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The Role of NAD+ in Innate Immunity:
Implications For COVID-19

BY ANDREW SHAO, PHD, CHROMADEX SCIENTIFIC AFFAIRS

Nicotinamide adenine dinucleotide (NAD+) is an essential coenzyme present 

in all cells and tissues of the body. NAD’s dual function consists of facilitating 

energy (in the form of ATP) production in the mitochondria and supporting 

the activity of a series of enzymes involved in cellular repair and response to 

metabolic stress. A decline in NAD+, for example, as occurs with aging, is linked 

to cell and tissue dysfunction. In recent years NAD+ and its dependent enzymes 

have been investigated for their role in innate immunity—cells’ initial response 

to an invading pathogen. As with other forms of stress, viral infection triggers 

an innate response in cells that consists of upregulation of NAD-dependent 

cellular defense and repair enzymes. This basic response pathway has gained 

sudden interest in the face of the global COVID-19 pandemic. Emerging research 

now suggests that NAD+ may play a role in the three phases of the COVID-19 

infection. This, in turn has researchers investigating whether and to what 

extent modulating cellular NAD+ levels may confer an improved response to the 

infection. The following review summarizes the basic mechanisms behind NAD+ 

protective role in viral infections as well as the latest research examining the 

impact of modulating NAD+ levels on coronavirus-infected cells.
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Introduction: From Energy to Immunity

Nicotinamide adenine dinucleotide (NAD+) regulates a vast 
number of cellular processes critical to health maintenance. 
It has long been known to play a dual role in cellular energy 
production and metabolism, and in cells’ response to physiologic 
stress [1]. In recent months NAD+ has once again been thrust 
into the scientific and medical limelight through its connection 
to yet another stress: Immune stress. Consistent with its role 
in cells’ response to physiologic stress, a vast body of literature 
supports NAD’s central role in immune function, including the 
response to invading pathogens, such as viruses [2].

When a virus infects cells, the cells’ Nod-like receptor family 
protein 3 inflammasome (or NLRP3) inflammasome – a 
multimeric platform of proteins that initiates inflammation 
– is activated. NLRP3 inflammasome activation facilitates 
the establishment of a host cell’s antiviral mechanisms [3]. 
This involves upregulation of two important types of NAD-
dependent enzymes, Sirtuins and Polyadenosine diphosphate-
ribose polymerases (PARPs), both playing an important role in 
cell repair and the inflammatory response following infection [2, 
4, 5]. Reactive oxygen species (ROS) formed following infection 
cause oxidative stress, which in turn can damage cells’ 
macromolecules, including lipids, proteins and DNA [6]. PARPs 
transfer a single mono-ADP-ribose group from NAD+ to their 
target proteins, while Sirtuins remove acetyl groups from their 
target proteins. Both of these pathways represent the cells’ 
attempt at repairing damage from oxidative stress and limiting 
viral replication following infection.

When it comes to managing COVID-19, NAD’s role appears to be 
bi-phasic: supporting a robust immune response upon initial 
infection, while suppressing an overactive immune system 
in the later stages. Importantly, strong induction of Sirtuins 
and PARPs, both NAD+ consuming enzymes, results in severe 
NAD+ depletion, and if not rectified, ultimately cell demise. 
Investigators are now in the process of studying and publishing 
cutting edge new data demonstrating the central importance of 
NAD+ in the fight against Coronavirus.

Figure 1. Infection induces NAD-dependent pathways.  
From Mesquita 2016.
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Subduing a Hijacker

COVID-19, the infection caused by the novel Coronavirus, 
known as SARS-CoV-2, progresses in three main stages: Stage 
I (early infection without symptoms and no detectable virus), 
Stage II (moderate symptoms with detectable virus) and Stage 
III (severe respiratory distress with high viral load) [7]. And 
NAD+ plays a key role in all three stages. 

In the early stage of infection at the local cellular level, SARS-
CoV-2, like other viruses, attempts to “hijack” the host cells’ 
transcriptional and translational machinery, replicating its 
proteins to make copies of itself. Left unchecked over the 
course of several days, these new virions are then transported 
to the cell surface in vesicles and released into the body to go 
forth and invade additional host cells. 

In response to this early stress, of the 15 or so identified 
PARPs, cells upregulate certain ones which attach ADP-ribose 
(ADPR) units to the viral RNA and translation proteins. This 
step blocks viral protein synthesis and is an attempt by cells to 
prevent viral replication [8]. This early NAD-dependent activity 
is critical to reducing and preventing viral replication and 
spread.

SARS-CoV-2 Infection Leads to Marked 
Depletion of Cellular NAD+ Pool

While necessary, these defensive actions by the cell come at 
a cost. The SARS-CoV-2 virus has a “counter defense” to the 
cell’s defensive actions. It encodes an enzyme, poly-ADP-
ribose glycohydrolases (PARGs) that hydrolyzes the ADP-
ribose unit, removing it and effectively allowing viral protein 
synthesis to once again flow freely [8]. The cell again attempts 
to block this using PARPs to ADP-ribosylate, the PARG 
removes the ADPR, and the vicious cycle continues.

This “cat and mouse game” between the cell and the virus 
severely depletes cells of NAD+, one consequence of which is 
that NAD+ is less available to perform its energy production 
responsibilities. Just published research using a coronavirus 
model, has shown that infection drastically upregulates 
PARPs, significantly depletes cells’ NAD+ levels and depresses 
host cell metabolism [9] (Figure 2). 

This finding is consistent with that from other studies 
demonstrating that viral infection drastically depletes cell’s 
NAD+ levels [10-12]. Interestingly, other recently published 
research showed that SARS-CoV-2 infection of both human 
and ferret lung cells suppresses expression of genes involved 
in traditional pathways of NAD+ production, e.g. from nicotinic 
acid and tryptophan, while others are upregulated, e.g. from 
nicotinamide riboside (NR) [9, 13, 14] (Figure 3). Therefore, 
not only is NAD+ utilization increased, but cells’ ability to 
replenish NAD+ from certain precursors is diminished, further 
exacerbating the NAD+ depletion. Immune dysfunction in 
macrophages has been linked to cells’ inability to maintain 
NAD+ production during the innate immune response [15].

Collectively, these findings suggest that strategies to augment 
or maintain the cellular NAD+ pool may assist cells’ initial 
innate response to SARS-CoV-2 infection.

Figure 2. Coronavirus infection disrupts the NAD+ metabolome 
and depletes cells’ NAD+ levels. From Heer et. al. 2020
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The Initial Inflammatory Response  
in COVID-19

As the infection progresses from the cellular level to the 
systemic level, the normal innate immune response involves 
production and secretion of inflammatory factors. This process 
recruits macrophages, natural killer cells, monocytes and other 
immune cells which seek out and destroy pathogens. 

This hyper-inflammatory stage is an energy intense process 
for immune cells, requiring rapid and large increases in ATP 

production. Cells’ drastic increase in aerobic glycolysis is used 
to generate ATP that supports pathogen killing capacity, such 
as phagocytosis and ROS generation, and rapid immune cell 
regeneration [16]. Although not an intensive NAD-consuming 
process, this does represent an important stage (Stage II) for 
COVID-19 patients, as an impaired immune response allows 
the virus to propagate and tissue destruction to ensue with 
symptom onset. As SARS-CoV-2 is believed to enter host cells 
through interaction with the angiotensin-converting enzyme 
2 (ACE2), cells and tissues with high ACE2 expression (lung, 
kidney, intestine) are preferentially affected [17].

CELL MEMBRANE

De novo 
biosythesis

Preiss-Handler 
pathway

NAPRTIDO/TDO

QPRT

NMNAT1-3

NMNAT1-3

NAD+

NADPH

NADH

NAMPT

NADS

Tryptophan
(Trp)

Nicotinic Acid
(NA)

Trp NA

NAMN

NAAD

NMN

NRK1-2 
(Brenner pathway)

CD73

CD73 CD38
CD157

NAMPT

Salvage pathway
including recycling

Nicotinamide Riboside
(NR)

NR

NMN

NAM

NAM

FK

ACMS

NAD+ NAM

Substrate PARylated
substrate

PARPsNADases

NAD+

ADPR

NAM

cADPR

NAD+ consumption NAM Degradation

NAD+ NAM

Substrate Substrate

SIRTs

Ac

Ac

SAM SAH

NAM NAM

NNMT

Me

NAD+

Qa

Figure 3. Basic NAD+ production and metabolic pathways. From Fang 2017.
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Managing the Cytokine Storm

Stage III of COVID-19 (or its avoidance) represents an important 
tipping point for patients and once again a central role for 
NAD+ and its dependent enzymes. At this stage, damaged cells 
induce inflammation in the lungs that is largely mediated by 
proinflammatory macrophages and granulocytes, resulting 
in life-threatening respiratory distress characteristic of this 
severe stage [7]. 

In order to cope with severe infections, like COVID-19, the 
body evokes a bi-phasic innate inflammatory response – a 
hyper-inflammatory phase, as described above, intended 
to kill invading pathogens, followed by a hypo-inflammatory 
response, intended to spare tissues and vital organs [16] 
(Figure 4). 

NAD-dependent Sirtuins serve as inflammatory and energy 
sensors and regulators for immune cells. Normally, drastic 
upregulation of Sirtuins results in deacetylation of histone and 
none-histone proteins to shift cells from glycolysis to fatty acid 
oxidation, so as to shift the mode of energy production. Sirtuin 
deacetylation also results in deactivation of Nuclear factor 
kappa B (NFkB, an important regulator of inflammation) with 
decreased expression pro-inflammatory cytokine/chemokine 
and adhesion molecule expression in immune and endothelial 
cells [16]. This normal process of Sirtuin activation also results 
in significant cell NAD+ depletion.

The cytokine release syndrome or “cytokine storm” that 
underlies Stage III COVID-19 is an example of the hypo-
inflammation phase run afoul. The inability to control the 
inflammatory response at this stage and return to homeostasis 
is characteristic of some COVID-19 patients. A hyperactive 
immune response in some COVID-19 patients caused 
by overactivation of the NRLP3 inflammasome, massive 
overexpression and release of proinflammatory cytokines, such 
as Interleukin-6 (IL6) and Tumor Necrosis Factor (TNFα), results 
in immune cell and fluid infiltration in affected tissues. This, in 
turn, leads to respiratory distress and secondary pneumonia 
[17].

The explanation for why some infected with SARs-CoV-2 
experience no symptoms, while others are afflicted 
with COVID-19 and experience the extreme symptoms 
characteristic of the Stage III cytokine storm remains elusive. 
However, the dysregulation of the bi-phasic immune response 
has some experts recommending a two-phase approach to 
coping with the SARS-CoV-2 infection: Immune boosting, 
followed by immune suppression [7] (Figure 5). This may be 
achieved by maintaining cells’ NAD+ pool.

Figure 4. The bi-phasic response to severe infection. From Wang 2018.
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Strategies to Maintain NAD+ Levels, 
Strengthen the Cell and Maintain Resilience

Through the ChromaDex External Research Program (CERP)2, 
the company has made Niagen available to the research 
community to address a variety of scientific questions around 
NAD+ metabolism and health impact.

In preclinical models, Niagen has been shown to upregulate 
Sirtuins, and reduce both IL6 and TNF-  levels in mouse 
hepatocytes with steatosis (Lee 2019a). In a diabetic mouse 
model, Niagen also reduced significantly IL6 and TNF  levels 
(Lee 2019b). Treating macrophages from healthy adult 
volunteers with Niagen upregulated Sirtuins, reduced the 
cells’ NRLP3 activation and lowered cytokine expression 
(Traba 2015). Niagen supplementation (1000 mg/day; 3 weeks) 
in older men significantly decreased the levels of the IL-6, IL-5, 
and IL-2, and TNF- , compared to baseline (Elhassan 2017). 

Additional investigations are currently under way, examining 
the impact of modulating NAD+ levels with Niagen on the 
cellular response to Coronavirus infection. These results will 
inform the design of subsequent human clinical studies to 
better understand the role of NAD+ in the course of theCells’ 

Figure 5. Approaches for managing COVID-19 progression. From Shi 2020.

initial innate immune response to a viral infection upregulates 
NAD-dependent enzymes and depletes NAD+ levels, severely 
so in the case of SARS-CoV-2. Similarly, the latter hypo-
inflammation phase of the immune response upregulates 
NAD-dependent enzymes, also depleting cellular NAD+ levels. 
The net result can be dysfunctional mitochondria and energy 
metabolism, impaired cell repair mechanisms and cell survival 
[2]. Indeed, a recent study demonstrated that Sirtuin-deficient 
macrophages displayed impaired autophagy, accelerated 
NLRP3 inflammasome activation and endothelial dysfunction 
[18]. Similarly, maintaining proper PARP activity has been 
posed as a potential means for minimizing viral replication 
[4]. This suggests that modulation of cellular NAD+ levels is an 
important strategy to improve cell resiliency in the face of an 
immune stress, such as viral infection.

It may be of no coincidence that people most vulnerable to 
severe complications resulting from SARS-CoV-2 infection 
are also those whose NAD+ levels tend to be depressed. The 
elderly and those coping with chronic disease or conditions 
are among those at highest risk for COVID-19 associated 
morbidity and mortality [19]. A range of both preclinical and 
clinical data confirm that aging and conditions of physiologic 
and metabolic stress, such as obesity, diabetes, smoking and 
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heart failure are all linked to depressed NAD+ levels [20]. This 
further reinforces the notion that augmenting NAD+ levels 
either prior to, or even following SARS-CoV-2 infection, or any 
immune-related stress, represents a potentially beneficial 
health strategy [21]. Furthermore, the initial finding that 
traditional pathways of NAD+ production (from nicotinic acid 
and tryptophan) may be downregulated while NAD+ production 
from NR may be upregulated following coronavirus infection 
suggests cells seek out NR is the preferential NAD+ precursor 
during these occasions of intense immune stress.

NR, a well-known NAD+ precursor (Figure 2), has been 
investigated in a variety of preclinical models and in human 
clinical trials, examining a wide range of NAD-related 
physiologic outcomes. Niagen, a proprietary form of NR 
developed by ChromaDex, is the most well studied form 
and the only form to be definitively shown to safely and 
dose-dependently elevate NAD+ levels in multiple published 
human clinical trials [22, 23]. Niagen is also the only form of 
NR to achieve regulatory acceptance by the US FDA, Health 
Canada, the European Commission and the Therapeutic Goods 
Administration of Australia1.

Through the ChromaDex External Research Program (CERP)2, 
the company has made Niagen available to the research 
community to address a variety of scientific questions around 
NAD+ metabolism and health impact.

In preclinical models, Niagen has been shown to upregulate 
Sirtuins, and reduce both IL6 and TNFα levels in mouse 
hepatocytes with steatosis [24]. In a diabetic mouse model, 
Niagen also reduced significantly IL6 and TNFα levels [25]. 
Treating macrophages from healthy adult volunteers with 
Niagen upregulated Sirtuins, reduced the cells’ NRLP3 
activation and lowered cytokine expression [26]. Niagen 
supplementation (1000 mg/day; 3 weeks) in older men 
significantly decreased the levels of the IL-6, IL-5, and IL-2, 
and TNF-α, compared to baseline [27]. 

Recently, augmenting NAD+ levels in coronavirus infected 
mouse cells was shown to effectively inhibit viral replication 
[9] (Figure 6). Niagen and nicotinamide, and to a lesser extent, 
nicotinic acid, were effective at reducing replication of a 
type of Coronavirus in vitro. These initial findings are an early 
indication that restoring cells’ NAD+ levels may reduce the 
progression of the viral infection.

While in vivo and human clinical trials are just being initiated 
and registered, there are some compelling results emerging 
already. In the first of its kind to date, a multi-collaborator 
Phase II clinical trial examined the effect of a proprietary blend 
of nutrients aimed at mitochondrial health, including Niagen 
NR, on the recovery time of mild-to-moderate COVID-19 
patients. The study, conducted at the Umraniye Teaching and 
Research Hospital in Istanbul, Turkey, and led by researchers 
from Sweden, China and the UK, compared the effect of a daily 
nutritional cocktail (termed “combined metabolic cofactor 
supplementation” or CMCS) plus the standard of care (SOC) 
in Turkey (hydroxychloroquine) to the SOC plus placebo. After 
14 days, the investigators found on average, the SOC + CMCS 
recovered nearly 30% faster (6.6 days) than the SOC + placebo 
group (9.3 days) (Figure 7). The CMCS group also experienced 
an improvement in liver function relative to the placebo group 
[28]. A Phase III trial is currently in the planning stages. The 
CMCS consisted of Niagen NR, along with L-serine, L-carnitine 
and N-acetylcysteine (Table 1). This collection of nutrients 
has been shown to positively impact mitochondrial and liver 
function [29] and is currently being studied in a Phase III trial 
for nonalcoholic fatty liver disease (NAFLD)3.

——————————————

1 CDX - regulatory approvals document
2 https://www.chromadex.com/research/cerp/
3 https://clinicaltrials.gov/ct2/show/NCT04330326 

Figure 6. Boosting NAD+ reduces viral replication in 
coronavirus-infected mouse cells. From Heer et al. 2020.
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The breaking findings from this Phase II trial are consistent 
with the results from preclinical studies on NR and 
coronavirus, as well as the clinical studies demonstrating an 
anti-inflammatory effect of supplemental NR.

Figure 7. Effect of metabolic cofactor supplementation on 
COVID-19 patient time to recovery. From Altay et al. 2020.

Additional investigations are currently under way, examining 
the impact of modulating NAD+ levels with Niagen on the 
cellular response to Coronavirus infection in vivo. These 
results will inform the design of subsequent human clinical 
studies to better understand the role of NAD+ in the course of 
the COVID-19 infection and viral infections in general.

Table 1. Combined Metabolic Cofactor* Supplement. From 
Altay et al. 2020

INGREDIENT DAILY DOSE (GRAMS)

Niagen Nicotinamide riboside 2

L-serine 25

L-carnitine 5

N-acetylcysteine 5
*Patients took CMCS daily from day 0 - 14; SOC daily from day 0 - 5.
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