.cmet.2014.11.003. 

114.  Ryu D, Zhang H, Ropelle ER, et al. NAD+ repletion improves muscle function in 
muscular dystrophy and counters global PARylation. Sci. Transl. Med. 
2016;8(361):361ra139-361ra139. doi:10.1126/scitranslmed.aaf5504. 

115.  Diani-Moore S, Shoots J, Singh R, Zuk JB, Rifkind AB. NAD+ loss, a new player 
in AhR biology: prevention of thymus atrophy and hepatosteatosis by NAD+ 
repletion. Sci. Rep. 2017;7(1):2268. doi:10.1038/s41598-017-02332-9. 

116.  Qi Z, Xia J, Xue X, He Q, Ji L, Ding S. Long-term treatment with nicotinamide 
induces glucose intolerance and skeletal muscle lipotoxicity in normal chow-fed 
mice: compared to diet-induced obesity. J. Nutr. Biochem. 2016;36:31-41. 
doi:10.1016/j.jnutbio.2016.07.005. 

117.  Greenbaum CJ, Kahn SE, Palmer JP. Nicotinamide’s Effects on Glucose 
Metabolism in Subjects at Risk for IDDM. (12):1631-1634. 

118.  Rubenfire M. Safety and compliance with once-daily niacin extended-
release/lovastatin as initial therapy in the Impact of Medical Subspecialty on 
Patient Compliance to Treatment (IMPACT) study. Am. J. Cardiol. 
2004;94(3):306-311. doi:10.1016/j.amjcard.2004.04.024. 

119.  Kamal-Bahl S, Watson DJ, Ambegaonkar BM. Patients’ experiences of niacin-
induced flushing in clinical practice: A structured telephone interview. Clin. Ther. 
2009;31(1):130-140. doi:10.1016/j.clinthera.2009.01.011. 



	

	

100	

120.  Kelly JJ, Lawson JA, Campbell L V, et al. Effects of nicotinic acid on insulin 
sensitivity and blood pressure in healthy subjects. J. Hum. Hypertens. 
2000;14(9):567-72. 

121.  Heemskerk MM, van den Berg S a a, Pronk ACM, et al. Long-term niacin 
treatment induces insulin resistance and adrenergic responsiveness in adipocytes 
by adaptive downregulation of phosphodiesterase 3B. Am. J. Physiol. Endocrinol. 
Metab. 2014;306(7):E808-13. doi:10.1152/ajpendo.00641.2013. 

122.  Li D, Luo N, Ma Q, et al. Excessive nicotinic acid increases methyl consumption 
and hydrogen peroxide generation in rats. Pharm. Biol. 2013;51(1):8-12. 
doi:10.3109/13880209.2012.697175. 

123.  Sasaki Y, Araki T, Milbrandt J. Stimulation of nicotinamide adenine dinucleotide 
biosynthetic pathways delays axonal degeneration after axotomy. J. Neurosci. 
2006;26(33):8484-91. doi:10.1523/JNEUROSCI.2320-06.2006. 

124.  Hawrylyshyn K. Nicotinamide Riboside Delivery Generates NAD+ Reserves to 
Protect Vascular Cells Against Oxidative Damage. Electron. Thesis Diss. Repos. 
2015. 

125.  Conze DB, Kruger CL. Safety assessment of nicotinamide riboside , a form of 
vitamin B 3. 2016. doi:10.1177/0960327115626254. 

126.  Cantó C, Houtkooper RH, Pirinen E, et al. The NAD+ precursor nicotinamide 
riboside enhances oxidative metabolism and protects against high-fat diet-induced 
obesity. Cell Metab. 2012;15:838-847. doi:10.1016/j.cmet.2012.04.022. 

127.  Nguyen Dinh Cat A, Montezano AC, Burger D, Touyz RM. Angiotensin II, 
NADPH oxidase, and redox signaling in the vasculature. Antioxid. Redox Signal. 
2013;19(10):1110-20. doi:10.1089/ars.2012.4641. 

128.  Owens AP, Subramanian V, Moorleghen JJ, et al. Angiotensin II Induces a 
Region-Specific Hyperplasia of the Ascending Aorta Through Regulation of 
Inhibitor of Differentiation 3. Circ. Res. 2010;106(3):611-619. 
doi:10.1161/CIRCRESAHA.109.212837. 

129.  Gomolak JR, Didion SP. Angiotensin II-induced endothelial dysfunction is 
temporally linked with increases in interleukin-6 and vascular macrophage 
accumulation. Front. Physiol. 2014;5:396. doi:10.3389/FPHYS.2014.00396. 

130.  Crowley SD, Gurley SB, Herrera MJ, et al. Angiotensin II causes hypertension and 
cardiac hypertrophy through its receptors in the kidney. Proc. Natl. Acad. Sci. U. 
S. A. 2006;103(47):17985-17990. doi:10.1073/pnas.0605545103. 

131.  Lu H, Howatt DA, Balakrishnan A, et al. Subcutaneous Angiotensin II Infusion 
using Osmotic Pumps Induces Aortic Aneurysms in Mice. J. Vis. Exp. 2015;(103). 
doi:10.3791/53191. 



	

	

101	

132.  Manea S-A, Constantin A, Manda G, Sasson S, Manea A. Regulation of Nox 
enzymes expression in vascular pathophysiology: Focusing on transcription factors 
and epigenetic mechanisms. Redox Biol. 2015;5:358-66. 
doi:10.1016/j.redox.2015.06.012. 

133.  Drummond GR, Selemidis S, Griendling KK, Sobey CG. Combating oxidative 
stress in vascular disease: NADPH oxidases as therapeutic targets. Nat. Rev. Drug 
Discov. 2011;10(6):453-71. doi:10.1038/nrd3403. 

134.  García-Redondo AB, Aguado A, Briones AM, Salaices M. NADPH oxidases and 
vascular remodeling in cardiovascular diseases. Pharmacol. Res. 2016;114:110-
120. doi:10.1016/j.phrs.2016.10.015. 

135.  Al Ghouleh I, Frazziano G, Rodriguez AI, et al. Aquaporin 1, Nox1, and Ask1 
mediate oxidant-induced smooth muscle cell hypertrophy. Cardiovasc. Res. 
2013;97(1):134-142. doi:10.1093/cvr/cvs295. 

136.  Zhang Y, Griendling KK, Dikalova A, Owens GK, Taylor WR. Vascular 
Hypertrophy in Angiotensin II–Induced Hypertension Is Mediated by Vascular 
Smooth Muscle Cell–Derived H2O2. Hypertension 2005;46(4). 

137.  Chrissobolis S, Didion SP, Kinzenbaw DA, et al. Glutathione Peroxidase-1 Plays a 
Major Role in Protecting Against Angiotensin II–Induced Vascular Dysfunction. 
Hypertension 2008;51(4). 

138.  Nishida M, Kitajima N, Saiki S, Nakaya M, Kurose H. Regulation of Angiotensin 
II receptor signaling by cysteine modification of NF-κB. Nitric Oxide 
2011;25(2):112-117. doi:10.1016/j.niox.2010.10.003. 

139.  Matsuno K, Yamada H, Iwata K, et al. Nox1 is involved in angiotensin II-
mediated hypertension: a study in Nox1-deficient mice. Circulation 
2005;112(17):2677-85. doi:10.1161/CIRCULATIONAHA.105.573709. 

140.  Gavazzi G, Banfi B, Deffert C, et al. Decreased blood pressure in NOX1-deficient 
mice. FEBS Lett. 2006;580(2):497-504. doi:10.1016/j.febslet.2005.12.049. 

141.  Wang H Di, Xu S, Johns DG, et al. Role of NADPH Oxidase in the Vascular 
Hypertrophic and Oxidative Stress Response to Angiotensin II in Mice. Circ. Res. 
2001;88(9). 

142.  Landmesser U, Cai H, Dikalov S, et al. Role of p47(phox) in vascular oxidative 
stress and hypertension caused by angiotensin II. Hypertens. (Dallas, Tex.  1979) 
2002;40(4):511-5. 

143.  Lob HE, Schultz D, Marvar PJ, Davisson RL, Harrison DG. Role of the NADPH 
Oxidases in the Subfornical Organ in Angiotensin II-Induced Hypertension. 
Hypertension 2013;61(2):382-387. 
doi:10.1161/HYPERTENSIONAHA.111.00546. 



	

	

102	

144.  Collister JP, Taylor-Smith H, Drebes D, Nahey D, Tian J, Zimmerman MC. 
Angiotensin II-Induced Hypertension Is Attenuated by Overexpressing 
Copper/Zinc Superoxide Dismutase in the Brain Organum Vasculosum of the 
Lamina Terminalis. Oxid. Med. Cell. Longev. 2016;2016:3959087. 
doi:10.1155/2016/3959087. 

145.  Schrader LI, Kinzenbaw DA, Johnson AW, Faraci FM, Didion SP. IL-6 
Deficiency Protects Against Angiotensin II–Induced Endothelial Dysfunction and 
Hypertrophy. Arterioscler. Thromb. Vasc. Biol. 2007;27(12). 

146.  Wu R, Laplante M-A, de Champlain J. Cyclooxygenase-2 Inhibitors Attenuate 
Angiotensin II–Induced Oxidative Stress, Hypertension, and Cardiac Hypertrophy 
in Rats. Hypertension 2005;45(6). 

147.  Dimmeler S, Rippmann V, Weiland U, Haendeler J, Zeiher AM. Angiotensin II 
induces apoptosis of human endothelial cells. Protective effect of nitric oxide. 
Circ. Res. 1997;81(6):970-6. 

148.  Li Y, Song Y-H, Mohler J, Delafontaine P. ANG II induces apoptosis of human 
vascular smooth muscle via extrinsic pathway involving inhibition of Akt 
phosphorylation and increased FasL expression. Am. J. Physiol. Heart Circ. 
Physiol. 2006;290(5):H2116-23. doi:10.1152/ajpheart.00551.2005. 

149.  Trachet B, Piersigilli A, Fraga-Silva RA, et al. Ascending Aortic Aneurysm in 
Angiotensin II–Infused Mice. Arterioscler. Thromb. Vasc. Biol. 2016. 

150.  Diep QN, Li J-S, Schiffrin EL. In Vivo Study of AT1 and AT2 Angiotensin 
Receptors in Apoptosis in Rat Blood Vessels. Hypertension 1999;34(4). 

151.  Mel’nikova NP, Timoshin SS, Jivotova EY, Pelliniemi LJ, Jokinen E, Abdelwahid 
E. Angiotensin-II activates apoptosis, proliferation and protein synthesis in the left 
heart ventricle of newborn albino rats. Int. J. Cardiol. 2006;112(2):219-222. 
doi:10.1016/j.ijcard.2005.09.003. 

152.  Aizawa T, Ishizaka N, Kurokawa K, et al. Different effects of angiotensin II and 
catecholamine on renal cell apoptosis and proliferation in rats. Kidney Int. 
2001;59(2):645-653. doi:10.1046/j.1523-1755.2001.059002645.x. 

153.  Federation of American Societies for Experimental Biology. C, Zhang L, Coselli 
JS, Shen YH, LeMaire SA. Federation Proceedings. Federation of American 
Societies for Experimental Biology; 2016. 

154.  Pober JS, Min W, Bradley JR. Mechanisms of Endothelial Dysfunction, Injury, 
and Death. Annu. Rev. Pathol. Mech. Dis. 2009;4(1):71-95. 
doi:10.1146/annurev.pathol.4.110807.092155. 

155.  Choy JC, Granville DJ, C Hunt DW, McManus BM. Endothelial Cell Apoptosis: 
Biochemical Characteristics and Potential Implications for Atherosclerosis occur 



	

	

103	

in response to a wide range of stimuli that. J Mol Cell Cardiol J. Mol. Cell. 
Cardiol. 2001;33:1673-1690. doi:10.1006/jmcc.2001.1419. 

156.  Lin SJ, Jan KM, Chien S. Role of dying endothelial cells in transendothelial 
macromolecular transport. Arteriosclerosis 10(5):703-9. 

157.  Dabagh M, Jalali P, Tarbell JM. The transport of LDL across the deformable 
arterial wall: the effect of endothelial cell turnover and intimal deformation under 
hypertension. AJP Hear. Circ. Physiol. 2009;297(3):H983-H996. 
doi:10.1152/ajpheart.00324.2009. 

158.  Aghajanian A, Wittchen ES, Allingham MJ, Garrett TA, Burridge K. Endothelial 
cell junctions and the regulation of vascular permeability and leukocyte 
transmigration. J. Thromb. Haemost. 2008;6(9):1453-60. doi:10.1111/j.1538-
7836.2008.03087.x. 

159.  Cancel LM, Fitting A, Tarbell JM. In vitro study of LDL transport under 
pressurized (convective) conditions. AJP Hear. Circ. Physiol. 2007;293(1):H126-
H132. doi:10.1152/ajpheart.01188.2006. 

160.  Ruparelia N, Chai JT, Fisher EA, Choudhury RP. Inflammatory processes in 
cardiovascular disease: a route to targeted therapies. Nat. Rev. Cardiol. 
2016;14(3):133-144. doi:10.1038/nrcardio.2016.185. 

161.  Ailawadi G, Eliason JL, Upchurch GR. Current concepts in the pathogenesis of 
abdominal aortic aneurysm. J. Vasc. Surg. 2003;38(3):584-588. 
doi:10.1016/S0741-5214(03)00324-0. 

162.  Choy JC, Granville DJ, Hunt DWC, McManus BM. Endothelial Cell Apoptosis: 
Biochemical Characteristics and Potential Implications for Atherosclerosis. J. Mol. 
Cell. Cardiol. 2001;33(9):1673-1690. doi:10.1006/jmcc.2001.1419. 

163.  Rock KL, Kono H. The inflammatory response to cell death. Annu. Rev. Pathol. 
2008;3:99-126. doi:10.1146/annurev.pathmechdis.3.121806.151456. 

164.  Goldberg RJ, Nakagawa T, Johnson RJ, Thurman JM. The role of endothelial cell 
injury in thrombotic microangiopathy. Am. J. Kidney Dis. 2010;56(6):1168-74. 
doi:10.1053/j.ajkd.2010.06.006. 

165.  López-Candales A, Holmes DR, Liao S, Scott MJ, Wickline SA, Thompson RW. 
Decreased vascular smooth muscle cell density in medial degeneration of human 
abdominal aortic aneurysms. Am. J. Pathol. 1997;150(3):993-1007. 

166.  Clarke MCH, Figg N, Maguire JJ, et al. Apoptosis of vascular smooth muscle cells 
induces features of plaque vulnerability in atherosclerosis. Nat. Med. 
2006;12(9):1075-1080. doi:10.1038/nm1459. 

167.  Brand S, Amann K, Schupp N. Angiotensin II-induced hypertension dose-



	

	

104	

dependently leads to oxidative stress and DNA damage in mouse kidneys and 
hearts. J Hypertens 2013;31(2):333-344. doi:10.1097/HJH.0b013e32835ba77e. 

168.  Kanvah S, Joseph J, Schuster GB, Barnett RN, Cleveland CL, Landman U. 
Oxidation of DNA: Damage to Nucleobase. Acc. Chem. Res. 2010;43(2):280-287. 
doi:10.1021/ar900175a. 

169.  Allgayer J, Kitsera N, Bartelt S, Epe B, Khobta A. Widespread transcriptional 
gene inactivation initiated by a repair intermediate of 8-oxoguanine. Nucleic Acids 
Res. 2016;44(15):7267-80. doi:10.1093/nar/gkw473. 

170.  Pan L, Zhu B, Hao W, et al. Oxidized Guanine Base Lesions Function in 8-
Oxoguanine DNA Glycosylase-1-mediated Epigenetic Regulation of Nuclear 
Factor κB-driven Gene Expression. J. Biol. Chem. 2016;291(49):25553-25566. 
doi:10.1074/jbc.M116.751453. 

171.  Turinetto V, Giachino C. Multiple facets of histone variant H2AX: a DNA double-
strand-break marker with several biological functions. Nucleic Acids Res. 
2015;43(5):2489-98. doi:10.1093/nar/gkv061. 

172.  Uryga A, Gray K, Bennett M. DNA Damage and Repair in Vascular Disease. 
Annu. Rev. Physiol. 2016;78(1):45-66. doi:10.1146/annurev-physiol-021115-
105127. 

173.  Mahmoudi M, Gorenne I, Mercer J, Figg N, Littlewood T, Bennett M. Statins Use 
a Novel Nijmegen Breakage Syndrome-1–Dependent Pathway to Accelerate DNA 
Repair in Vascular Smooth Muscle Cells. Circ. Res. 2008;103(7). 

174.  Cafueri G, Parodi F, Pistorio A, et al. Endothelial and Smooth Muscle Cells from 
Abdominal Aortic Aneurysm Have Increased Oxidative Stress and Telomere 
Attrition. Schmidt HHHW, ed. PLoS One 2012;7(4):e35312. 
doi:10.1371/journal.pone.0035312. 

175.  Herbert KE, Mistry Y, Hastings R, Poolman T, Niklason L, Williams B. 
Angiotensin II–Mediated Oxidative DNA Damage Accelerates Cellular 
Senescence in Cultured Human Vascular Smooth Muscle Cells via Telomere-
Dependent and Independent Pathways. Circ. Res. 2008;102(2). 

176.  Li D-J, Huang F, Ni M, Fu H, Zhang L-S, Shen F-M. α7 Nicotinic Acetylcholine 
Receptor Relieves Angiotensin II–Induced Senescence in Vascular Smooth Muscle 
Cells by Raising Nicotinamide Adenine Dinucleotide–Dependent SIRT1 
ActivityHighlights. Arterioscler. Thromb. Vasc. Biol. 2016;36(8). 

177.  Minamino T, Yoshida T, Tateno K, et al. Ras Induces Vascular Smooth Muscle 
Cell Senescence and Inflammation in Human Atherosclerosis. Circulation 
2003;108(18):2264-2269. doi:10.1161/01.CIR.0000093274.82929.22. 

178.  Liao S, Curci JA, Kelley BJ, Sicard GA, Thompson RW. Accelerated Replicative 



	

	

105	

Senescence of Medial Smooth Muscle Cells Derived from Abdominal Aortic 
Aneurysms Compared to the Adjacent Inferior Mesenteric Artery. J. Surg. Res. 
2000;92(1):85-95. doi:10.1006/jsre.2000.5878. 

179.  Sharpless NE, Sherr CJ. Forging a signature of in vivo senescence. Nat. Rev. 
Cancer 2015;15(7):397-408. doi:10.1038/nrc3960. 

180.  Sasaki M, Kajiya H, Ozeki S, Okabe K, Ikebe T. Reactive oxygen species 
promotes cellular senescence in normal human epidermal keratinocytes through 
epigenetic regulation of p16INK4a. Biochem. Biophys. Res. Commun. 
2014;452(3):622-628. doi:10.1016/j.bbrc.2014.08.123. 

181.  Wang Y, Schulte BA, LaRue AC, Ogawa M, Zhou D. Total body irradiation 
selectively induces murine hematopoietic stem cell senescence. Blood 
2005;107(1). 

182.  Caillon A, Mian MOR, Fraulob-Aquino JC, et al. Gamma Delta T Cells Mediate 
Angiotensin II-Induced Hypertension and Vascular Injury. Circulation 2017. 

183.  Tummala PE, Chen XL, Sundell CL, et al. Angiotensin II induces vascular cell 
adhesion molecule-1 expression in rat vasculature: A potential link between the 
renin-angiotensin system and atherosclerosis. Circulation 1999;100(11):1223-9. 

184.  Cybulsky MI, Iiyama K, Li H, et al. A major role for VCAM-1, but not ICAM-1, 
in early atherosclerosis. J. Clin. Invest. 2001;107(10):1255-62. 
doi:10.1172/JCI11871. 

185.  Semaan HB, Gurbel PA, Anderson JL, et al. Soluble VCAM-1 and E-selectin, but 
not ICAM-1 discriminate endothelial injury in patients with documented coronary 
artery disease. Cardiology 2000;93(1-2):7-10. doi:6995. 

186.  Pueyo ME, Gonzalez W, Nicoletti A, Savoie F, Arnal JF, Michel JB. Angiotensin 
II stimulates endothelial vascular cell adhesion molecule-1 via nuclear factor-
kappaB activation induced by intracellular oxidative stress. Arterioscler. Thromb. 
Vasc. Biol. 2000;20(3):645-51. 

187.  Semprun-Prieto LC, Sukhanov S, Yoshida T, et al. Angiotensin II induced 
catabolic effect and muscle atrophy are redox dependent. Biochem. Biophys. Res. 
Commun. 2011;409(2):217-21. doi:10.1016/j.bbrc.2011.04.122. 

188.  Yoshida T, Semprun-Prieto L, Sukhanov S, Delafontaine P. IGF-1 prevents ANG 
II-induced skeletal muscle atrophy via Akt- and Foxo-dependent inhibition of the 
ubiquitin ligase atrogin-1 expression. Am. J. Physiol. Heart Circ. Physiol. 
2010;298(5):H1565-70. doi:10.1152/ajpheart.00146.2010. 

189.  Shen C, Zhou J, Wang X, et al. Angiotensin-II-induced Muscle Wasting is 
Mediated by 25-Hydroxycholesterol via GSK3β Signaling Pathway. EBioMedicine 
2017;16:238-250. doi:10.1016/j.ebiom.2017.01.040. 



	

	

106	

190.  Yoshida T, Tabony AM, Galvez S, et al. Molecular mechanisms and signaling 
pathways of angiotensin II-induced muscle wasting: potential therapeutic targets 
for cardiac cachexia. Int. J. Biochem. Cell Biol. 2013;45(10):2322-32. 
doi:10.1016/j.biocel.2013.05.035. 

191.  Jensen J, Rustad PI, Kolnes AJ, Lai Y-C. The role of skeletal muscle glycogen 
breakdown for regulation of insulin sensitivity by exercise. Front. Physiol. 
2011;2:112. doi:10.3389/fphys.2011.00112. 

192.  Olivares-Reyes JA, Arellano-Plancarte A, Castillo-Hernandez JR. Angiotensin II 
and the development of insulin resistance: Implications for diabetes. Mol. Cell. 
Endocrinol. 2009;302(2):128-139. doi:10.1016/j.mce.2008.12.011. 

193.  Struthers A, W. R, F. Z, R. S, J. D, E. M. Review of aldosterone- and angiotensin 
II-induced target organ damage and prevention. Cardiovasc. Res. 2004;61(4):663-
670. doi:10.1016/j.cardiores.2003.11.037. 

194.  Sparks MA, Stegbauer J, Chen D, et al. Vascular Type 1A Angiotensin II 
Receptors Control BP by Regulating Renal Blood Flow and Urinary Sodium 
Excretion. J. Am. Soc. Nephrol. 2015;26(12):2953-2962. 
doi:10.1681/ASN.2014080816. 

195.  Campbell DJ. Do intravenous and subcutaneous angiotensin II increase blood 
pressure by different mechanisms? Clin. Exp. Pharmacol. Physiol. 
2013;40(8):560-570. doi:10.1111/1440-1681.12085. 

196.  Yoon HE, Kim EN, Kim MY, et al. Age-Associated Changes in the Vascular 
Renin-Angiotensin System in Mice. Oxid. Med. Cell. Longev. 2016;2016:6731093. 
doi:10.1155/2016/6731093. 

197.  Seikaly MG, Arant BS, Seney FD. Endogenous angiotensin concentrations in 
specific intrarenal fluid compartments of the rat. J. Clin. Invest. 1990;86(4):1352-
1357. doi:10.1172/JCI114846. 

198.  Lakatta EG, Wang M, Najjar SS. Arterial aging and subclinical arterial disease are 
fundamentally intertwined at macroscopic and molecular levels. Med. Clin. North 
Am. 2009;93(3):583-604, Table of Contents. doi:10.1016/j.mcna.2009.02.008. 

199.  Wang M, Takagi G, Asai K, et al. Aging Increases Aortic MMP-2 Activity and 
Angiotensin II in Nonhuman Primates. Hypertension 2003;41(6). 

200.  Wang M, Zhang J, Jiang L-Q, et al. Proinflammatory Profile Within the Grossly 
Normal Aged Human Aortic Wall. Hypertension 2007;50(1). 

201.  Lip GYH, Edmunds E, Nuttall SL, Landray MJ, Blann AD, Beevers DG. 
Oxidative stress in malignant and non-malignant phase hypertension. J. Hum. 
Hypertens. 2002;16(5):333-336. doi:10.1038/sj.jhh.1001386. 



	

	

107	

202.  Varon J, Marik PE. Clinical review: the management of hypertensive crises. Crit. 
Care 2003;7(5):374-84. doi:10.1186/cc2351. 

203.  Efrati S, Berman S, Goldfinger N, et al. Enhanced angiotensin II production by 
renal mesangium is responsible for apoptosis/proliferation of endothelial and 
epithelial cells in a model of malignant hypertension. J. Hypertens. 
2007;25(5):1041-1052. doi:10.1097/HJH.0b013e32807fb09c. 

204.  Benigni A, Corna D, Zoja C, et al. Disruption of the Ang II type 1 receptor 
promotes longevity in mice. J. Clin. Invest. 2009;119(3):524-30. 
doi:10.1172/JCI36703. 

205.  Pillai JB, Gupta M, Rajamohan SB, Lang R, Raman J, Gupta MP. Poly(ADP-
ribose) polymerase-1-deficient mice are protected from angiotensin II-induced 
cardiac hypertrophy. Am. J. Physiol. - Hear. Circ. Physiol. 2006;291(4). 

206.  de Picciotto NE, Gano LB, Johnson LC, et al. Nicotinamide mononucleotide 
supplementation reverses vascular dysfunction and oxidative stress with aging in 
mice. Aging Cell 2016;(February):n/a-n/a. doi:10.1111/acel.12461. 

207.  Gao P, Xu TT, Lu J, et al. Overexpression of SIRT1 in vascular smooth muscle 
cells attenuates angiotensin II-induced vascular remodeling and hypertension in 
mice. J. Mol. Med. 2014;92(4):347-357. doi:10.1007/s00109-013-1111-4. 

208.  Dolinsky VW, Chakrabarti S, Pereira TJ, et al. Resveratrol prevents hypertension 
and cardiac hypertrophy in hypertensive rats and mice. Biochim. Biophys. Acta - 
Mol. Basis Dis. 2013;1832:1723-1733. doi:10.1016/j.bbadis.2013.05.018. 

209.  Xue B, Johnson AK, Hay M. Sex differences in angiotensin II- induced 
hypertension. Brazilian J. Med. Biol. Res. 2007;40(5):727-734. 
doi:10.1590/S0100-879X2006005000093. 

210.  Khan N a., Auranen M, Paetau I, et al. Effective treatment of mitochondrial 
myopathy by nicotinamide riboside, a vitamin B3. EMBO Mol. Med. 
2014;6(6):721-731. doi:10.1002/emmm.201403943. 

211.  Preibisch S, Saalfeld S, Tomancak P. Globally optimal stitching of tiled 3D 
microscopic image acquisitions. Bioinformatics 2009;25(11):1463-1465. 
doi:10.1093/bioinformatics/btp184. 

212.  Mathews MT, Berk BC. PARP-1 inhibition prevents oxidative and nitrosative 
stress-induced endothelial cell death via transactivation of the VEGF receptor 2. 
Arterioscler. Thromb. Vasc. Biol. 2008;28(4):711-717. 
doi:10.1161/ATVBAHA.107.156406. 

213.  Coppola S, Nosseri C, Maresca V, Ghibelli L. Different basal NAD levels 
determine opposite effects of poly(ADP-ribosyl)polymerase inhibitors on H2O2-
induced apoptosis. Exp. Cell Res. 1995;221(2):462-9. doi:10.1006/excr.1995.1397. 



	

	

108	

214.  Monassier L, Combe R, Fertak L El. Mouse models of hypertension. Drug Discov. 
Today Dis. Model. 2006;3(3):273-281. doi:10.1016/j.ddmod.2006.10.008. 

215.  Yoshida T, Semprun-Prieto L, Wainford RD, Sukhanov S, Kapusta DR, 
Delafontaine P. Angiotensin II reduces food intake by altering orexigenic 
neuropeptide expression in the mouse hypothalamus. Endocrinology 
2012;153(3):1411-20. doi:10.1210/en.2011-1764. 

216.  Brink M, Price SR, Chrast J, et al. Angiotensin II induces skeletal muscle wasting 
through enhanced protein degradation and down-regulates autocrine insulin-like 
growth factor I. Endocrinology 2001;142(4):1489-96. 
doi:10.1210/endo.142.4.8082. 

217.  Brink M, Wellen J, Delafontaine P. Angiotensin II causes weight loss and 
decreases circulating insulin-like growth factor I in rats through a pressor-
independent mechanism. J. Clin. Invest. 1996;97(11):2509-2516. 
doi:10.1172/JCI118698. 

218.  Bascands JL, Girolami JP, Troly M, et al. Angiotensin II induces phenotype-
dependent apoptosis in vascular smooth muscle cells. Hypertens. (Dallas, Tex.  
1979) 2001;38(6):1294-9. 

219.  Strilic B, Yang L, Albarrán-Juárez J, et al. Tumour-cell-induced endothelial cell 
necroptosis via death receptor 6 promotes metastasis. Nature 2016;advance 
on(7615):215-218. doi:10.1038/nature19076. 

220.  Olive PL, Banáth JP. The comet assay: a method to measure DNA damage in 
individual cells. Nat. Protoc. 2006;1(1):23-29. doi:10.1038/nprot.2006.5. 

221.  Cook-Mills JM, Marchese ME, Abdala-Valencia H. Vascular cell adhesion 
molecule-1 expression and signaling during disease: regulation by reactive oxygen 
species and antioxidants. Antioxid. Redox Signal. 2011;15(6):1607-38. 
doi:10.1089/ars.2010.3522. 

222.  Link AP, Tummala PE, Chen X, et al. Angiotensin II Induces Vascular Cell 
Adhesion Molecule-1. 1999. 

223.  Sharpless NE, Sherr CJ. Forging a signature of in vivo. 2015;(July). 
doi:10.1038/nrc3960. 

224.  Xu W, Barrientos T, Mao L, Rockman HA, Sauve AA, Andrews NC. Lethal 
Cardiomyopathy in Mice Lacking Transferrin Receptor in the Heart. Cell Rep. 
2015;13(3):533-545. doi:10.1016/j.celrep.2015.09.023. 

225.  Mills KF, Yoshida S, Stein LR, et al. Long-Term Administration of Nicotinamide 
Mononucleotide Mitigates Age-Associated Physiological Decline in Mice. Cell 
Metab. 2016:1-12. doi:10.1016/j.cmet.2016.09.013. 



	

	

109	

226.  Minas JN, Thorwald MA, Conte D, Vázquez-Medina J-P, Nishiyama A, Ortiz RM. 
Angiotensin and mineralocorticoid receptor antagonism attenuates cardiac 
oxidative stress in angiotensin II-infused rats. Clin. Exp. Pharmacol. Physiol. 
2015;42(11):1178-1188. doi:10.1111/1440-1681.12473. 

227.  Gonzalez-Villalobos RA, Satou R, Seth DM, et al. Angiotensin-converting 
enzyme-derived angiotensin II formation during angiotensin II-induced 
hypertension. Hypertens. (Dallas, Tex.  1979) 2009;53(2):351-5. 
doi:10.1161/HYPERTENSIONAHA.108.124511. 

228.  Guan X-H, Hong X, Zhao N, et al. CD38 promotes angiotensin II-induced cardiac 
hypertrophy. J. Cell. Mol. Med. 2017. doi:10.1111/jcmm.13076. 

229.  Bays HE, Maccubbin D, Meehan AG, Kuznetsova O, Mitchel YB, Paolini JF. 
Blood pressure-lowering effects of extended-release niacin alone and extended-
release niacin/laropiprant combination: A post hoc analysis of a 24-week, placebo-
controlled trial in dyslipidemic patients. Clin. Ther. 2009;31(1):115-122. 
doi:10.1016/j.clinthera.2009.01.010. 

230.  Molnar  GD BKRJ et al. Clofibrate and Niacin in Coronary Heart Disease. JAMA 
J. Am. Med. Assoc. 1975;231(4):360. doi:10.1001/jama.1975.03240160024021. 

231.  Canner PL, Furberg CD, McGovern ME. Benefits of Niacin in Patients With 
Versus Without the Metabolic Syndrome and Healed Myocardial Infarction (from 
the Coronary Drug Project). Am. J. Cardiol. 2006;97(4):477-479. 
doi:10.1016/j.amjcard.2005.08.070. 

232.  Bays HE, Rader DJ. Does nicotinic acid (niacin) lower blood pressure? Int. J. Clin. 
Pract. 2009;63(1):151-9. doi:10.1111/j.1742-1241.2008.01934.x. 

233.  Rossignol P, Masson S, Barlera S, et al. Loss in body weight is an independent 
prognostic factor for mortality in chronic heart failure: insights from the GISSI-HF 
and Val-HeFT trials. Eur. J. Heart Fail. 2015;17(4):424-433. 
doi:10.1002/ejhf.240. 

234.  Anker SD, Ponikowski P, Varney S, et al. Wasting as independent risk factor for 
mortality in chronic heart failure. Lancet 1997;349(9058):1050-1053. 
doi:10.1016/S0140-6736(96)07015-8. 

235.  Roig E, Perez-Villa F, Morales M, et al. Clinical implications of increased plasma 
angiotensin II despite ACE inhibitor therapy in patients with congestive heart 
failure. Eur. Heart J. 2000;21(1):53-57. doi:10.1053/euhj.1999.1740. 

236.  Du Bois P, Pablo Tortola C, Lodka D, et al. Angiotensin II Induces Skeletal 
Muscle Atrophy by Activating TFEB-Mediated MuRF1 Expression. Circ. Res. 
2015;117(5):424-36. doi:10.1161/CIRCRESAHA.114.305393. 

237.  Mukherjee S, Chellappa K, Moffitt A, et al. Nicotinamide adenine dinucleotide 



	

	

110	

biosynthesis promotes liver regeneration. Hepatology 2017;65(2):616-630. 
doi:10.1002/hep.28912. 

238.  Wei C-C, Kong Y-Y, Li G-Q, Guan Y-F, Wang P, Miao C-Y. Nicotinamide 
mononucleotide attenuates brain injury after intracerebral hemorrhage by 
activating Nrf2/HO-1 signaling pathway. Sci. Rep. 2017;7(1):717. 
doi:10.1038/s41598-017-00851-z. 

239.  Ungvari Z, Kaley G, De Cabo R, Sonntag WE, Csiszar A. Mechanisms of vascular 
aging: New perspectives. Journals Gerontol. - Ser. A Biol. Sci. Med. Sci. 2010;65 
A(10):1028-1041. doi:10.1093/gerona/glq113. 

240.  Borradaile NM, Pickering GJ. Nicotinamide phosphoribosyltransferase imparts 
human endothelial cells with extended replicative lifespan and enhanced 
angiogenic capacity in a high glucose environment. Aging Cell 2009;8:100-112. 
doi:10.1111/j.1474-9726.2009.00453.x. 

241.  Van Der Veer E, Ho C, O’Neil C, et al. Extension of human cell lifespan by 
nicotinamide phosphoribosyltransferase. J. Biol. Chem. 2007;282(15):10841-
10845. doi:10.1074/jbc.C700018200. 

242.  Strilic B, Yang L, Albarrán-juárez J, et al. Tumour-cell-induced endothelial cell 
necroptosis via death receptor 6 promotes metastasis. Nat. Publ. Gr. 
2016;536(7615):215-218. doi:10.1038/nature19076. 

243.  Kroemer G, Galluzzi L, Vandenabeele P, et al. Classification of cell death: 
recommendations of the Nomenclature Committee on Cell Death 2009. Cell Death 
Differ. 2009;16(1):3-11. doi:10.1038/cdd.2008.150. 

244.  Hartmann F, Owen R, Bissell DM. Characterization of isolated epithelial cells 
from rat small intestine. Am. J. Physiol. 1982;242(2):G147-55. 

245.  Spence DJ, Peyman GA. A new technique for the vital staining of the corneal 
endothelium. Invest. Ophthalmol. 1976;15(12):1000-2. 

246.  Husmann M. Vital dyes and virtual deaths. Cell Death Differ. 2013;20(7):963-963. 
doi:10.1038/cdd.2013.27. 

247.  Wang B, Ma Y, Kong X, et al. NAD+ administration decreases doxorubicin-
induced liver damage of mice by enhancing antioxidation capacity and decreasing 
DNA damage. Chem. Biol. Interact. 2014;212:65-71. 
doi:10.1016/j.cbi.2014.01.013. 

248.  Xie L, Yu S, Wang Z, et al. Nicotinamide Adenine Dinucleotide Protects against 
Spinal Cord Ischemia Reperfusion Injury-Induced Apoptosis by Blocking 
Autophagy. Oxid. Med. Cell. Longev. 2017;2017:1-10. doi:10.1155/2017/7063874. 

249.  Wu M-F, Yin J-H, Hwang C-S, Tang C-M, Yang D-I. NAD attenuates oxidative 



	

	

111	

DNA damages induced by amyloid beta-peptide in primary rat cortical neurons. 
Free Radic. Res. 2014;48(7):794-805. doi:10.3109/10715762.2014.907889. 

250.  Lu L, Tang L, Wei W, et al. Nicotinamide mononucleotide improves energy 
activity and survival rate in an in vitro model of Parkinson’s disease. Exp. Ther. 
Med. 2014;8(3):943-950. doi:10.3892/etm.2014.1842. 

251.  Galluzzi L, Vitale I, Abrams JM, et al. Molecular definitions of cell death 
subroutines: recommendations of the Nomenclature Committee on Cell Death 
2012. Cell Death Differ. 2012;19(1):107-20. doi:10.1038/cdd.2011.96. 

252.  Preyat N, Rossi M, Kers J, et al. Intracellular nicotinamide adenine dinucleotide 
promotes TNF-induced necroptosis in a sirtuin-dependent manner. Cell Death 
Differ. 2016;23(1):29-40. doi:10.1038/cdd.2015.60. 

253.  Gariani K, Menzies KJ, Ryu D, et al. Eliciting the mitochondrial unfolded protein 
response by nicotinamide adenine dinucleotide repletion reverses fatty liver 
disease in mice. Hepatology 2016;63(4):1190. doi:10.1002/hep.28245. 

254.  Traba J, Kwarteng-Siaw M, Okoli TC, et al. Fasting and refeeding differentially 
regulate NLRP3 inflammasome activation in human subjects. J. Clin. Invest. 
2015;125(12):4592-600. doi:10.1172/JCI83260. 

255.  Lee HJ, Hong Y-S, Jun W, Yang SJ. Nicotinamide Riboside Ameliorates Hepatic 
Metaflammation by Modulating NLRP3 Inflammasome in a Rodent Model of 
Type 2 Diabetes. J. Med. Food 2015;18(11):1207-1213. 
doi:10.1089/jmf.2015.3439. 

256.  Chalkiadaki A, Guarente L. The multifaceted functions of sirtuins in cancer. Nat. 
Rev. Cancer 2015;15(10):608-624. doi:10.1038/nrc3985. 

257.  Li K, Casta A, Wang R, et al. Regulation of WRN protein cellular localization and 
enzymatic activities by SIRT1-mediated deacetylation. J. Biol. Chem. 
2008;283(12):7590-8. doi:10.1074/jbc.M709707200. 

258.  Ming M, Shea CR, Guo X, et al. Regulation of global genome nucleotide excision 
repair by SIRT1 through xeroderma pigmentosum C. Proc. Natl. Acad. Sci. U. S. 
A. 2010;107(52):22623-8. doi:10.1073/pnas.1010377108. 

259.  Toiber D, Erdel F, Bouazoune K, et al. SIRT6 Recruits SNF2H to DNA Break 
Sites, Preventing Genomic Instability through Chromatin Remodeling. Mol. Cell 
2013;51(4):454-468. doi:10.1016/j.molcel.2013.06.018. 

260.  Jeong J, Juhn K, Lee H, et al. SIRT1 promotes DNA repair activity and 
deacetylation of Ku70. Exp. Mol. Med. 2007;39(1):8-13. doi:10.1038/emm.2007.2. 

261.  Zarzuelo MJ, López-Sepúlveda R, Sánchez M, et al. SIRT1 inhibits NADPH 
oxidase activation and protects endothelial function in the rat aorta: Implications 



	

	

112	

for vascular aging. Biochem. Pharmacol. 2013;85(9):1288-1296. 
doi:10.1016/j.bcp.2013.02.015. 

262.  Mao Z, Hine C, Tian X, et al. SIRT6 Promotes DNA Repair Under Stress by 
Activating PARP1. Science (80-. ). 2011;332(6036). 

263.  Li J, Bonkowski MS, Moniot S, et al. A conserved NAD + binding pocket that 
regulates protein-protein interactions during aging. Science (80-. ). 
2017;355(6331):1312-1317. doi:10.1126/science.aad8242. 

264.  Tummala KS, Gomes AL, Yilmaz M, et al. Inhibition of De Novo NAD+ 
Synthesis by Oncogenic URI Causes Liver Tumorigenesis through DNA Damage. 
Cancer Cell 2014;26(6):826-839. doi:10.1016/j.ccell.2014.10.002. 

265.  Batra V, Kislay B. Mitigation of gamma-radiation induced abasic sites in genomic 
DNA by dietary nicotinamide supplementation: Metabolic up-regulation of NAD+ 
biosynthesis. Mutat. Res. Mol. Mech. Mutagen. 2013;749(1-2):28-38. 
doi:10.1016/j.mrfmmm.2013.07.001. 

266.  Weidele K, Beneke S, Bürkle A. The NAD + precursor nicotinic acid improves 
genomic integrity in human peripheral blood mononuclear cells after X-irradiation. 
DNA Repair (Amst). 2017;52:12-23. doi:10.1016/j.dnarep.2017.02.001. 

267.  Kinner A, Wu W, Staudt C, Iliakis G. γ-H2AX in recognition and signaling of 
DNA double-strand breaks in the context of chromatin. Nucleic Acids Res. 
2008;36(17):5678-5694. doi:10.1093/nar/gkn550. 

268.  Tu W-Z, Li B, Huang B, et al. γH2AX Foci Formation in the Absence of DNA 
Damage: Mitotic H2AX Phosphorylation Is Mediated by the DNA-PKcs/CHK2 
Pathway.; 2013. doi:10.1016/j.febslet.2013.08.028. 

269.  Daemen MJ, Lombardi DM, Bosman FT, Schwartz SM. Angiotensin II induces 
smooth muscle cell proliferation in the normal and injured rat arterial wall. Circ. 
Res. 1991;68(2). 

270.  Yang L, Li D, Zhang Y, Zhu M, Chen D, Xu T. Salvianolic acid A inhibits 
angiotensin II-induced proliferation of human umbilical vein endothelial cells by 
attenuating the production of ROS. Acta Pharmacol. Sin. 2012;33(1):41-48. 
doi:10.1038/aps.2011.133. 

271.  Galbiati A, Beauséjour C, d’Adda di Fagagna F. A novel single-cell method 
provides direct evidence of persistent DNA damage in senescent cells and aged 
mammalian tissues. Aging Cell 2017;16(2):422-427. doi:10.1111/acel.12573. 

272.  Turinetto V, Giachino C. Multiple facets of histone variant H2AX: a DNA double-
strand-break marker with several biological functions. Nucleic Acids Res. 
2015;43(5):2489-98. doi:10.1093/nar/gkv061. 



	

	

113	

273.  Majesky MW. Developmental Basis of Vascular Smooth Muscle Diversity. 
Arterioscler. Thromb. Vasc. Biol. 2007;27(6). 

274.  Cheung C, Bernardo AS, Trotter MWB, Pedersen RA, Sinha S. Generation of 
human vascular smooth muscle subtypes provides insight into embryological 
origin-dependent disease susceptibility. Nat. Biotechnol. 2012;30(2):165-73. 
doi:10.1038/nbt.2107. 

275.  Kauppinen TM, Gan L, Swanson RA. Poly(ADP-ribose) polymerase-1-induced 
NAD+ depletion promotes nuclear factor-??B transcriptional activity by 
preventing p65 de-acetylation. Biochim. Biophys. Acta - Mol. Cell Res. 
2013;1833(8):1985-1991. doi:10.1016/j.bbamcr.2013.04.005. 

276.  Hassa PO, Buerki C, Lombardi C, Imhof R, Hottiger MO. Transcriptional 
coactivation of nuclear factor-kappaB-dependent gene expression by p300 is 
regulated by poly(ADP)-ribose polymerase-1. J. Biol. Chem. 2003;278(46):45145-
53. doi:10.1074/jbc.M307957200. 

277.  Coleman PR, Chang G, Hutas G, Grimshaw M, Vadas MA, Gamble JR. Age-
associated stresses induce an anti-inflammatory senescent phenotype in endothelial 
cells. Aging (Albany. NY). 2013;5(12):913-24. doi:10.18632/aging.100622. 

278.  Baar MP, Brandt RMC, Putavet DA, et al. Targeted Apoptosis of Senescent Cells 
Restores Tissue Homeostasis in Response to Chemotoxicity and Aging. Cell 
2017;169(1):132-147.e16. doi:10.1016/j.cell.2017.02.031. 

279.  Chang J, Wang Y, Shao L, et al. Clearance of senescent cells by ABT263 
rejuvenates aged hematopoietic stem cells in mice. Nat. Med. 2015;22(1):78-83. 
doi:10.1038/nm.4010. 

280.  Baker DJ, Childs BG, Durik M, et al. Naturally occurring p16Ink4a-positive cells 
shorten healthy lifespan. Nature 2016;530(7589):184-189. 
doi:10.1038/nature16932. 

281.  Zhu Y, Tchkonia T, Pirtskhalava T, et al. The Achilles’ heel of senescent cells: 
from transcriptome to senolytic drugs. Aging Cell 2015;14(4):644-658. 
doi:10.1111/acel.12344. 

282.  Kida Y, Goligorsky MS. Sirtuins, Cell Senescence, and Vascular Aging. Can. J. 
Cardiol. 2016;32(5):634-641. doi:10.1016/j.cjca.2015.11.022. 

283.  Han X, Tai H, Wang X, et al. AMPK activation protects cells from oxidative 
stress-induced senescence via autophagic flux restoration and intracellular NAD + 
elevation. Aging Cell 2016:n/a-n/a. doi:10.1111/acel.12446. 

284.  Demaria M, Ohtani N, Youssef SA, et al. An Essential Role for Senescent Cells in 
Optimal Wound Healing through Secretion of PDGF-AA. Dev. Cell 
2014;31(6):722-733. doi:10.1016/j.devcel.2014.11.012. 



	

	

114	

285.  Pialoux V, Poulin MJ, Hemmelgarn BR, et al. Cyclooxygenase-2 Inhibition Limits 
Angiotensin II-Induced DNA Oxidation and Protein Nitration in Humans. Front. 
Physiol. 2017;8:138. doi:10.3389/fphys.2017.00138. 

286.  Derhaschnig U, Testori C, Riedmueller E, Aschauer S, Wolzt M, Jilma B. 
Hypertensive emergencies are associated with elevated markers of inflammation, 
coagulation, platelet activation and fibrinolysis. J. Hum. Hypertens. 
2013;27(6):368-373. doi:10.1038/jhh.2012.53. 

	

	

	

	

	

	

	

	

 

 

	
	

 

	
	
	
	
	
	
	



	

	

115	

6  APPENDICES 

Appendix A: Animal Use Protocol  

	

AUP Number: 2010-244 
PI Name: Pickering, Geoffrey 
AUP Title: Smooth Muscle Cells and Vascular Disease 

The YEARLY RENEWAL to Animal Use Protocol (AUP) 2010-244 has been approved. 

1. This AUP number must be indicated when ordering animals for this project. 
2. Animals for other projects may not be ordered under this AUP number. 
3. Purchases of animals other than through this system must be cleared through the ACVS 

office. 
Health certificates will be required. 

REQUIREMENTS/COMMENTS 
Please ensure that individual(s) performing procedures on live animals, as described in this 
protocol, are familiar with the contents of this document. 

The holder of this Animal Use Protocol is responsible to ensure that all associated safety 
components (biosafety, radiation safety, general laboratory safety) comply with institutional 
safety standards and have received all necessary approvals. Please consult directly with your 
institutional safety officers. 

Submitted by: Thompson, Sharla H  
on behalf of the Animal Use Subcommittee  
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