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Learning objectives
You will learn:

• The fundamental role of nicotinamide adenine dinucleotide (NAD+) in multiple metabolic 
pathways and its critical role in immune function

• NAD+ biosynthesis and the use of supplements to enhance cellular NAD+ levels

• What is known about the interplay between the immune system and SARS-CoV-2.

Acronyms
NAD+: nicotinamide adenine dinucleotide 

NR: nicotinamide riboside 

NAM: nicotinamide 

NA: nicotinic acid  

NMN: nicotinamide mononucleotide  

PARP: poly(ADP-ribose) polymerase 

SIRT: sirtuin 

Introduction
The varied individual response to SARS-CoV-2 infection, from very mild disease to 
those that present to hospitals and are severely ill, has created a unique opportunity 
to understand the immune response, its relationship to systemic inflammation and 
the so-called ‘cytokine storm’ associated with the disease state, COVID-19.

This report was made possible 
by an unrestricted educational 
grant from Cipla. The content 
of the report is independent of 
the sponsor.
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NAD+ levels decline 
with age and are 
also reduced in 
conditions associated 
with oxidative 
stress as occurs 
with hypertension, 
diabetes and obesity, 
all of which have 
been observed to 
have higher mortality 
following infection 
with SARS-CoV-2
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In response 
to various 
metabolic or 
physiologic 
stresses, NAD+-

dependent 
PARP and SIRT 
enzymes are 
drastically 
upregulated 
with a resultant 
decrease in 
intracellular 
NAD+

Data on mortality have clearly shown that some populations are more vulnerable to 
developing more severe disease than others; in addition to advanced age, some non-
communicable diseases have been identified to be associated with morbidity and mortality 
– these include hypertension, diabetes and cardiovascular or lung disease. Obesity has also 
been associated with an increased likelihood of developing more serious disease.1 While the 
variation in COVID-19 deaths among the different age groups underscores the important role 
of immunosenescence, it is difficult to determine why other specific conditions are also linked 
to COVID-19 mortality; this is suggestive of a similar systemic abnormality that might be 
present in those at high risk.2,3 Chronic low grade inflammation is a common factor to all these 
conditions and has the potential to result in metabolic dysfunction which may exacerbate the 
inflammatory response and lead to increased risk for severe COVID-19 complications and 
organ failure.1,4 

New insights regarding the metabolic abnormalities and hyperinflammatory response that 
are associated with COVID-19 suggest that a deficiency in nicotinamide adenine dinucleotide 
(NAD+), unmasked by a significant increase in oxidative stress, may be a primary factor related 
to the disease spectrum and the risk for mortality. NAD+ levels decline with age and are also 
reduced in conditions associated with oxidative stress as occurs with hypertension, diabetes 
and obesity, all of which have been observed to have higher mortality following infection 
with SARS-CoV-2. Nutritional support to restore levels of NAD+ and associated enzymes 
could minimise disease severity if administered prophylactically and/or therapeutically. The 
significance of this, if proven, has far-reaching consequences in the management of COVID-
19 especially in third world countries, where resources and finances are limited.2,4,5

The critical role of NAD+

NAD+ is a fundamental housekeeping mol-
ecule that is found in every cell of the body. 
NAD+ is involved in multiple metabolic path-
ways; it serves as an essential cofactor and 
substrate for many critical cellular processes, 
including energy metabolism, mitochondrial 
function, biosynthesis, gene expression, 
immunological function, calcium signalling 
and ageing (Figure 1).1,3

As a coenzyme, NAD+ plays two critical 
roles; it functions as the classic electron trans-
porter involved in cellular respiration and 
adenosine triphosphate (ATP) production 

and it also functions as the substrate of the 
poly(ADP-ribose) polymerase (PARP) and 
sirtuin (SIRT) enzymes that are involved 
in DNA repair, gene regulation and cell 
signalling, as well as being a substrate for 
CD38 ectoenzymes. In response to various 
metabolic or physiologic stresses, NAD+-
dependent PARP and SIRT enzymes are 
drastically upregulated with a resultant 
decrease in intracellular NAD+, followed by 
cell and tissue dysfunction. NAD+ also has 
been shown to block mast cell degranulation 
and inhibit protease release from leukocytes 
and in its absence the opposite occurs1-3

Figure 1. The critical role of NAD+ in cellular processes
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Cellular NAD+ 
levels may be 
enhanced by 
activators of the 
salvage pathway 
or by inhibition 
of enzymes that 
utilise NAD+ 
such as SIRTs, 
PARPs and CD38

NAD+ biosynthesis

To compensate for losses, most NAD+ is 
recycled via salvage pathways from nicotina-
mide riboside (NR), nicotinamide (NAM) 
and nicotinic acid (NA), which are the three 
main B3 vitamins that function as precursors 
of NAD+ (Figure 2). Each contributes to the 
generation of NAD+ via distinct metabolic 
pathways but which may be inadequate to 
support healthy NAD+ levels. These pre-
cursors appear to have differing efficacy as 
primary sources of sufficient quantities of 

NAD+ particularly to tissues in which there 
is high metabolic stress and consequent high 
demand. Most cells and tissues utilise NR to 
produce NAD+, however where a deficiency 
exists, tryptophan catabolism through the 
kynurenine pathway is the sole route for 
de novo NAD+ synthesis and interestingly, 
altered kynurenine pathway activity has 
frequently been linked to ageing and some 
age-associated diseases.1,5

Enhancing cellular NAD+ levels with supplements
Cellular NAD+ levels may be enhanced via 
the salvage pathway or by inhibition of 
enzymes that utilise NAD+ such as SIRTs, 
PARPs and CD38.3 Human studies show that 
NR has superior bioavailability compared to 
the other dietary precursors, as nicotinamide 
mononucleotide (NMN) is unable to enter 
cells directly and must be converted to NR 
by extracellular enzymes prior to cell entry. 
Comparative studies of NA, NAM, and NR 

indicate that NR is the most efficient of the 
precursors at increasing NAD+ levels in blood 
after oral administration.1 A recent phase II 
clinical study has found that the combination 
of a nutritional cocktail that included NR 
together with the standard of care reduced 
recovery time by nearly 30% compared to 
standard of care alone (6.6 vs 9.3 days) in 304 
patients with mild to moderate COVID-19.1,4  

Trp: tryptophan; NA: niacin; NR: nicotinamide riboside; NAM: nicotinamide; IDO: indoleamine 2,3-dioxygenase; TDO: tryptophan 2,3-dioxygenase; NAPRT: 
nicotinate phosphoribosyltransferase; NRK: nicotinamide riboside kinase; NAMPT: nicotinamide phosphoribosyltransferase; FK: formylkynurenine; NAMN: 
nicotinate mononucleotide; NMN: nicotinamide mononucleotide; ACMS: 2-amino-3-carboxymuconate semialdehyde; QPRT: quinolinate phosphoribosyltransferases; 
NAAD: nicotinate adenine dinucleotide; NADS: NAD+ synthase; NMNAT: nicotinamide mononucleotide adenylyltransferase; Qa: quinolinic acid; NAD+: nicotinamide 
adenine dinucleotide 

Figure 2. Basic NAD+ biosynthesis pathways1
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If there is 
insufficient 
NAD+ available 
then the SIRTs 
are unable to 
suppress viral 
replication 
or the 
inflammatory 
response

NAD+ is integral to immune function
There are several roles for NAD+ in immune 
function (Figure 3). The cell has innate pro-
cesses which serve as a first line of defence 
against virally mediated damage. These 
defence mechanisms consume and deplete 
NAD+ and in so doing, intracellular immune 
defences may be compromised. SIRTs are 
activated in response to intracellular viral 
replication in which they damp down the 
inflammatory response and in so doing simul-
taneously reduce the NAD+ pool. If  there is 
insufficient NAD+ available then the SIRTs 
are unable to suppress viral replication or 
the inflammatory response. Similarly, oxida-
tive stress with an increase in reactive oxygen 
species (ROS) occurring as a consequence 
of viral attack, leads to PARP activation (to 
repair oxidant-mediated DNA damage) with 
further consumption of NAD+.1 Insufficient 
NAD+ would lead to viral persistence and 
SIRT inhibition without modulation of the 

production of proinflammatory cytokines, 
which contribute to hyperinflammation and 
the cytokine storm.1,2 

Viruses activate type-1 interferons (IFNs), 
which in turn activate NAD+-consuming 
CD38, a glycoprotein found on the surface 
of many immune cells and which functions 
in cell adhesion, signal transduction and 
calcium signalling. CD38 generates cyclic 
ADP ribose (cADPR) which in addition to 
stimulating calcium-induced calcium release 
at lower cytosolic calcium concentrations, 
increases activation of the IFN-induced inter-
feron-stimulated genes (ISGs) and nuclear 
factor kappa B (NF-κB)-mediated inflamma-
tion, with exacerbation of the inflammatory 
response.6 NAD+ depletion may be exacer-
bated during viral attack due to a reduction 
in essential enzymes responsible for NAD+ 
synthesis.1,2

Figure 3. Implications of NAD+ depletion on immune response to viral infection
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These vulnerable 
patient 
groups would 
potentially 
be less likely 
or unable to 
ensure sufficient 
activation of 
SIRT1 due to low 
NAD+ levels or 
to associated 
nutritional 
deficiencies

Key immune modulators affected by cellular NAD+ levels
SIRTs

SIRTs are an ancient family of seven NAD+-
dependent deacylase and mono-ADP-ribosyl 
transferase signalling proteins that are 
intrinsically involved in metabolic regulation 
and cellular homeostasis (Figure 4). Under 

conditions of caloric restriction, SIRTs 
increase mitochondrial biogenesis, enhance 
metabolism and reduce levels of ROS, thus 
inhibiting the progression of inflammation.7 

The SIRT family are also a primary defence 
against DNA and RNA viral pathogens. Of 
particular interest is SIRT1, which is specifi-
cally connected to numerous metabolic and reg-
ulatory processes that are affected during viral 
infection and replication. In its inactive or open 
state, SIRT1 contains a Zn++ module and an 
NAD+ binding site, both of which are impera-
tive to its function. When activated, SIRT1 per-
forms an anti-inflammatory function through 
downregulation of ADAM17 expression, also 
called tumour necrosis factor (TNF)-α convert-
ing enzyme (TACE). In so doing it decreases 
levels of TNF-α in a negative feedback loop 
that secondarily influences interleukin (IL)-1β 
and IL-6 production. If  ADAM17 expression 
is not downregulated by SIRT1, as is the case 
with a deficiency of NAD+ or Zn++, TNF-α 
and IL-6 are released in excess which gives rise 
to an uncontrolled inflammatory response, as 
may occur with COVID-19.2,7

SIRT1 is known to play a crucial role in 
obesity-associated metabolic diseases, age-
ing, cellular senescence, cardiac ageing and 
stress, inflammatory signalling in response 
to environmental stress, and other disease 
and embryonal development functions. Both 
obesity and type 2 diabetes are characterised 
by low-grade inflammation with depletion of 
intracellular NAD+ in multiple tissues related 
to IL-6 and TNF-α production. Similarly 
with increasing age, NAD+ levels and SIRT 
activity decline and this is exacerbated by 
obesity and sedentary lifestyles. These vulner-
able patient groups would potentially be less 
likely or unable to ensure sufficient activation 
of SIRT1 due to low NAD+ levels or to asso-
ciated nutritional deficiencies including Zn++. 
As such they would be more susceptible to 
uncontrolled viral replication and expression 
of pro-inflammatory cytokines.2 

Figure 4. Subcellular location of mammalian SIRTs7
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A deficiency 
of NAD+, in 
the context of 
an elevated 
CD38, may be 
the primary 
factor related 
to the SARS-
CoV-2 disease 
spectrum and 
the risk of 
mortality

PARPs
PARP-1 catalyses the cleavage of NAD+ into 
NAM and ADP-ribose, in this way carrying 
out a critical antiviral role through ADP-
ribosylation of the viral genome and inhibi-
tion of viral transcription and translation. 
Conversely, PARP-1 is however also a media-
tor of inflammation by activation of NF-κB 
and other transcription factors that typically 
participate in cytokine production, ageing, 
and survival responses in diverse cell types.3 

Several viral families, including the corona-
viridae, have been shown experimentally to 
upregulate PARP enzymes. Consequently, 
excessive activation of PARP-1 that occurs to 
compensate for ADP-ribose hydrolysation of 
PARP will be accompanied by increased pro-
inflammatory cytokine production and exces-
sive NAD+ consumption followed by cellular 
energy depletion due to blocking of the gly-
colysis pathway. Moreover, NAD+ depletion, 
mediated by uncontrolled PARP activity as 
described above, indirectly leads to decreased 
SIRT1 activity. This process of PARP-1 
overactivation can be reversed by exogenous 
NA administration as a supplement, thereby 

reducing the stimulus for NF-κB activation. 
By modulating NF-κB transcriptional activ-
ity, NAD+ has a vital role in controlling the 
ongoing inflammatory state, overactivation 
of the immune system, and even the cytokine 
storm.3,5,8  

Nicotinamide (NAM) possesses unique 
advantages regarding ATP, NAD+ and 
PARP:8 
• It inhibits PARP-1 activity by competing 

with NAD+ for the enzyme active site and 
as a result, it conserves NAD+ and restores 
ATP levels

• The increased concentration of NAD+ 
provides the substrate for NAD+ kinase, 
leading to production of NADP+ which 
is a stronger PARP inhibitor, thereby 
promoting PARP-1 inhibitory capac-
ity. NADP+ competes with NAD+ thus 
conserving NAD+ levels, and can also 
inhibit various classes of PARP other than 
PARP-1

• NAM is also able to inhibit SIRT1 non-
competitively, thereby further conserving 
NAD+ levels. 

CD38
Older patients have been identified as having 
the lowest levels of NAD+, with the age-asso-
ciated decline being mainly dependent on the 
increased CD38 expression that is also associ-
ated with insulin resistance.2 The activity of 
CD38 is not limited to immune cells, CD38 
can also be upregulated on airway smooth 
muscle cells in response to inflammatory 

cytokines. A deficiency of NAD+, in the 
context of an elevated CD38, may be the 
primary factor related to the SARS-CoV-2 
disease spectrum and the risk of mortality, 
as subclinical nutritional deficiencies may 
be unmasked by any significant increase in 
oxidative stress.2,5,6  

Telomere length and immune function
Immunosenescence is distinguished by tel-
omere shortening which occurs with variable 
kinetics in CD4 and CD8 T lymphocytes, B 
lymphocytes, granulocytes, monocytes, and 
the natural killer cell population. There is 
a marked variation in leukocyte telomere 
length between humans, typically attrib-
uted to the peculiar effect of gender, race/
ethnicity, paternal age at conception, and 
environmental exposures. Epidemiological 
data on leukocyte telomere length (LTL) 
have concluded that shorter LTL could be 
associated with increasing age, obesity, male 
gender, alcoholism, atherosclerosis, diabetes, 

infection and cardiovascular disease; of 
interest, LTL is significantly longer in sub-
Saharan Africans than in both Europeans 
and African-Americans.3  

Decreases in NAD+ levels are generally asso-
ciated with shorter telomeres, which subse-
quently induce cell ageing.9 Telomere length 
is modulated by SIRTs and shortening occurs 
both with cell division and oxidative stress. 
Maintaining adequate NAD+ levels through 
supplementation with NAD+ precursors 
would increase SIRT activity and stabilise 
telomeres.3,9      



JULY 2021  I  7

Understanding the immune response in COVID-19 – new opportunities and new insights

EARN FREE
CPD POINTS

Join our CPD community at

and start to earn today!

www.denovomedica.com

SARS-CoV-2

TMPRSS2

ACE2R

ss-RNA

ROS

ISGs

intracellular

extracellular
cytokine storm

Type-I IFN

Ca2+

NAADP
Cx43

CD38 
type II

CD38 
type II

NLRP3 
inflammasome

TLR

TRPM2

TPC

NAD+
NAD+

cADPR

cADPR
cADPR

ER

NAADP

NAADP

NAADP

NADP+

NADP+

NAD+

NADP+

signalling
NF-κβ

ADPR

EL

CNTs

Ca2+

Ca2+

RyR

Evidence exists 
to suggest 
that COVID-19 
interacts with 
host NAD+ 
metabolism

What do we know about the interplay between 
the immune system and SARS-CoV-2?
Individuals infected with SARS-CoV-2 may 
be asymptomatic or manifest in three clini-
cal phases: an initial upper respiratory tract 
infection, with some patients progressing to a 
pneumonic phase which can cause profound 
hypoxaemia and respiratory failure and an 
even smaller number to the hyperinflam-
matory phase which may result in multiple 
organ dysfunction syndrome. In both the 
pneumonic and the hyperinflammatory phase 

there is an unbalanced and exacerbated 
inflammatory response with the release of, 
pro-inflammatory cytokines such as TNF-
α, IL-1β and IL-6, and anti-inflammatory 
cytokines such as IL-10 and IFN-β. The com-
plex interactions between pro-inflammatory 
and anti-inflammatory mediators in SARS-
CoV-2 infection are currently poorly under-
stood (Figure 5); however, they are associated 
with and related to a significant viraemia.2

Evidence exists to suggest that COVID-19 
interacts with host NAD+ metabolism. In 
host-pathogen interactions, NAD+ depletion 
and/or the co-opting of NAD+ generating 
pathways have been shown to be common 
mechanisms compromising host-cell defences. 
Viruses depend on host cell metabolism for 
their energy requirements, for the production 
of viral components and genomes, as well as 
for organisation of cellular compartments of 
replication, maturation and dissemination. 
As such, the control of the host cell’s metabo-
lism by SIRTs appears to be an essential 

component that regulates the viral-host 
interaction. Coronaviruses and other viruses 
contribute to NAD+ consumption in that 
they encode enzymatic domains that directly 
oppose PARP effects during innate immune 
responses, such as early macrophage activa-
tion, to ensure survival of the host cell and 
adequate support for viral replication and a 
dampening of the adaptive immune system 
response. SIRTs and CD38 also contribute 
to NAD+ consumption in the later stages of 
inflammatory macrophage activation.1,5,7 

NAADP: Nicotinic acid adenine dinucleotide phosphate; NADP+: nicotinamide adenine dinucleotide phosphate; NAD+: nicotinamide adenine dinucleotide; cADPR: 
cyclic ADP ribose; ROS: reactive oxygen species ; ISGs: IFN-induced interferon-stimulated genes; NF-κB: nuclear factor kappa B; NLRP3: NLR family pyrin domain 
containing 3

Figure 5. Current understanding of some of the factors that contribute to a COVID-19 hyperinflammatory 
response6
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Key learnings

• Those at higher risk of developing more serious COVID-19 disease may have a deficiency of NAD+, which 
declines with age and is also reduced in conditions associated with oxidative stress

• NAD+ is involved in multiple metabolic pathways including energy metabolism and has several roles in 
immunological function

• Most NAD+ is recycled via salvage pathways from NR, NAM and NA
• Insufficient intracellular NAD levels affect the activation of SIRTs, PARPs and CD38, all of which 

contribute to hyperinflammation and the cytokine storm
• Cellular NAD+ levels may be enhanced by the use of NAM, NR or NA supplements
• The complex interactions between pro-inflammatory and anti-inflammatory mediators in SARS-CoV-2 

infection are currently poorly understood.
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