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Zusammenfassung 

Hintergrund: Atherosklerose ist eine inflammatorische Erkrankung und die 

Hauptursache kardiovaskulärer Erkrankungen. Das Koenzym NAD+ ist im 

Metabolismus von zentraler Bedeutung, da es Wasserstoffionen und Elektronen 

transportiert, sowie als Substrat für eine Vielzahl an Enzymen dient. Eine reduzierte 

NAD+-Konzentration kann pro-inflammatorische Reaktionen auslösen und ist mit 

dem Fortschreiten der Atherosklerose assoziiert. NAD+-Vorstufen, wie Nicotinamid 

Mononucleotid (NMN), können in diversen Geweben die NAD+-Konzentration 

wiederherstellen. Das Ziel dieser Studie war, den Effekt einer NMN-Behandlung auf 

die Entstehung der Atherosklerose zu zeigen.  

Methoden: Männliche acht Wochen alte C57BL/6J Low Density Lipoprotein 

Rezeptor Knockout (Ldlr-/-) Mäuse wurden entweder mit einer Standarddiät (n=12) 

oder einer WD mit 1.25 % Cholesterin (n=12) gefüttert. Nach acht Wochen Diät 

wurde jeweils die Hälfte der Gruppe mit NMN im Trinkwasser behandelt 

(500 mg/kg/Tag). Es wurden Glukose-Toleranz-Tests (GTT), Lipidmessungen, 

Leukozyten-Isolation aus Knochenmark und Milz, NAD+-Messungen, Western 

Blots, RT-qPCR und Histologie von Aortenwurzel und Aortenbogen durchgeführt. 

Resultate: Die Oil red O Färbung zeigte ausgeprägte Atherosklerose in den WD 

gefütterten Gruppen. NMN-Behandlung reduzierte diese Atherosklerose in der 

Aortenwurzel. Im Milzleukozyten waren die NAD+-Spiegel reduziert und die 

Expression von NAD+-produzierenden (Nampt, Nmnat1) und NAD+-

konsumierenden Enzymen (Parp1, Cd38, Sirt3) erhöht. NMN-Behandlung 

normalisierte NAD+-Spiegel und die Veränderungen der Genexpression. Die 

Menge an acetylierter Mangan Superoxid Dismutase (Ac-MnSOD), ein Zielprotein 

der NAD+-abhängigen Deacetylase SIRT3, war nach WD erhöht. Die Expression 

der SIRT3-regulierten Inflammasomkomponente NLRP3 war in WD-gefütterten 

Mäusen erhöht, was durch NMN-Behandlung abgeschwächt wurde.  

Diskussion: NMN-Behandlung mindert die Entwicklung einer Atherosklerose, was 

auf den Beitrag einer NAD+-Depletion in der Pathogenese der Atherosklerose 

hinweist. Möglicherweise werden diese Effekte durch reduzierte SIRT3-Aktivität und 

erhöhte Inflammasomaktivierung in Leukozyten vermittelt. NAD+-

Supplementierung könnte daher eine vielversprechende Therapieoption zur 

Abschwächung oder Prävention der Atherosklerose sein.  
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Abstract 

Background: Atherosclerosis is an inflammatory disease and a main contributor to 

cardiovascular death. The coenzyme nicotinamide adenine dinucleotide (NAD+) is 

of central importance in metabolism, as it transports hydrogen and electrons to the 

electron transport chain and acts as a co-substrate for several metabolic enzymes. 

It has been shown that NAD+ depletion induces a pro-inflammatory response and 

is associated with the progression of atherosclerosis. NAD+ precursors, such as 

nicotinamide mononucleotide (NMN), have been shown to replenish NAD+ levels in 

several tissues. The aim of this study was to demonstrate the effect of NMN-

treatment on the development of atherosclerosis. 

Methods: 8-week-old C57BL/6J male low density lipoprotein receptor knockout 

(Ldlr-/-) mice were fed a chow diet or a western diet (WD) containing 1.25 % 

cholesterol. After 8 weeks of diet, half the mice from each diet were supplemented 

with NMN in the drinking water (500 mg/kg/day) (n=6 per group). We performed 

glucose tolerance tests, plasma lipid measurements, leukocyte isolation from bone 

marrow and spleen, NAD+ quantification, automated western blotting, RT-qPCR 

and Oil Red O staining of the aortic root and arch. 

Results: Oil red O staining showed distinct atherosclerotic lesions in the WD-fed 

group. NMN-treatment significantly reduced atherosclerosis of WD-fed mice. NAD+ 

levels were significantly decreased in spleen leukocytes of WD-fed mice, 

accompanied by increased expression of NAD+-producing (Nampt, Nmnat1) and 

NAD+-consuming (Parp1, Cd38, Sirt3) enzymes. NMN treatment restored NAD+ 

levels and blunted the alterations in gene expression. Acetylation of manganese 

superoxide dismutase (MnSOD), a target of the NAD+-dependent deacetylase 

SIRT3, was increased in WD-fed mice, indicating reduced SIRT3 activity following 

WD feeding. WD also increased leukocyte expression of the SIRT3-regulated 

inflammasome component, NLRP3, an effect that was blunted in response to NMN 

treatment.  

Conclusion: NMN treatment attenuated the development of atherosclerosis, 

indicating that NAD+ depletion contributes to atherosclerosis pathogenesis, possibly 

by impairing SIRT3 activity and amplifying NLRP3 activity in leukocytes. Thus, 

NAD+ supplementation may be a promising strategy to attenuate or prevent 

development of atherosclerosis.  
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4 Introduction  

4.1 Definition of atherosclerosis 

 Atherosclerosis is a chronic inflammatory process with deposition of fatty and/or 

fibrous material in the intima layer of arteries. It is the main cause of cardiovascular 

disease (CVD). Low-density-lipoprotein (LDL)-cholesterol plays a central role in the 

pathogenesis both in its native and oxidized form. LDL is deposited at areas with 

endothelial stress, accumulation of cholesterol occurs, and specific and unspecific 

immune reactions further drive the development of atherosclerosis (Libby, 2021). 

4.2 Public health 

CVDs, such as ischemic myocardial infarction and ischemic stroke, are globally a 

leading cause of mortality and morbidity. According to Eurostat, CVDs are by far the 

most common cause of death in the EU, accounting alone for 1/3 of all deaths in 

2020 (Eurostat, 2023). 

5 Background 

5.1 Mouse models of atherosclerosis 

During the last decades, mice were regularly used to study atherosclerosis. Unlike 

in humans, where diet contributes to the development of atherosclerosis, mice do 

not exhibit atherosclerotic plaques in response to high-fat or high-cholesterol 

feeding alone. Thus, it is important to note that mice do not develop atherosclerosis 

without genetic modifications, and often high-fat and/or high cholesterol western diet 

(WD) is additionally required. Moreover, mice do not exhibit intraplaque 

haemorrhage and do not normally develop late stages of atherosclerosis such as 

late fibroatheroma or fibrous calcified plaques, as occurs in humans (van Dijk et al., 

2023). 

Genetic knockout of apolipoprotein E (Apoe-/-) or LDL receptor (Ldlr-/-) are the most 

commonly used preclinical models for the study of atherosclerosis. For the following 

thesis, unless stated otherwise, knockout refers to a global inactivation of both 

alleles. The Apoe-/- model shows severe hypercholesterinemia and distinct 

atherosclerosis even on chow diet beyond the age of 16 weeks. Apoe-/- has 

especially increased very low-density lipoprotein-levels (VLDL), increased LDL, and 
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reduced high-density lipoprotein (HDL). In comparison, human dyslipidemia is 

typically characterized by increased LDL levels and reduced HDL levels, whereas 

only a small fraction of non-HDL cholesterol is VLDL (Plump et al., 1992). Loss of 

ApoE in mice has direct effects on inflammation, such as anti-inflammatory effect 

on lymphocytes and antigen presenting cells, and antioxidant activity against 

oxidized low-density lipoprotein (oxLDL) formation (Getz and Reardon, 2009). 

Unlike Apoe-/- mice, Ldlr-/- mice exhibit only moderate hypercholesterinemia on chow 

diet and atherosclerosis is only observed with the addition of WD (Ishibashi et al., 

1994a). WD aims to resemble the typical diet of industrialized countries, consisting 

of 0.15-1.25 % cholesterol and 15-20 % fat (Lichtman et al., 1999, Teupser et al., 

2003). It is important to note that the cholesterol content of murine WD is extremely 

high compared to human diet. For example, even cholesterol rich human food 

contains below 0.4 % of cholesterol (Kuang et al., 2018). An average inhabitant of 

the western world consumes between 200-350 mg of cholesterol a day, which would 

be the equivalent of 16-28 g of WD containing 1.25 % cholesterol, (Carson et al., 

2020), up to 10 times the food intake of mice in our study. It was shown that following 

WD, mice  have increased levels of LDL, intermediate-density lipoprotein (IDL) and 

unchanged HDL (Ishibashi et al., 1994a). Crossing of Ldlr-/- mice with Apoe-/- mice 

yields a double knockout model exhibiting a severe phenotype even with chow diet, 

where both LDL and VLDL are dramatically increased and HDL is reduced (Ishibashi 

et al., 1994b). 

Another, less common, pre-clinical model of atherosclerosis is the PCSK9 model, 

which used a single adenovirus infection to transfer the pro-atherogenic proprotein 

convertase subtilisin/kexin type 9 (Pcsk9) gene to the liver. These mice showed a 

phenotype comparable to Ldlr-/- mice (Roche-Molina et al., 2015). For the current 

study, we chose the Ldlr-/- model because WD-feeding most closely resembles diet-

induced atherosclerosis in humans, as well as the observed elevated LDL-

cholesterol and reduced HDL resembles the changes observed in humans.  
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5.2 Development of atherosclerosis  

 

Figure 1:  Overview of the development of atherosclerosis. Both innate and adaptive immune system are 
driving factors of the development of atherosclerosis. Adapted from Libby, 2021. Created with BioRender.com. 

IL-1, interleukin 1; TNF, tumor necrosis factor; IFN-𝛾, interferon gamma; IL-10, interleukin 10; TGF-ꞵ, 
transforming growth factor beta; Treg, T-regulatory cell. 

The lining layer of endothelial cells of vessels ensure uncompromised blood flow. 

Risk factors such as hypertension, diabetes, smoking, inflammation, obesity can 

either affect vessels by mechanical stress or indirectly by mediating pro-

inflammatory stimuli. Diabetes significantly increases the frequency and severity of 

the development of atherosclerosis, in part. mediated by the accumulation of 

glycosaminoglycans in the vessel walls (Renard et al., 2004). These effects lead to 

increased expression of molecules for leukocyte adhesion, resulting in a recruitment 

of immune cells to the subendothelial space (Franck et al., 2018).  

Increased circulating LDL leads to the deposition of LDL particles in the intima. 

Transcytosis of LDL through the endothelium is a major component of lipid 

deposition (Zhang et al., 2018b). Sustained accumulation of LDL is a key factor for 

the development of atherosclerosis in both human and mice (Lewis et al., 2023, 

Tabas et al., 2007). Several reactive oxygen species (ROS) producing systems such 

as nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase, xanthin 

oxidase, uncoupled nitric oxide synthase, and mitochondrial dysfunction contribute 

to the oxidation of LDL and phospholipids (Förstermann et al., 2017). The oxidation 

of LDL and phospholipids are pro-atherogenic (Que et al., 2018).  The oxidized 

particles act as epitopes for damage-associated molecular patterns (DAMPs) (Miller 

et al., 2011). OxLDL and oxidized phospholipids (oxPL) are bound and internalized 
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by scavenger receptors on macrophages, such as  fatty acid translocase (CD36), 

scavenger receptor class AI/AII (SR-AI, -AII), scavenger receptor class B member 

1 (SR-BI) and lectin-type oxidized low density lipoprotein receptor 1 (LOX-1) (Moore 

and Freeman, 2006). OxLDL binding and uptake by CD36 activates a signal 

cascade leading to enhanced lipid uptake and foam cell formation (Rahaman et al., 

2006). CD36 binding mediates a metabolic shift in macrophages from oxidative 

phosphorylation to ROS production which drives chronic inflammation (Chen et al., 

2019). The uptake of oxLDL provokes formation of cholesterol crystals. These 

crystals drive NLR family pyrin domain containing 3 (NLRP3) inflammasome 

activation and pro-inflammatory IL-1ꞵ release (Sheedy et al., 2013, Duewell et al., 

2010, Rajamäki et al., 2010). WD triggers innate immune reprogramming and 

facilitates chronic inflammation, mediated by NLRP3 (Christ et al., 2018). Exposure 

of endothelial cells to oxPL caused the release of chemoattractants. Among others, 

blood monocytes are recruited, which could intrude in the subintimal layers and 

differentiate to macrophages (Leitinger et al., 1999). Resident smooth muscle cells 

in the intima or smooth muscle cells from the media may undergo metaplasia and 

display a foam cell phenotype. Smooth muscle cells contribute to a deposition of 

extracellular matrix. In older atherosclerotic mice, the majority of foam cells are 

derived from smooth muscle cells and not from macrophages (Wang et al., 2019). 

Similarly, in humans it is shown that 40% of the coronary plaques’ foam cells are of 

smooth muscle origin (Allahverdian et al., 2014).  

 

Over time, the plaque accumulates more fibrous materials and calcification may 

occur. Newer studies in humans suggest that the progression is discontinuous and 

has an individual dynamic (Fracassi et al., 2019). The increase in plaque size may 

lead to vessel occlusion, especially if the surface of the plaque is unstable, plaque 

rupture may occur. A plaque rupture uncovers collagen on the surface and leads to 

activation of the blood clotting cascade and subsequent formation of thrombosis. 

Necrosis of foam cells and smooth muscle cells can trigger the formation of a 

necrotic core and increases plaque vulnerability (Clarke et al., 2006, Puylaert et al., 

2022). It is important to note that a major difference between mice and human is 

that even atherosclerotic mice rarely suffer from plaque rupture and thrombotic 

complications (Hartwig et al., 2015). Plaque haemorrhage, often due to 

neoangiogenesis, starting from adventitial vasa vasorum in the plaque, is a major 
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cause of plaque vulnerability (Virmani et al., 2005).  The affection of coronary 

arteries provokes cardiac ischemia and myocardial infarction. If a thrombus is 

carried away with the blood flow, arterial embolism may occur, often inducing stroke, 

other organ infarctions, and peripheral infarction, such as in the arteries of lower 

extremities (Rothwell et al., 2005, Herrington et al., 2016).  

 

5.3 Clinical validation of the inflammation hypothesis 

There have been several clinical studies proving the importance of inflammation in 

the development of atherosclerosis. In 2017, the large-scale multicentre randomized 

double-blinded placebo-controlled CANTOS trial was published (Ridker et al., 

2017). In this trial the monoclonal antibody Canakinumab binding to IL-1ꞵ was 

administered after myocardial infarction and elevated inflammation marker C-

reactive protein. The treatment significantly reduced cardiovascular complications 

during the study (Ridker et al., 2017). In 2013 and 2019, large scale multicentre 

randomized double-blinded placebo controlled LoDoCo and COLCOT trials were 

also published (Nidorf et al., 2013, Tardif et al., 2019). Here, the low dose treatment 

of the anti-inflammatory drug colchicine significantly reduced the incidence of 

cardiovascular complications in patients with stable coronary disease and after 

myocardial infarction (Nidorf et al., 2013, Tardif et al., 2019). 

5.1 NAD+ metabolism 

 

Figure 2: Overview of NAD+ metabolism. NAD+ can be either synthesised by the de novo pathway, Preiss-
Handler pathway or reused by the salvage pathway. NAD+ is utilized by several enzymes such as sirtuins, 
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CD38, PARPs. Adapted from Srivastava, 2016. CD38, cluster of differentiation 38, cyclic ADP ribose hydrolase; 
NA, nicotinic acid; NAAD, nicotinic acid adenine dinucleotide; NAM nicotinamide; NAMN, nicotinate 
mononucleotide; NAMPT, nicotinamide phosphoribosyl transferase; NR, nicotinamide riboside; PARPs, poly 
ADP-ribose polymerase; QA, quinolinic acid; QPRT, quinolinate phophoribosyl transferase; Trp, tryptophan. 

Nicotinamide adenine dinucleotide (NAD+/NADH) is of central importance for 

intracellular transport of electrons and protons. Additionally, it is a substrate for 

several important enzymes. NAD+ can be reduced to NADH by acceptation of 2 

electrons and a proton. The ratio of NAD+/NADH and flavin adenine dinucleotide 

(FAD/FADH2) have a major influence on the redox state of cells. NAD+ is reduced 

during glycolysis and the tricarboxylic acid (TCA) cycle, then recovery by oxidation 

at the complex I of the mitochondrial electron transport (ETC) chain (Warburg and 

Christian, 1936, Amjad et al., 2021). There are three pathways for the synthesis of 

NAD+ (see overview in Fig. 2). The de novo synthesis starts from the amino acid 

tryptophan, encompasses the kynurenine pathway, intermediate quinolonic acid is 

converted by quinolinate phosphoribosyl transferase (QPRT) to nicotinate 

mononucleotide (NAMN) which is converted by nicotinamide mononucleotide 

adenylyl transferase 1-3 (NMNAT1-3) to NAD+ (Ijichi et al., 1966). In the Preiss-

Handler pathway, nicotinic acid (NA), from food or produced by the microbiome, is 

converted to NAMN and then to NAD+ (Preiss and Handler, 1957). In the salvage 

pathway, NAD+ is utilized (e.g. by poly ADP-ribose polymerase (PARPs) or sirtuins), 

then is converted to nicotinamide (NAM). NAM is converted to nicotinamide 

mononucleotide (NMN) by NAMPT. NMNAT1-3 turns NMN into NAD+, thus the 

cycle is closed (Collins and Chaykin, 1972, Houtkooper et al., 2010). All enzymes 

involved in NAD+ synthesis are located in the cytosol. The only exception is 

NMNAT3 which is mitochondrial. However, a study in cultured human embryonic 

kidney cells questioned the expression of NMNAT3 in mitochondria and its role in 

maintenance of the mitochondrial NAD+ pool (Felici et al., 2013). NMN is a 

precursor of NAD+, which is rapidly taken up. The transport to the intracellular 

compartment can be either direct or by extracellular conversion to NR and 

intracellular reconversion to NMN. Intracellular NMNAT1-3 convert NMN to NAD+, 

thereby increasing the intracellular NAD+ level (Abdellatif et al., 2021, Yoshino et 

al., 2018, Nikiforov et al., 2011). 

 

Extracellular NAMPT (eNAMPT) is secreted by a variety of cell types, for example 

by adipocytes. eNAMPT has pro-inflammatory functions and promotes macrophage 
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survival and skewing towards M1 phenotype (Li et al., 2008, Colombo et al., 2022). 

Intracellular NAMPT (iNAMPT) is important to maintain NAD+ levels and 

phagocytotic macrophage function (Venter et al., 2014). Global overexpression of 

iNAMPT reduced atherosclerosis in mice (Bermudez et al., 2017). It was shown that 

pharmacological NAMPT inhibition reduced NAD+ levels and inflammation, 

mediated by reduced activity of NAD+ dependent enzymes such as PARP1 in a 

murine model of liver ischemia-reperfusion (Lu et al., 2023). In macrophages 

stimulated with lipopolysaccharides, ROS led to deoxyribonucleic acid (DNA) 

damage, which increased PARP1 activity (Cameron et al., 2019).   PARP1 depleted 

the NAD+ pool and NAMPT expression was increased in compensation (Cameron 

et al., 2019). It was shown that the NAD+ precursor, NAM, inhibited TNF-𝛼 synthesis 

in cultured murine macrophages  (Van Gool et al., 2009). The treatment of heart 

failure patients with the NAD+ precursor nicotinamide riboside (NR) reversed the 

increased pro-inflammatory cytokine expression and impaired mitochondrial 

respiration in PBMC (Zhou et al., 2020).  

Aging leads to a depletion of NAD+ through increased activity of PARP1 and other 

enzymes with NADase activity. These enzymes are closely related to inflammation, 

which is believed to be one factor of the frequent occurrence of inflammatory 

disease in the elderly (Massudi et al., 2012, McReynolds et al., 2020). One major 

contributor to the age dependent NAD+ decline was the increased activity of the 

NAD+ consuming enzyme, cyclic ADP ribose hydrolase (CD38), whereas other 

NAD+ consuming enzymes such as SIRT1 and PARP1 declined during aging 

(Camacho-Pereira et al., 2016). CD38 expression inversely regulated mitochondrial 

function (Camacho-Pereira et al., 2016). It was shown that CD38 inhibition 

increased NAD+ levels and ameliorated age-related metabolic dysfunction (Tarragó 

et al., 2018). CD38 was upregulated in endothelial cells as a response to pro-

inflammatory IL-1ꞵ release (Qiu et al., 2023). This CD38 upregulation induced 

significant NAD+ depletion in both PBMC and aortic tissue during hypertension and 

vascular dysfunction in humans and mice (Qiu et al., 2023). Altogether, several 

studies have shown that NAD+ levels decline with aging, due to increased activity 

of NAD+ consuming enzymes.  
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5.1 Sirtuins 

Sirtuins are NAD+ dependent deacetylases involved in the regulation of metabolism. 

There are Sirt1-7 with different functions. All sirtuins are homologues of the highly 

conserved Sir2 gene, first described in yeast (Imai et al., 2000). SIRT 3, 4, 5 are 

located in mitochondria, SIRT6 in nucleus, SIRT7 in nucleolus, and SIRT1 and 2 

can shuttle between nucleus and cytosol (Grootaert and Bennett, 2022). 

SIRT1: SIRT1 is involved in DNA repair, telomere maintenance and regulates 

transcription of manganese superoxide dismutase (MnSOD).  SIRT1 inhibited pro-

inflammatory Nuclear factor-kappa B (NF-κB) signalling. In humans it was shown 

that insulin resistance and subclinical atherosclerosis were associated with SIRT1 

downregulation in monocytes (de Kreutzenberg et al., 2010). In human 

atherosclerotic plaques SIRT1 was downregulated (Gorenne et al., 2013). 

Overexpression of SIRT1 in endothelial cells reduced the development of 

atherosclerosis in mice (Zhang et al., 2008). 

SIRT2: SIRT2 promoted MnSOD expression by deacetylation of the promoter 

forkhead box O3a (FOXO3a) and regulated DNA damage repair. (Zhang et al., 

2016, Brunet et al., 2004). SIRT2 inhibited atherosclerotic plaque formation by 

inhibiting macrophage polarization towards M1 macrophages (Zhang et al., 2018a). 

SIRT3: SIRT3 is expressed in mitochondria and directly regulates important 

mitochondrial enzymes of the TCA cycle, fatty acid metabolism and ketone 

synthesis, such as long chain acyl-CoA dehydrogenase (LCAD), Isocitrate 

dehydrogenase 2 (IDH2), succinate dehydrogenase (SDH), 3-

hydroxymethylglutaryl-CoA synthase 2 (HMGCS2) (Finley et al., 2011, Hirschey et 

al., 2010, Shimazu et al., 2010, Yu et al., 2012). Antioxidant MnSOD function was 

regulated by SIRT3 through direct deacetylation and promoter deacetylation 

(Sundaresan et al., 2009, Tseng et al., 2013). In SIRT3 knockout mice, MnSOD 

activity was decreased due to hyperacetylation, thereby increasing vascular 

oxidative stress (Tao et al., 2010, Dikalova et al., 2017). In myeloid specific SIRT3 

knockout mice, NLRP3 was activated and IL-1ꞵ secreted, resulting in perivascular 

inflammation and fibrosis (Wei et al., 2021). The effect of SIRT3 on NLRP3 in this 

study was mediated by deacetylation of pyruvate dehydrogenase E1 alpha (PDHA1) 

(Wei et al., 2021). Upon stimulation with oxLDL, SIRT3 protected macrophages 

against NLRP3 inflammasome activation, impaired autophagy and the formation of 

foam cells (Ding et al., 2021, Liu et al., 2018b). Reduced SIRT3 expression in 
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diabetic patients was also associated with endothelial dysfunction and coronary 

artery disease (Gong et al., 2022). In a rat model, NMN was protective against 

ischemia-reperfusion of the heart, mediated by increased SIRT3 expression (Jafari-

Azad et al., 2021). 

SIRT4: SIRT4 overexpression suppressed nuclear factor-kappa B (NF-κB) pathway 

and protected endothelial cells from damage induced by oxLDL (Tao et al., 2019). 

SIRT5: SIRT5 interacts with multiple mitochondrial enzymes and has an important 

antioxidant role as it activates NADPH producing enzymes (Zhou et al., 2016). 

SIRT6: It was shown that SIRT6 increased the lifespan in mice (Roichman et al., 

2021). SIRT6 worked synergistically with SIRT1 to repair DNA damage (Meng et al., 

2020). SIRT6 directly activated NAMPT, which was a positive feedback loop (Sociali 

et al., 2019). It protected smooth muscle cells from senescence and decreased 

macrophage foam cell formation and reduced the development of atherosclerosis. 

SIRT6 also activated protective autophagy (Grootaert et al., 2021, Arsiwala et al., 

2020, He et al., 2017). 

SIRT7: In response to oxLDL, SIRT7 was significantly downregulated in endothelial 

cells, whereas SIRT7 knockdown promoted proliferation and migration (Zheng et 

al., 2018). 

 

5.2 Macrophage metabolism 

The polarization of macrophages towards a pro- or anti-inflammatory phenotype is 

closely linked to their metabolism. M1 macrophages are classically activated by toll-

like receptor (TLR) agonists/lipopolysaccharides (LPS) and interferon gamma (IFN-

𝛾) stimulation and act pro-inflammatory with major ROS-production. M2 

macrophages are activated by interleukin-4/13 (IL-4/IL-13) stimulation and secrete 

anti-inflammatory cytokines (Sica and Mantovani, 2012). Hyperglycaemia appears 

to shift the macrophage polarization towards M1 phenotype both in vitro and in pre-

diabetic humans (Torres-Castro et al., 2016). In M1 macrophages, activation with 

LPS or oxLDL induces NF-κB, hypoxia-inducible factor 1-alpha (HIF-1-𝛼) induced 

glucose transporter 1 (GLUT1) expression, hexokinase, and other glycolytic 

enzymes (Rius et al., 2008). CD36 binding of oxLDL upregulates trafficking of long 

chain fatty acid to mitochondria, induced ROS production and facilitated NF-kB 

activation and pro-inflammatory phenotype (Chen et al., 2019). 
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In pro-inflammatory macrophages, enhanced glycolysis leads to increased NAD+ 

consumption and the regeneration of NAD+ in TCA cycle is inhibited. Activation of 

PARPs and CD38 also contribute to increased NAD+ consumption (Minhas et al., 

2019, Amici et al., 2018). Covarrubias et al. reported that CD38 expression was 

responsible for increased NADase activity and was only expressed on M1, but not 

M2, macrophages (Covarrubias et al., 2020).  In a murine model it was shown that 

de novo NAD+ synthesis was required for a homeostatic macrophage phenotype 

and anti-inflammatory signalling (Minhas et al., 2019).  

 

In general, de novo NAD+ synthesis is located in the liver, whereas the peripheral 

tissues are dependent on the liver NAD+ production (Liu et al., 2018a). In 2019 

however Minhas et al. provided proof for a complete de novo synthesis in 

macrophages (Minhas et al., 2019). Upon in vitro LPS stimulation of human 

macrophages, NAD+ concentration decreased with an associated compensatory 

induction of de novo pathway genes. Only the expression of QPRT, an important 

enzyme in de novo NAD+ synthesis, was reduced (Minhas et al., 2019). The authors 

concluded that in immune activated macrophages, QPRT activity and de novo 

NAD+ synthesis were the limiting factors for activity of the mitochondrial sirtuin, 

SIRT3, and mitochondrial function. As such, NAD+ treatment could restore impaired 

SIRT3 activity (Zhang et al., 2020). The depressed phagocytic function of 

macrophages was also restored by increased QPRT expression. In human 

macrophages, QPRT expression significantly declines with aging and as expected, 

LPS-induced polarization towards a pro-inflammatory M1 phenotype is increased 

with age. Importantly, this pro-inflammatory phenotype could be reversed in 

macrophages from older humans by inducing QPRT expression (Minhas et al., 

2019). Inhibition of indoleamine 2,3-dioxygenase 1 (IDO1), the first enzyme of the 

de novo pathway, reduced mitochondrial SIRT3 activity in mice or in human 

macrophages (Minhas et al., 2019). Moreover, it was shown that inhibition of IDO1 

in mice increased atherosclerosis and vascular inflammation (Polyzos et al., 2015).  

 

In M2 macrophages, glucose uptake was increased by mammalian target of 

rapamycin complex 1 (mTORC1) pathway, but predominantly used for TCA cycle 

(Covarrubias et al., 2016). Unlike in M1 macrophages, TCA-cycle and oxidative 
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phosphorylation remained intact (Jha et al., 2015). M2 macrophages had increased 

fatty acid oxidation and oxidative phosphorylation and acted antiatherogenic upon 

expression of anti-inflammatory cytokines such as IL-10, which suppressed mTOR 

and reduced GLUT1 translocation (Ip et al., 2017). Experiments in murine cultured 

macrophages showed that fatty acid oxidation is required for efferocytosis and 

induced IL-10 production, whereas glycolysis was not needed (Zhang et al., 2019). 

An intact electron transport chain was necessary to provide NAD+, which is the 

substrate for SIRT1 mediated anti-inflammatory IL-10 expression (Zhang et al., 

2019). In the experimental setting of impaired mitochondrial NAD+ regeneration, 

treatment with nicotinamide mononucleotide (NMN) was able to rescue IL-10 

production (Zhang et al., 2019). 

 

The pentose phosphate pathway, which synthesized nicotinamide adenine 

dinucleotide phosphate (NADPH) was upregulated in M1 macrophages and 

downregulated in M2 macrophages (Haschemi et al., 2012). On the one hand, 

NAPDH was antioxidative and protects macrophages during ROS-production. On 

the other hand, nitric oxide synthesis was NAPDH dependent, inhibited 

mitochondrial oxidative phosphorylation and lead to ROS production (Haschemi et 

al., 2012). It can be concluded that NAD+ is required for macrophage function and 

that the inhibition of enzymes involved in NAD+ synthesis impairs macrophage 

function and increases the development of atherosclerosis. 

 

5.3 T cell metabolism 

With the action of antigen presenting cells, specific immune cells are recruited to the 

site. CD4+ T helper cells recognize antigens such as oxLDL, apolipoprotein B-100 

(ApoB100) and are activated. Upon activation they proliferate and secrete TNF-𝛼, 

interleukin-1 beta (IL-1ꞵ), IFN-𝛾 (Koltsova et al., 2012, Stemme et al., 1995). The T 

regulatory cell (Treg) transcription factor Forkhead box P3 (FOXP3) reduced 

glycolysis and induced oxidative phosphorylation of NADH to NAD+. These changes 

allowed Treg to maintain function in low oxygen, high lactate inflammatory areas 

such as atherosclerotic plaques (Angelin et al., 2017, Björnheden et al., 1999). 

Despite these adaptions, the unfavourable microenvironment significantly induced 

Treg apoptosis when compared to other T-cells (Amersfoort et al., 2020). Increased 
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glycolysis, mediated by HIF-1-𝛼, similar to inflammatory macrophages, was required 

for Th1/Th17 response (Shi et al., 2011, De Rosa et al., 2015). It was shown that 

Th17 could promote atherosclerosis in Ldlr-/- mice (Li et al., 2008). T effector cells 

had reduced fatty acid oxidation, oxidative phosphorylation and induced glycolysis, 

whereas Tregs showed increased fatty acid oxidation (Chang et al., 2013, Berod et 

al., 2014, Michalek et al., 2011). Both pro-inflammatory and anti-inflammatory 

phenotypes of T helper cells were dependent on changes in their metabolism (De 

Rosa et al., 2015, Elkhal et al., 2016). Previous studies have shown that NAD+ 

induced differentiation of Treg to Th 17 cells. Intravenous injection in mice as well 

as in vitro exposure of Treg to NAD+ reduced Treg number and suppressed Treg 

function (Elkhal et al., 2016). Altogether, these data suggest that increased NAD+ 

levels can reduce Treg cell number and function and cause a differentiation to 

proatherogenic Th17 cells. 

5.4 Endothelial cell metabolism 

In endothelial cells, upon exposal to shear stress at predilection sites in the vascular 

system, HIF-1-𝛼 was activated through the NF-κB pathway. Like the effects in pro-

inflammatory macrophages and T-cells, it induced glycolysis and inflammatory 

cytokines in endothelial cells (Feng et al., 2017). Fatty acid oxidation is necessary 

to maintain integrity and permeability of the endothelial cells. Inhibition of fatty acid 

oxidation lead to leakage and hyperpermeability (Patella et al., 2015). 

 

5.5 NLRP3 in atherosclerosis 

The NLRP3 inflammasome is a protein complex expressed in numerous cell types, 

which is comprised of NLRP3, apoptosis-associated speck-like protein containing 

(ASC) with caspase recruitment domain and the effector caspase 1. The complex is 

formed and activated in response to stimulation with inflammatory signals. NLRP3 

inflammasome priming refers to the process by which recognition of DAMPs and 

pathogen-associated molecular patterns (PAMPs) leads to increased protein 

expression of different complex parts. At second, the activation by a variety of stimuli 

such as ROS, binding of microbial components allows caspase-1 to become active 

(Blevins et al., 2022). Caspase-1 converts pro-IL-1ꞵ/IL-18 to active IL-1ꞵ/IL-18, 

which in turn mediates pro-inflammatory effects (Usui et al., 2012, Martinon et al., 

2002).  
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OxLDL binding and formation of intracellular cholesterol crystals were responsible 

for the activation NLRP3, leading to inflammation and atherosclerosis (Sheedy et 

al., 2013, Duewell et al., 2010). In Ldlr-/- mice and humans, the expression of NLRP3 

and IL-1ꞵ in atherosclerotic plaques were significantly increased (Varghese et al., 

2016, Zheng et al., 2013, Cheng et al., 2014, Zheng et al., 2014). In contrast, Menu 

et al. demonstrated that the atherosclerosis progression in Apoe-/- mice occurred 

independent of NLRP3 (Menu et al., 2011).  

  

5.6 NMN-treatment 

NMN is a precursor of NAD+ shown to replenish NAD+ levels in numerous tissues 

(Yi et al., 2023). In healthy volunteers, the single dose intravenous application of 

300 mg NMN proved to be safe and was shown to increased NAMPT expression in 

blood leukocytes and NAD+ concentration in the blood (Kimura et al., 2022). 

Dosages of up to 250mg/day for 24 weeks were proven to be safe and increased 

plasma concentrations of NMN and NAD+ (Yamane et al., 2023, Akasaka et al., 

2023).  

In mice, the efficacy and safety of much higher doses (e.g. 50-70x) was shown in 

several studies. Long term (one year) NMN-treatment (300 mg/kg/day) was well 

tolerated in mice (Mills et al., 2016). NMN suppressed age associated weight gain, 

increased total oxygen consumption, energy expenditure and physical activity, 

NAD+ levels in the blood, liver, skeletal muscle and improved plasma lipid profile 

and insulin sensitivity (Mills et al., 2016). NMN restored reduced NAD+ levels in 

white adipose tissue (WAT), liver and skeletal muscle in high-fat diet (HFD) induced 

diabetic mice (Yoshino et al., 2011). In aged murine hearts it was shown that 

300 mg/kg/day oral NMN-treatment for 8 weeks increased NAD+ levels and 

reversed systolic dysfunction (Whitson et al., 2020). In another study the same 

dosage reversed age associated vascular dysfunction and increased SIRT1 

expression (Yoshino et al., 2011). Intraperitoneal injection of 500 mg/kg NMN for 7 

or 10 days in female or male mice, respectively, ameliorated glucose intolerance 

and improved lipid profiles (Yoshino et al., 2011). NMN-treatment reversed the gene 

expression changes of genes for inflammatory response, oxidative stress and 

metabolism induced by HFD (Yoshino et al., 2011).   
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Antiatherogenic effects have been demonstrated for other NAD+ precursors such 

as NAD+, NA and NAM (Cao et al., 2022, Kuhnast et al., 2013, Zhai et al., 2019). 

NAM significantly reduced atherosclerosis in Apoe-/- knockout mice (Mendez-Lara 

et al., 2020). NA was shown to be beneficial both in mice and humans, however it 

also has direct lipid lowering potential (Kuhnast et al., 2013, Digby et al., 2012). To 

our knowledge, the effects of NMN on the development of atherosclerosis are 

currently unknown. 

6 Hypothesis 

The goal of the current study was to determine the atheroprotective potential of 

NMN-treatment in the development of atherosclerosis in male WD-fed Ldlr-/- mice. 

We aim to examine potential in vivo effects and molecular pathways influenced by 

NMN-treatment. 

7 Materials and methods 

 

7.1 Mice 

All animal experiments were approved by the Federal Ministry of the Republic of 

Austria for Education, Science and Research, according to the Animal Testing 

Act2012 (TVG 2012), with permit number 2021.0.615.892. Male B6.129S7-

Ldlr<tm1Her>/J, called Ldlr-/- mice were obtained from Jackson Laboratory (Bar 

Harbor, ME, USA). Mice were group housed (n=2-3/cage) under conventional 

conditions, with 12-hour dark/light cycle change, 22°C temperature, and food and 

water accessible ad libitum. Enrichment materials were provided; cages, food and 

water were changed weekly during body weight measurements.  
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Figure 3: Overview of the study. Male Ldlr-/- mice were fed either a WD or Chow diet, after 8 weeks of diet 
NMN-treatment in the trinking water was started. The mice were sacrificed after 16 weeks of diet. Created 
with BioRender.com 

7.2 Diet and treatment 

Figure 3 provides an overview of the study. 8-week-old male mice weighing 

22.84±0.27 g were randomly split into 4 groups: Chow/Vehicle (Veh), WD/Veh, 

Chow/NMN, WD/NMN (n=6 per group). Chow-fed mice received standard Chow 

(13.5 MJ/kg, 9 kJ% fat, 24 kJ% protein, 67 kJ% carbohydrates, no cholesterol 

added, Ssniff Spezialdiäten GmbH # V1534-703, Soest, Germany) and WD-fed 

mice  received a special diet with high-fat and high-cholesterol (metabolizable 

energy 18.2 MJ/kg, 42 kJ% fat, 19 kJ% protein, 39 kJ% carbohydrates, 1.25 % 

cholesterol; Ssniff Spezialdiäten GmbH #D12108, Soest, Germany) for 16 weeks, 

respectively. The special diet was stored cooled and dark, according to the 

manufacturer’s instructions. Fresh diet was provided and food intake was measured 

weekly. The treatment of the animals was unblinded.  

NMN (Oriental Yeast Co. LTD., Tokio, Japan, Lot. 070101) was administered 

dissolved in drinking water at a dosage of approximately 500 mg/kg/day. The water 

intake was measured weekly to calculate the required amount of NMN. The NMN-

treatment started after 8 weeks of diet and continued for further 8 weeks until the 

day of dissection after 16 weeks of diet. Since Mills et al. showed that NMN is stable 
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in water for at least 7 days at room temperature, the water bottles were changed 

once weekly (Suppl. Figure 1A).  

 

9.3 iGTT measurement  

All animals underwent two iGTT at 8 and 15 weeks of diet. Animals were transferred 

into fresh cages with only bedding material and water without food to fast for 4 hours. 

A 10 % glucose solution was prepared in 0.9 % saline solution and processed 

through a sterile filter (Rotilabo KH54.1, Carl Roth GmbH, Karlsruhe, Germany). The 

bolus dose of 2 g glucose per kg body weight was administered intraperitoneally 

with a sterile 1 ml syringe and 27G needle. Using a glucometer (Accu-Check 

Performa, Roche, Mannheim, Germany) the blood glucose measurements were 

performed immediately before glucose injection and 10, 20, 30, 60, 90 and 120 

minutes after injection, using a small drop of blood from a puncture of the tail vein.  

 

7.3 Echocardiography 

Echocardiography was performed under isoflurane anaesthesia (Isofluran-Piramal 

DE9714675, Piramal Critical Care B.V, Voorschoten, Netherlands) after 8 weeks of 

diet (pre NMN-treatment) and after 16 weeks of diet (post NMN-treatment). Effects 

of NMN on cardiac function as part of this project were analysed by another student 

and are not further described in this diploma thesis.  

 

7.4 Blood sampling  

Blood (200 µl) was collected 8 weeks and 15 weeks after start of diet as well as 

during final dissections after 16 weeks of diet (500-1000 µl). Blood was drawn from 

the retrobulbar plexus with a hemocapillary (Na-heparin minicaps #9411255, 

Hirschmann, Eberstadt, Germany). Mice underwent isoflurane anaesthesia during 

the procedure. Blood respectively was collected in a 1.5 ml collection tube 

containing 5-25 µl 400 mM sodium ethylendiamintetraacetic acid (Na2-EDTA). 

Samples were kept on ice until centrifugation at 1000 x g for 10 min at 4°C. Plasma 

was transferred into a new tube and centrifuged again at 2000 x g for 15 min at 4°C, 

the supernatant was removed, aliquoted, snap frozen in liquid nitrogen and stored 

at -80°C for further applications.  
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7.5 Dissection 

Dissections took place after 16 weeks of diet at the age of 24 weeks. Mice 

underwent isofluran anasthesia followed by blood collection as described in section 

9.4. Cervical dislocation was carried out under anaesthesia (confirmed by lack of 

toe pinch reflex). Dissections were performed under a binocular microscope (M5A, 

Wild Heerbrugg, Heerbrugg, Switzerland). Beginning with a midline incision, the 

diaphragm was cut open, remaining blood was drawn from the right ventricle with a 

22G needle (Braun, Melsungen, Germany) and the left ventricle was slowly flushed 

with 5 ml of ice-cold phosphate buffered saline (PBS) (#P4417-100TAD, Sigma-

Aldrich, St. Louis, MO, USA) using a 27G needle (Braun, Melsungen, Germany). 

The heart was cut orthogonal to its length axis, the upper part was used for histology 

as described in section 9.8. Epididymal fat, left lobe of the liver and kidneys were 

removed and washed in ice-cold PBS. Organs were finally snap frozen in liquid 

nitrogen and stored at -80°C for further applications. Spleen and bones were 

removed and stored in ice-cold PBS for further application. Esophagus, stomach, 

intestine, lung and trachea were disposed.  

The upper third of the heart was pinned down, surrounding tissue of the aorta was 

removed with fine forceps and microdissection scissors. The aorta was fully 

exposed from the bulbus aorta until the bifurcation into the iliac arteries, including 

the supraaortic branches. The arch was detached behind the bulbus aortae, the 

supraaortic branches at the height of bifurcation of the brachiocephalic artery and 

right behind the outlet of the left subclavian artery. The thoracic and abdominal aorta 

was cut right behind the bifurcation into the iliac arteries. Thoracic and abdominal 

aorta was not separated and is called abdominal aorta throughout this thesis due to 

simplicity. The abdominal aorta was cut into four equal pieces right after dissection 

and stored in 300 µl of RNA-later (RNA later #76104, Quiagen, Hilden, Germany).  

 

7.6 Isolation of bone marrow (BM) and spleen-derived leukocytes 

For the leukocyte isolation from spleen, a sterile cell strainer (nylon mesh 70 µm 

#22363548, Thermo Fisher Scientific, Waltham, MA, USA) was wetted with ice-cold 

PBS and placed on a 20 ml beaker glass (Falcon tubes, Becton, Dickinson and 

Company, Franklin Lakes, NJ, USA). A 5 ml syringe plunger was used to squeeze 
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the spleen through the cell strainer, the strainer was flushed through with 10 ml ice-

cold PBS. The cell PBS suspension was kept on ice until further processing. 

For the leukocyte isolation from bone marrow (BM) both femurs and tibias, the 

bones were cut at their respective metaphysis. 1-2 ml of ice-cold PBS were flushed 

through medullary space using a 27G needle, the cell PBS suspension was kept on 

ice until further processing.  

The leukocytes in PBS from BM and spleen were centrifuged with 500 x g for 3 min 

at 4°C. The pellet was resuspended in 1 ml of ice-cold red blood cell lysis buffer 

(RBC lysis buffer) (#420301, Bio Legend, San Diego, CA, USA). After 3-4 min of 

incubation at room temperature cells were centrifuged at 500 x g for further 5 min at 

4°C. The supernatant was disposed and the pellet was resuspended in 2 ml ice-cold 

PBS. A 10 µl sample was used for cell counting using Trypan blue (Trypan blue 

solution #T8154, Sigma-Aldrich, St. Louis, MO, USA) and a TC20 counter 

(#1450102, cell counting slides for TC20 cell counter dual-chamber #1450011, Bio-

Rad, Hercules, CA, USA,). The remaining sample was aliquoted and then 

centrifuged again at 500 x g for 5 min at 4°C. The PBS was removed and one aliquot 

of leukocytes was used fresh for NAD+ measurements while the other aliquots were 

immediately snap frozen in liquid nitrogen to store them at 80°C for further 

experiments. 

 

7.7 Histology 

After dissection, the upper third of the heart and the arch were embedded in 

cryomolds (#4566, Sakura Tissue-Tek, Tokyo, Japan) with optimal cutting 

temperature (OCT) compound (Tissue Plus OCT compound #4586, Scigen 

Scientific, Gardena, CA, USA), fast frozen on a metal plate on dry ice, frozen at -

20°C for 3-4 hours, and transferred to -80°C for long term storage. Before cryotome 

sectioning, OCT samples were stored at -20°C for 30 min. Cryotome sectioning was 

performed with a blade temperature of -20°C, object temperature -17°C and chosen 

thickness of 4 µm (Cryostat microm cryo star HM 560, Thermo Fisher Scientific, 

Waltham, MA, USA). In relation to the anatomical situs, the heart was cut upside 

down. As soon as all three leaflets were visible at an equal size, slices were 

transferred to microscope slides (Superfrost plus microscope slides (J1800 AMNZ), 

Thermo Fisher Scientific, Waltham, MA, USA). 
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The aortic arch was processed under the same settings as the heart. The arch was 

cut longitudinally as soon as full contours of the arch and at least 2 out of three 

supraaortic branches were completely appeared. The slices were transferred to 

microscope slides. Both in heart and arch, 10 slides per sample with 3 slices per 

slide were used, with an ongoing slide organisation to ensure comparability between 

slides. Slides were dried at room temperature and stored in plastic foil at -80°C until 

staining.  

7.7.1 Oil red O staining (ORO) 

Oil red O is a fat-soluble dye which stains lipids red. Thus it can be used to quantify 

the extent of atherosclerosis. A 0.5 % Oil red O solution (ORO #O0625-25G, Sigma 

Aldrich dissolved in propylene glycol #0340.2, Carl Roth, Karlsruhe, Germany) was 

heated at 60°C for 30 min. Frozen sections were dried at room temperature. Slides 

from each group and region (root and arch) were stained in the same rack, at the 

same time to ensure comparability. Slides were first fixed in 10 % formalin buffered 

in PBS (formaldehyde solution with 37 % v/v in H2O, #252549, Sigma Aldrich, St. 

Louis, MO, USA) for 10 min, rinsed under tap water for 10 min and submerged in 

100 % propylene for 2 min. After fixation, slices were incubated in Oil red O solution 

for 25 min at 60°C and stained in Hematoxylin solution (Carl Roth, Karlsruhe, 

Germany) for 2 min. After the staining, the slides were rinsed for 10 min under tap 

water. Heated glycerol gelatine (GG1, Sigma Aldrich, St. Louis, MO, USA) was used 

as a mounting media for the cover slips (#1872, Carl Roth, Karlsruhe, Germany). 

The next day, edges of the coverslips were sealed with nail polish. 

7.7.2 Imaging 

Imaging was performed using a microscope (Olympus BX 51 with Olympus DP71 

Camera system, Tokyo, Japan) analyzed with Cellsens software. The aortic arch 

and root were imaged using the 4x and 10x objective, respectively. In the case 

where the aortic root could not be completely covered using 10x objective, the 4x 

objective was used. The camera filters settings were set to ISO 400 and exposure 

time 250 ms. The brightest white area was used for white balance. The image files 

were saved as .png data files for further analysis and randomized for quantification. 

The analysis was performed blinded to treatment groups. 

Image J version 2.1.0 was used for quantification. The images were calibrated to 

scale bar, the area of annulus fibrosus of the aortic valve and the area of the arch 
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including the supraaortic branches were encircled. Inside the encircled area, the 

fraction of red stained area was measured by thresholding method. The following 

settings were used: hue-saturation-brightness color space, red as threshold color, 

hue 220-255, saturation 35-255, brightness 100-150, in case of strong staining 

brightness 70-150. Finally, stained area divided by encircled area was calculated. 

The results were then unblinded assigned to the groups and analysed according to 

statistical requirements as described in Section 9.17.  

 

7.8 Cholesterol measurement 

Total cholesterol (TC) concentration was measured in plasma using a Cholesterol 

FS Kit (#113009910021, Diasys, Waterbury, CT, USA). The samples and a standard 

were diluted 1:5 in 0.9 % NaCl solution according to manufacturer´s instructions. 

2 µl of diluted sample, distilled water as blank and diluted standard were pipetted in 

duplicates into a 96-well plate (Corning Costar 96 well #CLS 3997-50EA, Sigma 

Aldrich, St. Louis, MO, USA). 200 µl of an assay mix provided as ready to use 

reagent mix was added to all wells. After 10 min incubation at 37°C the absorbance 

at 500 nm was measured in a 96-well Spectra Max Plus photometer (Molecular 

Devices, San Jose, CA, USA). Blank values were subtracted from all values. TC 

concentrations were calculated according to the standard values and the dilution 

factor.  

 

7.9 Free fatty acid measurement 

The free fatty acid (FFA) concentration was measured in plasma using a Free Fatty 

Acid Assay Kit (#MAK044-1KT, Sigma Aldrich, St. Louis, MO, USA). The reagents 

were prepared according to manufacturer´s instructions. The standard series 

consisted of 0, 2, 4, 6, 8 µl of 1 nmole/µl palmitic acid standard solution. Samples 

were diluted 1:7 to a final volume of 50 µl in fatty acid assay buffer. Standards and 

samples were pipetted in duplicates. 2 µl of Acyl-CoA Synthetase reagent was 

added to each well. Samples and standard were incubated protected from light for 

30 min at 37°C. 50 µl master mix consists of 44 µl Fatty Acid Assay Buffer, 2 µl Fatty 

Acid Probe, 2 µl Enzyme Mix and 2 µl Enhancer was added to each well and the 

plate was incubated again protected from light for 30 min at 37°C. The absorbance 

at 570 nm was measured in a 96-well spectra Max Plus photometer. FFA 
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concentrations were calculated according to the standard values and the dilution 

factor.  

 

7.10  Triglyceride measurement 

Triglyceride (TG) concentration was measured in plasma using Serum Triglyceride 

Determination Kit (#TR0100, Sigma Aldrich, St. Louis, MO, USA). 3 µl of water for 

blank, 3 µl of 1mM standard and 3 µl plasma per well were used in a 96-well plate. 

80 µl of Free glycerol reagent and 20 µl of TG reagent were added to each well and 

the plate was incubated at 37°C for 10 min. The absorbance at 540 nm was 

measured in a 96-well spectra Max Plus photometer. TG concentrations were 

calculated according to the standard values and the dilution factor.  

 

7.11 NAD+ measurement 

Cell pellets of fresh isolated leukocytes as described in Section 9.7 were used for 

NAD+ measurements using an EnzyChromTM NAD+/NADH Assay Kit ((E2ND-

100), EnzyChromTM, BioAssay Systems, Hayward, CA, USA). 100 µl NAD 

extraction buffer was added to approximately 1x107 cells and cells were 

resuspended carefully. Homogenization was performed using a tissue grinder 

(Pellet Mixer Hand-held homogenizer, #47747-370, VWR, Radnor, PA, USA) at 

maximum speed for 30 seconds. Samples were heated to 60°C for 5 min 

(Thermomixer comfort, Eppendorf, Hamburg, Germany). A standard curve with a 

final concentration of 0, 1, 3, 6 and 10 µM NAD+ was prepared. 20 µl assay buffer 

and 100 µl NADH extraction buffer (to neutralize the reaction) were added to each 

sample. After vortexing, sample were centrifuged at maximum speed at 4°C for 

5 min. For each well the working reagent was prepared as follows: 60 µl assay 

buffer, 1 µl enzyme A, 1 µl enzyme B, 14 µl lactate and 14 µl MTT were mixed 

carefully. 80 µl of standard or sample were pipetted in duplicates in a 96-well plate, 

followed by 80 µl of the prepared working reagent. Absorbance was measured at 

565 nm (OD0) using a Spectra Max Plus 96 photometer. After incubation for 15 min 

at room temperature the absorbance was measured again at 565 nm (OD15). NAD+ 

concentration was calculated according to the following formula: 

[NAD(H)] (μM) = (OD15 – OD0)sample - (OD15 – OD0)blank 

    Slope 

NAD+ concentration was normalized to cells counts (µM / 107 cells). 
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7.12  Protein expression measurements 

7.12.1 Protein extraction 

Frozen leukocytes isolated from spleen as described in Section 9.6, were used for 

protein isolation. 1–3*107 cells per sample were resuspended in 600-1000 µl of ice-

cold RIPA buffer (see Table 1) and incubated on ice for 20 min (shaker 20 rpm). The 

samples were sonicated (UltraSonic Processor UP50H, Amplitude 80%) for 3 

seconds on ice and centrifuged at 16,000 x g for 20 - 30 min at 4°C. The 

supernatant was transferred into an Amicon filter spin column (AMICONULTRA, 

#UFC51024) and centrifuged in 5 minutes steps at 8,000 x g at 4°C until volume 

was reduced to 100 µl. 

 

Table 1 RIPA-buffer 

 Volume Final 

concentration 

 

Tris-HCL (pH 8) 1.0 M 0.5 ml 50 mM  

EDTA (pH 8) 0,1 M 0.1 ml 1 mM  

NaCl (5 M) 0.3 ml 150 mM  

Igepal (NP40 / CA-630)  0.1 ml 1 %  

Na-deoxycholate 10 % 0.5 ml 0,5 %  

SDS 10 % 0.1 ml 0,1 %  

ddH20 Up to 10 ml   

Protease inhibitor-

cocktail 

1 Pill  (#11836153001), Roche, 

Mannheim, Germany 

100 X Phosphatase 

inhibitor cocktail 2 

100 µl 

 

 (#P5726), Sigma Aldrich, 

St. Louis, MO, USA 

100 X Phosphatase 

inhibitor cocktail 3 

100 µl 

 

 (#P0044), Sigma Aldrich, 

St. Louis, MO, USA 

 

7.12.2 Protein measurement 

The protein concentration was measured using a BCA Protein Assay. 10 µl of 1:4 

diluted sample were pipetted in duplicates into a 96-well plate. The standard curve 

was prepared with serial dilutions of BSA with concentrations of 0.25 mg/ml to 

2 mg/ml. To each well 190 µl BCA Protein Assay Mix was added with a ratio of 

196 µl reagent A (#23228, Thermo Fisher Scientific, Waltham, MA, USA) and 4 µl 

reagent B (#23224, Thermo Fisher Scientific, Waltham, MA, USA). The plate was 



 37 

incubated for 15 min at room temperature. The absorbance at 562 nm was 

measured in a 96-well Spectra Max Plus photometer. Sample protein concentrations 

were calculated according to the standard values and the dilution factor. 

 

7.12.3  Automated Western Blot Jess System 

When using the Automated Western Blot JESS System protein samples are 

separated in a very thin matrix gel coated capillary with a total volume of only 10 µl, 

which allows to determinate protein expression in very small sample quantities 

compared to the conventional Western Blot technique. Protein expression of SIRT3, 

NAMPT and acetylated-MnSOD in spleen leukocytes was investigated using these 

JESS simple Western Blot method according to the manufacturer protocol with 

following adaptions: Total protein per capillary was 2.4 µg spleen leukocytes protein 

lysate. An overview of the layout of one JESS plate, which contains samples 

volume, blocking and washing solutions, primary antibody and secondary antibody 

dilutions is shown in Figure 4, which was kindly provided by Sartorius AG 

(Göttingen, Germany). All primary antibodies and corresponding dilutions are listed 

in Table 2. Alpha-tubulin was used as loading control. 

Table 2 Jess Western Blot 

Antibody / Target Protein  Dilution and Company 

SIRT3 1:10 dilution, (#5490), Cell Signaling 

Technologies, Danvers, MA, USA 

Ac-MnSOD  1:10 dilution, (ab137037), Abcam, 

Cambridge, UK 

NAMPT/PBEF 1:20 dilution, (A300-372A), Thermo 

Fisher Scientific, Waltham, MA, USA 

Alpha-tubulin 1:10 dilution, (#2144), Cell Signaling 

Technology Danvers, MA, USA 
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Figure 4: Pipetting template Jess Western Blot from company manual. 

7.13 Gene expression experiments 

7.13.1 RNA extraction 

RNA extraction for the quantitative reverse transcription polymerase chain reaction 

(RT-qPCR) was performed using a RNeasy Mini Kit (#74104/74106 Quiagen, 

Hilden, Germany). Frozen cell pellets from spleen leukocytes and bone marrow 

(BM) were resuspended in RLT lysis buffer containing 1 % 2-Mercaptoethanol 

(#161-0710, Bio-Rad, Hercules, CA, USA). 350 µl RLT ≤ 5 x 10^6 or 600 µl RLT ≥ 

5 x 10^6 cells was used. The suspensions were homogenized for 15-20 sec using 

an UltraTurrax T10 Homogenizer (IKA, Staufen, Germany) with speed 3 on ice. 

Samples were then proceeded according to the manufacturing instructions. A 

RNase-free on-column DNA digest was performed using RNase-free DNase Set 

(#79254, Quiagen, Hilden, Germany) according to the manufacturing instructions. 

The RNA concentration was measured using a Nanodrop 2000 spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA, USA). The samples were frozen in liquid 

nitrogen and stored at -80°C. 

7.13.2 cDNA synthesis (Reverse Transcription – RT) 

The complementary single strand deoxyribonucleic acid (cDNA) synthesis was done 

using a QuantiTect Rerverse Transcription Kit (#205313, Quiagen, Hilden, 

Germany). The calculated RNA was 500 ng in a total volume of 12 µl. A reverse 
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transcriptase negative control, called RT minus, consisted of a mixture of several 

RNA samples from all groups, thereby allows to test for contaminating DNA. 2 µl 

DNA wipe out reagent was added to each sample and RT minus control, incubated 

at 42°C for 2 min in a thermal cycler (T100 thermal cycler, Bio-Rad, Hercules, CA, 

USA). Reverse Transcription master mix and RT minus mix, which are summarized 

in Table 3 were prepared according to the manufacturer’s instructions and 6 µl were 

added to their respective tubes. The cDNA synthesis was carried out at 42°C for 

30 min. Finally, synthesized cDNA was incubated at 95°C for 3 min to inactivate the 

reverse transcriptase. The cDNA can be stored at -80°C. 

Table 3 cDNA master mix 

RT master mix µl/rxn  RT minus mix µl/rxn 

Reverse Transcriptase 1  water 1 

RT Buffer 5x 4  RT Buffer 5x 4 

Primer Mix 1  Primer Mix 1 

 

7.13.3 cDNA dilution 

A cDNA standard dilution series was prepared with a mixture of cDNAs from all 

investigating samples and RNase/DNase-free water in a dilution of 1:20, 1:100, 

1:500, 1:2,500 and 1:12,500. Samples and the RT minus were diluted 1:20 in tube 

strips (PCR SingleCap 8er-Softstrips 0.2 ml colorless #710971, Biozyme, Hessisch 

Oldendorf, Germany) and as a second negative control RNase free water was 

introduced at this step. A random cDNA selected as an interplate calibrator cDNA 

was prepared and diluted 1:20. Exceptionally for Nlrp3, Il1b, Tnfa targets a different 

standard series (1:20, 1:50, 1:100, 1:200, 1:400, 1:800) and a sample dilution of 

1:50 was chosen.  

 

7.13.4 RTqPCR 

All samples were assayed in triplicates in 384-well plates (Hard-shell PCR plates 

384 well, thin wall #HSP3805, Bio-Rad, Hercules, CA, USA). A master mix was 

prepared per well as followed: 0.5 µl water, 5 µl Fast advanced Master Mix 

(#4444557, Thermo Fisher Scientific, Waltham, MA, USA) and 0.5 µl of a respective 

TaqMan assay probe (Table 4). 6 µl of the master mix was added to each well using 

a multipipette (#0030089618, Eppendorf, Hamburg, Germany) and 4 µl of the 



 40 

prepared samples dilutions was added using a multichannel pipette (#99001373, 

Integra, Biebertal, Germany). The PCR plate was sealed with a clear sealing foil 

(#15036, Thermo Fisher Scientific, Waltham, MA, USA) and spun down in a plate 

centrifuge for one minute. All TaqMan assay probes (#4331182) were purchased 

from Thermo Fisher Scientific, Waltham, MA, USA.  

Table 4 TaqMan Assay Probes 

TaqMan Assay Probe Probe ID 

Nampt  Mm00451938_m1 

Parp1  Mm01321084_m1 

18s  Mm03928990_g1 

Rplp0  Mm00725448_s1 

Actb  Mm00607939_s1 

Hprt  Mm03024075_m1 

Cd38  Mm00483143_m1 

Nmnat1  Mm01257929_m1 

Nmnat3  Mm00513791_m1 

Sirt3  Mm00452131_m1 

Nlrp3  Mm00840904_m1 

Il1b  Mm00434228_m1 

Tnfa  Mm00443258_m1 

 

The following protocol for the CFX384 real time PCR system (Bio-Rad, Hercules, 

CA, USA) was used:  

Table 5 RTqPCR 

1. 95°C 2 min 20 sec Denaturation and polymerase activation 

2. 95°C 3 sec Denaturation 

3. 60°C 30 sec Annealing and Extension 

4.  Plate read => Go to Step 2, 44x 

 

7.13.5 Quantification 

The quantification was performed using the standard curve method. Threshold cycle 

values higher than 34 were excluded from standard curve calculation. The arithmetic 
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mean of the triplicates was formed. The accepted standard deviation of the 

triplicates was ≤ 0.2. 

The concentration values of standard in nanogram were transformed into log10 and 

a linear straight of best fit was calculated. The slope value of the standard curve 

was used to calculate the efficiency according to the following formula e=10^(-

1/slope). An efficiency of 90-110% was accepted. Since the standard consists of 

equal amounts of cDNA of all samples no additional efficiency correction is needed 

to be applied.  

The arithmetic mean of the Cq triplicates from Bio-Rad CFX Manager Software was 

calculated for each sample. According to the slope of the standard regression the 

mRNA levels have been calculated. The results were expressed relatively to the 

reference genes results.  The results were finally normalized to the Chow/Veh 

group. 

7.13.6 Reference genes  

The selection of a suitable reference gene defines the reliability of the results. 

Important for the selection of a suitable reference gene is a stable expression in all 

treatment groups. Potential differentially expressed genes were excluded from the 

search for appropriate reference genes. Two ribosomal coding genes, the 

cytoplasmic small subunit 18S rRNA and ribosomal protein lateral stalk subunit P0 

(Rplp0) as well as the highly conserved structural gene beta-actin (Actb) and the 

purine salvage pathway gene hypoxanthine phosphoribosyltranferase 1 (Hprt) have 

been tested. The expression of the four reference genes was tested in all four 

experimental groups in BM and spleen leukocytes. Only Rplp0 was equally 

expressed in all groups, showed an acceptable amplification efficiency between 90 

and 110 % with decent Cq values lower than 34 in its dilution series and, therefore, 

was selected as the only reference. 

 

7.14 Statistics 

Graphpad Prism 10.1.0 and Microsoft Excel version 16.75 were used for all analysis 

and graphs. All data are presented as mean ± standard error of the mean (SEM). 

Unpaired t-tests were used for the comparison of two groups. The comparison of 

four groups was performed with a two-way analysis of variance (2-way ANOVA). A 

significant diet or treatment effect was shown by symbols & and #, respectively. A 
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significant interaction term was marked by symbol §. A Shapiro-Wilk and 

Kolmogorov Smirnov test was used to check for normal distribution. A Tukey’s was 

used as a post-hoc test. A p value ≤ 0.05 was considered as significant.  

8 Results 

8.1 NMN had no effect on adiposity and glucose tolerance in WD-fed Ldlr-

/- mice.    

In order to assess the effect of NMN-treatment in atherosclerosis development, we 

fed Ldlr-/- mice chow or WD for 16 weeks and provided them with standard water or 

water containing NMN (500 mg/kg/day) in the final 8 weeks of feeding. The 4 

different treatment groups were as follows: Chow/Veh, WD/Veh, and Chow/NMN, 

WD/NMN (n=6).  

 

In order to determine the physiological effects of NMN on characteristic of metabolic 

syndrome (obesity, glucose intolerance, dyslipidemia, hypertension) (Cornier et al., 

2008), we monitored body weight, food intake and performed iGTTs before and after 

starting NMN-treatment. There was no difference in starting body weight between 

Chow and WD groups (22.46±0.84 g versus 22.22±0.79 g). However, after 

16 weeks of feeding, WD mice gained significantly more body weight compared to 

Chow mice (35.12±2.00 g in WD/Veh versus 28.46±0.659 g in Chow/Veh; 

p=0.0133) (Fig. 5A-B). Nevertheless, there was no difference in body weight 

following NMN-treatment in either Chow- or WD-fed mice (Fig. 5A-B). The caloric 

intake per mouse was not significantly different between Chow and WD or following 

NMN-treatment (Supp. fig. 1B), suggesting that NMN did not affect caloric intake. 

Moreover, adiposity, as shown by WAT mass, was significantly increased by WD; 

however, there was no effect by NMN-treatment (Fig. 5C). WD elevated fasting 

blood glucose levels after 8 and 15 weeks of diet (Fig. 5E; Supp. fig. 1D) and 

impaired glucose tolerance compared to Chow group, which was comparable at 

both 8 and 15 weeks of feeding (Fig. 5D-F; Supp. fig. 1C-E). Importantly, there was 

no effect of NMN-treatment on fasting blood glucose or glucose tolerance in either 

Chow or WD groups (Fig. 5D-F). In summary, WD-fed mice developed obesity and 

impaired glucose tolerance, but NMN-treatment did not affect body weight, caloric 

intake, glucose tolerance or epididymal fat mass in Chow- or WD-fed Ldlr-/- mice.  



 43 

   

 

Figure 5: NMN has no effect on body weight, fat mass and glucose tolerance in WD-fed Ldlr-/- mice. A) 
Body weight, B) body weight after 16 weeks of diet, C) epididymal WAT mass, D) fasting blood glucose, E) 
iGTT, and F) AUC after 15 weeks of diet in Chow- and WD-fed Ldlr-/- mice treated with Veh or NMN (n=5-6). 2 

way-ANOVA: &=effect of diet; ✱ p<0.05, ✱✱✱✱ p<0.0001 using post-hoc test. AUC, area under the curve 

measured from baseline; iGTT, intraperitoneal glucose tolerance test; Ldlr-/-, low-density lipoprotein receptor 
knockout; NMN, nicotinamide mononucleotide; WD, western diet; WAT, white adipose tissue. 

8.2 NMN-treatment significantly reduced the extent of atherosclerosis in 

the aortic root of WD-fed Ldlr-/- mice.    

To quantify the extent of atherosclerosis, we performed histology with Oil red O 

staining. WD caused significant lipid deposition in both aortic root and aortic arch 

compared to Chow-feeding. In the aortic arch, we did not observe any effect of NMN-

treatment on the degree of lipid accumulation (Fig 6A-C). However, in the aortic root, 
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NMN-treatment of WD-fed mice showed a significant reduction of lipid deposition 

compared to WD/Veh group (Fig. 6B-D). Altogether, NMN-treatment prevented 

worsening atherosclerotic plaque development in WD-fed Ldlr-/- mice. 
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Figure 6: NMN-treatment significantly reduced the extent of atherosclerosis in the aortic root of WD-fed 
Ldlr-/- mice. Percentage of Oil red O stained lipid deposition of total area aortic A) arch and B) root and 
representative images of aortic C) arch and D) root in Chow- and WD-fed Ldlr-/- mice treated with Veh or NMN 

(n=5-6).  2 way-ANOVA: &=effect of diet, #=effect of treatment, §=interaction effect; ✱ p<0.05, ✱✱ p<0.01, 

✱✱✱✱ p<0.0001 using post-hoc tests. Ldlr-/-, low-density lipoprotein receptor knockout; Veh, vehicle; NMN, 

nicotinamide mononucleotide; WD, western diet. 
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8.3 NMN increases TG with no effect on TC or FFA levels in WD-fed Ldlr-/- 

mice.  

In order to assess NMN effects on plasma lipids, we measured TC, FFA, TG prior 

and after NMN-treatment. After 8 weeks of diet, WD significantly increased TC, 

whereas no significant change was observed in TG and FFA levels (Supp. fig. 2A-

C). However, after 16 weeks of WD, both TC and TG concentration were 

significantly increased compared to Chow (Fig 7A-B). NMN had no effect on TC 

(Fig. 7A), but induced a significantly increased TG concentration in WD-fed mice 

only (Fig. 7B). After 16 weeks of diet the mean values of FFA levels were equal in 

all four groups (Fig. 7C). Overall, we show that NMN does not affect WD-induced 

increase in TC, but further increases TG levels in WD-fed mice.  

 

Figure 7: NMN has no effect on TC and FFA levels but significantly increased TG concentrations in WD-
fed Ldlr-/- mice. A) TC, B) TG and C) TC concentrations in plasma in Chow- and WD-fed Ldlr-/- mice treated 

with Veh or NMN (n=5-6). 2 way-ANOVA: &=effect of diet, #=effect of treatment, §=interaction effect; ✱ p<0.05, 

✱✱✱✱ p<0.0001 using post-hoc tests. FFA, free fatty acids; Ldlr-/-, low-density lipoprotein receptor knockout; 

NMN, nicotinamide mononucleotide; TC, total cholesterol; TG, triglycerides; Veh, vehicle; WD, western diet. 

 

8.4 NMN replenished depleted NAD+ levels in leukocytes from WD-fed 

mice.  

In order to investigate how NMN-treatment influences NAD+ levels and production, 

we performed NAD+ measurements and RT-qPCR for gene expression of key 

NAD+-producing enzymes Nampt, Nmnat1, and Nmnat3 in leukocytes isolated from 

spleen and BM. Additionally, we performed automated WB for NAMPT protein 

expression in leukocytes isolated from spleen. In the BM leukocytes, there was a 

mild NAD+ depletion in WD/Veh compared to Chow/Veh. Both Chow/NMN and 

WD/NMN showed mildly elevated NAD+ levels, compared to the respective Veh 

controls (Fig. 8A). We observed a significant increase in the expression of Nampt in 

BM-derived leukocytes between Chow/NMN and Chow/Veh group (Fig. 8B). 
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Nmnat1 and Nmnat3 expression were not significantly different in BM leukocytes 

(Fig. 8C/D). 

 

Figure 8:  NMN increases Nampt expression in BM-derived leukocytes from Chow-fed mice. A) NAD+ 
levels and B) Nampt, C) Nmnat1, and D) Nmnat3 gene expression in BM-derived leukocytes of Chow- and WD-

fed Ldlr-/- mice treated with Veh or NMN (n=5-6).  2 way-ANOVA: #=effect of treatment; ✱ p<0.05 using post-

hoc tests. BM, bone marrow; Ldlr-/-, low-density lipoprotein receptor knockout; Nampt, nicotinamide 
phosphoribosyl transferase; NMN, nicotinamide mononucleotide; Nmnat1/3, nicotinamide mononucleotide 
adenylyl transferase 1/3; Veh, vehicle; WD, western diet. 

 

We observed a trend towards reduced NAD+ levels in spleen leukocytes in WD/Veh 

compared to Chow/Veh (p=0.1884, 2-way-ANOVA diet effect p= 0.0975) (Fig. 9A). 

NMN-treatment in WD group shows normalization of mean NAD+ levels comparable 

to Chow/NMN group (Fig. 9A). Nampt and Nmnat1 gene expression were 

significantly increased in WD/Veh group compared to Chow/Veh. This increase in 

WD/Veh group was significantly reduced by NMN-treatment (Fig. 9B/C). There were 

no changes in Nmnat3 gene expression between any groups (Fig. 9D).  

Furthermore, we confirmed the significant increase in NAMPT protein expression 

following WD (Fig. 9E). Our findings in spleen-derived leukocytes suggests that 

NMN replenishes NAD+ and restores gene expression of NAD+-producing enzymes 

in WD-fed Ldlr-/- mice. 
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Figure 9:  NMN replenishes depleted NAD+ levels and attenuated increased expression of Nampt and 
Nmnat1 in spleen-derived leukocytes from WD-fed mice. A) NAD+ levels and gene expression of B) Nampt, 
C) Nmnat1, and D) Nmnat3 and E) protein expression of NAMPT in spleen-leukocytes of Chow- or WD- fed 
Ldlr-/- mice treated with Veh or NMN (n=5-6). T-test, 2 way-ANOVA: &=effect of diet, #=effect of treatment, 

§=interaction effect; ✱✱ p<0.01, ✱✱✱✱ p<0.0001 using post-hoc tests. Ldlr-/-, low-density lipoprotein receptor 

knockout; Nampt, nicotinamide phosphoribosyl transferase; NMN, nicotinamide mononucleotide; Nmnat1/3, 
nicotinamide mononucleotide adenylyl transferase 1/3; Veh, vehicle; WD western diet. 

 

8.5 NMN normalized the gene expression of Parp1 and Cd38 in spleen-

derived leukocytes in WD-fed mice.  

In order to determine whether leukocyte NAD+ depletion alters expression of NAD+-

utilizing enzymes, we measured gene expression of Parp1, Cd38 and Sirt3. In BM-

derived leukocytes there were no significant changes in gene expression of Parp1, 

Cd38 or Sirt3 between any groups, although gene expression of Parp1 and Cd38 

were mildly elevated by WD (Fig. 10A-C). 
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Figure 10: NMN has no effect on expression of NAD+ consuming enzymes Parp1, Sirt3 and Cd38 in BM-
derived leukocytes in WD-fed mice. RT-qPCR relative expression, standardized to Chow group, in spleen 
leukocytes of A) Parp1, B) Cd38 and C) Sirt3 in Chow- and WD-fed Ldlr-/- mice treated with Veh or NMN (n=5-
6).  2 way-ANOVA using post-hoc tests. BM, bone marrow; Cd38, cluster of differentiation 38; Ldlr-/-, low-density 
lipoprotein receptor knockout; NMN, nicotinamide mononucleotide; Parp1, poly ADP-ribose polymerase 1; cyclic 
ADP ribose hydrolase; Sirt3, Sirtuin 3; Veh, vehice; WD, western diet. 

 

However, in spleen-derived leukocytes, gene expression of Parp1, Cd38 and Sirt3 

were significantly increased by WD (Fig. 11 A-C). NMN-treatment significantly 

reversed the increase in gene expression of both Parp1 and CD38 in WD-fed mice 

(Fig. 11A-B). Moreover, NMN blunted the increase in Sirt3 expression induced by 

WD (Fig. 11C). SIRT3 deacetylates acetylated manganese superoxide dismutase 

(Ac-MnSOD), which reduces oxidative stress by its superoxide dismutase function 

(Tao et al., 2010). Following WD-feeding, there was a significant reduction of SIRT3 

protein expression in spleen leukocytes compared to Chow (Fig. 11D). In line with 

this, we observed significantly increased acetylation of MnSOD in WD- compared 

to Chow-fed mice (Fig. 11E). Altogether, WD induced increased expression of 

NAD+-utilizing enzymes and impairs SIRT3 activity in spleen leukocytes and NMN-

treatment attenuated the effects of WD on Parp1 and Cd38 expression.  
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Figure 11:  NMN normalized the gene expression of Parp1, Cd38 and Sirt3 in spleen-derived leukocytes 
in WD-fed mice. Gene expression of A) Parp1, B) Cd38 and C) Sirt3; protein expression of D) SIRT3 and E) 
Ac-MnSOD in spleen leukocytes of Chow- or WD- fed Ldlr-/- mice treated with Veh or NMN (n=5-6).  2 way-

ANOVA: &=effect of diet, #=effect of treatment, §=interaction effect; ✱ p<0.05, ✱✱✱ p<0.001, ✱✱✱✱ 

p<0.0001 using post-hoc tests. Ac-MnSOD, acetylated manganese superoxide dismutase; Cd38, cluster of 
differentiation 38, cyclic ADP ribose hydrolase; Ldlr-/-, low-density lipoprotein receptor knockout; NMN, 
nicotinamide mononucleotide; Parp1, poly ADP-ribose polymerase 1; Sirt3, Sirtuin 3; Veh, vehicle; WD, western 
diet. 

 

8.6 NMN attenuated the WD-induced increase in gene expression of 

inflammatory genes in spleen-derived leukocytes. 

To get insight into effects of NMN on inflammation, we examined gene expression 

of Nlrp3, Il1b, and Tnfa in leukocytes from BM and spleen. NLRP3 is part of the 

inflammasome and highly involved in the inflammatory response. In BM-derived 

leukocytes, the expression of Nlrp3, Il1b, and Tnfa were mildly reduced in the 

WD/Veh group compared to Chow/Veh (Fig. 12A). Both in Chow and WD group, 

there were significant increases in Nlrp3 gene expression upon NMN-treatment (Fig. 

12A). The gene expression of Il1b and Tnfa showed a similar increase upon NMN-

treatment (Fig. 12B/C). 
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Figure 12: NMN increases gene expression of Nlrp3, Il1b and Tnfa in BM-derived leukocytes from Chow 
and WD-fed mice. Gene expression of A) Nlrp3, B) Il1b and C) Tnfa in BM leukocytes of Chow- and WD-fed 

Ldlr-/- mice treated with Veh or NMN (n=5-6).  2 way-ANOVA: &=effect of diet, #=effect of treatment p<0.05; ✱ 

p<0.05, ✱✱ p<0.01, ✱✱✱ p<0.001, using post-hoc tests. Ldlr-/-, low-density lipoprotein receptor knockout; 

Il1b, Interleukin-1 beta; Nlrp3, NLR family pyrin domain containing 3; NMN, nicotinamide mononucleotide; Tnfa, 
tumor necrosis factor alpha; Veh, vehicle; WD, western diet. 

 

In spleen derived leukocytes, gene expression of Nlrp3, Il1b and Tnfa were 

increased in WD/Veh compared to Chow/Veh (p=0.3660, 0.1620, 0.1560) (Fig. 13A-

C). (Fig. 13A-C). In WD-fed mice the increase in Nlrp3, Il1b and Tnfa gene 

expression was attenuated by NMN, a significance was not reached. We observed 

an overall treatment effect of NMN on Tnfa expression (Fig. 13A-C). Altogether, we 

showed that NMN-treatment reduced the pro-inflammatory changes in spleen 

derived leukocytes, whereas in BM-derived leukocytes NMN increased the 

expression of pro-inflammatory genes. 

 

 

Figure 13: NMN attenuates the WD-induced increase in gene expression of Nlrp3, Il1b and Tnfa in spleen-
derived leukocytes. Gene expression of A) Nlrp3, B) Il1b and C) Tnfa , in spleen leukocytes of Chow- and WD-

fed Ldlr-/- mice treated with Veh or NMN (n=5-6).  2 way-ANOVA: &=effect of diet, #=effect of treatment; ✱ 

p<0.05, ✱✱ p<0.01, ✱✱✱ p<0.001 using post-hoc tests. Il1b, Interleukin-1 beta; Ldlr-/-, low-density lipoprotein 

receptor knockout, Nlrp3, NLR family pyrin domain containing 3; NMN, nicotinamide mononucleotide; Tnfa, 
tumor necrosis factor alpha; Veh, vehicle;  WD, western diet. 
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9 Discussion 

 

9.1 Atherosclerosis  

In the current study, we show the effects of NMN-treatment on the development of 

atherosclerosis in WD-fed male Ldlr-/- mice. We demonstrate for the first time that 

the development of atherosclerosis is significantly attenuated by NMN-treatment. 

Previous studies reported that WD with cholesterol and fat content between 0.15-

1.25 % and 15-20 %, respectively, significantly increased atherosclerosis after 12-

16 weeks of feeding in C57BL/6J Ldlr-/- mice (Lichtman et al., 1999, Teupser et al., 

2003). We used a WD containing 1.25 % cholesterol and 20 % of fat which 

successfully induced distinct atherosclerotic lesions in both the aortic root and aortic 

arch. Importantly, we showed that NMN significantly reduced atherosclerosis in the 

aortic root of WD-fed male Ldlr-/- mice. It was previously shown that NMN was 

protective against vascular dysfunction in aged mice (de Picciotto et al., 2016, 

Tarantini et al., 2019). The treatment with different NAD+ precursors (NAM, NA) in 

other mouse models of atherosclerosis (including ApoE-/-and Ldlr-/-) similarly 

reduced the development of atherosclerotic plaques (Mendez-Lara et al., 2020, 

Kuhnast et al., 2013, Abdellatif et al., 2022, Lukasova et al., 2011). However, to the 

best of our knowledge, this is the first study to demonstrate that NAD+ 

supplementation using NMN-treatment also reduces the development of 

atherosclerosis. 

 

9.2 Body weight and adiposity 

Our study showed that NMN-treatment did not reduce body weight or adiposity or 

improve glucose intolerance induced by WD. A study in obese C57BL/6J mice 

treated with 500 mg/kg/day NMN, the same dosage as in our study but for longer 

duration (18 weeks), showed decreased adipose tissue mass, increased lean mass, 

normalized blood lipids and alleviated insulin resistance after NMN-treatment 

(Zhang et al., 2023).  Another study in HFD-fed C57BL/6J mice treated with oral 

500mg/kg/day NMN for 8 weeks, reported decreased body weight and 

subcutaneous fat (Imi et al., 2023). In the light of these studies, we would have 

expected a beneficial effect of NMN on adiposity and glucose intolerance. As such, 

NMN may prevent the development of obesity and glucose intolerance, but may be 
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insufficient to reverse these conditions once already established. Our findings 

suggest that the atheroprotective effects of NMN occurred independent of 

improvements in body weight or glucose tolerance.  

 

9.3 Dyslipidaemia 

In our study, we did not observe an effect of either WD or NMN on FFA levels in our 

study. Moreover, TC in plasma was significantly increased by WD, but no effect of 

NMN was observed. Although TC is considered a risk factor of atherosclerosis, this 

finding suggests that the atheroprotective effect of NMN is not mediated by a 

reduction of TC in the current study. Interestingly, we showed that NMN-treatment 

significantly increased TG levels, beyond that of WD-feeding alone. In contrast to 

our findings, Yoshino et al. showed in age induced diabetic mice that the levels of 

TC, TG and FFA were significantly increased with WD and reduced to normal levels 

after intraperitoneal NMN-treatment for 10 consecutive days (Yoshino et al., 2011). 

It was also previously shown that NMN decreases TG in humans (Kimura et al., 

2022). Furthermore, Imi et al. showed that NMN induced lipolysis by activation of 

the SIRT1-AMPK axis which activates adipose triglyceride lipase (ATGL) (Imi et al., 

2023). ATGL converts TG to FFA, which could explain a reduction in TG levels. 

However in line with our findings, Yamane et al. reported in 2023 that 12 week long 

oral 250mg/day NMN-treatment of healthy humans non-significantly elevated TG 

levels in blood after 8 and 12 weeks of treatment, without providing mechanistic 

insights into this finding (Yamane et al., 2023). Altogether, we conclude that the 

atheroprotective effect of NMN was not mediated by reductions in plasma lipids. 

 

9.4 NAD+ synthesis and consumption 

In order to determine the role of leukocyte NAD+ in the atheroprotective effects of 

NMN, we measured NAD+ levels and the expression of genes involved in NAD+-

utilization in BM- and spleen-derived leukocytes. In BM- and spleen-derived 

leukocytes, we observed a mild depletion of NAD+ by WD, which seemed to be 

reversed by NMN-treatment. We are the first group to report NAD+ depletion in 

leukocytes in Ldlr-/- mice following WD-feeding. In hypertensive humans, NAD+ 

depletion in PBMC has been previously shown, without changes in related other 

metabolites, such as NAM, NR, and NADPH. Thus NAD+ appears to be a suitable 
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marker for effects of NMN-treatment (Qiu et al., 2023). Previous studies have 

similarly shown the ability of NMN to replenished NAD+ levels in leukocytes (Kimura 

et al., 2022). Moreover, Qiu et al. conducted a small-scale clinical trial which showed 

that that treatment of hypertensive humans with 800 mg NMN/day for 30 days 

significantly increased NAD+ levels in PBMCs (Qiu et al., 2023). From a translational 

perspective, this NAD+ repletion in human leukocytes using NMN-treatment 

combined with our murine in vivo results is a promising therapeutic option for the 

prevention of leukocyte NAD+ depletion in atherosclerosis. 

 

NMNAT enzymes convert NMN to NAD+ and are the second last step of NAD+ de 

novo synthesis and Preiss-Handler pathway. NAMPT, in contrast to NMNATs, is 

only involved in salvage pathway of NAD+ synthesis and converts NAM to NMN. It 

was reported that macrophages in human carotid plaques showed distinct 

expression of NAMPT (Bermudez et al., 2017). PBMCs isolated from diabetic 

humans were shown to have an increased inflammatory state, reduced NAD+ and 

a downregulated expression of NAMPT (Alshahrani et al., 2019, de Kreutzenberg 

et al., 2010). Contrary to that, Bermudez et al. reported that overexpression of 

NAMPT specifically in leukocytes in Ldlr-/- knockout mice attenuated the 

development of atherosclerosis, and skewed the inflammatory response towards 

anti-inflammatory M2 phenotype (Bermudez et al., 2017). However in vitro studies 

showed that NAMPT was significantly upregulated in M1 macrophages and 

knockout of NAMPT inhibited M1 polarization (Halvorsen et al., 2015, Venter et al., 

2014). We wanted to evaluate the role of leukocytes in our model.  

Our study showed that NMN-treatment reduced the WD-induced upregulation of 

Nampt and Nmnat1 in spleen derived leukocytes. This upregulation by WD was in 

line with the mentioned in vitro data. We interpret this upregulation to be 

compensatory, as NAD+ levels were depleted following WD-feeding. Until now the 

transcriptional regulation of Nmnat1/3 is not clear (Fortunato et al., 2022). It is 

important to note that we only measured Nampt gene expression in leukocytes. Pro-

inflammatory eNAMPT is located extracellularly and was not measured in the 

current study. Leukocyte specific overexpression of NAMPT in our Ldlr-/- model 

would give insights whether the upregulation by WD was compensatory. 

After NAD+-producing enzymes, we took a look on NAD+-consuming enzymes. In 

spleen leukocytes, both Parp1 and Cd38 were significantly increased by WD and 
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NMN-treatment attenuated the increase. It has been shown that CD38 was induced 

in human macrophages during inflammatory conditions (Amici et al., 2018) and that 

increased CD38 expression was responsible for the age-dependent NAD+ depletion 

and mitochondrial dysfunction (Camacho-Pereira et al., 2016). Mitochondrial 

dysfunction and ROS induced DNA damage which, by itself, increased Parp1 

expression, another consumer of NAD+ (Ke et al., 2019). A such, we believe that 

increased expression of Parp1 and Cd38 in response to WD feeding, may contribute 

to NAD+ depletion we observe in leukocytes in the current study. 

Moreover, we showed that WD-induced NAD+ depletion in leukocytes was 

associated with impaired SIRT3 protein expression and increased acetylation of its 

mitochondrial antioxidant target, MnSOD, indicating decreased SIRT3 function. 

Previous studies have shown that SIRT3 activity is dependent on NAD+ 

concentration (Houtkooper et al., 2010). Hyperacetylation of MnSOD reduces its 

SOD activity, resulting in increased ROS (Tao et al., 2010). ROS is responsible for 

DNA damage; the repair consumes NAD+ through PARP1 and sirtuins. As such, 

SIRT3 impairment and MnSOD hyperacetylation is associated with vascular 

oxidative stress in mice (Dikalova et al., 2017). Interestingly, PBMCs from 

hypertensive humans display reduced Sirt3 expression and increased acetylation of 

MnSOD (Dikalova et al., 2017). Altogether, we showed that WD impairs SIRT3 

expression and activity. We showed that WD induced NAD+ depletion associated 

with increased expression of NAD+ consuming enzymes and impaired SIRT3 

expression. NMN replenished NAD+ levels and attenuated the increased 

expression of NAD+ consuming enzymes in WD-fed mice.  

 

9.5 Inflammation 

The link between immune cells and atherosclerosis is inflammation (Libby, 2021). 

In our current study we showed that in spleen-derived leukocytes, WD increased 

the expression of inflammatory genes (Nlrp3, Il1b, Tnfa) and NMN blunted the 

increase. Whereas in BM-derived leukocytes, WD mildly reduced the expression of 

these genes and both in Chow and WD group the expression was increased by 

NMN. Previous studies have shown that NMN exerted anti-inflammatory effects in 

BM-derived macrophages (Shim et al., 2021). One reason for our contrary finding 

could be that we did not separate macrophages from other leukocytes, thus a 
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change in macrophages alone could have been hidden. Shim et al. reported that in 

BM-derived macrophages, NAD+ depletion led to NLRP3 inflammasome assembly, 

activation and IL-1ꞵ release; effects which were abrogated by NMN-treatment. 

(Shim et al., 2021).  Another study uncovered that NAM, another NAD+ precursor, 

decreased TNF-𝛼 synthesis in macrophages in vitro as well as reduced TNF-𝛼 in 

the blood of mice,  mediated by sirtuins (Van Gool et al., 2009). There was no 

previous study on the effect of NMN or other precursors on spleen-derived 

leukocytes. Whether or not NMN also exerts anti-inflammatory effects on circulating 

leukocytes would be interesting to study in our model as well as in humans. To sum 

up these findings, we showed that NMN attenuated inflammation in spleen-derived 

leukocytes of WD-fed mice, but further in vivo and in vitro studies are needed to 

uncover the underlying mechanisms. 

 

9.6 Limitations 

One major limitation of this study is that only male mice were used. The same 

experiments are already planned in female mice, as it is well known that the extent 

of atherosclerotic lesions differs between male and female mice and in humans 

(Man et al., 2020). Mansukhani showed that female Ldlr-/- knockout mice fed with 

HFD suffered from more severe hyperlipidemia and atherosclerosis compared to 

their male counterparts (Mansukhani et al., 2017). It was shown that although 

plasma NAD+ and NADH levels are not significantly different between men and 

women, women showed a higher NAD+/NADH level (Yoshino et al., 2021, Igarashi 

et al., 2022, Yi et al., 2023, Schwarzmann et al., 2021).  

Moreover, leukocytes used in this study were not separated in cell subtypes (such 

as macrophages, cytotoxic or helper T-cells, B cells, etc). Cell sorting would be an 

important next step to quantify NAD+ levels of these cell subtypes, in order to obtain 

a better understanding of the effects of NMN in specific immune cell types. 

Moreover, immunohistochemistry of root and arch for specific leukocyte cell 

subtypes such as macrophages (CD68, Mac3), T-cells (CD3+, CD4+, CD8+) could 

provide a better understanding of how leukocyte infiltration is altered upon NMN-

treatment following WD-feeding. Finally, single cell RNA sequencing (scRNAseq) of 

immune cells from the blood, spleen and BM would provide deep insights into novel 

potential mechanisms involved in atherosclerosis development (Fernandez and 
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Giannarelli, 2022). This would extend our understanding of the treatment potential 

of NMN in atherosclerosis. 

10 Conclusion 

Altogether, we show that NMN treatment attenuated the development of 

atherosclerosis in a murine model of atherosclerosis, indicating that NAD+ depletion 

contributes to atherosclerosis pathogenesis, possibly by impairing SIRT3 activity 

and amplifying NLRP3 activity in leukocytes. Thus, NAD+ supplementation may be 

a promising strategy to attenuate or prevent development of atherosclerosis.   
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12 Supplemental data 

  

 

Supplemental figure 1: NMN-treatment did not affect water or caloric intake. A) daily water intake per 
mouse per day, B) average caloric intake per mouse per day (n=2), C) fasting blood glucose levels after 8 weeks 
of diet, D) iGTT after 8 weeks of diet, E) AUC of iGTT in Chow- and WD-fed Ldlr-/- mice treated with Veh or NMN 

(n=5-6). 2 way-ANOVA: &=effect of diet; ✱ p<0.05, ✱✱ p<0.01 using post-hoc tests. AUC, area under the 

curve; iGTT, intraperitoneal glucose tolerance test; Ldlr-/-, low-density lipoprotein receptor knockout; NMN, 
nicotinamide mononucleotide; Veh, vehicle. WD, western diet. 

 

 

 

Supplemental figure 2: WD-diet increased TC and TG levels, but reduced FFA levels, after 8 weeks of 
feeding. The TG-levels of the groups which were started on NMN were slightly reduced compared to their 
counterparts. A) TC, B) and C) TG concentrations in plasma after 8 weeks of diet in Chow- and WD-fed Ldlr-/- 

mice treated with Veh or NMN (n=5-6).  2 way-ANOVA: &=effect of diet, #=effect of treatment; ✱ p<0.05, ✱✱✱✱ 
p<0.0001 using post-hoc tests. FFA, free fatty acids; Ldlr-/-, low-density lipoprotein receptor knockout; NMN, 
nicotinamide mononucleotide; TC, total cholesterol; TG, triglycerides; Veh, vehicle; WD, western diet. 
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