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Flow of electrons in 

mechanical and 

electrical engineering



Flow of electrons in 

biological systems



Claus Lunau



NAD co-enzymes are the central catalysts of metabolism

and carriers of high energy electrons in living systems

NAD+—>NADH: burning carbs, fats and protein

NADH—>NAD+: making ATP; maintaining blood glucose & ketone bodies



NAD co-enzymes are the central catalysts of metabolism

and carriers of high energy electrons in living systems

NAD+—>NADH: burning carbs, fats and protein

NADH—>NAD+: making ATP; maintaining blood glucose & ketone bodies

NADP+—>NADPH: making RNA & DNA precursors

NADPH—>NADP+: free radical detox; lipid & steroid hormone synthesis



NAD biosynthesis

de novo pathway requires 

oxygen, glucose, glutamine, 

ATP and 10+ enzymes

most tissues don’t use this

(they salvage valuable trash)



NAD biosynthesis

NAM salvage is nearly 

universal in our tissues 

(but not RBCs)



NAD biosynthesis

NA salvage connects to 

microbiomes 

(dominant in RBCs)



NAD biosynthesis NR is salvaged in 

all solid tissues and 

is induced by 

damage 

(absent in blood)



NAD biosynthesis

this diagram is only 

true for 

hepatocytes and 

kidney proximal 

tubule cells



NAD consuming 

enzymes

monoADPribosylation 

is highly regulated



NAD consuming 

enzymes

Munoz, Tox Sci 158, p. 444, 2017

polyADPribosylation is 

highly regulated



NAD consuming 

enzymes

cADPribose formation 

is highly regulated



NAD consuming 

enzymes

sirtuin reactions are constitutive—

the biology is basal/tonic, not 

highly regulated



MARylation highly induced by infection

PARylation is highly induced by DNA damage

SARM1 is highly induced by NMN, caspase-3 and DNA damage

Sirtuin investment thesis has been one the biggest drains on biomedical research in history 

Why did people tell you 

that the point of NAD is 

to activate sirtuins?

viral ideas can be 

wrong





Original result: SIR2 extends lifespan of 1 in 5 million yeast cells (oldest 

mothers) late ‘90s is true, though genetic background-specific

SIR2 shortens lifespan of every yeast cell in chronological lifespan: Cell 2005

worms: Nature 2001; flies: PNAS 2004. Nope: Nature, 2011. In fact, loss of 

one copy extends lifespan in flies: Genome 2016

4 groups did whole body SIRT1 o/e—> no extension. 1 group obtained 2 

brain-specific o/e —> no consistent extension

SIRT6: sex & strain-specific & promotes higher gluconeogenesis (bad in ppl) 



Bioenergetic crisis in heart failure 

induces NRK2: srfHKO

Diguet et al., Circulation 137, p. 2256, 2018 



NR improves heart function in 

dilated myopathy

Diguet et al., Circulation, 137, p. 2256, 2018 



Postpartum recirculates NAD metabolites from the liver… 

to the mammary 



Transgenerational benefit of NR



Postpartum reroutes NAD metabolites from liver to mammary, promoting homeorhesis 

Increased systemic maternal NAD increases prolactin, mammary biosynthetic       

programs, lactation, weight loss, BDNF production and                                             physical 

development of offspring

Juvenile offspring of NR-supplemented mothers                                                              are 

resilient, adventurous & neurodevelopmentally                                                        advanced

Adult offspring of NR-supplemented mothers                                                                   are 

stronger, better learners, less anxious,                                                                    better 

physical specimens, more resistant                                                                              to 

stress, and advantaged in hippocampal neurogenesis

Ear et al., Cell Reports, 26, p. 969, 2019 



Conditions that challenge the NAD system

Alcohol 

Overnutrition 

Noise 

Sun & oxygen damage 

Changing time zones, irregular hours 

Infection & inflammation 

Neurodegeneration, mito dz & heart failure 

Pregnancy & postpartum 

Aging?



NR is a safety-tested new dietary ingredient and 

investigational new drug w/117 registered clinical trials

Conze et al., Sci Rep 9, 9772, 2019 



NAD+ and/or NADPH under attack

NMRK1 and/or NMRK2 induced

Examples: HF, inflammation (8 human replicates), PAD, long COVID

Potentially wound healing

Indications for NR



Brenner, Nature Metabolism v. 4, p. 2, 2022

Basic science and RCTs converge on 

anti-inflammatory MOAs 



Elhassan et 

al., 2019

1 g, 21 

days

Older men Lower  IL-6, IL-5, IL-2 and TNF-α

Zhou et al., 

2020

1 g, 5-9 

days

Heart failure patients Lower NLRP3, IL-1B, IL-6 and IL-18

Remie et al., 

2020

1g, 6 

weeks

Older overweight Lower IL-1α

Wu et al., 

2022

1 g, 1 

week

Controls and those with 

systemic lupus 

erythematosus

Lower IFN-β and CXCL10

Brakedal et 

al., 2022

1 g, 4 

weeks

Newly diagnosed 

dopaminergic therapy-naïve 

Parkinson’s disease patients

Lower VEGF, GDF15, G-CSF, IL-7, IL-1RA 

and CCL4

Wang et al., 

2022

2 g, 12 

weeks

Controls and heart failure 

patients

Lower NLRP3

Han et al., 

2023

1 g, 1 

week

Young, healthy subjects Lower IFNγ and IL-17 in CD4+ T cells

Norheim et 

al., 2024

1 g, 6 

weeks

COPD Lower IL-8

Clinical replication of the anti-inflammatory effect of NR

https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.celrep.2019.07.043&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Elhassan+et+al.%2C+2019&index=6&md5=854f3d42429b18c1815c4bb9cdd78672
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.celrep.2019.07.043&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Elhassan+et+al.%2C+2019&index=6&md5=854f3d42429b18c1815c4bb9cdd78672
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.celrep.2019.07.043&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Elhassan+et+al.%2C+2019&index=6&md5=854f3d42429b18c1815c4bb9cdd78672
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.jci.org%2Farticles%2Fview%2F138538&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Zhou+et+al.%2C+2020&index=7&md5=9d1d7eb09a0c7fdcc1f9d81f8b14fb6e
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.jci.org%2Farticles%2Fview%2F138538&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Zhou+et+al.%2C+2020&index=7&md5=9d1d7eb09a0c7fdcc1f9d81f8b14fb6e
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0002916522008103%3Fvia%253Dihub&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Remie+et+al.%2C+2020&index=8&md5=5619347429a9b498ed4c1ab96d0a0822
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0002916522008103%3Fvia%253Dihub&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Remie+et+al.%2C+2020&index=8&md5=5619347429a9b498ed4c1ab96d0a0822
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.jci.org%2Farticles%2Fview%2F139828&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Wu+et+al.%2C+2022&index=9&md5=ee27317814a1af374401d97ab1231674
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.jci.org%2Farticles%2Fview%2F139828&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Wu+et+al.%2C+2022&index=9&md5=ee27317814a1af374401d97ab1231674
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.cell.com%2Fcell-metabolism%2Ffulltext%2FS1550-4131%252822%252900045-6%3F_returnURL%3Dhttps%253A%252F%252Flinkinghub.elsevier.com%252Fretrieve%252Fpii%252FS1550413122000456%253Fshowall%253Dtrue&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Brakedal+et+al.%2C+2022&index=10&md5=e745d6f5704e89ea5812d11c9067adc8
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.cell.com%2Fcell-metabolism%2Ffulltext%2FS1550-4131%252822%252900045-6%3F_returnURL%3Dhttps%253A%252F%252Flinkinghub.elsevier.com%252Fretrieve%252Fpii%252FS1550413122000456%253Fshowall%253Dtrue&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Brakedal+et+al.%2C+2022&index=10&md5=e745d6f5704e89ea5812d11c9067adc8
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS2452302X22002327%3Fvia%253Dihub&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Wang+et+al.%2C+2022&index=11&md5=ec915bae6600ee381edb3089113d59a1
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS2452302X22002327%3Fvia%253Dihub&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Wang+et+al.%2C+2022&index=11&md5=ec915bae6600ee381edb3089113d59a1
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.cell.com%2Fcell-reports-medicine%2Ffulltext%2FS2666-3791%252823%252900310-5&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Han+et+al.%2C+2023&index=13&md5=64b80e33476fdcf4e9fb79c0e981df59
https://cts.businesswire.com/ct/CT?id=smartlink&url=https%3A%2F%2Fwww.cell.com%2Fcell-reports-medicine%2Ffulltext%2FS2666-3791%252823%252900310-5&esheet=53566978&newsitemid=20231002427548&lan=en-US&anchor=Han+et+al.%2C+2023&index=13&md5=64b80e33476fdcf4e9fb79c0e981df59


https://brennerlab.net

@charlesmbrenner

4 NAD coenzymes are the central catalysts of metabolism 

3 of 4 NAD-consuming pathways are intensely regulated while one less 

regulated system has been intensely hyped with little to show

Quantitative targeted NAD metabolomics allowed us to discover many 

conditions in which NAD comes under attack

The NMRK pathway is both constitutive and inducible and is a biological 

signal that a tissue is looking for NR

Conclusions



Mary M. McDermott, M.D.
Jeremiah Stamler Professor of Medicine and 
Professor of Preventive Medicine, 
Northwestern University 
Feinberg School of Medicine
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Nicotinamide Riboside for 
Peripheral Artery Disease

Preliminary evidence and future opportunities

Mary M. McDermott, MD, 
Jeremiah Stamler Professor of Medicine
Northwestern University’s Feinberg School of Medicine
September 15, 2026



Hiatt WR. New Engl J Med 2001;344:1608-1621

Peripheral artery disease-characterized by 
reduced lower extremity arterial perfusion



Clinical Significance of PAD

•Affects 10-15% of people aged 65 and older

•Associated with increased rates of 
cardiovascular events

•Characterized by walking impairment and 
mobility loss



PAD is associated with inability to walk for 
six minutes without rest (N=741)
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PAD is associated with faster rates of 
walking decline (N=709)
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Peripheral artery disease is characterized by:

• Lower extremity ischemia

• Increased oxidative stress

• Increased systemic inflammation

• Lower extremity skeletal muscle abnormalities

• Walking impairment and decline



Damaged gastrocnemius myofibers 
in PAD

Weiss DJ et al. Journal of Translational Medicine 2013: 11:230



Only one drug is recommended by U.S. practice 
guidelines to improve walking performance

• Cilostazol
- Phosphodiesterase-3 inhibitor

- Vasodilator

- Efficacy is modest

- Often discontinued due to adverse effects

Semaglutide was recently shown to improve walking distance in people with 
PAD, but the effect size was similar to cilostazol, and many people with PAD 
do not have access to semaglutide or other GLP-1 receptor agonist drugs.



• NAD+

• Essential for mitochondrial respiration

• Essential substrate for SIRT1

• Activates endothelial nitric oxide 
synthase (eNOS)

• Reduces oxidative stress

53

Nicotinamide riboside



People with PAD are likely to be 
particularly responsive to 
therapeutic effects of NAD+



NAD+ targets at least three pathophysiologic 
characteristics of PAD

Pathology in PAD Role of NAD+ Potential Outcome

Impaired skeletal muscle mitochondrial 

activity

NAD+ is an essential cofactor for 

oxidative phosphorylation and co-

substrate for SIRT1.  

 Mitochondrial activity

 Mitochondrial protein abundance- 

OXPHOS proteins

Reduced lower extremity perfusion 
NAD+ increases eNOS activity to 

increase nitric oxide bioavailability.

 Lower extremity perfusion

 Capillary density

Increased oxidative stress

Improved DNA repair, increased NAD+ 

availability for PARP, which reduces 

DNA damage. 

 Oxidative stress

 PARP abundance and its 

consumption of NAD+

9/28/2026 55



PARP-1 in muscle biopsy specimens and 6- minute 
walk distance in PAD

Note: PCC stands for Pearson Correlation Coefficient



Funded by the American Heart Association
NR supplied by Niagen

Resveratrol provided by Reserveage
Published in Nature Communications 

McDermott MM et al. Nature Communications 2024



•Pilot randomized clinical trial

•Three groups

-NR + resveratrol

-NR alone

-Placebo

•Double blinded

58

NR + resveratrol NR alone Placebo

NICE Pilot Randomized Trial



• Resveratrol

- Natural polyphenol found in grape skin

- Increases SIRT1 affinity for its substrate and 
NAD+

• Combination of Resveratrol and NR

- Resveratrol increases SIRT1 affinity for NAD+, 
while NR increases NAD+ abundance

- Combining resveratrol with NR may have a 
potent stimulatory effect on SIRT1 activity

59

Rationale for studying resveratrol + NR



60

PAD: Ischemia 

and reperfusion 

of calf muscle 

Increased NAD+ 

abundance

Increased 

SIRT1 affinity 

for substrate 

and NAD+

Improved six 

minute walk

Lower rates 

of mobility 

loss

Increased

SIRT1 activity*

Increased 
PGC-1α*

Increased 

oxygen 

consumption 

Reduced oxidative stress
Decreased PARP1

Nicotinamide 

Riboside (NR)

Resveratrol

Increased satellite cells, eNOS, 

and angiogenesis

Increased substrate for Kreb cycle and oxidative 

phosphorylation

Theoretical model for the NICE Trial



• Nicotinamide Riboside dose: 1000 mg daily
• Administered as 500 mgs bid

• Resveratrol dose: 125 mg daily

• Placebo pills
• Matched NR and resveratrol, respectively

 

Interventions in the NICE Pilot Trial 



• 90 participants with PAD randomized

• 6-month follow-up: 98.9%

62

NICE Pilot Trial Results



63

Characteristics of Randomized 
Participants

Baseline 
variable

Overall
(N=90)

Trial Assignment

Group A
(N=33)

Group B
(N=28)

Group C
(N=29)

Age (years), 
mean

71.2 70.7 73.2 69.7

Male, % 53 58 57 45

Female, % 47 42 43 55

African 
American, %

48 58 29 55

Ankle brachial 
index, mean

0.68 0.67 0.72 0.64
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+7.00

-6.93

64

P = 0.376

P = 0.078

Mean Difference = +17.6 meters

Mean Difference = +3.7 meters

NICE pilot trial: Nicotinamide riboside 
improved 6-minute walk in PAD (n=90)

McDermott MM et al. Nature Communications 2024
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+12.30

-14.58

+16.45

P = 0.0275

P = 0.0139

McDermott MM et al. Nature Communications 2024

NICE pilot trial: Effects of nicotinamide riboside on 6-
minute walk were higher in adherent participants

+31.0 meters

+26.9 meters



Nicotinamide riboside and 6-month changes in 6-
minute walk according to adherence status
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-17.64

+2.99+4.78

P = 0.0336

P = 0.0294

Mean Difference = +22.4 m

Mean Difference = +20.6 m

NICE pilot trial: Nicotinamide riboside improved 6-minute walk at 
3-month follow-up

McDermott MM et al. Nature Communications 2024
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P = 0.12

P = 0.08
Mean Difference = +2.1 minutes

NICE pilot trial: Nicotinamide riboside and change in 
maximal treadmill walking time at 6-months

Mean Difference = 
+1.7 meters

McDermott MM et al. Nature Communications 2024
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NICE pilot trial: Nicotinamide riboside and 6-month 
change in 4-meter walking velocity

Mean Difference = 
+0.06 m/sec



-4,585

-964

+1,846

-5,000

-4,000

-3,000

-2,000

-1,000

0

1,000

2,000

3,000

6
-m

o
n

th
 c

h
an

ge
 in

 o
xi

d
iz

e
d

 L
D

L 
(m

U
/L

)

NR alone                    NR + Resveratrol                      Placebo

70

P = 0.21

P = 0.045

Mean Difference = -6,432 mU/L

NICE pilot trial: Nicotinamide riboside and 6-
month change in oxidized LDL (N=31)

Mean Difference = 
-2,810 mU/L



• Nicotinamide riboside improved multiple 
measures of walking ability in people with PAD, 
compared to placebo

• Effects were strongest in people who were 
adherent

• Resveratrol did not enhance effects of NR

71

McDermott MM et al. Nature Communications 2024

NICE Pilot Trial Conclusions 
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Effects of nicotinamide riboside on 6-minute walk 
distance in 30 people with heart failure and systolic 

dysfunction 

Wang DD et al. J Am Coll Cardiol Basic Trans Science 2022;7:1183–1196
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Conclusions
• NR has multiple effects that may improve outcomes in patients 

with cardiovascular disease

- Improved eNOS activity and nitric oxide

- Improved mitochondrial activity

- Reduced oxidative stress

• People with peripheral artery disease may be particularly 
susceptible to benefits from NR
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Join us in Nuremberg or access virtually worldwide to explore 

findings related to neurological health, liver health, and metabolic 

outcomes across the lifespan, and consider what the science 

means for nutrition policy.

17 NOVEMBER · VIRTUAL 11:00–12:30 EST

LUTEIN & ZEAXANTHIN

Naiman A. Khan, Ph.D., R.D.

University of Illinois Urbana-Champaign

Elizabeth J. Johnson, Ph.D.

Tufts University

Lisa M. Renzi-Hammond, Ph.D.

University of Georgia

Deshanie Rai, Ph.D.

Moderator · Kemin

Examine evidence on visual function, macular health, cognitive 

outcomes, and aging populations, along with the maturity of the 

science, research gaps, and implications for nutrition policy and 

regulatory frameworks.



Continue the CRN-I Symposium Series
NEXT: 20 OCTOBER 

Omega-3: DHA & EPA

5 NOVEMBER 

➢ Choline

➢ Hybrid program alongside CCNFSDU45 in Nuremberg, Germany

17 NOVEMBER

Lutein & Zeaxanthin

Explore the series | Register | Share

• All sessions are complimentary and will be available on demand
• Please share the series with colleagues and other interested stakeholders

Complimentary Breakfast
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