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Abstract 
 

Title of Dissertation: Neuroprotective role of nicotinamide adenine dinucleotide 

precursor in modulation of mitochondrial fragmentation and brain energy metabolism 

Name: Nina Klimova, Doctor of Philosophy, 2019 

Dissertation directed by: Tibor Kristian, Ph.D., Associate Professor, Department of 

Anesthesiology   

Nicotinamide adenine dinucleotide (NAD+) is a central signaling molecule and 

enzyme cofactor that is involved in a variety of fundamental biological processes. NAD+ 

levels decline with age, neurodegenerative conditions, acute brain injury, and in obesity 

or diabetes. Loss of NAD+ results in impaired mitochondrial and cellular functions. 

Administration of NAD+ precursor, nicotinamide mononucleotide (NMN), has shown to 

improve mitochondrial bioenergetics, reverse age associated physiological decline, and 

inhibit post-ischemic NAD+ degradation and cellular death. In this work we identified a 

novel link between NAD+ metabolism and mitochondrial dynamics. A single dose 

(62.5mg/kg) of NMN, administered in naïve animals and after animals are subjected to 

transient forebrain ischemia, increases hippocampal mitochondria NAD+ pools and drives 

a sirtuin 3 (SIRT3) mediated global decrease in mitochondrial protein acetylation. This 

results in a reduction of hippocampal reactive oxygen species (ROS) levels via SIRT3 

driven deacetylation of mitochondrial manganese superoxide dismutase. Consequently, 

mitochondria in neurons become less fragmented due to lower interaction of 

phosphorylated fission protein, dynamin-related protein 1 (pDrp1 (S616)), with 

mitochondria. In conclusion, manipulation of mitochondrial NAD+ levels by NMN 



results in metabolic changes that protect mitochondria against ROS and excessive 

fragmentation, offering therapeutic approaches for pathophysiologic stress conditions.  
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CHAPTER 1: INTRODUCTION 
	
1.1 INTRODUCTION TO NICOTINAMIDE ADENINE DINUCLEOTIDE (NAD+) 
	
 Nicotinamide adenine dinucleotide (NAD+) was first described more than 100 

years ago by Sir Arthur Harden and William John Young as a cofactor in alcoholic 

fermentation [6]. A few years later Hans von Euler-Cheplin identified this cofactor as a 

nucleotide sugar phosphate and then in 1935 Otto Heinrich Warburg showed the 

functionality of the coenzyme to be involved in hydrogen transfer in biochemical 

reactions [7]. NAD+ plays a crucial role in energy metabolism within eukaryotic cells 

where it can accept hydride equivalents in order to form its reduced form, NADH.  

NADH supplies the mitochondrial electron transport chain (ETC) with fuel for oxidative 

phosphorylation that creates energy for the cell [8]. The roles of NAD+ have expanded 

from a coenzyme to also acting as a substrate for a wide range of enzymatic reactions, 

such as sirtuins (SIRTs), mono-, and poly-ADP-ribosyltransferases [9]. As a result, 

NAD+ preforms a wide range of functions crucial to cellular homeostasis. 

1.1.1 NAD+ as a coenzyme  
	

 

Figure 1 Representation of NAD+ redox reaction. Adapted from [10]	
	

NAD+ and its phosphorylated form NADP+ serve as essential participants in redox 

reactions where they act as hydride acceptors or donors in the reduced forms, NADH and 
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NADPH (Fig 1). NAD+ is utilized in several reactions in the mitochondrial tricarboxylic 

acid (TCA) cycle where it is reduced to NADH, these key steps are pyruvate to acetyl-

CoA, isocitrate to α-keto-glutarate, α-keto-glutarate to succinyl CoA, and malate to 

oxaloacetate (Fig 2). The reduced form is then shuttled to Complex I of the mitochondrial 

electron transport chain (ETC) where two electrons are removed from NADH and 

transferred to a lipid soluble carrier, ubiquinone (Q) which forms the reduced product 

(QH2) (Fig 2). This causes Complex I to transfer four protons across the membrane. 

Electrons continue to move from Complex I to III, II to III, and III to IV and with each 

transfer builds a high electrochemical hydrogen ion gradient between the matrix and 

intermembrane mitochondrial space. The gradient drives the ATP synthase enzyme to 

generate adenine triphosphate (ATP), the energy source used by the cell [11]. 

Additionally, NADH (and its phosphorylated form NADPH) participates as a cofactor in 

the glycolytic pathway, pentophosphate pathway, ketone body, fatty acid, and amino acid 

metabolism [3]. 
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Figure 2	Mitochondrial bioenergetics of the TCA cycle and electron transport chain. Acetyl CoA 
enters the TCA cycle where in a series of chemical reactions produces high energy molecules such as, 
NADH, GTP, FADH2. NADH is shuttled to Complex I of the electron transport chain and converted 
to NAD+. NAD+ is recycled into the TCA cycle. The released electrons from NADH are transferred by 
Complex I to the electron carrier, ubiquinone (Q), which then shuttles the electrons to Complex III. 
Similarly, Complex II accepts electrons from FADH2 and transfers them to Q. Cytochrome C (Cyto 
C) then carries electrons to Complex IV. The transfer of electrons through the complexes result in 
hydrogen ions being pumped from the matrix into the intermembrane space (IMS) of the 
mitochondria, thus creating a hydrogen ion gradient across the inner membrane. In the final step the 
gradient drives the ATP synthase to generate ATP from ADP. Modified from [11] 

	
1.1.2 NAD+-consuming enzymes 
	

NAD+ in addition to being an essential coenzyme in bioenergic metabolism also 

serves as a substrate for NAD+-consuming enzymes that catalyze NAD+ dependent 

protein modifications (Fig 3). Cellular NAD+ levels are determined by the balance of the 
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activity of NAD+ glycohydrolases and biosynthetic enzymes. There are three main 

categories of enzymes that consume NAD+ as a substrate (Fig 3). ADP-ribose 

transferases (ARTs) cleave nicotinamide (Nam) from NAD+, then a single ADP-ribose 

(ADPR) is transferred to an amino acid residue of a target protein (mono-ADP-ribose 

transferases – mARTs). Alternatively, ADPR can be further polymerized forming 

polymers (poly-ADP-ribose) which are attached to a target protein by poly (ADP-ribose) 

polymerases (PARPs). Another enzyme, ADP-ribose cyclase (CD38), uses NAD+ to 

produce Nam and cyclic-ADP-ribose (cADPR) that acts as a second messenger [12]. The 

final group of enzymes that utilize NAD+ as a substrate are sirtuins (SIRTs). Nam is 

released from NAD+ and ADP-ribose is conjugated to an acetyl group that is cleaved 

from an acetylated target protein producing o-acetyl-ADP-ribose by protein deacetylase 

activity [13].  
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Figure 3	Schematic diagram showing the major pathways of NAD+ metabolism. NAD+ can be 
degraded by poly-ADP-ribose polymerase (PARP1), CD38 ectoenzyme, sterile alpha and 
toll/interleukin-1 receptor motif-containing 1 enzyme (SARM1), and sirtuins (SIRTs). These enzymes 
remove nicotinamide (Nam) from NAD+ and generate poly-, cyclic-, mono-, or O-acetyl-ADP-ribose. 
Nam is recycled into NAD+ by the salvage pathway. Nicotinamide phosphotransferase  (NAMPT) 
generates NMN from Nam and phospho-ribosyl pyrophosphate (PRPP). In the next step NMN is used 
by nicotinamide mononucleotide adenylyltransferase (NMNAT) to generate NAD+. [2]	

SIRTs serve as metabolic sensors due to their dependence on NAD+ as a substrate 

[14]. The SIRT family of proteins is comprised from seven members that show a discrete 

pattern of subcellular localization. SIRT1, SIRT6, and SIRT7 are localized in the nucleus 

but also reports show a presence of SIRT1 in the cytosol, suggesting that SIRT1 can 

shuttle to the cytosol under specific circumstances [15]. SIRT2 is localized in the cytosol, 

and SIRT3, SIRT4, and SIRT5 were identified as mitochondrial proteins [16]. However, 

only SIRT3 is considered the major mitochondrial deacetylase [17]. Stimulation of 

SIRT3 by caloric restriction or following administration of NAD+ precursors leads to 

activation of TCA cycle associated enzyme glutamate dehydrogenase (GDH) [17] and 

isocitrate dehydrogenase 2 (IDH2) [18]. Furthermore, SIRT3 deacetylates components of 

the mitochondrial respiratory complexes, interacts with ATP synthase [76], and activates 

mitochondrial superoxide dismutase (SOD2). Deacetylation of SOD2 protects the cells 

against reactive oxygen species (ROS) [18] [19]. SIRT3 also plays an important role in 

protecting mitochondria against excitotoxic insult by deacetylating cyclophilin D (CypD), 

which leads to inhibition of its activity. CypD is a major regulator of the mitochondrial 

permeability transition (MPT) pore [20]. A prolonged opening of the MPT pore leads to 

dissipation of mitochondrial membrane potential, loss of matrix solutes including NAD+, 

inhibition of oxidative phosphorylation, cessation of mitochondrial ATP production, and 

swelling [21] [22] [23]. Thus, by deacetylating and inhibiting CypD, SIRT3 prevents 
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MPT formation, and helps to maintain mitochondrial functions under stress conditions 

[19] [24]. Finally, SIRT3 also controls mitochondrial fusion and fission by deacetylating 

fusion protein, optic atrophy 1 gene (Opa1) and thereby increasing mitochondrial fusion 

[25].  

1.1.3 NAD+ Biosynthesis and Metabolism 
	

To maintain tissue NAD+ pools cells express enzymes that can generate and 

replace the consumed NAD+ (Fig 4). There are two major metabolic pathways that serve 

this purpose. NAD+ can be synthesized de novo from tryptophan, however, the main 

source of NAD+ is from the salvage pathway [26], where it is generated in two enzymatic 

reactions that use Nam, nicotinic acid (NA), or nicotinamide riboside (NR) as precursors, 

respectively. In mammals, Nam is considered to be the main precursor for NAD+ 

synthesis [27]. In the first rate-limiting step of the salvage pathway, nicotinamide 

phosphoribosyltransferase (NAMPT) forms nicotinamide mononucleotide (NMN) from 

Nam and 5-phosphoribosyl-1-pyrophosphate (PRPP). In the next step, NMN is converted 

to NAD+ by NMN adenylyl transferase (NMNAT) in the presence of ATP [28] [29]. 

Thus, the salvage pathway is part of the cyclic NAD+ metabolism where the product of 

NAD+ glycohydrolases, Nam, is recycled to generate new NAD+. Additionally, the 

Preiss-Handler pathway is another route where NAD+ can be formed de novo from 

nicotinic acid (NA) [10].  
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Figure 4 Three pathways maintain NAD+ levels. Preiss-Handler pathway generates NAD+ from 
nicotinic acid (NA). Nicotinic acid phosphoribosyltransferase (NAPRT) converts NA to nicotinic acid 
mononucleotide (NAMN) which generates NAD+ by NMN adenylyl transferase (NMMAT) and NAD 
synthetase (NADS). NAD+ can also be generated de novo from tryptophan via the kynurenine 
pathway. Indoleamine 2,3-dioxygenase (IDO), tryptophan 2,3-dioxygenase (TDO) form N-formylkin 
where after a series of reactions converges to the Preiss-Handler pathway via NAMN and ultimately 
NAD+. Finally, the salvage pathway recycles NAD+. PARP, CD38, and sirtuins consume NAD+ and 
release by-product nicotinamide (Nam). Nicotinamide phosphoribosyltransferase (NAMPT) produces 
nicotinamide mononucleotide (NMN) from PRPP and Nam, which is then converted to NAD+ via 
NMNAT. Nicotinamide riboside (NR) additionally is able to be utilized by the salvage pathway for 
NAD+ synthesis since it can be phosphorylated to NMN by nicotinamide riboside kinase (NRK). In 
this thesis we will focus on the salvage pathway and replenishing NAD+ pools via NMN. Image is 
adapted from [10] 

	
	
1.2 NAD+ METABOLISM AND MITOCHONDRIAL DYSFUNCTION IN THE 
PATHOPHYSIOLOGY OF ACUTE BRAIN INJURY 
 

NAD+ levels decrease in brain with age, in obesity or diabetes [30] [10] [31], 

under pathologic conditions of neurodegenerative disease [32] [33] [34], and also 

following acute brain injury induced by ischemic insult or trauma [35] [36] [37] [38] [39] 

[40]. This is caused by the generation of free radicals during reperfusion leading to DNA 

damage and activation of NAD+ consuming poly-ADP-ribose polymerase 1 (PARP1) 



 8	

[41] [42]. PARP1 utilizes NAD+ as a substrate for poly-ADP-ribosylation of specific 

nuclear proteins, including histones, to facilitate DNA repair [43] [44]. Uncontrolled 

activation of PARP1 can deplete cellular NAD+ leading to inhibition of ATP production 

and cell death [37] [45]. The increase in poly-ADP-ribose (PAR) levels was reported 

already after the first 2 hours of recovery following ischemic insult and was associated 

with NAD+ depletion [41] [38] [42] [46]. An additional depletion of tissue NAD+ pools 

was observed at 24 hours of recovery, which is linked to an increased activity of CD38 

[46]. The NAD+ catabolism after acute brain injury was reduced by treating the animals 

with PARP1 inhibitors [41] [35] [42] or in PARP null animals [47]. This loss of NAD+ 

results in several impaired cellular functions one of which is mitochondrial dysfunction. 

1.2.1 Mitochondrial NAD+ metabolism and dysfunction  
	

There are two possible mechanisms that can lead to reduction of mitochondrial 

NAD+ levels. First, under high oxidative stress or mitochondrial calcium overload, a large 

high conductance pore can be formed in the inner mitochondria membrane, called the 

mitochondrial permeability transition (MPT) pore [48]. Since it allows solutes of 

molecular weight up to 1500 Da to diffuse across the inner membrane, the activation of 

MPT leads to mitochondrial depolarization, leakage of mitochondrial NAD+ into the 

cytosol, and osmotic swelling [49] [21] [50]. Even if pore opening is transient and does 

not lead to an extensive mitochondrial swelling, a potentially significant loss of matrix 

NAD+ will result in inhibition of all NAD+ dependent metabolic processes including 

oxidative phosphorylation [51]. Second, mitochondrial NAD+ pools can also be reduced 

by activation of intra-mitochondrial enzymes that utilize NAD+ as substrate. The major 

NAD+ consuming enzyme following TBI or ischemic brain injury is PARP1. Although 
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there are reports suggesting a presence of intramitochondrial PARP1 activity causing 

increase in poly-ADP-ribosylation of mitochondrial proteins following TBI, so far there 

is no consensus whether it can lead to pathologic depletion of intra-mitochondrial NAD+ 

pools [52].  

Mitochondria respond to loss of NAD+ by altering not only their metabolic 

outcome but also their structure and morphology. This ability of mitochondria to 

structurally adapt to the change in metabolic environment is referred to as “mitochondrial 

dynamics”. Fission, fragmentation of mitochondria, occurs when there is a higher energy 

demand. Smaller organelles can then move more efficiently to the part of the cell where 

energy supply is needed. Additionally, fission can isolate damaged mitochondrial 

proteins or DNA and eliminate these by directing them to degradation by mitophagy [53] 

[29] [54] [55]. Under pathologic stress, the mitochondrial population shifts to a highly 

fragmented state generating excessively small organelles that lack essential metabolites 

and proteins required for normal function. This process is reversed by fusion, which 

combines contents of the fragmented population. Fusion thus stabilizes mitochondrial 

protein and DNA levels and forms mitochondria with regained function and morphology. 

Several proteins are responsible for controlling mitochondrial fusion and fission. Fusion 

of the mitochondrial outer membrane is mediated by mitofusion 1 (MFN1) and 

mitofusion 2 (MFN2) while the inner mitochondria membrane fusion is controlled by 

optic atrophy 1 gene (Opa1) [56] [4] [57]. Fission is mediated by dynamin-related protein 

1 (Drp1) which is recruited from the cytosol to receptors on the mitochondria, 

mitochondrial fission 1 protein (Fis1), MiD49/51, and mitochondrial fission factor (Mff). 
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Phosphorylation of Drp1 at serine 616 (pDrp1 S616) promotes targeting of Drp1 to the 

mitochondria to execute the fission process [58] [59].  

SIRT3 a member of the sirtuin protein deacetylase family, is localized to the 

mitochondrial matrix and its activity is NAD+-dependent [60] [61]. Mitochondrial protein 

acetylation controls energy metabolism processes by modulating the activity of the 

tricarboxylic acid cycle (TCA) enzymes, respiratory chain complexes, as well as enzymes 

involved in ROS degradation, and mitochondrial dynamics [62]. Consequently, depletion 

of NAD+ decreases SIRT3 activity and increases acetylation of its target proteins [17]. 

Hyperacetylation of mitochondrial proteins typically reduces activity and results in 

altered mitochondrial metabolism and oxidative state [62]. One of the SIRT3 targets is 

mitochondrial SOD2, which is an important antioxidant enzyme. SOD2 catalyzes the 

detoxification of superoxide into oxygen and hydrogen peroxide, which is then converted 

to water by glutathione peroxidase. Acetylation of SOD2 decreases its activity thus 

increasing mitochondrial ROS levels [63]. Interestingly, mitochondrial dynamics and 

ROS production are intrinsically linked. The fragmented mitochondrial phenotype is 

observed with mitochondrial ROS overproduction [64] [65]. Recent studies have shown 

that blocking or inhibiting Drp1 in ROS-mediated oxidative stress improved 

mitochondrial function and decreased fragmentation [66]. Thus, the mitochondrial 

acetylome can greatly dictate cellular homeostasis.  

1.2.2 Stimulating NAD+ synthesis as a strategy for therapeutic intervention  
	

As we mentioned above, pathologic conditions associated with neurodegenerative 

diseases or excessive bioenergetic and oxidative stress lead to depletion of cellular NAD+ 

pools. Apart from inhibiting the NAD+ degrading enzymes a simple approach to improve 



 11	

cellular metabolic conditions is to stimulate the NAD+ generation by increasing the 

substrate supply for the salvage pathway. Therefore, Nam was one of the first metabolic 

compounds used to elevate NAD+ levels [67] [68]. Since Nam is readily available and 

can pass the cellular membranes, it was the most logical candidate to use for treatment of 

conditions of brain tissue NAD+ deficiency. Administration of Nam improved 

bioenergetics following brain ischemia or oxidative stress and ameliorated ischemic and 

traumatic brain injury [69] [70] [71] [72]. The ability of Nam to pass the cellular 

membranes explains its rapid penetration of the blood–brain barrier (BBB) [73], 

however, it also suggests that the Nam can be readily removed from the tissue by blood 

flow [52]. Consequently, although Nam administration showed improved post-ischemic 

outcome at 125 mg/kg dose, the most neuroprotective dose of Nam was rather high at 500 

mg/kg [71]. Several mechanisms were suggested to play a role in Nam neuroprotection 

following acute brain injury. This included prevention of ATP depletion [67] [71], 

inhibition of PARP1, CD38, and SIRTs [39] [74] [75], lipid peroxidation [76], anti-

inflammatory activity [77], and prevention of apoptosis [75] [78]. Since Nam is a 

substrate for the NAMPT enzyme its impact on the NAD+ synthesis is limited by 

NAMPT activity. Therefore, administration of Nam under conditions where the NAMPT 

enzyme is inhibited or dysfunctional will not lead to increased NAD+ synthesis by the 

salvage pathway. 

To even more efficiently facilitate NAD+ synthesis, by bypassing the rate-limiting 

step in the salvage pathway, one can administer NMN that will directly feed into the one 

step enzymatic generation of NAD+ via NMNAT. There are several reports showing that 

intraperitoneal administration of NMN can significantly increase brain tissue NAD+ 
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levels within 15 min post-injection [31] [79]. This suggests that there is an active 

transport of NMN or its metabolites into the intracellular compartments, where it is 

converted to NAD+. However, the mechanisms of NMN transport across the BBB or 

cellular and mitochondrial membranes need to be determined.  

Recently published data suggest that NMN is metabolized in plasma or in the 

interstitial fluid to NR by CD73 [80]. NR is then transported across the plasma membrane 

through dipyridamole-sensitive nucleoside transporters [81] and phosphorylated 

intracellularly by NR kinase 1 (NRK1) to NMN [82] [81] [83]. Finally, intracellular 

NMN is converted to NAD+ by isoforms of NMNAT [82]. Experiments with NRK1 

knockout mice demonstrated the requirement of NRK1 activity for generation of NAD+ 

from NR and NMN [84]. This process occurs over the course of 24 hours but 

unfortunately cannot explain the minute order uptake of NMN, which has been reported	

[1]	[80]. Recently, Grozio et al. demonstrated that Slc12a8, a novel NMN transporter, is 

able to rapidly uptake NMN and meet demands for urgent NAD+ synthesis [85]. Thus, 

NMN and NR demonstrated superior pharmacokinetics when compared to Nam, 

primarily due to involvement of active transport mechanisms that allow for better control 

of the translocation process of these compounds from plasma into intracellular 

compartments. As a result, there is more effective intracellular accumulation of NMN and 

its conversion to NAD+. 
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Figure 5	Schematic diagram showing direct and indirect NMN targets. Administration of NMN leads 
to inhibition of PARP1 and CD38 activity. Cellular and mitochondrial NAD+ levels are increased 
following NMN treatment causing increased activity of NAD+- dependent deacetylases SIRT1 and 
SIRT3. As a result, PGC1α is deacetylated and its activity increases, SIRT1-dependent hypoxia 
inducing factor 1α (HIF-1α) accumulation is decreased, and nuclear factor (erythroid-derived 2)-like 2 
(Nrf2) protein levels are increased. Higher SIRT3 activity deacetylates mitochondrial proteins leading 
to increased oxidative phosphorylation and ATP production (mito resp, ATP), more efficient 
mitochondrial reactive oxygen species (mito ROS) detoxification, and inhibition of mitochondrial 
fission (mito fission). [2] 

	
	

NMN administration improved several neuronal functions in the brain and 

showed significant neuroprotection against both neurodegenerative conditions or acute 

brain injury [38]	[32]	[86]	[87]	[88]	[89]	[90]. There were several mechanisms identified 

as targets of NMN induced changes in cellular metabolism (Fig 5). These were linked to 

its direct inhibitory effect of PARP1 and CD38 or indirectly regulating gene expression 

and enzyme activity via modulating acetylation of histone and non-histone proteins due 

to increased NAD+ level. Since the most effective dose for Nam administration was 500 

mg/kg, the majority of studies with NMN treatment used similar 300–1000 mg/kg doses. 

However, high intracellular levels of NMN can be less effective or have adverse effects 

under particular pathologic conditions [80] [38]. Reports from cell culture studies of the 

Wallerian degeneration model support these findings by showing that accumulation of 
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intracellular NMN due to inhibition of NMNAT promotes axonal degeneration [91]. 

While so far there are no reports of significant adverse effects of NMN on physiological 

parameters like temperature, blood pressure, cerebral blood flow [38], or other forms of 

toxicity, the studies that used different doses of NMN suggest that pharmacological 

titration of NMN administration should be applied to determine the most effective 

treatment protocol for particular disease conditions.  

The beneficial outcomes of NMN administration were reported via downstream 

effects of SIRTs stimulation, particularly SIRT1 and SIRT3 (Fig 5). The protective effect 

of SIRT1 activation against ischemic brain damage were showed after treatment of 

animals with SIRT1 activator, resveratrol [92] [93] [94]. Similarly, mitochondrial SIRT3 

mediates neuroprotection following ischemic insult [95]. Therefore, it was not surprising 

that NMN administration, which leads to increased cellular NAD+ levels, stimulated 

SIRT1, and ameliorated several pathologic conditions. For example, NMN-induced 

activation of SIRT1 prevented axonal degeneration [96], similarly overexpression of 

NAMPT or NMN treatment reduced brain infarction following focal ischemia via the 

AMPK pathway which is SIRT1 dependent [89]. It was also reported that NMN can 

stimulate Nrf2 expression or neurogenesis via increased activity of SIRT1 [97] [90].  

1.3 CONCLUDING REMARKS 
	
 Research from our and other laboratories demonstrates that NMN has multiple 

beneficial and protective effects on cellular metabolism under both physiological and 

pathologic conditions. The work in this dissertation focuses on elucidating NMN’s 

protective mechanism with the hopes that it will eventually become a promising 

treatment for brain injury. 
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1.4 HYPOTHESIS 
	
Overall hypothesis (Fig 6): Nicotinamide mononucleotide alters mitochondrial 

dynamics by a SIRT3-dependent mechanism. 

	

	

Figure 6 Working model of hypothesis. NMN administration in naïve (non-ischemic) and global 
cerebral ischemic groups increases mitochondrial NAD+ pools and drives the reduction of 
mitochondria generated ROS via a SIRT3 dependent de-acetylation (Ac) and stimulation of 
superoxide dismutase (SOD2) activity. Mitochondrial fission is less active due to decreased 
colocalization of pDrp1 (S616) (activator of mitochondrial fragmentation) to the mitochondrial outer 
membrane. 

1.4.1 Hypothesis 1 (Chapter 2): NMN inhibits post-ischemic NAD+ degradation and 

improves brain damage after global cerebral ischemia. 

Predictions: 
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1. NMN administration protects CA1 hippocampal neurons against ischemic 

damage. 

2. NMN attenuates the neurological deficit of post-ischemic animals. 

3. NMN administration prevents post ischemic-induced NAD+ depletion by 

inhibiting protein poly-ADP-ribosylation. 

1.4.2 Hypothesis 2 (Chapter 3): NMN inhibits mitochondrial fission by reducing 

mitochondria associated pDrp1 (S616) levels. 

Predictions: 

1. Mitochondrial length is increased with NMN administration.  

2. NMN administration decreases levels of pDrp1 (S616) at the mitochondria. 

1.4.3 Hypothesis 3 (Chapter 4): SIRT3 is required for NMN-induced decrease in 

mitochondrial protein acetylation. 

Predictions: 

1. SIRT3 mediates NMN induced decrease of mitochondrial protein acetylation. 

2. NMN administration increases mitochondrial NAD+ levels. 

3. NMN stimulates de-acetylation of SIRT3 target SOD2. 

1.4.4 Hypothesis 4 (Chapter 5): NMN stimulates decline of hippocampal ROS via 

SIRT3. 

Predictions: 

1. NMN administration decreases CA1 hippocampal ROS production.  

2. SIRT3 KO animals exhibit elevated levels of ROS and increased mitochondrial 

fragmentation. 
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CHAPTER 2: NICOTINAMIDE MONONUCLEOTIDE INHIBITS POST-

ISCHEMIC NAD+ DEGRADATION AND DRAMATICALLY AMELIORATES 

BRAIN DAMAGE FOLLOWING GLOBAL CEREBRAL ISCHEMIA 1 

2.1 INTRODUCTION  
	
 Acute brain injury, such as global cerebral ischemia, has been associated with the 

decline of total cellular NAD+ levels prior to cellular death [42] [36]. It has been 

proposed that this depletion is caused by the upregulation of nuclear enzyme poly (ADP-

ribose) polymerase 1 (PARP1). The enzyme uses NAD+ as a substrate to generate poly-

ADP-ribose (PAR) [42]	[41]	[43]. Maintaining normal cellular NAD+ levels is crucial for 

metabolic reactions and energy production. As mentioned in Chapter 1, NAD+ can be 

synthesized de novo from tryptophan or re-synthesized from Nam via the salvage 

pathway. Most of NAD+ is replenished by the salvage pathway due to Nam being the by-

product of NAD+-consuming enzymes [98] [52]. To preserve NAD+ levels one can 

facilitate generation of NAD+ by administrating a NAD+ precursor. Nicotinamide (Nam) 

administration increases tissue NAD+ levels as well as improves mitochondrial 

bioenergics. However, administration of nicotinamide mononucleotide (NMN) provides a 

direct synthesis of NAD+ by bypassing the enzymatic activity of nicotinamide 

phosphoribosyltransferase (NAMPT), which produces NMN from Nam. Additionally, it 

does not cause a “flushing” side effect in animals seen with Nam administration [99] 

[100]. Studies report that NMN application leads to elevated cellular NAD+ levels [82] as 

well as overexpression of NAMPT which results in reduced infarct size compared to 

control animals [101]. Additionally, reduced activity of NAMPT resulted in increasing 

																																																								
1 J. Park, A. Long, K. Owens, T. Kristian. As submitted to and adapted from 
[Neurobiology of Disease] [Nov 2016] 
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post-ischemic brain damage [102]. This data seems to imply that administration of NMN 

in ischemic injury could improve NAD+ levels as well as neurological outcome.  

 Here we set out to test the hypothesis that NMN inhibits post-ischemic NAD+ 

degradation and improves brain damage after global cerebral ischemia. We predicted that 

administration of NMN would decrease ischemia-induced hippocampal CA1 neuronal 

cell death and improve neurological deficits. Additionally, we predicted that NMN 

administration also prevented ischemic-induced NAD+ depletion by inhibiting protein 

poly-ADP-ribosylation (PAR). Our data showed that administering NMN at a dosage of 

62.5 mg/kg dramatically ameliorated hippocampal CA1 injury, improved neurological 

deficit, and significantly decreased PAR formation via decreased NAD+ catabolism.  

2.2 MATERIALS AND METHODS 
	
2.2.1 Animals 
	

All animal protocols were approved by the Animal care and Use Committee of 

the University of Maryland Baltimore, in accordance with the National Institute of Health 

Guidelines for the Care and Use of Laboratory Animals. Adult, 3 months old male 

C57Bl6 mice (Jackson Laboratories) were used. The animals were maintained in a 12-

hours light/dark cycle.  

There were five experimental groups designed for this work. The first experiment 

was to determine the effect of NMN administration on neuronal cell death and neurologic 

outcome. Mice were divided in seven groups: sham (sham surgery only) + ischemia, 

vehicle + ischemia, NMN (31.25 mg/kg) + ischemia, NMN (62.5 mg/kg) + ischemia, 

NMN (125 mg/kg) + ischemia, NMN (250 mg/kg) + ischemia, NMN (500 mg/kg) + 

ischemia. NMN was administered by i.p. injection at the start of reperfusion/recovery. At 
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6 days of recovery the animals were perfusion fixed for histology or subjected to y-maze 

testing. The second experiment animals were divided into groups of sham, vehicle + 

ischemia, and NMN 30 min after recovery (62.5 mg/kg) + ischemia. After 6 days of 

recovery neuronal counts and y-maze testing was performed. The third experiment used 

the same group set up as in experiment two however hippocampal tissue was isolated at 

2, 4, 24 hours of recovery post ischemia and used for western blots and NAD+ 

measurements. The final experiment used the same groups as in experiment two but the 

core temperature, blood gases, blood glucose levels, and cerebral blood flow were 

measured during ischemia and early perfusion period.  

2.2.2 Y-maze test 
	

The Y-maze test was used to test the spatial working memory of mice [107].  This 

test is based on the intrinsic behavior of mice with no requirement that the animals need 

to learn new rules or tasks. Furthermore, the Y-maze takes advantage of the propensity of 

rodents to explore new environments [108]. Prior and 6 days following forebrain 

ischemia, each mouse was put at the end of one arm of the maze and allowed to freely 

explore for 5 minutes. The sequence and number of all arm entries were recorded for 

each animal by a person who was blinded to different treatments the mice had received. 

Alternation rate was calculated based on the total number of arm entries (E), and number 

of alternation (A), which was marked when the mouse entered all three arms 

consecutively. 

Alternation rate (%) = [A/( E – 2 )] x 100 

2.2.3 Transient forebrain ischemia  
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 Forebrain ischemia was induced by bilateral common carotid artery (CCA) 

occlusion with concomitant reduction of mean arterial blood pressure (MABP) [103]. 

Before the surgery, the animals were fasted with free access to water. Mice were 

intubated and mechanically ventilated with 1.5% isoflurane in N2O:O2 (70:30).  The 

temperature probe was placed subcutaneously next to the skull to monitor the pericranial 

temperature and body temperature was monitored using a rectal probe. Both core and 

head temperatures were maintained at 37.0 ± 0.5 °C during surgery with a heating pad. 

After the CCAs were isolated, the forebrain ischemia was induced by increasing the 

isoflurane levels to 5% and clamping both CCA with micro-vessel clamps [103]. The 10 

min ischemic period was ended by reducing isoflurane levels to 0% and releasing the 

artery clamps. After surgery, the animals were placed into a temperature-controlled 

incubator for 3 hours before they were moved to pre-heated cages for 24 hours to avoid 

hypothermia. 

 Animals were randomly divided into several groups. In mouse models of global 

cerebral ischemia, the cell death matures at 3 days post ischemia with no further increase 

in number of dead cells at 5 days after the ischemic insult [103]. Therefore, to insure the 

maximum post-ischemic damage, the mice underwent 6 days of recovery before 

neurologic tests and neuronal counts were performed. Of the total 152 mice that were 

subjected to ischemic insult, 16 died before the individual experiments were performed. 

In the majority of cases, this was due to damage to the vagus nerve during the surgical 

procedure involving separation of common carotid artery from the nerve.  

2.2.4 Monitoring blood gases  
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Another group of animals, an additional incision was made to expose and 

cannulate the femoral artery (PE 10 tubing) for heparin administration (300 IU/kg) and 

blood sampling. Blood gases were measured in vehicle and NMN treated animals 10 min 

after the intraperitoneal (i.p.) injection. Levels were normal pre and post ischemia (data 

not shown). 

2.2.5 Measurement of regional cerebral blood flow (CBF)  
	
 Regional blood flow was assessed by laser-Doppler flowmetry using a pencil 1 

mm fiber-optic extension probe with blood flow meter unit connected to AD Instruments 

Power Lab 8/35 system. The tip of the probe was affixed to the surface of the skull over a 

brain region devoid of major vasculature 2 mm posterior to bregma and 1 mm lateral to 

midline, contralateral to the thermal probe. The CBF recording started 5 min before onset 

of the 5% isoflurane concentration in the respiratory gases and continued during the 10 

min of common carotid arteries occlusion and the first 10 min of reperfusion. Vehicle and 

NMN treated animals were used to determine the ischemia/reperfusion-induced changes 

in regional cerebral blood flow. 

2.2.6 NMN administration 
  

Nicotinamide mononucleotide (NMN) was prepared in sterile PBS and was 

administered to mice in doses of 31.25, 62.5, 125, 250, and 500 mg/kg. The drug or 

vehicle solution (PBS) of the same volume (200 µl) was injected intraperitoneally (i.p.) at 

the onset of reperfusion or after 30 min of recovery (only 62.5mg/kg dose) after 10 min 

of forebrain ischemia. At 6 days of recovery, the animals were perfusion fixed and their 

brains were processed for histological outcome assessment. Another group of vehicle or 

NMN treated animals were decapitated after 2, 4, and 24 hours of recovery. Then their 
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brains were removed, hippocampal tissue was dissected on ice and processed for NAD+ 

measurement or western blots. 

2.2.7 Histology and cresyl violet staining  
	

Mice were perfusion-fixed transcardialy with PBS followed by 4% 

paraformaldehyde in PBS under anesthesia. After perfusion-fixation, the brains were 

removed from the skull and post-fixed in cold paraformaldehyde overnight and 

transferred into 30% sucrose solution for 2-3 days before sectioning. Coronal sections of 

40 µm were cut on a freezing microtome and collected at 240 µm intervals for cresyl 

violet staining. 

Cut sections were mounted on a slide and dried for an hour. The slides were 

immersed in acetone for 10 min for defatting purposes, dipped in distilled water 3 times 

and dried at room temperature for 1 hour. Then, the slides were immersed in filtered 

cresyl violet (FD Neurotechnologies, PS102-02) for 2 min and dipped again in distilled 

water. After, the slides were dehydrated in 95% ethanol with 0.1% glacial acetic acid for 

1 min then in 100% ethanol for 3 min twice. Following 4 min immersion in xylene, the 

slides were coverslipped with DPX. Examination of cresyl violet staining was performed 

using light microscopy. 

2.2.8 Hippocampal CA1 neuronal counts 
	

Counting of CA1 uninjured neurons was performed with 4 sections per 

hippocampus starting at 1.2 mm posterior to bregma encompassing the lesion volume of 

CA1 sub-region (-1.2, -1.44, -1.68, -1.92 mm from bregma). Quantitative analysis was 

performed on a computer-assisted image analysis system consisting of a Nikon Eclipse 

800 photomicroscope equipped with a computer-controlled motorized stage, and a 
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computer utilizing the Stereo Investigator program, a custom-designed morphology and 

stereology software [104]. The total number of surviving neurons in the CA1 region of 

the hippocampus was counted using the optical fractionator method [105]. The sampled 

region for CA1 subfield was demarcated and cresyl violet neuronal cell bodies were 

counted. The volume of the hippocampal subfield was measured using the Cavalieri 

estimator method, which is included in the Stereo Investigator program [104]. The 

estimated number of surviving neurons in each field was divided by the volume of the 

region of interest to obtain the cellular density expressed in counts/mm3. 

2.2.9 Western blots 
	

Hippocampi were isolated and homogenized in lysis buffer (NaCl 150 mM, Tris 

10 mM, 1 % Triton X-100, 0.5 % nonidet p-40) with protease inhibitor cocktail (EMD 

Millipore). Fifty µg of proteins were loaded onto 4-15% Mini-PROTEAN TGX (Bio-

Rad) pre-cast gels and transferred to immobilon PVDF-FL membrane. Membranes were 

incubated in Odyssey blocking buffer (Li-cor Biosciences) for an hour at room 

temperature. This was followed by incubation of membranes with primary antibody 

overnight at 4°C (anti-PAR (10H), 1:1000 Enzo; anti-Nampt (PBEF) 1:1000 abcam; anti-

Nmnat2 1:1000 abcam, anti-b-actin at 1:10,000; Cell Signaling). After washing the 

membranes in PBS with 0.1% tween-20, they were incubated with the appropriate 

fluorophore conjugated secondary antibody (Li-cor) for 30 min at room temperature. The 

membranes were scanned and the bands were quantified with Odyssey image system (Li-

cor).  The b-actin signal was used for protein normalization. 

2.2.10 NAD+ tissue levels 
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NAD+ levels in tissue samples was determined according to	[106]. Mouse 

hippocampi at designated recovery times were dissected on ice and homogenized in 500 

µl of 7% cold perchloric acid (PCA). The homogenate was centrifuged at 10,000 g for 10 

min. The supernatant was then neutralized and the NAD+ levels were determined 

fluorometrically using a cycling enzymatic assay that generates a fluorescent product 

[50]. The NAD+ data were normalized to the protein content of tissue samples. 

2.2.11 Statistics  
	

Statistical analysis was performed using KaleidaGraph (Synergy Software) 

version 4.5.0. Data were assumed normally distributed based on the skewness or 

kurtosis parameter. Statistical significance was assessed by Student’s t test when two 

groups were compared and one-way ANOVA test followed by the Tukey’s HSD or 

Bonferroni’s post hoc test for multiple comparisons. The values are presented as mean ± 

standard error of mean (SEM). The p values <0.05 were considered to be statistically 

significant.  

2.3 RESULTS 
	
2.3.1 NMN dose-response in forebrain ischemia 
  
 It has been reported that Nam administration increases NAD+ levels and improves 

ischemic-induced brain damage [67, 109, 110]. The dosage administered in these studies 

was fairly high at 500 mg/kg. To determine if NMN administration had an effect on 

ischemic-induced brain damage we administered a similar dose, 500 mg/kg, immediately 

after ischemic insult (the start of reperfusion). With this dosage there was a propensity 

towards an increase in the number of uninjured CA1 neurons compared to vehicle treated 

animals however the difference was not significant (Fig 7). Di Stefano et al. reported that 
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increased levels of NMN can actually have detrimental effects on neurons [91]. As a 

result, we decided to examine the effects of lower dosages of NMN, 31.25, 62.5, 125, 250 

mg/kg) on ischemic-induced brain damage. The number of CA1 uninjured neurons 

increased by lowering NMN dose from 500 to 62.5 mg/kg. Interestingly, administration 

with the lowest dosage of 31.25 mg/kg lessened neuron protection when compared to the 

62.5 mg/kg dose. Thus, the most effective treatment for global cerebral ischemia was 

administration of 62.5 mg/kg NMN. 

 

Figure 7 The effect of NMN treatment on CA1 neuronal cell death by ischemic insult. Brain sections 
were stained with cresyl violet and hippocampal CA1 neurons counted at 6 days post ischemic insult 
(top panel). In sham animals’ neurons appear to be normal while vehicle treated ischemic animals’ 
show mass neuronal cell death in the CA1. NMN treated (62.5 mg/kg) animals show normal neuronal 
morphology and resistance to ischemic insult. Scale bar represents 50 µm. Various dosages of NMN 
were administered at the start of recovery and the number of uninjured neurons in the CA1 were 
quantified (graph). The most protective effective dose administered was 62.5 mg/kg. At this dose there 
was no significant difference between sham and NMN treated ischemic animals. Bars represent mean 
value. *p<0.05, **p<0.01, ***p<0.001 when compared to vehicle treated group (n=11), #p<0.05, 
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##p<0.01, ###p<0.001 when compared to sham group (n=11). Two-way ANOVA followed by 
Bonferroni’s test.  

 In order to show the translational relevance of this treatment we administered a 

dose of NMN (62.5 mg/kg) 30 min after the start of reperfusion/recovery (rather than 

immediately as done in Fig 7). Figure 8 shows NMN administration protected 

hippocampal CA1 neurons against ischemic-induced brain injury compared to vehicle 

treated animals.  

 

Figure 8 The effect of delayed NMN treatment on CA1 neuronal cell death induced by ischemia. 
Brain sections were stained with cresyl violet and hippocampal CA1 neurons counted at 6 days post 
ischemic insult (top panel). In sham animals’ neurons appear to be normal while vehicle treated 
ischemic animals’ show mass neuronal cell death in the CA1. Administration of NMN (62.5 mg/kg) 
30 min post ischemia showed normal morphology of CA1 neurons (top panel). Scale bar represents 50 
µm. CA1 uninjured neurons were quantified in sham, vehicle, and NMN treated groups (graph). NMN 
administration at 30 min after the start of reperfusion showed significant increase in the number of 
CA1 injured neurons compared to vehicle treated ischemic groups. Bars represent mean value. 
***p<0.001 when compared to the vehicle treated group (n=10). ###p<0.001 when compared to sham 
(n=10). One-way ANOVA followed by Tukey HSD test. 	
2.3.2 Effect of NMN administration on post-ischemic neurologic outcome 
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 After determining the most effective dose of NMN we were interested in whether 

the neuroprotection observed in the hippocampal CA1 sector had an impact on animals’ 

neurologic outcome. To test this, we utilized the Y-maze behavioral test which assess 

hippocampal dependent spatial memory	[111]. Mice were treated with either vehicle or 

NMN (62.5 mg/kg) and tested before and 6 days after ischemic insult. Vehicle treated 

ischemic mice showed a tendency to decrease arm alternations which suggests 

hippocampal dysfunction (Fig 9A). NMN treatment reversed these effects and showed no 

difference in behavior prior to ischemia (Fig 9A). Interestingly, vehicle treated ischemic 

animals exhibit hyperactivity (Fig 9B) but otherwise no groups displayed motor deficits.  

 Similar results were observed where mice received NMN 30 min post ischemia 

(Fig 9 C, D). Arm alternations were lower in vehicle treated ischemic mice while NMN 

treated showed no significant changes pre or post testing.    
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Figure 9 The effect of NMN administration on post-ischemic neurologic outcome. The percent arm 
alternation was recorded pre and post ischemia in sham, vehicle, and NMN treated animals (62.5 
mg/kg) (A). Vehicle treated ischemic animals exhibited decreased arm alternations signifying spatial 
memory loss. NMN administration reversed these effects. Arm entries were recorded in vehicle and 
NMN treated animals (B). Vehicle treated ischemic groups exhibited hyperactivity however no other 
motor deficits were observed. C, D were repeated as in A, B however NMN was administered 30 min 
post ischemia. NMN administration at this time point prevented decrease in arm alternations (C) and 
no abnormal motor behavior was detected (D). *p<0.05 (n=10), ANOVA followed by Tukey HSD 
test. 

	
	
2.3.3 NMN has no effect on animals’ core temperature or rCBF post ischemic insult  
	
 Body temperatures of mice were monitored during the first hour of NMN 

treatment to ensure the protective effect observed with NMN was not due to hypothermia. 

Fig 10B shows that there was no difference in body temperature between vehicle or 



 30	

NMN treated animals. Similarly, NMN treatment compared to vehicle did not have any 

effect on cortical blood flow after insult (Fig 10A) and did not alter animals’ blood pCO2, 

pO2, and glucose levels (data not shown). 
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Figure 10 NMN effects on regional blood flow (rCBF) and body temperature. rCBF was measured 
during the first 10 min of reperfusion in vehicle and NMN treated (62.5 mg/kg) ischemic animals (A). 
NMN had no effect on rCBF recovery compared to vehicle treated animals. Mice body temperature 
was monitored up to 1 hour of reperfusion (B). NMN treatment has no effect on core temperature. n=8 
(A) n=4 (B)  

	
	
2.3.4 NMN administrations inhibits NAD+ catabolism  
	
 Hippocampal NAD+ levels were measured to examine whether NMN 

administration had an effect on NAD+ catabolism. After ischemic insult hippocampal 

NAD+ levels decreased to about 50% of sham at 24 hours of reperfusion (Fig 11A) while 

NMN administration preserved levels of NAD+ at this time point. Thus, NMN treatment 

seems to inhibit NAD+ catabolism.  

 Preserving NAD+ levels can be facilitated through either increased NAD+ 

synthesis from the salvage pathway or by inhibiting NAD+-consuming enzymes, such as 

poly-ADP-ribose polymerase 1 (PARP1). We measured levels of poly-ADP-ribose 

(PAR) (produced by PARP1) in our vehicle and NMN treated animals and found high 

levels of PAR formation at 2 hours of reperfusion (Fig 11C). At later time points PAR 

formation in vehicle treated animals was not significantly different from sham group. 

NMN administration inhibited PARP1 activity and significantly reduced PAR formation 

in these animals compared to vehicle groups (Fig 11C). 
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Figure 11 NMN inhibits NAD+ catabolism and reduces PAR formation. Hippocampal tissue was 
collected and NAD+ levels were measured (A). Ischemic insult reduced levels at 2, 4, and 24 hours of 
reperfusion while NMN treated animals (62.5 mg/kg) preserved NAD+ levels. PAR formation in 
vehicle and NMN treated animals at 2, 4, 24 hours post ischemia was measured by western blot (B). 
b-actin was used to normalize protein levels. Quantification of blot is shown in (C). PAR levels 
significantly increased in vehicle treated animals at 2 hours post ischemia and normalized by 24 hours. 
NMN treated animals significantly reduced PAR levels compared to vehicle treated animals at 2 and 4 
hours post ischemia. At 24 hours post ischemia NMN treated PAR levels were significantly reduced 
compared to sham. (*p<0.05, **p<0.01, ***p<0.001 compared to vehicle treated, #p<0.05, ##p<0.01, 
###p<0.001 compared to sham group (n=6), ANOVA followed by Bonferroni’s test) 

	
 To assess whether NMN administration had an effect on the NAD+ salvage 

pathway, levels of NAMPT and NMNAT2 were measured. Levels of NAMPT (produces 

NMN from Nam) were significantly higher in vehicle treated mice compared to sham at 2 

and 4 hours post ischemia and normalized by 24 hours (Fig 12B). NMN treated groups 

preserved sham NAMPT levels after ischemic insult. NMNAT2 levels (produces NAD+ 

from NMN) were slightly elevated in the 2 hour vehicle treated group and NMN 

treatment reduced these levels (Fig 12D). At other time points there were no significant 

differences.  
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Figure 12 NMN administration in ischemic animals prevents increase in NAD+ salvage pathway 
enzymes. Hippocampi from vehicle and NMN treated (62.5 mg/kg) ischemic animals were collected 
and western blots were run to probe for levels of NAMPT (A) and NMNAT2 (C). Quantification is 
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represented in (B) for NAMPT and (D) for NMNAT2. b-actin was used as normalization. Vehicle 
treated ischemic animals showed a significant increase in levels compared to sham up to 4 hours, 
while NMN treatment prevented the rise in levels. Levels of NMNAT2 in vehicle treated ischemic 
groups tended to rise at 2 hours post ischemia compared to sham however were not significantly 
different. NMN treatment suppressed ischemic induced increased in NMNAT2 at 2 hours post 
ischemia. (p*<0.05,**p<0.01 when compared to vehicle, ##p<0.01, ###p<0.001 when compared to 
sham group (n=8), ANOVA followed by Bonferroni’s test. 	
2.4 DISCUSSION 
	
 In this study we show that administration of NAD+ precursor, NMN, after 

forebrain ischemia results in reduction of hippocampal CA1 neuronal cell death, 

improves ischemic induced neurologic deficits, and inhibits NAD+ catabolism by 

inhibiting PARP1 activity.  

 Both global and focal ischemia exhibit increase in poly-ADP-ribosylation (PAR) 

[42] [41, 112]. Gerbils subjected to global cerebral ischemia had elevated levels of PAR 

in the hippocampus during the first 2 hours post ischemia, which was mirrored in our 

work [41]. Additionally, elevated PAR levels at 2 hours post ischemia were also observed 

in the mouse cortex in middle cerebral artery occlusion (MCAO) [42]. Administration of 

PARP1 inhibitor, 3-aminobenzamide (3-AB), reduced elevated PAR levels and PARP1 

KO mice also showed similar effects [42]. From our data we observed that an increase in 

PAR levels in vehicle treated ischemic groups concurred, with a progressive reduction in 

hippocampal NAD+ levels which reached to about 50% of control levels by 24 hours. All 

these effects were reversed with NMN administration in ischemic animals which suggests 

NMN is acting by inhibiting PARP1 activity and subsequent NAD+ catabolism. Studies 

have shown that PARP1 inhibitors also reduce brain damage in injury which explains 

why NMN treated ischemic animals show protection of hippocampal CA1 neurons and 

improvement in neurologic deficits [35, 41, 42, 47]. It seems that this compound’s 

protective mechanism is acting through the inhibition of PARP1 activity rather by 
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increasing NAD+ synthesis via the NAD+ salvage pathway. However, this statement is 

accurate only if NMN does not act upon poly-ADP-ribose glycohydrolase (PARG), 

which consumes the PAR polymer [113]. 

 Previous studies have reported that administration of Nam also shows protection 

against ischemic cell death, ATP depletion, inhibition of PARP1, lipid peroxidation, and 

prevention of apoptosis [36, 67, 69, 75, 110]. To achieve these outcomes, the Nam doses 

administered were between 125-500 mg/kg. These doses are relatively high and in 

humans can result in side effects such as flushing. Alternatively, administering NMN 

resulted in similar outcomes to Nam, with no side effects and could be administered at 

much lower doses. Additionally, it is a direct NAD+ precursor, unlike Nam, and is 

therefore more energy efficient. Our data showed the most neuroprotective dose of NMN 

was at 62.5 mg/kg while higher doses at 125 mg/kg resulted in adverse effects. Di 

Stefano et al. reported higher levels of NMN could actually result in the activation of 

degenerative processes in neurons [91].  

 It is crucial for cell survival to maintain physiological levels of NAD+. NAMPT is 

highly expressed in neurons suggesting that there is a higher level and turnover of NAD+ 

in these cells. Knockdown of the NAMPT enzyme results in ischemic brain damage, 

astrogliosis, microgliosis, and abnormal CA1 dendritic morphology [102, 114]. Our data 

showed an increase in NAMPT expression in the hippocampus at 2 hours post ischemia 

in vehicle treated ischemic animals. This is likely a compensatory mechanism to the 

ischemic induced reduction of NAD+ levels. NMN treated ischemic animals maintained 

pre-ischemic levels of the enzyme. NMN is the product of NAMPT activity and it is used 

to directly synthesize NAD+ by NMNAT. This reaction is more efficient and less energy 
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dependent since one ATP molecule is consumed versus two ATPs if from NAMPT [52, 

115]. Thus, NMN is preserving tissue NAD+ levels by inhibiting PARP1 activity and by 

stimulating NAD+ synthesis by NMNAT2 activity. 

 The specific cellular mechanism of NMN uptake remains unclear. NMN can be 

transported into cells by conversion to nicotinamide riboside (NR) and then intracellular 

NR kinases reproduce NMN [82]. This is supported by evidence showing that NR levels 

increase following NMN administration and that within 15 min NMN is immediately 

converted to NAD+ [31]. Alternatively, NMN can directly enter the cell via a specific 

NMN transporter, Slc12a8 [85]. Slc12a8 deficiency significantly decreased NAD+ levels 

and reduced NMN uptake. It is possible that NMN enters the cell via both pathways, 

transporter and NR, depending on immediate requirement of NAD+.  

 Previous work has shown that ischemic induced brain damage to the CA1 is 

associated with hippocampal dysfunction [31]. NMN treatment in forebrain ischemic 

groups protected hippocampal CA1 neurons from damage and improved neurologic 

performance of animals in the Y-maze behavioral test. Administration of this 

neuroprotective compound was not only able to maintain the physiological state of the 

CA1 neurons but also their functional state. 

 Stroke is a complex neurologic condition that triggers numerous ionic, 

biochemical, and cellular destructive mechanisms in the cell [116-119]. Several 

mechanisms have been identified in stroke injury as well as protective compounds, such 

as calcium channel blockers, GABA agonists, magnesium, phospholipid precursors, 

mitochondria protecting agents, and antioxidants [120]. However, these compounds only 

target a specific mechanism and are administered before injury. It has been recognized 
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that a successful treatment for stroke would require a strategy that can affect several 

target mechanisms as well as be administered in realistic injury conditions [121]. Our 

data and reports from the literature suggest that NMN administration is neuroprotective in 

ischemic brain injury due to its effect on several mechanistic targets, such as NAD+ 

catabolism, inhibiting PARP1/CD38 activity, modulating the inflammatory response, 

microglia overactivation, and modulating NAD+-dependent deacetylases sirtuins [2, 122, 

123]. Thus, NMN has a potential clinical applicability for stroke injury. Further research 

is needed to determine the specific time window of administration post injury, 

female/male differences, and the specific mechanism of action. In this study we have 

shown that NMN administration following ischemic induced brain injury protects 

hippocampal CA1 neurons and function via inhibition of NAD+ catabolism.  
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CHAPTER 3: NMN INHIBITS MITOCHONDRIAL FISSION BY REDUCING 

MITOCHONDRIA ASSOCIATED pDRP1 (S616) LEVELS 

3.1 INTRODUCTION 

It is commonly believed that mitochondrial dysfunction plays a significant role in 

the pathophysiology of ischemic brain injury [21, 52, 124-128]. Mitochondria are 

subcellular organelles that are involved in a variety of essential cellular functions, the 

most prominent role being to supply the cell with metabolic energy in the form of ATP 

[55]. The type of function the mitochondria performs is reflected in its structure, more 

specifically its unique ability to undergo fusion and fission. This dynamic behavior 

allows mitochondria to respond to physiological and pathological stimuli, resulting in 

their fragmentation into smaller organelles or forming elongated, interconnected forms 

[26]. Fusion mixes solutes, metabolites, and proteins in newly formed mitochondria and 

helps to promote a healthy environment and counter post-stressful conditions. Fission 

functions to create new smaller mitochondria when needs arise but also performs damage 

control by allowing removal of dysfunctional mitochondrial segments [129]. 

A group of guanosine triphosphatases (GTPases)-dependent proteins mediate 

fusion and fission. These proteins work in unison to quickly divide and fuse the double 

lipid bilayers of the mitochondrial membranes. Fusion of the outer membrane is mediated 

by two core proteins, mitofusin 1 (MFN1) and mitofusin 2 (MFN2), while inner 

membrane fusion is mediated by a singular protein, mitochondrial dynamin-like GTPase 

encoded by optic atrophy 1 gene (OPA1). Fission, on the other hand, is mediated by 

dynamin-related protein 1(Drp1) and Drp1 regulating proteins mitochondrial fission 1 

(Fis1), mitochondrial fission factor (Mff), and mitochondrial dynamics protein 49/51 
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(MiD49/51) [130]. These regulatory proteins are required for Drp1 recruitment to the 

mitochondria where it is then responsible for outer membrane division [29]. Due to the 

mitochondrial highly dynamic environment, the activity of these proteins is tightly 

regulated by proteolysis and post-translational modifications that include SUMOylation, 

ubiquitination, phosphorylation, S-nitrosylation, acetylation, and O-linked-N-acetyl-

glucosamine glycosylation [25, 29, 131]. Fine tuning of the mitochondrial fusion/fission 

process by post-translational modifications plays a central role not only in facilitating 

normal mitochondrial function but also is crucial in cellular bioenergetic stress responses 

to various pathologic conditions, such as neurodegenerative diseases, ischemia, and 

traumatic brain injury (TBI).  

Phosphorylation is a well-studied and characterized post-translational 

modification found typically on serine, threonine, or tyrosine residues. So far Drp1 is the 

only protein among fusion and fission proteins that was found to be regulated by 

phosphorylation. Two sites are phosphorylated on Drp1 (pDrp1), Ser616 of human Drp1 

isoform 1 (pro-fission) (equivalent to Ser585 in rat Drp1 or ser579 in human Drp1 

isoform 3), and Ser637 human Drp1 (pro-fusion) (equivalent to Ser600, 617, and 656, 

depending on species and splice variants), which upon phosphorylation usually exhibit 

opposing effects on Drp1 associated mitochondrial fragmentation [132]. Phosphorylation 

of Ser616 and Ser637 are well conserved between humans and mice [132].  

Disturbances in mitochondrial fission/fusion balance were implicated in several 

neurodegenerative disease [26, 133-135]. Excessive fission was reported to lead to 

mitochondrial depolarization, cytochrome c release, elevated reactive oxygen species 

(ROS), and apoptosis [56, 136, 137]. Fission of mitochondria was observed in both 
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primary cultures of neurons and astrocytes exposed to mitochondrial toxins and oxygen 

glucose deprivation [138, 139]. Additionally, a decrease of longer neuronal mitochondria 

was reported following focal ischemia [140]. Interestingly, administration of NMN to 

animals that represent the transgenic model of Alzheimer’s disease showed improved 

mitochondrial bioenergetic functions and reduced fission [32]. We carried out dose 

dependent experiments of NMN administration following global cerebral ischemia that 

showed an NMN-induced inhibition of post-ischemic NAD+ catabolism and dramatic 

amelioration of ischemic cell death [38]. Therefore, we decided to study the mechanisms 

of NMN protection by exploring the downstream effects of NMN administration on 

modulation of mitochondrial dynamics.  

In order to systemically study morphological alterations of the whole 

mitochondria population, we generated a transgenic mouse model that expresses cell-type 

specific mitochondria targeted fluorescent marker [141]. These animals express yellow 

fluorescent protein (mito-eYFP) in neurons. In this present study, we utilized these mice 

to study the effects of NMN administration on mitochondrial dynamics in both non-

pathologic conditions (naïve) and following ischemic brain injury.  

3.2 MATERIALS AND METHODS 
	
3.2.1 Animals 
	
 Adult, 3 months old C57Bl6 male mice (Jackson Laboratories) were used for 

experiments. Female animals were not used due to the difference in NAD+ metabolism 

between males and females [142]	[52]. Male have higher baseline NAD+ levels compared 

to females and as a result each sex has varying stress responses [142]	[52]. The animals 

were maintained in a 12-hours light/dark cycle, and were housed in groups of 2 to 5 mice 
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per cage in a temperature (22 ± 1°C) and humidity (55 ± 15%) controlled room. All mice 

were allowed free access to water and a maintenance diet (Teklad mouse diet, Envigo). 

All cages contained bedding and nesting material (Nestlets, Ancare) for environmental 

enrichment. The mice were free of all viral, bacterial, and parasitic pathogens. Mice were 

divided at random into several groups for all experiments. The animal protocol was 

approved by the Animal Care and Used Committee of the University of Maryland, 

Baltimore, in accordance with the National Institutes of Health Guidelines for Care and 

Use of Laboratory Animals. 

 Animals were divided into two main experimental groups. One group was 

administered NMN under non-ischemic conditions and tissue analyzed at 15 min, 1, 4, 

24, 48 hours after administration. The second group was treated with either vehicle or 

NMN 30 min after forebrain ischemia and tissue analyzed at 2 and 24 hours post 

ischemia. 

3.2.2 Generation of mito-eYFP animals 
  

To visualize cell-type specific mitochondria in the brain we used our transgenic 

animal model that expresses mitochondria targeted yellow fluorescent protein (mito-

eYFP) in neurons [141]. eYFP is under the control of tetracycline response element 

(TRE) to express the mito-eYFP in neurons. We crossed these mice with mice expressing 

the tetracycline transactivator (tTA) which is under the control of the neuron specific 

promotor, calcium/calmodulin-dependent kinase 2a (Camk2a). These animals were 

obtained from Jackson Laboratories (Bar Harbor, ME). The offspring that carried both 

genes expressed mitochondrial eYFP in neurons. Male transgenic mice (12-14 weeks) 

were used in experiments. The animal protocol was approved by the Animal Care and 
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Used Committee of the University of Maryland, Baltimore, in accordance with the 

National Institutes of Health Guidelines for Care and Use of Laboratory Animals.  

3.2.3 Transient forebrain ischemia 
	

Forebrain ischemia was induced by bilateral common carotid artery (CCA) 

occlusion with concomitant reduction of mean arterial blood pressure (MABP) [103]. 

Before the surgery, the animals were fasted with free access to water. Mice were 

intubated and mechanically ventilated with 1.5% isoflurane in N2O:O2 (70:30).  The 

temperature probe was placed subcutaneously next to the skull to monitor the pericranial 

temperature and body temperature was monitored using a rectal probe. Both core and 

head temperatures were maintained at 37.0 ± 0.5 °C during surgery. After the CCAs were 

isolated, the forebrain ischemia was induced by increasing the isoflurane levels to 5% and 

clamping both CCA with micro-vessel clamps [103]. The 10 min ischemic period was 

ended by reducing isoflurane levels to 0% and releasing the artery clamps. After surgery, 

the animals were placed into a temperature-controlled incubator for 3 hours before they 

were moved to pre-heated cages for 24 hours to avoid hypothermia. Animals were 

randomly divided into several groups. Mice underwent 2 or 24 hours of recovery post 

ischemia and were then used for experiments. Control animals were sham operated 

animals subjected to the surgical procedure without clamping the carotid arteries.  

3.2.4 NMN administration  
	

Nicotinamide mononucleotide (NMN) was prepared in sterile PBS and was 

administered to mice at a dose of 62.5 mg/kg. The drug or vehicle solution (PBS) of the 

same volume (200 µl) was injected intraperitoneally (i.p.) after 30 min of recovery post 

ischemic insult or in non-ischemic (naïve) animals. NMN doses and vehicle solution 
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were prepared the same day as administered. To avoid the effect of circadian rhythm on 

brain tissue NAD+ levels, all samples were collected at the same time of the day between 

9 and 10 AM. The investigator performing the drug administration, sample collections 

and processing was blinded to the final identity of the groups. 

3.2.5 Hippocampal mitochondria isolation 
	

Non-synaptic hippocampal mitochondria were isolated at 15 minutes, 1, 4, 24, 48 

hours after NMN administration and at 2 and 24 hours after forebrain ischemia treated 

with vehicle/NMN. Following decapitation, mouse hippocampi were dissected on ice and 

then homogenized in ice-cold isolation medium (225 mM sucrose, 75 mM mannitol, 1 

mM EGTA, 5 mM Hepes) with protease inhibitors (AG Scientific T-2495), acetylation 

inhibitors (10 µM TSA, 10 mM nicotinamide, 10 mM sodium butyrate), and PARP1 

inhibitors (2mM Na-orthovanadate, 5 mM NaF, 5 mM glycerol-2-phosphate, 1 µM ADP-

HPD, 40 µM PJ-34). Homogenate was mixed with 30% percoll (1:1 volume to volume) 

and loaded on a 24%-40% percoll gradient. Gradient was centrifuged at 30,700g for 8 

minutes at 4°C. The accumulated layer at the 24% and 40% percoll interface was 

collected as purified mitochondria. Isolation medium was added to the collected fraction 

and centrifuged at 16,700g for 10 minutes at 4°C. Supernatant was removed and 

additional isolation medium was added and centrifuged at 6,900g for 10 min at 4°C. 

Pellet was collected and re-suspended in isolation medium lacking EGTA and used for 

either western blots or metabolite measurement.  

3.2.6 Extraction of brain tissue metabolites 
	

Frozen brains were collected 15 minutes, 1, 4, 24, and 48 hours after NMN 

injection (n=4-6/group). Under deep anesthesia, induced by 5% isoflurane for 5 min, the 
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animal heads were frozen in situ with liquid nitrogen. Afterward, the brains were 

carefully removed from the frozen heads with a saw, a hammer, and a chisel inside a 

glove box cooled to -20°C. Then the hippocampi were dissected as described previously	

[143], and stored in the -80°C freezer until processed for HPLC. Hippocampi were 

pulverized using a liquid nitrogen-cooled Bessman pulverizer (Repligen, Waltham, MA) 

and the metabolites were extracted by 7% ice-cold perchloric acid (PCA). Similarly, the 

metabolites from isolated mitochondria and plasma were extracted by 7% PCA. 

Following extraction with PCA the samples were incubated on ice for 15 minutes with 

occasional vortexing. Then after centrifugation at 10,000g for 10 minutes at 4°C the 

pellet was used for Lowry protein measurements. The supernatant was neutralized with 1 

M Trizma and 9 M KOH and centrifuged again at 10,000g for 10 minutes at 4°C. The 

supernatant was then filtered by 0.22 µm PVDF filter and used for HPLC.  

3.2.7 HPLC measurement of brain tissue metabolites 
	

ATP was separated and measured using the Agilent Chemstation 1100 high 

performance liquid chromatography (HPLC) machine with a Jupiter C18 300A (250 x 4.6 

mm, 5 micron) column. To the extracted metabolites from hippocampal tissue samples a 

concentration gradient similar to [144], see also [46] was created with 50 mM sodium 

phosphate pH 6 and 50% of 50 mM sodium phosphate in HPLC grade methanol pH 7. 

The gradient consisted of following steps (in % methanol): 0 min, 0%; 6.5 min, 0.5%; 9 

min, 3%; 11 min, 5%; 12 min, 12%; 14 min, 15%; 16 min, 20%; 21 min, 30%; 22 min, 

50%. ATP retention time was 5.2 min. The authenticity of the individual metabolite in 

the sample was confirmed by co-elution with ATP standard. All samples were diluted 1:1 

in their respective 50 mM sodium phosphate buffer before being loaded and run on 
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HPLC. The temperature was kept at 30°C and the injection volume was 80 µL. Between 

runs the column was washed with water and methanol.  

3.2.8 Western blots 
	

After hippocampal dissection and mitochondrial isolation was performed, protein 

concentration was measured using the Lowry assay. Twenty-five µg of protein were 

heated at 75°C, loaded into Bio-Rad 10 well mini-protean TGX precast gels and 

separated through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). Gels were transferred to immobilon PVDF-FL membranes using the Trans-Blot 

Turbo system (Bio-Rad). Membranes were incubated in Odyssey blocking buffer (Li-cor 

Biosciences) for 1 hour before being incubated in primary antibody overnight at 4°C (b-

actin 1:15,000 (Cell signaling 3700 and 8457); VDAC 1:5000 (ab14734 and Cell 

Signaling 4661); MFN1 1:1000 (ProteinTech 13798-1-AP); MFN2 1:1000 (ab56889); 

OPA1 1:1000 (BD Biosciences 612606); pDrp1 S616 1:1000 (Cell Signaling 4494)). 

After washing in phosphate buffered saline with 0.1 % tween-20 (PBST), the membranes 

were incubated in infrared (IR) fluorophore conjugated secondary antibody (Li-Cor) for 

30 minutes at room temperature in the dark. Following PBST and PBS washes, the 

membranes were scanned, and bands were quantified with Odyssey infrared imaging 

system (Li-Cor). The β-actin and VDAC signal were used as normalization for 

hippocampal homogenate and mitochondria, respectively. Additionally, all antibodies 

were titrated to appropriate working concentrations before use.  

3.2.9 Immunohistochemistry  
	

Non-ischemic (naïve) and ischemic mito-eYFP mice were administered PBS or 

NMN and then perfusion fixed under deep anesthesia. First, the mice were intubated and 
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ventilated, then they were transcardialy perfused for 1 minute with oxygenated cold PBS 

(see [27]. This was followed by perfusion with warm (37°C) 4% paraformaldehyde in 

PBS for 7 minutes. Afterwards brains were post-fixed overnight in cold 

paraformaldehyde and the next day transferred into 30% sucrose for 3 days. Coronal 

sections of 40 µm were cut on a freezing microtome and collected for staining. 

Cryoprotectant was washed from sections with KPBS and incubated with pDrp1 (S616) 

antibody (1:500 Cell Signaling 4494S) at 4°C overnight in 0.3% KPBS-T (Triton X-100). 

pDrp1 (S616) working concentration was determined by NiDAB titration [145]. 

Following washes in KPBS, sections were incubated in goat anti-rabbit (Alexa Fluor 594) 

secondary antibody for 1 hour shaking at room temperature. Another set of sections were 

stained only with secondary antibody to test for non-specific staining. Sections were then 

washed in KPBS and mounted on slides for analysis using laser scanning confocal 

microscopy. Four Z-stack images were obtained from the CA1 stratum oriens for each 

experimental group. Volocity software was used to measure colocalization by 

determining the Pearson’s coefficient between mito-eYFP and pDrp1 (S616) signal.  

3.2.10 Quantification of mitochondrial dynamics 
	

Mitochondrial length in mito-eYFP non-ischemic and ischemic mice treated with 

PBS or NMN were measured as described in [27]. Briefly, z-stack images of 

mitochondria from hippocampal sub-regions (4 images/region) were collected using a 

laser scanning confocal microscope. Images were quantified using Volocity software. 

While defining individual mitochondria the program measures morphometric parameters 

of identified objects including skeletal length and diameter of each individual 

mitochondrion. After the measurement was complete, identified mitochondria were 
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sorted based on length and the data exported to Excel (Version 14.7.7) for final 

calculations and graph construction.  

3.2.11 Laser Scanning Confocal Microscopy 
	

Sections were imaged on a Ziess LSM 510 laser scanning confocal microscope 

using a Plan-Apochromat 63x/1.4 oil lens. Single planes of 1024 × 1024 pixels were 

recorded at 1.0–1.5 Airy unit pinhole every 0.5 µm z-spacing throughout the whole tissue 

section. For mitochondrial length analysis 0.2 µm z-interval was used. Lasers 488 and 

555 nm were used to visualize eYFP and Alexa Fluor 594, respectively. 

3.2.12 Statistics 
	

Statistical analysis was performed using KaleidaGraph (Synergy Software) 

version 4.5.0. All data are expressed as mean with standard error of mean (SEM). Sample 

size was estimated based on our previous study [38]. Data was assumed normally 

distributed based on the skewness or kurtosis parameter. Statistical significance was 

assessed by Student T-test when two groups were compared and one-way or two-way 

ANOVA test followed by the Tukey HSD or Sidaks post hoc test for multiple 

comparisons. Figure legend indicates which test was used for each corresponding 

experiment. The p values < 0.05 were considered to be statistically significant. However, 

due to small sample sizes we confirmed any significant differences between experimental 

groups also using non-parametric Kruskal Wallis test, or Mann-Whitney U test.  

3.3 RESULTS 
	
3.3.1 NMN inhibits mitochondrial fission 
	

To determine whether acute NMN treatment affects mitochondrial dynamics in 

the brain we decided to quantify the relative length distribution of neuronal mitochondria 
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following a single dose of NMN injection. We have already shown that chronic 

administration of NMN for 28 days resulted in a shift of mitochondrial dynamics towards 

fusion	[32]. To visualize neuronal mitochondria, we used our transgenic mito-eYFP mice 

[141]. Morphometric parameters of mitochondria were measured in the hippocampal 

CA1 subregion (Fig 13A) [27]. We chose the neuropil region for analysis since the 

density of mitochondrial in the perinuclear region is too high and the individual 

organelles cannot be readily identified [27]. To quantify the changes in mitochondrial 

length, the organelles were divided into 3 categories, spherical (0.2-1 µm), rod shaped (1-

5 µm), and tubular organelles (5-15 µm) [27]. At physiological state about 30% of 

mitochondria are spherical, 67% rod shape, and 3% tubular (Fig 13C). One hour after 

NMN administration there is a significant decrease of the spherical population from 30 to 

25% and a corresponding increase in the number of the rod shape mitochondria by about 

5% to 72% of the total population (Fig 13C). Thus, NMN treatment leads to a dynamic 

state of less fragmented neuronal mitochondria. Furthermore, NMN administration also 

elevated ATP pools from 24.2 nmol/mg to 32.2 nmol/mg at 1 hour and to 33.7 nmol/mg 

at 24 hours, suggesting these observed less fragmented mitochondria were functional and 

able to increase bioenergic metabolism (Fig 14).  



 50	

 

Figure 13 NMN administration leads to decrease in neuronal mitochondria fragmentation. Transgenic 
mice with neuron-specific expression of mitochondria targeted enhanced yellow fluorescence protein 
(mito-eYFP) were perfusion-fixed after intraperitoneal (i.p.) injection of vehicle or NMN. (A) 
Overview of hippocampal mitochondria in neurons (green). Red represents immunostaining with 
NeuN antibody.  Mitochondria were visualized and measured in the hippocampal CA1 oriens (white 
square). Scale bar represents 160 µm. (B) Mitochondria in neuronal processes 1 hour after i.p. 
injection of vehicle (PBS) or NMN (62.5mg/kg). Mitochondria in NMN treated brain section appeared 
elongated when compared to vehicle. Scale bar represents 100 µm. (C) Quantification of 
mitochondrial fragmentation. Mitochondria were divided into 3 populations based on their length. 
Spherical 0.2-1 µm, rode shape 1-5 µm, and tubular 5-15 µm. Following recording of z-stack images 
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by confocal microscope the data were processed and analyzed by Volocity software. The graphical 
presentation of individual mitochondrial subpopulations shows that at 1 hour after NMN 
administration the relative number of short, spherical mitochondria significantly decreased and the 
number of longer, rod shape mitochondria increased when compared to vehicle treated animals. * 
p<0.05, ** p<0.01 compared to vehicle (n=35 (C)) (Student T-test). 

 

	

Figure 14 NMN administration leads to increase in hippocampal tissue ATP levels. Hippocampal 
tissue showed an increase in ATP levels at 1 hr that was sustained up to 24 hr after NMN 
administration. **p < 0.01 compared to vehicle (n = 25) (One-way ANOVA followed by Tukey’s 
HSD test)	 	
	
 Mitochondria respond to stress by altering not only their function but also their 

structure and morphology. A decrease of longer neuronal mitochondria was reported 

following focal ischemia [140]. Following global cerebral ischemia in rodents, different 

sub-regions of the hippocampus show varying degrees of sensitivity to ischemic insult, 

CA1 being the most vulnerable while virtually no neuronal death is observed in the CA3 

or dentate gyrus [103]	[146]	[147]	[148]	[149]	[150]. Several mechanisms have been 

suggested for these regional differences after injury such as CA3 astrocytic suppression 

of Ca2+ intracellular overload, increased amount of CA1 glutamatergic neurons, varying 

ROS production, however at this time the specific mechanism remains unclear [103]	
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[146]	[147]	[148]	[149]	[150]. Here we quantify the relative length distribution of CA1 

neuronal mitochondria following global cerebral ischemia with the hopes that NMN 

treatment can reverse the associated ischemic effects. In the mouse model the cell death 

maturation process takes about 48 hours [103]	[148]	[150]. Previous work from our lab 

reported that mitochondria were fragmented starting at 2 hours post ischemia injury and 

remained fragmented at 4 and 24 hours [27]. Therefore, we examined changes in CA1 

mitochondrial morphology at the early reperfusion time, 2 hours and at the last time point 

before imminent cell death, 24 hours. At a physiological state in sham animals about 30% 

of mitochondria are spherical, 67% rod shape, and 3% tubular (Figure 15C). At 2 hours 

post ischemia, mitochondria of vehicle treated ischemic animals become slightly more 

fragmented, spherical mitochondria significantly increased to 40% while rod shape and 

tubular mitochondria decreased to 58 and 2% of the population. At 24 hours post 

ischemia the mitochondria population continues to fragment, significantly increasing 

spherical mitochondrial to 49% and decreasing rod shaped and tubular to 50 and 1% of 

the population (Fig 15C). NMN treated ischemic animals showed less fragmented 

neuronal mitochondria compared to their vehicle treated counterparts (Fig 15B). Up to 24 

hours post ischemia, mitochondria from NMN treated ischemic groups showed no 

significant difference from sham and retained physiological levels at 30% spherical, 67% 

rod shape, and 3% tubular mitochondria (Fig 15C). Thus, NMN treatment leads to a 

dynamic state of less fragmented neuronal mitochondria in ischemic injury as well as in a 

non-pathological state. 
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Figure 15 Effect of NMN administration on mitochondrial dynamics in ischemic brain injury in CA1 
neurons. Overview of hippocampal mitochondria in neurons (green). Red represents immunostaining 
with NeuN antibody.  Mitochondria were visualized and measured in the hippocampal CA1 oriens 
(white square). Scale bar represents 160 µm (A). Mitochondria in neuronal processes in sham and 
vehicle (PBS)/NMN (62.5 mg/kg) treated groups at 2 and 24 hours post ischemia (B). Mitochondria 
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appear less fragmented in NMN treated ischemic animals compared to vehicle groups. Scale bar 
represents 100 µm. Quantification of mitochondrial fragmentation (C). Mitochondria were divided 
into 3 populations based on their length. Spherical 0.2-1 µm, rode shape 1-5 µm, and tubular 5-15 µm. 
Scale bar represents 100 µm. Following recording of z-stack images by confocal microscope the data 
were processed and analyzed by Volocity software. The graphical presentation of the individual 
mitochondria populations show that ischemic insult increases the number of relative short, spherical 
mitochondria while decreasing the number of longer, rod shaped mitochondria. NMN treated ischemic 
animals do not experience this shift in mitochondrial population and retain physiological levels. 
*p<0.05 compared to sham, #p<0.05 compared to vehicle. (n=25) Two-way ANOVA followed by 
Sidaks post hoc. 

	
	
3.3.2 NMN does not affect levels of mitochondrial fusion proteins 
	

To reveal how NMN can alter mitochondrial dynamics, we first determined the 

changes in mitochondrial fusion regulatory protein levels in the hippocampus. The 

proteolytic cleavage of inner membrane fusion protein OPA1 was not altered by NMN 

treatment (Fig 16A), the longer form of OPA1 being recognized as pro-fusion and the 

shorter as pro-fission. Similarly, levels of fusion proteins that regulate outer membrane 

fusion, MFN2 (Fig 16B), and MFN1 (Fig 16C) did not change significantly from vehicle 

group up to 24 hours after NMN injection. 
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Figure 16 NMN-induced changes in mitochondrial fusion protein levels. Mice were administered 
single dose of NMN and hippocampal tissue was isolated at 1 and 24 hours after administration. b-
actin was used as a loading control. NMN administration did not significantly affect OPA1 (A), 
MFN2 (B), or MFN1 (C) protein levels in hippocampal tissue (n=12). 

	
	
 Levels of hippocampal mitochondria fusion proteins were also measured in 

ischemic groups treated with vehicle or NMN. Proteolytic cleavage of OPA1 

significantly increased in ischemic groups up to 24 hours post ischemia, the OPA1 



 56	

long/short ratio dropped about 30% from control levels (Fig 17A). Similarly, MFN2 

levels decreased by 60% from control by 24 hours post ischemia (Fig 17B). The changes 

in mitochondrial fusion proteins, OPA1 and MFN2, correlates with the mitochondrial 

morphology changes observed in ischemic injury, the shift from fusion to fission. 

Interestingly, levels of fusion protein, MFN1, increased about two-fold 2 hours post 

ischemia and remained elevated up to 24 hours (Fig 17C). This may be a cellular 

compensatory mechanism to balance the increased mitochondrial fragmentation in 

ischemia. NMN treatment had no effect on the post-ischemic changes in mitochondrial 

fusion proteins. Thus, NMN does not alter mitochondrial dynamics via altering levels of 

mitochondrial fusion proteins.  
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Figure 17 NMN treatment has no effect on the post-ischemic changes in mitochondrial fusion protein 
levels. Global cerebral ischemic groups were treated with vehicle (PBS) or NMN (62.5 mg/kg) and 
hippocampal tissue collected and mitochondria isolated at 2 and 24 hours post ischemia. Ischemic 
injury reduced levels of OPA1 long/short ratio (A) and MFN2 (B). MFN1 (C) levels were elevated 
post ischemia. NMN treatment did not affect any post-ischemic changes in fusion protein levels 
(n=20); Two-way ANOVA followed by Tukey post hoc. 

	
	
3.3.3 NMN inhibits mitochondrial fission by reducing mitochondrial pDrp1 (S616) 
levels 
 
 We next sought out to understand whether NMN altered mitochondrial dynamics 

by changing fission regulatory protein levels. There was a 60% decrease in levels of the 

active form of fission protein, phosphorylated Drp1 (S616) (pDrp1), in hippocampal 

mitochondria from 15 min to 4 hours post NMN treatment (Fig 18A). This reduction of 

mitochondrial pDrp1 was also confirmed by immunostaining brain sections from mito-

eYFP animals with pDrp1 (S616) antibody (Fig 18B). At 1 hour after NMN 

administration there was a 35% decrease in pDrp1 (S616) colocalization with 

mitochondrial eYFP in the hippocampal CA1 neurons (Figure 18B).  
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Figure 18 NMN-induced changes in mitochondrial fission protein pDrp1 (S616). The mitochondrial 
pDrp1 (S616) levels show a significant reduction from 15 min to 4 hours after NMN administration 
(A). At 24 and 48 hours the pDrp1 (S616) levels returned to control values. VDAC was used as a 
loading control. Brain sections from the mito-eYFP (neuronal mitochondria-green) mice treated with 
NMN or vehicle (PBS) were immunostained with pDrp1 (S616) antibody (red) (B). Z-stack images 
were collected and colocalization of pDrp1 (S616) with mito-eYFP in the CA1 oriens was quantified 
using Volocity software. NMN decreased colocalization of pDrp1 (S616) with mitochondrial eYFP as 
determined by the Pearson colocalization coefficient. Scale bar represents 100 µm. * p<0.05, ** 
p<0.01, *** p<0.001 compared to vehicle (n=24 (A), n=31 (B)) ((A) One-way ANOVA followed by 
Tukey HSD test, (B) Student T-test). 

	
 
3.3.4 NMN effect on post-ischemic pDrp1 (S616) levels 

Hippocampal tissue pDrp1 (S616) levels were measured in ischemic groups 

treated with vehicle or NMN. There was a 40% increase of pDrp1 (S616) in hippocampal 

samples at 24 hours post ischemia compared to sham groups (Fig 19A). NMN treatment 

post ischemia prevented this increase (Fig 19A). To analyze mitochondrial localization of 

pDrp1 (S616), brain sections from ischemic mito-eYFP animals were immunostained 

with pDrp1 (S616) antibody (Fig 19B, C) and colocalization was measured using 

Volocity software. There was about a 50% increase in the pDrp1 (S616) colocalization 

with mitochondrial eYFP in the hippocampal CA1 neurons by 24 hours after the ischemic 

insult. At 2 hours post ischemia animals show tendency towards a slight increase in the 

colocalization of pDrp1 (S616) with mito-eYFP however it did not reach significance 

until 24 hours (Fig 19C). NMN treatment in ischemic groups normalized the pDrp1 

(S616) levels (Fig 19). Colocalization images show the decreased overlap between pDrp1 

(S616) and mito-eYFP in NMN treated ischemic groups when compared to vehicle as 

well as the preservation of mitochondrial morphology (Fig 19B).  
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Figure 19 NMN normalizes post-ischemic pDrp1 (S616) levels. Hippocampal tissue was isolated 
from vehicle or NMN treated groups at 2 and 24 hours post ischemia and levels of pDrp1 (S616) were 
measured by western blot (A). Drp1 was used as a control. Ischemia increases levels of pDrp1 (S616) 
in samples by 24 hours. NMN treatment prevents this increase in pDrp1 (S616) levels. Brain sections 
from the ischemic mito-eYFP (neuronal mitochondria-green) mice treated with NMN (62.5 mg/kg) or 
vehicle (PBS) were immunostained with pDrp1 (S616) antibody (red) (B). Z-stack images were 
collected and colocalization of pDrp1 (S616) with mito-eYFP in the CA1 oriens was quantified using 
Volocity software (C). NMN normalized the colocalization of pDrp1 (S616) with mitochondrial eYFP 
in ischemic groups as determined by the Pearson colocalization coefficient. Scale bar represents 100 
µm. *** p<0.001 compared to sham. ##p<0.01 compared to 2 hR. ^^^ p<0.001 compared to vehicle. 
(n=25 (A), n=40 (B, C)) Two-way ANOVA followed by Sidaks post hoc. 

	
	
3.4 DISCUSSION  
	

We show here that a single dose of NAD+ precursor, NMN, alters mitochondrial 

dynamics in the brain by reducing fragmentation of neuronal mitochondria in both non-

pathological conditions and in ischemic brain injury. We reported similar findings after 

chronic treatment of animals with NMN, injecting 100 mg/kg, every other day for 28 

days [32]. Several previous studies also used repeated dosages of NMN from 300 to 

1,000 mg/kg over days or weeks with beneficial outcomes in animal models of diabetes 

mellitus, obesity, aging, stoke, or heart dysfunction [79]. Interestingly, we found that a 

much lower dose, about 60 mg/kg, administered once provided significant 

neuroprotection against brain damage induced by global cerebral ischemia [38].  

 Mitochondrial dynamics is regulated by fusion and fission proteins [56]	[3]. 

Division of mitochondria into smaller organelles is facilitated by fission protein Drp1 that 

is recruited to the mitochondrial outer membrane from the cytosol upon phosphorylation 

at serine 616 (pDrp1 (S616)) [151]. Correspondingly, purified mitochondria from the 

mouse hippocampus after NMN administration showed a reduction in pDrp1 (S616) 

levels, which supports the observed shift in mitochondrial morphology towards the 

increased population of longer organelles. NMN administration also increased the 
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hippocampal ATP pool suggesting these longer mitochondria organelles were 

bioenergically more active. Mitochondrial fusion is controlled by outer membrane 

localized fusion proteins MFN1, MFN2, and inner membrane fusion protein OPA1. The 

fusion proteins expression levels remained unchanged after NMN treatment, comparably 

to our chronic administration study	[32].  

  Mitochondrial fragmentation is linked to mitochondrial dysfunction as this 

morphological state predominates elevated stress levels and cellular death [152]. 

Mitochondria in CA1 neuronal processes became increasingly more fragmented by 24 

hours post ischemia brain injury. This change in morphology correlates with elevated 

levels of pro-fission protein, pDrp1 (S616), colocalized at the mitochondria, as well as 

reduced levels of fusion proteins, OPA1 and MFN2. The observed increase of MFN1 in 

ischemic groups may be a cellular mechanism to attempt to shift the imbalance of 

fusion/fission back to homeostatic conditions. Similarly, as in non-pathologic conditions, 

NMN administration in ischemic groups reduced elevated pDrp1 (S616) levels and 

shifted mitochondrial morphology to more physiological state. As a result, NMN protects 

neuronal mitochondria from excessive fragmentation in ischemic brain injury. 

In this study, we show for the first time a novel link between NAD+ metabolism 

and mitochondrial dynamics. We examine the effects of NAD+ precursor, NMN, in naïve 

mice to gain understanding of its potential protective mechanism observed in post-

ischemic brain injury. NMN alters mitochondrial dynamics by inhibiting fission via 

reduced levels of mitochondrial pDrp1 (S616). Further work is required to understand 

mechanistically how NMN can alter mitochondrial pDrp1 (S616).  
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CHAPTER 4: SIRT3 IS REQUIRED FOR NMN-INDUCED DECREASE IN 

MITOCHONDRIAL PROTEIN ACETYLATION 

4.1 INTRODUCTION 
	

The mitochondrial localized NAD+-dependent deacetylase sirtuin 3, SIRT3, 

regulates many aspects of mitochondrial function [16]. It participates in de-acetylating 

proteins involved in the electron transport chain (ETC), TCA cycle, glycolysis, and 

oxidative stress. This post-translational modification modifies enzymes’ activity state, 

typically de-acetylation driving increased activity. Administration of NAD+ precursors 

stimulate SIRT3 activity and lead to the activation of TCA cycle associated enzymes, 

such as GDH and IDH2, as well as other enzymes such as antioxidant, SOD2 [17] [18] 

[18, 19]. Maintaining a proper balance of NAD+ is crucial for SIRT3 activity and 

mitochondrial homeostasis.  

Loss of mitochondrial NAD+ has multiple pathologic consequences, one of which 

is decreased SIRT3 activity [153]. Hyper-acetylation of mitochondrial proteins, as seen in 

ischemic injury, can result in altered mitochondrial metabolism and oxidative state [153]. 

For instance, due to the reduced activity of SIRT3, acetylation of SOD2 is elevated which 

reduces its activity and mitochondria become a more active source of free radicals [153]. 

Thus, the mitochondrial acetylome can drive mitochondria stress state.  

Supplementing mice with NMN can increase NAD+ levels, ameliorate glucose 

intolerance, and restore gene expression related to oxidative stress in high fat diet-

induced diabetes [31]. Based on our study of NMN protection in global cerebral ischemia 

where we observed increased hippocampal NAD+ levels and mitochondrial effects, we 

hypothesized that NMN administration could be altering SIRT3 activity. In this chapter, 
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we decided to study the mechanism of NMN action by exploring its downstream effects 

on mitochondrial NAD+ levels, protein acetylation, and SIRT3 involvement.  

4.2 MATERIALS AND METHODS 
	
4.2.1 Animals 
  

Adult, 3 months old C57Bl6 and SIRT3KO (B6.129S6(Cg)-Sirt3tm1.1Fwa/J) male 

mice were used for experiments. Refer to Chapter 3.2.1 for animals living conditions and 

experimental groups.  

4.2.2 Transient forebrain ischemia 
	

Refer to Chapter 3.2.3 for experimental protocol. Additionally, a time point of 4 

hours after the end of ischemia was added for both vehicle/NMN treated animals for 

analysis of mitochondrial protein acetylation levels.  

4.2.3 NMN administration  
	

Refer to Chapter 3.2.4 for administration procedure.  

4.2.4 Hippocampal mitochondria isolation 

	 Refer to Chapter 3.2.5 for protocol on hippocampal mitochondria isolation. 
	

4.2.5 Extraction of brain tissue metabolites 
	

Hippocampi were pulverized using a liquid nitrogen-cooled Bessman pulverizer 

(Repligen, Waltham, MA) and the metabolites were extracted by 7% ice-cold perchloric 

acid (PCA). Similarly, the metabolites from isolated mitochondria and plasma were 

extracted by 7% PCA. Following extraction with PCA the samples were incubated on ice 

for 15 minutes with occasional vortexing. Then after centrifugation at 10,000g for 10 

minutes at 4°C the pellet was used for Lowry protein measurements. The supernatant was 
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neutralized with 1 M Trizma and 9 M KOH and centrifuged again at 10,000g for 10 

minutes at 4°C. The supernatant was then filtered by 0.22 µm PVDF filter and used for 

either HPLC or NAD+ determination by enzymatic cyclic assay [50]. 

4.2.6 HPLC measurement of brain tissue metabolites 
	

NAD+, NMN, and NR were separated and measured using the Agilent 

Chemstation 1100 high performance liquid chromatography (HPLC) machine with a 

Jupiter C18 300A (250 x 4.6 mm, 5 micron) column. To separate the extracted 

metabolites from hippocampal tissue samples a concentration gradient similar to [144], 

see also ([46]) was created with 50 mM sodium phosphate pH 6 and 50% of 50 mM 

sodium phosphate in HPLC grade methanol pH 7. The gradient consisted of following 

steps (in % methanol): 0 min, 0%; 6.5 min, 0.5%; 9 min, 3%; 11 min, 5%; 12 min, 12%; 

14 min, 15%; 16 min, 20%; 21 min, 30%; 22 min, 50%. NAD+ retention time was 14.7 

min, NR 5.9 min, ATP 5.2 min, and NMN 4.3 min. The authenticity of individual 

metabolites in the samples was confirmed by co-elution with NAD+, NMN or NR 

standards. All samples were diluted 1:1 in their respective 50 mM sodium phosphate 

buffer before being loaded and run on HPLC. The temperature of the column was kept at 

30°C and the injection volume was 80 µL. Between runs the column was washed with 

water and methanol.  

4.2.7 Measurement of mitochondrial NAD+ levels 
	

Due to limited volume, the NAD+ content in hippocampal mitochondria and 

plasma samples was measured by a cycling enzymatic assay that generates a fluorescent 

product [50]. NAD+ levels were normalized to the protein amount from mitochondrial or 

plasma samples.  
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4.2.8 Western blots 
	

After hippocampal dissection and mitochondrial isolation was performed, protein 

concentration was measured using the Lowry assay. Twenty-five µg of protein were 

heated at 75°C, loaded into Bio-Rad 10 well mini-protean TGX precast gels and 

separated through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). Gels were transferred to immobilon PVDF-FL membranes using the Trans-Blot 

Turbo system (Bio-Rad). Membranes were incubated in Odyssey blocking buffer (Li-cor 

Biosciences) for 1 hour before being incubated in primary antibody overnight at 4°C 

(Acetylated Lysine (1:1000 Cell Signaling 9814); SIRT3 (1:1000 Cell Signaling 5490); 

SIRT5 (1:1000 Cell Signaling 8779); VDAC Mouse (1:5000 Abcam 14734); VDAC 

Rabbit (1:5000 Cell Signaling 4661); SOD2 (1:1000 ProteinTech 24127-1-AP); GCN5L1 

(1:500 Provided by Dr Sack [154])). After washing in phosphate buffered saline with 0.1 

% tween-20 (PBST), the membranes were incubated in infrared (IR) fluorophore 

conjugated secondary antibody (Li-Cor) for 30 minutes at room temperature in the dark. 

Following PBST and PBS washes, the membranes were scanned, and bands were 

quantified with Odyssey infrared imaging system (Li-Cor). The VDAC signal was used 

as normalization for hippocampal homogenate and mitochondria, respectively. 

Additionally, all antibodies were titrated to appropriate working concentrations before 

use.  

4.2.9 Immunoprecipitation 
	

Vehicle or NMN was administered to mice and after 1 hour hippocampal tissue 

was dissected and homogenized in 500 µL RIPA buffer containing protease and 

acetylation inhibitors (10 µM TSA, 10 mM nicotinamide, 10 mM sodium butyrate) 
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(n=4/group). The volume was adjusted to 1.5 mL with PBS and protein concentration 

was measured by Lowry assay. Four mg of tissue was incubated with protein A sepharose 

bead slurry (Sigma P9424) for 30 minutes on a rotator at 4°C. Mixture was centrifuged at 

1000g for 3 minutes at 4°C and supernatant transferred to a new tube. Four µg of SOD2 

antibody (Protein Tech 24127-1-AP) was added to supernatant and incubated rocking for 

12 hours at 4°C. Protein A Sepharose bead slurry (50 µL) was added to the mixture to 

capture immunocomplexes. Mixture was rocked for 12 hours at 4°C and then beads 

pelleted and washed 3 times with 1 mL 0.2 % TBS-Triton X-100. SOD2 was eluted using 

elution buffer (0.1 M Glycine, 0.05 M Tris-HCl, 0.5 M NaCl, pH 1.5-2.5) and neutralized 

by 10X PBS. 4X Laemmli Sample Buffer was added to the elution and heated at 95°C for 

5 minutes. Western blot analysis was performed on samples using primary antibodies for 

SOD2 and acetylated lysine and normalized to the amount of SOD2 protein present. 

Negative control used was Protein A beads lacking antibody while positive control was 

recombinant SOD2 protein.  

4.2.10 Statistics 
	

Statistics were performed as in Chapter 3.2.12. 

4.3 RESULTS  
	
4.3.1 NMN, NAD+, NR metabolite levels after NMN administration  
	

To gain further insight into mechanisms of NMN action, we assessed and 

characterized plasma and brain tissue NAD+ metabolism after NMN administration in 

both naïve and ischemic groups. NMN injection resulted in an increase in plasma NMN 

levels to 1.67 nmol/mg at 5 min post-treatment, which then returned to baseline (1.33 

nmol/mg) at 15 min (Fig 20A). Thus, after 15 min NMN is either converted into NAD+ in 
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the plasma or transported from blood into the brain tissue. Therefore, we also determined 

the plasma NAD+ levels. At 15 min and 1 hour after NMN injection plasma NAD+ levels 

were significantly increased from 1.1 nmol/mg up to 5.5 nmol/mg and normalized by 24 

hours (Fig 20B). In hippocampal tissue, NAD+ levels were elevated from 2.55 nmol/mg 

to 3.68 nmol/mg at 15 min after NMN administration and then gradually normalized by 

24 hours post-treatment (Fig 20C). On the other hand, hippocampal mitochondrial NAD+ 

levels significantly increase by from 3.12 nmol/mg to 5.51 nmol/mg at 15 min and 

remained elevated up to 24 hours after the NMN administration (Fig 20D). Increased 

mitochondrial NAD+ content resulted in elevated hippocampal ATP pools from 24.2 

nmol/mg to 32.2 nmol/mg at 1 hour and to 33.7 nmol/mg at 24 hours, suggesting that 

NMN administration stimulates mitochondrial bioenergetic metabolism (Fig 20E).  Since 

it has been suggested that following administration, NMN is first converted to NR and 

then transported into cells [83], we decided to determine the changes in hippocampal 

tissue NR levels. Figure 20F shows that there was a transient increase in NR from 31.8 

nmol/mg to 50.8 nmol/mg at 15 min after NMN treatment. This increase was followed by 

gradual return to control levels.  
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Figure 20 NMN administration leads to increase in plasma and hippocampal tissue NAD+, NMN, NR, 
and ATP levels. (A) Plasma NMN levels increased at 5 min after NMN injection and normalized to 
vehicle by 15 min. (B) There was a significant increase in plasma NAD+ levels, at 15 min and at 1 
hour after NMN treatment. Twenty-four hours following NMN injection the NAD+ levels returned to 
control values. (C) Hippocampal tissue NAD+ significantly increased also already at 15 min after 
NMN administration but afterwards begin to decline back to physiological levels. (D) In isolated 
hippocampal mitochondrial, NAD+ increased by 76% from 15 min to 24 hours following NMN 
injection. (E) Hippocampal tissue showed an increase in ATP levels at 1 hour that was sustained up to 
24 hours after NMN administration. (F) Levels of NAD+ precursor, NR, increased by 60% at 15 min 
NMN post-injection in hippocampal tissue suggesting that at least part of NMN is metabolized into 
NR. * p<0.05, ** p<0.01, *** p<0.001 compared to vehicle (n=11 (A), n=26 (B), n=30 (C), n=20 (D), 
n=22 (E), n=25 (F)) (One-way ANOVA followed by Tukey HSD test). 
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 In Chapter 2 we measured hippocampal tissue NAD+ levels to examine whether 

NMN administration had an effect on NAD+ metabolism after ischemic insult. 

Hippocampal NAD+ levels decreased by 30% at 2 hours and by 50% at 24 hours after 

ischemia (Fig 11A) while NMN administration preserved the NAD+ levels. Levels of 

mitochondrial NAD+ followed a similar trend. At 2 hours post ischemia mitochondrial 

NAD+ levels decrease from 5.7 nmol/mg to 4.2 nmol/mg and then significantly declined 

to 2.4 nmol/mg at 24 hours (Fig 21). NMN administration prevented the post-ischemic 

NAD+ pool reduction in hippocampal mitochondria thus preserving physiological levels 

at about 5.8 nmol/mg (Fig 21).  

 

Figure 21 NMN administration reverses post-ischemic decline in hippocampal mitochondrial NAD+. 
NAD+ levels were measured from isolated hippocampal mitochondria by fluorometric approach in 
sham and vehicle (PBS)/NMN (62.5 mg/kg) treated animals in samples from 2 hours and 24 hours 
ischemia groups. Mitochondrial NAD+ levels significantly decline from 5.7 nmol/mg to 2.4 nmol/mg 
at 24 hours of reperfusion. NMN administration reverses this decline and restores physiological levels. 
***p<0.001 compared to sham, ^^^p<0.001 compared to 2 hR vehicle, ###p<0.001 compared to 24 
hR vehicle. n=22. Two-way ANOVA followed by Sidaks post hoc test.  

	
	
4.3.2 NMN-induced decrease in mitochondrial protein acetylation  
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 Mitochondrial metabolism and function are highly regulated by protein 

acetylation [155]. SIRT3 is the major mitochondrial NAD+-dependent deacetylase. 

Another mitochondrial sirtuin, Sirtuin 5 (SIRT5) is also a NAD+-dependent deacetylase, 

however the deacetylase activity of SIRT5 is negligible [4] [62]	[61]	[156]. Since we 

show that NMN administration increases mitochondrial NAD+ content we hypothesized 

that global mitochondrial protein acetylation could be altered. Figure 22 (A, B) shows 

that NMN reduces mitochondrial global protein acetylation by about 40% at 15 min, 1, 4, 

and 24 hours post-injection. The proteins that show the most significant decrease in 

acetylation are in the range of 20 to 75 kDa (Fig 22A). Furthermore, NMN induced an 

increase in mitochondrial SIRT3 and SIRT5 expression levels that probably also 

contributed to reduction in acetylation of mitochondrial proteins (Fig 22C-D). 

Interestingly, 48 hours after NMN treatment the mitochondrial acetylation levels were not 

only reversed but increased by 68% when compared to vehicle treated animals (Fig 22B). 

Since increased acetylation can be a result of higher acetyltransferase activity, we 

examined the changes in expression level of mitochondrial acetyltransferase GCN5L1. 

As figure 22E shows the mitochondrial GCN5L1 levels were increased 3-fold 48 hours 

after NMN administration compared to control (Fig 22E). 
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Figure 22 NMN causes decrease in hippocampal mitochondria protein acetylation. (A) Western blot 
of hippocampal mitochondria samples that were collected after vehicle or NMN (62.5 mg/kg) 
administration at 15 min, 1, 4, 24, and 48 hours post-treatment. (B) Quantification of changes in 
mitochondrial protein acetylation NMN administration reduced acetylation of mitochondrial proteins 
at 15 min post-treatment. However, at 48 hours post-administration mitochondrial acetylation 
significantly increased when compared to vehicle treated animals. There was an increase in protein 
levels of mitochondrial deacetylases, SIRT3 (C) and SIRT5 (D) at 24 HR following NMN injection. 
However, the mitochondrial acetyltransferase, GCN5L1, expression levels were elevated 48 hours 
following NMN administration (E). * p<0.05, ** p<0.01 compared to vehicle (n=32 (B), n=16 (C), 
n=15 (D), n=7 (E)) (B One-way ANOVA followed by Tukey HSD test, C-E Student T-test). 

	
	
 As we have shown in the previous section, ischemic brain injury is associated 

with reduction of mitochondrial NAD+ levels. As a result, we hypothesized that 

mitochondrial protein acetylation levels would be altered in post-ischemic animals. 

Ischemic groups show about a 2.8 and 2.3-fold increase in mitochondrial protein 
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acetylation compared to sham at 4 and 24 hours of reperfusion (Fig 23). Additionally, 

SIRT3 levels at the 24 hour time point are decreased by 20% when compared to sham 

levels which can contribute to the elevated acetylation levels (Fig 24). There was no 

significant change in acetylation levels at 2 hours post ischemia in vehicle groups. 

Similarly, as in NMN treated naïve animals the mitochondrial proteins in the range of 20-

75 kDa were affected (Fig 23). NMN administration normalized the post-ischemic 

increase in mitochondrial protein acetylation (Fig 23) and preserved physiological SIRT3 

levels (Fig 24).   

 

Figure 23 NMN administration normalized post-ischemic increase in mitochondrial protein 
acetylation. Hippocampal mitochondria were isolated and collected from sham and vehicle 
(PBS)/NMN (62.5 mg/kg) treated ischemic animals at 2, 4, and 24 hours of reperfusion. The upper 
panel shows western blot of samples probed with anti-acetylated antibody and VDAC as loading 
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control. The bottom panel is the quantification of changes in mitochondrial protein acetylation. There 
is a 2.8 and 2.3-fold increase in mitochondrial protein acetylation at 4 and 24 hours post ischemia. 
NMN administration normalizes the post-ischemic levels. There were no significant changes at the 2 
hour post-ischemic time point. ***p<0.001 compared to sham, ###p<0.001 compared to 4 and 24 hR 
vehicle. (n=22) Two-way ANOVA followed by Sidaks post hoc test. 

	
	

	
 
Figure 24 NMN reverses post-ischemic decline in SIRT3 levels. Hippocampal mitochondria were 
isolated and collected from sham and vehicle (PBS)/NMN (62.5 mg/kg) treated groups at 2 and 24 
hours post ischemia. The upper panel shows western blot of samples probed with anti-SIRT3 antibody 
and VDAC as loading control. The bottom panel is the quantification of changes in mitochondrial 
protein acetylation. Ischemic groups show a tendency to lower SIRT3 levels at 24 hours when 
compared to sham, although not significant. NMN administration preserves physiological SIRT3 
levels post ischemic insult unlike in ischemic groups. There were no significant changes at the 2 hour 
post-ischemic time point. #p<0.05 compared to 24 h of recovery vehicle group. (n=22) Two-way 
ANOVA followed by Sidaks post hoc test.  

	
	
4.3.3 SIRT3 is required for NMN-induced decrease in mitochondrial protein 
acetylation  
 
 To confirm that NMN is altering the mitochondrial proteins acetylation by 

modulating SIRT3 activity we decided to determine the acetylation changes of the direct, 

well-characterized SIRT3 target, mitochondrial superoxide dismutase 2 (SOD2) [19]. 

Immunoprecipitation of acetyl-SOD2 after 1 hour of NMN administration showed a 30% 
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decrease in SOD2 acetylation when compared to samples from vehicle injected animals 

(Figure 25).  

 

Figure 25 NMN-induced SOD2 de-acetylation. Hippocampal tissue was isolated from NMN (62.5 
mg/kg) or vehicle (PBS) treated animals. SIRT3 target, SOD2, was immunoprecipitated from 
hippocampal tissue samples and acetylation levels were analyzed by western blot. NMN induced a 
30% decrease in acetylation of SOD2 when compared to vehicle treated animals. * p<0.05 compared 
to vehicle (n=7). Student T-test. 

	
 

To ensure the SIRT3 activity is required for the NMN-induced effect, we used a 

SIRT3KO mouse model. Mitochondrial protein acetylation from SIRT3KO mice showed 

about 3-fold increase of protein acetylation when compared to their wild-type counterpart 

(Figure 26). Furthermore, the NMN mediated decrease in mitochondrial protein 

acetylation was eliminated when examined in SIRT3KO animals (Figure 26). These data 

thus suggest that SIRT3 is a major mitochondrial deacetylase and is required for the 

NMN-induced decrease of mitochondrial protein acetylation. 
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Figure 26 SIRT3 is required for NMN induced decrease in mitochondrial protein acetylation. 
Hippocampal tissue was isolated from 24 HR NMN (62.5 mg/kg) or vehicle (PBS) treated WT and 
SIRT3 KO animals. Western blots images represented in (A) and quantification in (B). In samples 
from SIRT3KO mice NMN did not affect mitochondrial protein acetylation while in WT NMN 
reduced the protein acetylation levels. * p<0.05, ** p<0.001 compared to WT vehicle. ###p<0.001 
compared to WT NMN (n=12); One-way ANOVA followed by Tukey HSD test. 

	
	
4.4 DISCUSSION  
	
 Here we show NMN administration alters mitochondrial NAD+ pools and 

subsequently mitochondrial protein acetylation via SIRT3. We found that an 

intraperitoneal injection (i.p.) of NMN was followed by rapid and transient increase in 

plasma NMN levels at 5 minutes, which then normalized 15 minutes after the injection. 

The rapid uptake of NMN could be explained by the recently identified cellular NMN 
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transporter, Slc12a8 [85]. Interestingly, similar plasma NMN pharmacokinetics were 

reported following oral gavage administration of NMN at a dose of 300 mg/kg [80]. 

However, one hour after oral gavage the NAD+ levels in plasma, or cortex did not 

increase significantly. Only the long-term administration protocol resulted in significant 

increase in plasma NAD+ pools [80]. We observed a significant increase in plasma, 

hippocampal tissue, and mitochondrial NAD+ already at 15 minutes following i.p. 

injection.  

Injection of NMN leads to significant increase of plasma Nam, suggesting a 

partial conversion of NMN to Nam [84]. This process is facilitated by ectoenzyme CD38 

that can consume NMN while generating cyclic-ADP-ribose and Nam [157, 158]. The 

Nam then can be converted back to NAD+ via the salvage pathway [159].  

Our data also shows elevated NR levels in hippocampal tissue at 15 minutes after 

NMN administration suggesting that at least partly NMN is converted to NR. However, 

plasma NR levels were not affected by NMN administration [84]. Although, this may be 

due to the fact that the plasma samples in Ratajczak et al. study were collected at 1 hour 

post administration when in our hands the plasma NMN was already normalized [84]. 

Thus, the NMN in vivo pharmacokinetics and its conversion to NAD+ is a complex 

process that is poorly understood at this time. The data however suggests that NMN is 

rapidly absorbed from the gut into the blood (see also [80]), and then transported into the 

brain tissue where it is converted into NAD+. 

It is known that ischemic brain injury depletes tissue NAD+ pools and as we have 

shown here mitochondrial pools as well [38]. Administration of NMN preserves both 

tissue and mitochondrial NAD+ pools at physiological levels post-ischemia. A single dose 
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of about 60 mg/kg of NMN administration in naïve animals increased mitochondrial 

NAD+ levels by 76% for up to 24 hours, suggesting a prolonged lasting effect of NMN 

treatment on mitochondrial NAD+ metabolism and functions. Post-ischemic animals 

treated with NMN did not exhibit such a sudden increase but steadily maintained sham 

NAD+ levels. Activity of NAD+-consuming enzymes, such as SIRT3, PARP1, CD38, 

post injury increases and contributes to the depletion of NAD+ [3]. As a result, NMN 

administration is able to replenish the depleted NAD+ caused by the activity of these 

enzymes. This is due to the ability of NMN to stimulate the NAD+ generation and also to 

inhibit the post-ischemic activation of PARP1 and CD38 [38, 46]. 

Interestingly, our data showed that post-ischemic tissue NAD+ pools significantly 

decline by 2 hours of reperfusion while mitochondrial NAD+ pools were not significantly 

affected at this time point, only at 24 hours. This suggests the non-mitochondrial NAD+ 

pools are targeted initially in ischemic injury, possibly by nuclear NAD+-consuming 

enzymes (PARP1), while mitochondrial pools are reduced at a later time point. This can 

be either due to a leak of NAD+ from mitochondria via the activated mitochondrial 

permeability transition (MPT) pore or increased activity of mitochondrial NAD+ 

glycohydrolases [160]. However, the mechanism that depletes post-ischemic 

mitochondrial NAD+ remains elusive. NMN administration replenished the tissue NAD+ 

levels at 2 hours and had no effect on mitochondrial levels at this time point. Based on 

this, administered NMN initially replenishes cytosolic/nuclear pools and later on NAD+ is 

delivered to the mitochondria. However, in vehicle treated animals before imminent cell 

death occurs both tissue and mitochondrial pools become severely depleted. At this 

critical time point NMN prevents this fatal decrease in NAD+ and rescues the cell. 
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The changes in mitochondrial NAD+ levels were accompanied by the concomitant 

changes in the acetylation of mitochondrial proteins. Post-ischemic loss of mitochondrial 

NAD+ levels resulted in elevated mitochondrial protein acetylation. NMN administration 

in either naïve or post-ischemic animals increased or replenished mitochondrial NAD+ 

pools at the 4 and 24 hour time point which increased or maintained physiological 

mitochondrial protein acetylation. The mitochondrial protein acetylation is controlled by 

mitochondrial acetyltransferase GCN5L1 and NAD+-dependent deacetylase SIRT3 [154]	

[62], although a non-enzymatic acetylation can also contribute to this post-translational 

lysine modification [161]. Data obtained from SIRT3KO animals confirmed that the 

NMN-induced deacetylation requires SIRT3 activity. Furthermore, our data suggests that 

the hyperacetylation of mitochondrial proteins 48 hours after the NMN injection was at 

least in part due to the overexpression of mitochondrial acetyltransferase GCN5L1. The 

changes in mitochondrial SIRT3, SIRT5, and GCN5L1 expression levels probably reflect 

NMN-induced modulation of gene expression at the nuclear level via modulation of 

SIRT1 activity. For example, previous studies reported that NMN alters PGC-1a 

transcript levels of which SIRT3 is a downstream target [162]	[163].  

There are several mitochondrial proteins that are modified by acetylation via 

SIRT3 activity [62] [164] [17] [165]. One of the SIRT3 targets is mitochondrial SOD2, 

which is an important antioxidant enzyme. SOD2 catalyzes the detoxification of 

superoxide into oxygen and hydrogen peroxide, which is then converted to water by 

glutathione peroxidase. Acetylation of SOD2 decreases its activity [63]. We hypothesize 

that NMN’s protective mechanism can contribute to lower superoxide levels in 

hippocampal tissue due to SIRT3 dependent deacetylation of SOD2. 
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Here, we show that NMN administration increases mitochondrial NAD+ levels 

and mediates SIRT3-dependent mitochondrial protein deacetylation. In 

pathophysiological conditions, such as ischemic brain injury, NMN preserves the pre-

injury physiological levels of mitochondrial NAD+ and protein acetylation which protects 

cellular function and health.  
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CHAPTER 5: NMN STIMULATES DECLINE OF HIPPOCAMPAL ROS VIA 

SIRT3 

5.1 INTRODUCTION 
	
 Mitochondria are a major source of intracellular reactive oxygen species (ROS). 

The generation of mitochondrial ROS takes place at the electron transport chain during 

the process of oxidative phosphorylation [166]. Electrons leak from complex I and III to 

oxygen and result in the partial reduction of oxygen to form superoxide [166]. 

Superoxide dismutase (SOD) converts superoxide to hydrogen peroxide which 

glutathione peroxidase converts to the non-toxic compound, water [166]. The 

overproduction of ROS, superoxide and hydrogen peroxide, can result in mitochondrial 

and cellular dysfunction such as prolonged mitochondrial permeability transition pore 

(mPTP) opening, disruption of Ca2+ homeostasis, and proteins, lipids or DNA damage 

[166]. In pathophysiological conditions, such as ischemic brain injury, there is a 

significant depletion in glucose and oxygen levels which leads to cellular death and brain 

damage. Upon reperfusion, oxygen is restored which is critical for maintaining neuronal 

viability however the mitochondria employ oxygen as a substrate for oxidative 

phosphorylation. As a byproduct of this process superoxide is generated due to partial 

reduction of some of the oxygen molecules. Under conditions of reperfusion, 

mitochondria produce increased levels of oxygen free radicals [167]. This is partly due to 

the hyperoxic conditions of brain tissue during early reperfusion and also due to intra-

ischemic accumulation of succinate that will drive a reverse electron flow from Complex 

II to Complex I, a condition that favor superoxide generation [168, 169]. This increase in 

superoxide significantly contributes to post-ischemic neuronal death mechanisms. SIRT3 
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dependent SOD2 deacetylation plays a protective role against oxidative stress in the 

mitochondria since the activity of SOD2 is increased by deacetylation [170]	[171]	[153].  

 In our work we have shown that supplementation with NMN stimulates activity of 

SIRT3 and increases SOD2 deacetylation and subsequently its activity. Thus, we 

hypothesize that one of the mechanisms of NMN protection involves reduction of ROS 

levels. Evidence also suggests that mitochondrial morphology is tightly coupled to ROS 

generation depending on the physiological state of the cell [172]. Here we analyze the 

effect of NMN treatment on ROS levels and related mitochondrial morphology in naïve 

and ischemic groups.  

5.2 MATERIALS AND METHODS 
	
5.2.1 Animals  

 Chapter 4.2.1 describes animals used in experiments as well as experimental 

groups.  

	
5.2.2 Generation of mito-eYFP and mito-eYFP-SIRT3KO animals 
	

To visualize cell-type specific mitochondria in the brain we used our transgenic 

animal model that expresses mitochondria targeted yellow fluorescence protein (mito-

eYFP) in neurons [141]. To examine the role of SIRT3 in regulation of mitochondrial 

dynamics we generated transgenic mice that express the mitochondria targeted eYFP in 

neurons and carry homozygous knockout of the Sirt3 gene (mito-eYFP-SIRT3KO). 

These animals were generated by cross-breeding our mito-eYFP mice with SIRT3KO 

animals (B6.129S6(Cg)-Sirt3tm1.1Fwa/J) obtained from Jackson Laboratories (Bar Harbor, 

ME). Thus, the offspring that were SIRT3KO and also expressed the mito-eYFP in 
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neurons (mito-eYFP-Sirt3KO) were used in this study. Twelve to fourteen weeks old 

male mice were used for experiments.  

5.2.3 Transient forebrain ischemia 
	

Forebrain ischemia was performed as in Chapter 3.2.3. 

5.2.4 NMN administration 
  

Nicotinamide mononucleotide (NMN) was administered as in Chapter 3.2.4. 

5.2.5 Hippocampal mitochondria isolation 
	

Non-synaptic hippocampal mitochondria isolation was performed as in Chapter 

3.2.5.  

5.2.6 Superoxide Detection 
	

For superoxide detection studies in vivo, dihydroethidium (DHE) was prepared in 

DMSO as a stock solution and administered 2 mg/kg by i.p. injection for naïve groups 

and 50 mg/kg in ischemic groups [173]. DHE reacts with superoxide anions to form red 

fluorescent ethidium. A group of wild-type (WT) and SIRT3KO-mito-eYFP mice were 

administered DHE and PBS (vehicle) and another group with DHE and 62.5 mg/kg 

NMN. Three hours after administration mice were perfusion fixed with 4% 

paraformaldehyde. After perfusion brains were post-fixed overnight in cold 

paraformaldehyde and the next day transferred into 30% sucrose for 3 days. Afterwards, 

coronal sections of 40 µm were cut on a freezing microtome and collected. 

Cryoprotectant was washed from sections with KPBS and incubated in nuclear stain, 

Hoechst 33342, for 15 minutes at room temperature. Sections were washed with KPBS, 

mounted on slides, and hippocampal images were collected using laser scanning confocal 

microscope. Z-stack images were obtained from the CA1, CA3, and DG neuronal cell 
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body layer of the hippocampal tissue from NMN treated naïve groups. Four images were 

taken from each section. Images were analyzed with Volocity software (PerkinElmer, 

Waltham, MA). The total intensity of all objects within the recorded volume was counted 

and normalized to the unit volume (µm3).  

Sham or vehicle/NMN treated ischemic groups were administered DHE one hour 

prior to the 24 hour post ischemic time point. After which either mice were perfusion 

fixed with 4% paraformaldehyde and brains collected or hippocampi were isolated and 

homogenized in isolation medium with protease inhibitors. Coronal sections of 40 µm 

were cut on a freezing microtome and collected. Cryoprotectant was washed from 

sections with KPBS and incubated in nuclear stain, Hoechst 33342, for 15 minutes at 

room temperature. Sections were washed with KPBS, mounted on slides, and 

hippocampal images were collected using laser scanning confocal microscope. Z-stack 

images were obtained from the CA1 neuronal cell body layer of the hippocampal tissue 

from sham and vehicle/NMN treated ischemic groups. Four images were taken from each 

section. Images were analyzed with Volocity software (PerkinElmer, Waltham, MA). 

Mitochondrial localization of ROS was determining by the Pearson’s colocalization 

coefficient between mito-eYFP and ethidium signal.   

Superoxide fluorescence signal (red fluorescent ethidium) from hippocampal 

tissue was measured using Fluostar Optima plate reader. 460 was used for excitation 

wavelength and 590 for emission and fluorescence intensity was recorded. Samples were 

run in triplicates. Data was reported as fluorescence units/µg protein. Protein 

concentration of samples was determined by Lowry method.  
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5.2.7 Immunohistochemistry 
  

Mito-eYFP and mito-eYFP-SIRT3KO mice were administered PBS or NMN and 

then perfusion fixed under deep anesthesia [27]. First, the mice were intubated and 

ventilated, then they were transcardialy perfused for 1 minute with oxygenated cold PBS 

(see [27]). This was followed by perfusion with warm (37°C) 4% paraformaldehyde in 

PBS for 7 minutes. Afterwards brains were post-fixed overnight in cold 

paraformaldehyde and the next day transferred into 30% sucrose for 3 days. Coronal 

sections of 40 µm were cut on a freezing microtome and collected for staining. 

Cryoprotectant was washed from sections with KPBS and incubated with pDrp1 (S616) 

antibody (1:500 Cell Signaling 4494S) at 4°C overnight in 0.3% KPBS-T (Triton X-100). 

pDrp1 (S616) working concentration was determined by NiDAB titration [145]. 

Following washes in KPBS, sections were incubated in goat anti-rabbit (Alexa Fluor 594) 

secondary antibody for 1 hour shaking at room temperature. Another set of sections were 

stained only with secondary antibody to test for non-specific staining [145]. Sections 

were then washed in KPBS and mounted on slides for analysis using laser scanning 

confocal microscopy. Four Z-stack images were obtained from the CA1 stratum oriens 

for each experimental group. Volocity software was used to measure colocalization by 

determining the Pearson’s coefficient between mito-eYFP and pDrp1 (S616) signal.  

5.2.8 Quantification of mitochondrial dynamics 
	

Mitochondrial length in mito-eYFP and mito-eYFP-SIRT3KO non-ischemic and 

ischemic mice treated with PBS or NMN were measured as described in [27]. Briefly, z-

stack images of mitochondria from hippocampal sub-regions (4 images/region) were 

collected using a laser scanning confocal microscope. Images were quantified using 
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Volocity software. While defining individual mitochondria the program measures 

morphometric parameters of identified objects including skeletal length and diameter of 

each individual mitochondrion. After the measurement was complete, mitochondria were 

sorted based on length and the data exported to Excel (Version 14.7.7) for final 

calculations and graph construction.  

5.2.9 Laser Scanning Confocal Microscopy 
	

Sections were imaged on a Ziess LSM 510 laser scanning confocal microscope 

using a Plan-Apochromat 63x/1.4 oil lens. Single planes of 1024 × 1024 pixels were 

recorded at 1.0–1.5 Airy unit pinhole every 0.5 µm z-spacing throughout the whole tissue 

section. For mitochondrial length analysis 0.2 µm z-interval was used. Lasers 405, 488, 

and 555 nm were used to visualize Hoechst 33342, eYFP, and ethidium/Alexa Fluor 594, 

respectively. 

5.2.10 Western blots 
	

After hippocampal dissection and mitochondrial isolation was performed, protein 

concentration was measured using the Lowry assay. Twenty-five µg of protein were 

heated at 75°C, loaded into Bio-Rad 10 well mini-protean TGX precast gels and 

separated through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). Gels were transferred to immobilon PVDF-FL membranes using the Trans-Blot 

Turbo system (Bio-Rad). Membranes were incubated in Odyssey blocking buffer (Li-cor 

Biosciences) for 1 hour before being incubated in primary antibody overnight at 4°C 

(PKCd 1:1000 (Abcam 182126); VDAC 1:5000 (Abcam 14734); c-Abl 1:500 (Abcam 

47410); b-actin 1:15,000 (Cell Signaling 3700)). After washing in phosphate buffered 

saline with 0.1 % tween-20 (PBST), the membranes were incubated in infrared (IR) 
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fluorophore conjugated secondary antibody (Li-Cor) for 30 minutes at room temperature 

in the dark. Following PBST and PBS washes, the membranes were scanned, and bands 

were quantified with Odyssey infrared imaging system (Li-Cor). The VDAC and b-actin 

signal were used as normalization for hippocampal homogenate and mitochondria, 

respectively. Additionally, all antibodies were titrated to appropriate working 

concentrations before use.  

5.2.11 Statistics 
	

Statistical analysis was performed as in Chapter 3.2.12. 

5.3 RESULTS 
  
5.3.1 NMN-induced decline in hippocampal ROS 
  

As it was mentioned, SIRT3 dependent SOD2 deacetylation plays a protective 

role against oxidative stress in the mitochondria since the activity of SOD2 is increased 

by deacetylation [170]	[171]	[153]. Therefore, we examined whether NMN dependent 

changes in acetyl-SOD2 altered reactive oxygen species (ROS) levels in the mouse brain. 

We used in vivo superoxide indicator dihydroethidium (DHE) to determine the changes in 

hippocampal ROS levels. DHE upon reaction with superoxide anions forms a red 

fluorescent ethidium [174]	[175]. Interestingly, ROS levels at a physiological state 

exhibited regional differences between the individual sectors of the hippocampus. The 

CA1 displayed the strongest signal, the CA3 sub-region showed 15% reduction, and in 

DG the ROS levels were about 46% lower when compared to CA1 (Fig 27B). 

Administration of NMN reduced the ethidium signal by about 23% in all hippocampal 

subregions when compared to vehicle (Fig 27A-B). Thus, the NMN administration did 

not alter the regional differences (Fig 27B). To confirm that the changes in NMN-induced 
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ROS levels were dependent on SIRT3 activity we repeated the experiments with 

SIRT3KO animals. Both vehicle and NMN treated SIRT3KO mice showed a significant 

increase in fluorescence signal when compared to vehicle treated wild-type animals, 

however NMN injected SIRT3KO animals were not different from vehicle treated ones 

(Fig 27C-D). Thus, ROS levels in the CA1 did not change in SIRT3KO mice after NMN 

administration (Fig 27C-D).  
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Figure 27 NMN administration reduces hippocampal ROS levels. Dihydroethidium (DHE) was 
injected simultaneously with NMN or vehicle (PBS) to monitor ROS levels in hippocampal CA1, 
CA3, or DG regions in WT and SIRT3KO mice. Z-stack images were collected and ethidium is 
represented in red while cell nuclei are stained with Hoechst (blue). Scale bars represent 100 µm (A, 
C). Fluorescence intensity was normalized to unit volume and graphically represented (B, D). ROS 
levels decreased with NMN administration by 20-25%. Additionally, ROS levels exhibited regional 
differences between individual hippocampal sub-regions, CA1 exhibiting the highest levels and DG 
the lowest (A-B). SIRT3KO mice exhibited a 12% increase in hippocampal CA1 ROS levels when 
compared to WT mice and the ROS remained elevated in SIRT3KO animals with NMN 
administration (C). (A-B)* p<0.05, *** p<0.001 compared to vehicle, ## p<0.01, ### p<0.001 
compared to CA1, ¨¨¨ p<0.001 compared to CA3, ^^^ p<0.001 compared to DG. (C) *p<0.05, 
***p<0.001 compared to WT vehicle, ###p<0.001 compared to WT NMN. (n=75 (B), n=26 (C)) (B 
Two-way ANOVA followed by Tukey HSD test, D One-way ANOVA followed by Tukey HSD test) 

	
	
 It has been reported previously that ischemic brain injury elevates cellular ROS 

levels [176]. We observed a similar outcome; hippocampal ROS levels post-ischemia 

were elevated by 20% compared to sham (Fig 28). NMN administration under 

pathophysiological conditions exerts a similar mechanism as seen in the above section. 
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NMN administration in these animals suppressed the post-ischemic increase in 

hippocampal ROS levels and retained a physiological state. 

 

 

Figure 28 NMN administration normalizes post-ischemic increase in hippocampal ROS. Hippocampi 
were isolated and homogenized from DHE injected sham and vehicle (PBS)/NMN (62.5 mg/kg) 
treated ischemic animals at 24 hours of reperfusion. Ethidium fluorescence was measured using a 
fluorescence plate reader. Hippocampal ROS levels post-ischemia increased 20% while NMN 
administration blocked this change. *p<0.05. (n=45). One-way ANOVA followed by Tukey post hoc 
test.  

	
	
 These data suggest that NMN administration stimulates SIRT3 activity which de-

acetylates SOD2, increases its activity, and drives the decline in mitochondrial ROS 

production. To confirm that the changes in ROS we observe are in fact due specifically to 

mitochondrial localized ROS we utilized our mito-eYFP animals. Vehicle/NMN treated 

mito-eYFP animals were subjected to ischemia and then injected with DHE. One hour 

after DHE administration the animal brains were processed for confocal microscopy. The 
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colocalization between ethidium signal and mito-eYFP was measured in the CA1 

hippocampal region. At 24 hours post ischemia there was a 1.4-fold increase in 

mitochondrial ROS compared to sham (Fig 29A-B). Co-localization of ethidium signal 

with mitochondria was not changed in post-ischemic animals treated with NMN when 

compared to sham animals (Fig 29A-B). 

 

Figure 29 NMN administration reduces post-ischemic mitochondrial ROS. Sham or vehicle 
(PBS)/NMN (62.5 mg/kg) treated mito-eYFP transgenic animals were injected with DHE. Brain 
sections were collected and stained with Hoechst nuclear stain (A). Scale bar 100 µm. The 
colocalization of ethidium signal with mito-eYFP was measured by Pearson coefficient from Volocity 
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quantification software (B). There is a 1.4-fold increase in mitochondrial ROS post-ischemia at 24 
hours compared to sham. NMN administration post-ischemia retains physiological levels of 
mitochondrial ROS. ***p<0.001. (n=60). One-way ANOVA followed by Tukey post hoc test.  

5.3.2 SIRT3KO pDrp (S616)-mediated mitochondrial fragmentation 
  
 Evidence suggests that mitochondrial morphology is tightly coupled to ROS 

generation depending on the physiological state of the cell [172]. Accumulation of ROS 

results in a shift to a more fragmented population of mitochondria [177]	[178]. We 

showed that NMN is decreasing SOD2 acetylation via SIRT3, which leads to reduced 

hippocampal ROS levels. Since SIRT3KO animals showed higher ROS levels when 

compared to wild-type mice we decided to examine whether this increase in free radicals 

affects mitochondrial dynamics in SIRT3KO brains. There was a clear shift to more 

fragmented mitochondria in the hippocampal CA1 sub-region of SIRT3KO animals when 

compared to wild-type (Fig 30A). The spherical (0.2-1 µm) mitochondrial population 

increased from 30 to 38% while the rod shaped (1-5 µm) decreased from 67 to 61% and 

tubular population (5-15 µm) decreased from 4 to 1% (Fig 30A). This can also be 

visually seen in figure 29A, where increased mitochondrial ROS levels at 24 hours post 

ischemia are seen in fragmented mitochondria. Next, we examine whether the SIRT3KO 

mice exhibit changes in the fission activating protein pDrp1 (S616). As figure 30B 

shows, the shift in mitochondrial fusion/fission is likely mediated by increased 

mitochondrial pDrp1 (S616) levels. SIRT3KO animals show an increased colocalization 

of fission protein pDrp1 (S616) with the mito-eYFP protein (Fig 30B).  
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Figure 30 pDrp1 (S616) shows increased colocalization with neuronal mitochondria leading to more 
fragmented organelles in SIRT3KO mice. Z-stack images from hippocampal CA1 oriens of mito-
eYFP and mito-eYFP-SIRT3KO brain sections were collected and analyzed using Volocity software. 
(A) The fragmented mitochondrial population (0.2-1 µm) increased by 27% when compared to vehicle 
treated animals, while the rod shape (1-5 µm) and tubular (5-15 µm) population decreased 8% and 
74%, respectively. Mito-eYFP and mito-eYFP-SIRT3KO brain sections were stained with pDrp1 
(S616) (red) and colocalization between pDrp1 (S616) and eYFP analyzed using Volocity software. 
SIRT3KO samples show an increase in colocalization of pDrp1 (S616) and mito-eYFP (green) 
resulting in increased fragmentation (B). Scale bars represent 100 µm. * p<0.05, ** p<0.01, *** 
p<0.001 compared to mito-eYFP (n=27 (A), n=31 (B)) (A Student T-test, B One-way ANOVA 
followed by Tukey HSD test).  
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5.3.3 ROS-driven Drp1 phosphorylation 
  
 Protein kinase, c-Abl, is activated in response to cellular oxidative stress and 

DNA damage [179]. It was reported that oxidative stress-induced mitochondrial 

fragmentation via Drp1 phosphorylation could be mediated by c-Abl [180]. Here we 

thought to identify the kinase responsible for ROS-driven Drp1 phosphorylation and 

recruitment to mitochondria. Our previous data showed increased tissue and 

mitochondrial pDrp1 (S616) levels, mitochondrial fragmentation, and ROS levels in our 

ischemic groups. At 2 hours post-ischemia hippocampal c-Abl kinase levels significantly 

increased 1.6-fold compared to control (Fig 31A-B). The ischemia-induced increase in c-

Abl at 2 hours did not occur in animals treated with NMN (Fig 31A-B). We also analyzed 

c-Abl levels in isolated hippocampal mitochondria samples however there were no 

significant differences with NMN treatment (data not shown).   
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Figure 31 NMN normalizes levels of c-Abl post-ischemia. Hippocampal tissue was isolated and 
homogenized from sham and vehicle (PBS)/NMN (62.5 mg/kg) treated ischemic groups at 2 and 24 
hours of reperfusion. Levels of c-Abl, protein kinase responsible for Drp1 phosphorylation, were 
measured by western blot (A) and quantified (B). b-actin was used as a loading control. At 2 hours 
post ischemia c-Abl levels were elevated 1.6-fold compared to sham. NMN administration in ischemic 
groups prevented this increase. At 24 hours post ischemia c-Abl levels were elevated however were 
not significantly different from control. *p<0.05. (n=22). Two-way ANOVA followed by Sidaks post 
hoc test.  

	
	
 C-Abl is also known to directly interact and phosphorylate protein kinase C delta, 

PKCd, another kinase responsible for Drp1 phosphorylation [181] [182]	[183] [184]. Our 

data shows that hippocampal mitochondrial PKCd levels significantly increase at 2 hours 

post ischemia and showed tendency of elevated levels up to 24 hours after the ischemic 

insult, although these were not significantly different from sham (Fig 32A-B). NMN had 

no effect on the ischemic-induced changes. Interestingly, there were no significant 

changes in PKCd hippocampal tissue levels post-ischemia (data not shown), only in 

mitochondrial samples suggesting that PKCd is translocated to the mitochondria 

following ischemic insult.  
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Figure 32 NMN has no effect on the ischemic-induced increase in PKCd levels. Hippocampal 
mitochondria were isolated from sham and vehicle (PBS)/NMN (62.5 mg/kg) treated ischemic groups 
at 2 and 24 hours of reperfusion. Levels of PKCd, protein kinase responsible for Drp1 
phosphorylation, were measured by western blot (A) and quantified (B). VDAC was used as a loading 
control. PKCd levels significantly increased at 2 hours post ischemia and remained elevated at 24 
hours, although not significantly. NMN administration had no effect on the ischemic-induced increase 
in PKCd. *p<0.05. (n=22). Two-way ANOVA followed by Sidaks post hoc test.   

	
	
5.4 DISCUSSION 
	

Several mitochondrial proteins are modified by acetylation via SIRT3 activity 

[62] [156]	[17]	[165]. One is mitochondrial SOD2, which is an important antioxidant 

enzyme. SOD2 catalyzes the detoxification of superoxide into oxygen and hydrogen 

peroxide, which is then converted to water by glutathione peroxidase. Acetylation of 

SOD2 decreases its activity [63]. Here, we show that NMN administration, by increasing 

mitochondrial NAD+ level, mediates SIRT3 dependent deacetylation of SOD2 which 

contributes to lower superoxide levels in hippocampal tissue.  
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The significant role of SIRT3 activity in ROS detoxification was shown in studies 

with oxygen and glucose deprivation-induced neuronal damage [185], oxidative stress in 

type I diabetic model [153], heart ischemia-induced damage [186], intracerebral 

hemorrhage in diabetic animals [171] or protective mechanisms in adaptive responses of 

neurons to physiological challenges and resistance to degeneration [19]. Our data show 

that SIRT3KO mice exhibit increased ROS levels when compared to WT animals with no 

change after NMN administration. However, in WT mice expressing SIRT3, NMN 

administration reduced acetylation of SOD2 and resulted in lower ROS levels throughout 

the hippocampus. Administration of NMN after cerebral ischemic injury also aided in 

lowering toxic elevated mitochondrial ROS levels by a similar mechanism as in naïve 

animals. Interestingly, baseline ROS levels between the CA1, CA3, and DG are different, 

with highest in the CA1 sub-region and lowest in DG. This may contribute to selective 

vulnerability of CA1 pyramidal neurons to pathologic conditions [146]	[187].  

 Mitochondrial dynamics and ROS production are intrinsically linked. The 

fragmented mitochondrial phenotype is observed with mitochondrial ROS 

overproduction [64]	[65]. Recent studies have shown that blocking or inhibiting Drp1 in 

ROS-mediated oxidative stress improved mitochondrial function and decreased 

fragmentation [188]	[66]. In our mito-eYFP-SIRT3KO model that displays elevated ROS 

levels we observed more fragmented mitochondria, which was driven by the recruitment 

of pDrp1 (S616). These results suggest that mitochondrial morphology correlates to 

mitochondrial ROS production status.  

In this study we were interested in identifying the kinase responsible for the ROS-

driven Drp1 phosphorylation post-ischemia. C-Abl was implicated in participating in this 
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process [180]. We observed increased mitochondrial and tissue pDrp1 (S616) levels, 

ROS production, and mitochondrial fragmentation at 24 hours post-ischemia. In response 

to the overproduction of ROS and DNA damage post ischemia [189], expression levels of 

c-Abl increased at 2 hours post insult but not at 24 hours. Figure 11 from Chapter 2 

shows increased PAR-ylation compared to control at 2 hours post ischemia suggesting 

increased PARP1 activity due to extensive DNA damage. NMN treatment after ischemia 

prevented the increase in PAR and PARP1 activity possibly due to the reduced ROS 

production and subsequent DNA damage, thus maintaining physiological c-Abl 

expression levels at 2 hours post-ischemia. The changes in c-Abl preceded the changes 

we observed in pDrp1 (S616) levels, mitochondrial morphology, and ROS levels which 

were at 24 hours post ischemia. This suggests that c-Abl is possibly not directly 

responsible for Drp1 phosphorylation but could be involved as an upstream mediator. A 

number of studies report c-Abl phosphorylates and activates protein kinase C delta, 

PKCd, which also phosphorylates Drp1 [181] [182]	[183] [184]. It is possible that c-Abl 

activates PKCd and this drives the changes we observe in pDrp1 (S616). Our data 

showed no NMN-induced changes in PKCd post ischemia, however we did not analyze 

changes in the phosphorylated form of the protein which is better indicator of activity. 

Furthermore, it is also possible that another kinase, calmodulin-dependent protein kinase 

II (CaMKII), mediates the ROS-drive Drp1 phosphorylation [190]. Radiation-induced 

mitochondrial fission was mediated by CaMKII-Drp1 phosphorylation (S616) [190]. Due 

to the increased intracellular calcium post-ischemia this kinase becomes active and 

maybe be involved in phosphorylation of Drp1 [190]. This notion is supported by reports 

showing that there is a delayed secondary increase in intracellular calcium levels 
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following ischemic insult [191] [192]. It remains unclear which specific kinase is 

responsible for post-ischemic phosphorylation of Drp1 and recruitment to the 

mitochondria.  

In conclusion, one of the possible protective mechanism of NMN administration 

is the decreased mitochondrial ROS production via SIRT3 mediated deacetylation and 

associated increase in activity of SOD2. As a result of mitochondrial protein 

deacetylation, mitochondrial fission is less active due to the reduced levels and 

association of pDrp1 (S616) with mitochondria.  
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CHAPTER 6: SUMMARY AND FUTURE DIRECTIONS 
	
6.1 SUMMARY 
	
 In this work we show for the first time a novel link between NAD+ metabolism 

and mitochondrial dynamics. We examine the effects of NAD+ precursor, NMN, in naïve 

and ischemic mice on mitochondrial fragmentation and brain bioenergetic metabolism to 

gain understanding of its potential protective mechanism observed in post-ischemic brain 

injury. NMN administration increases mitochondrial NAD+ pools and drives the 

reduction of hippocampal ROS levels via a SIRT3 driven deacetylation of SOD2 and 

other mitochondrial proteins. As a result, mitochondrial fragmentation is reduced via a 

pDrp1 (S616) dependent mechanism.   

Nicotinamide adenine dinucleotide (NAD+) is a ubiquitous and abundant 

molecule in biological organisms that is required as cofactor or as a substrate for about 

500 cellular reactions, therefore playing a key role in cellular metabolism [194]. 

Originally NAD+ was determined as a cofactor that is required for redox reactions [193]. 

The NAD+, its reduced form NADH, and its phosphorylated forms (NADP and NADPH) 

are involved in glycolysis, pentose phosphate pathway, oxidative phosphorylation, TCA 

cycle, as well ketone bodies, lipids, and amino acids metabolism [194]. Apart of 

facilitating enzymatic reactions associated with transfer of electrons from one molecule 

to another, NAD+ also serves as substrate for several NAD+ consuming enzymes 

associated with post-translational modifications or second messenger generation [193]	

[82]	[194]	[30]	[52]	[4]. The cyclic nature of pyridine nucleotides metabolism was 

suggested following realization that pyridine nucleotides degradation is the major 



 104	

biological source of nicotinamide (Nam) and that at least part of Nam is used for 

conversion back to NAD+ [195].  

 Recently, the interest in NAD+ and its related metabolic pathways dramatically 

increased. This is because new findings revealed that dysfunctions in NAD+ metabolism 

are associated with several diseases and pathologic states. Decreased NAD+ levels were 

observed in certain conditions associated with neurodegeneration, following acute brain 

injury, in diabetes, or during aging. Loss of NAD+ results in impaired mitochondrial 

functions, thus failure in cellular bioenergetics metabolism, and in perturbation of 

essential metabolic processes. Strategies that attempt to replenish NAD+ pools therefore 

can offer a significant improvement in the tissue metabolic and pathologic state.  

Two opposing enzymatic processes determine the cellular NAD+ levels. One 

represents activity of enzymes that consume NAD+ (degradation by NAD+ 

glycohydrolases), and the other are the metabolic activities facilitating re-synthesis of 

NAD+ pools. Consequently, there have been two main approaches to improved tissue 

NAD+ levels. Since NAD+ consumption is accelerated by overactivation of NAD+ 

glycohydrolases under bioenergetic stress conditions, the main focus of neuroprotection 

was on inhibition of NAD+ degrading enzymes [42]	[39]	[196]	[197]. In another 

approach, the preservation of NAD+ pools was achieved by supplying the tissue with 

precursors for NAD+ syntheses [110]	[69]	[70]	[38]	[32]	[198]	[97]	[86]	[199]. 

To more efficiently facilitate the NAD+ synthesis, by bypassing the rate-limiting 

step in the salvage pathway, we decided to administer NMN which will directly feed into 

the one-step enzymatic generation of NAD+ via NMNAT. There are several reports 

showing that intraperitoneal administration of NMN can significantly increase brain 
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tissue NAD+ levels within 15 min post-injection [31]	[1]. This suggests that there is an 

active transport of NMN or its metabolites into the intracellular compartments, where it is 

converted to NAD+. However, the mechanisms of NMN transport across the BBB or 

cellular and mitochondrial membrane needs to be determined. 

 Cerebral ischemic injury is characterized by a loss of tissue NAD+ levels. In 

Chapter 2 we examined whether administration of NMN could protect against ischemic 

brain damage via replenishing depleted NAD+ pools. Mice were subjected to transient 

forebrain ischemia and treated with vehicle or NMN at the start of reperfusion or 30 min 

after the ischemic injury. Hippocampal NAD+ levels, expression levels of NAD+ salvage 

pathway enzymes, NMNAT and NAMPT, and protein ADP-ribosylation (PAR) were 

analyzed at 2, 4 and 24 hours post reperfusion. Additionally, CA1 neuronal cell death and 

neurologic outcome was assessed at six days from reperfusion. We found that a dosage of 

62.5 mg/kg NMN dramatically improved CA1 neuronal cell death post-ischemia. 

Furthermore, neurological deficits associated with ischemic insult were ameliorated with 

NMN treatment. The post-ischemic increase in PAR formation and NAD+ catabolism 

was also prevented with NMN treatment. This data shows that the proper dosage of NMN 

has a protective effect against ischemic brain injury. As a result, we sought out to 

understand the mechanism of NMN protection. 

 Loss of NAD+ is known to result in impaired cellular functions, one of which is 

mitochondrial dysfunction. Mitochondria respond to stress by altering their structure and 

morphology. Fission, fragmentation of mitochondria, occurs when there is a higher 

energy demand and smaller organelles can move more efficiently to energy depleted 

areas. Fission also isolates damaged mitochondria and targets them for removal via 
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mitophagy. In stress conditions the population of mitochondria shifts to a higher 

fragmented state. Fusion reverses this process and stabilizes mitochondrial DNA and 

protein levels [53]	[29]	[54]	[55]. Administration of NMN to animals that represented the 

transgenic model of Alzheimer’s disease showed improved mitochondrial bioenergic 

function and reduced fragmentation [32]. In Chapter 3 we decided to test whether acute 

NMN treatment in naïve and ischemic groups affects mitochondrial dynamics in the 

brain. We decided to quantify the relative length distribution of neuronal mitochondrial 

following a single dose of NMN injection in non-ischemic conditions and at 2 and 24 

hours post ischemic brain injury. To visualize mitochondria, we used our transgenic mito-

eYFP mice [141]. We found that NMN treatment leads to a dynamic state of less 

fragmented neuronal mitochondria and increased bioenergic function. NMN treatment 

after ischemic injury also prevents mitochondrial fragmentation and maintains population 

at physiological levels. To understand how NMN can alter mitochondrial dynamics we 

determined changes in mitochondrial fusion and fission proteins. We observed after 

NMN administration purified mitochondria from the hippocampus in both non-ischemic 

and ischemic groups showed a reduction in pDrp1 (S616) levels which supports the 

observed shift in mitochondrial morphology to a less fragmented state. The reduction of 

mitochondrial pDrp1 (S616) was also confirmed by immunostaining brain sections from 

mito-eYFP animals with pDrp1 (S616) antibody. NMN treatment had no effect on 

mitochondrial fusion protein level. 

 To gain further insight into the protective mechanism of NMN, we assessed brain 

tissue NAD+ metabolism after NMN administration. In Chapter 4 we reported that single 

dose of NMN significantly increases plasma, hippocampal tissue, and mitochondrial 
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NAD+ already at 15 min following i.p. injection. Mitochondrial NAD+ levels remained 

elevated up to 24 hours post injection. In cerebral ischemic injury NMN administration 

prevented the depletion of mitochondrial NAD+ pools. 

 SIRT3, a member of the sirtuin protein deacetylase family, is localized to the 

mitochondria and its activity is NAD+-dependent [60]	[61]. Since we have shown that 

NMN administration increases mitochondrial NAD+ content (Chapter 4) we hypothesized 

that global mitochondrial protein acetylation could be altered. We observed that the 

NMN-induced increase in mitochondrial NAD+ levels was accompanied by concomitant 

deacetylation of mitochondrial proteins in both non-ischemic and ischemic conditions. 

Data obtained from SIRT3KO animals confirmed that the NMN-induced deacetylation 

requires SIRT3 activity. One of the SIRT3 targets is mitochondrial SOD2, which is an 

important antioxidant enzyme [63]. Acetylation of SOD2 decreases its activity. We 

hypothesized that NMN could have an effect on SOD2 acetylation and subsequent 

activity. 

 In Chapter 5 we decided to examine whether the NMN-dependent changes in 

acetyl-SOD2 altered reactive oxygen species (ROS) levels in hippocampal tissue. Our 

data showed that SIRT3KO animals exhibited increased ROS when compared to WT 

animals and NMN administration had no effect. However, in animals expressing SIRT3, 

NMN administration reduced levels of acetyl-SOD2 and resulted in lower levels of ROS 

throughout the hippocampus. NMN administration also prevented the ischemic-induced 

increase in mitochondrial ROS. Evidence suggests that mitochondrial morphology is 

tightly coupled to ROS generation. The increased fragmented mitochondrial state is 

observed with mitochondrial ROS overproduction [64]	[65]. In our mito-eYFP-SIRT3KO 
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animal model we observed elevated ROS levels as well as more fragmented 

mitochondria, which was driven by the recruitment of pDrp1 (S616) to the mitochondria. 

 Finally, we attempted to identify the protein kinase responsible for post-ischemic 

Drp1 phosphorylation, however we do not have conclusive results regarding the specific 

mechanisms and participants. NMN prevented increase in c-Abl post-ischemia however it 

is unlikely this directly phosphorylates Drp1. This work is ongoing.   

 In conclusion, manipulation of mitochondrial NAD+ levels by NMN results in 

metabolic changes that protect mitochondria against reactive oxygen species and 

excessive fragmentation, offering therapeutic approaches for pathophysiologic stress 

conditions. 

6.2 FUTURE DIRECTIONS 
  
 Research from our and other laboratories demonstrates that NMN has multiple 

effects on cellular metabolism under both physiologic and pathologic conditions. 

Following NMN treatment there was a significant reduction of poly-ADP-ribosylation, 

increase in brain tissue and mitochondrial NAD+ levels, reduction of brain tissue ROS, 

normalization of post-ischemic proteins acetylation and mitochondrial morphology. Thus, 

NMN has a multi-targeted effect and acts as a combination of several neuroprotective 

compounds (combination of PARP1 and CD38 inhibitors, sirtuin activators, free radical 

scavengers, mitochondrial fission inhibitors and NAD+ supplements). 

Another advantage of using NMN administration as a therapeutic approach is that 

it is an endogenous cellular metabolic compound. Thus, at the dosages tested in our work 

no toxicity or side effects after NMN injection were detected, nor were there significant 

changes in animal physiological parameters [38]. Since many neurodegenerative diseases 
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and acute brain injury due to ischemic or traumatic attack activate several mechanisms 

that can lead to cell death, these disease lead to one of the most complex and devastating 

neurologic conditions. Therefore, a successful treatment strategy, such as NMN, needs to 

implement a multitargeted approach that will affect several mechanisms in multiple cell 

types. Further work needs to be done to understand the optimal time frame for 

administration after an ischemic event as well as if sex differences are present with 

treatment. Additionally, on a mechanistic level it is also critical to understand NMN’s 

effects upon nuclear gene expression. Specifically, to address the question of whether 

SIRT1 activity is being altered and how it influences downstream effects. Furthermore, 

the connection between ROS and activation of protein kinases, c-Abl, PKCd, and 

CaMKII, needs to be elucidated. Since administration of NMN exerts its effects on 

several cellular metabolic pathways involved in brain pathophysiology it seems to be one 

of the promising candidates to be used for successful neuroprotection. 
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