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Abstract
NAD+, a linchpin for mitochondrial function, is crucial in protecting the body from aging and related diseases. The 
reduced biosynthesis and increased activity of NAD+ consuming enzymes lower cellular contents of NAD+ with ag-
ing. Since the homeostasis of the NAD+ pools is vulnerable to biological aging, and thus, raises a serious concern for 
the healthcare staff to cure age-related disorders. Replenishing NAD+ pools with the administration of relevant sup-
plements rescues the depleting cellular NAD+. Accordingly, the small-scale human clinical trials have shown ame-
liorative effects of exogenous NAD+ in treating age-related disorders. However, validation of these studies requires 
considerable time. Therefore, investigations on a rapid and targeted influx of NAD+ are fundamental to achieving 
the benefits offered by the science of anti-aging. One possible strategy is the oral administration of intact NAD+ 
molecule followed by its forced localization to the mitochondria as an elixir of longevity. Integration of the recent 
findings with previous studies to dissect the trafficking of intracellular NAD+ will direct to a heuristic approach to 
extending individual lifespan. Here we present a critical analysis of the current status of therapeutic interventions 
to enhance intracellular NAD+ while highlighting the controversial studies and gaps in the same field. This review 
emphasizes using a connexion (Cx43) and mitochondrial carrier family (SLC25A51) as the chief NAD+ transporters 
and the possible erspectives to translate this knowledge for better mitochondrial efficiency. We propose a strategy 
based on an improved influx of mitochondrial NAD+ that will restore the redox and non-redox functions of NAD+. 
This understanding may establish a foundation to smartly deal with situations where the inability to import the 
supplemented NAD+ is the prime cause of mitochondria performance-related diseases..
Keywords: NAD+; Transporters; Mitochondrial performance; Anti-aging science; Healthcare

INTRODUCTION
Nicotinamide adenine dinucleotide (NAD) is one of the most 
vital metabolites in living cells. It can act as an electron donor 
and acceptor by becoming oxidized (i.e., NAD+) and reduced 
(i.e., NADH). These redox reactions are the principal source of 
energy (ATP) production in the mitochondria and facilitate re-
actions involved in glycolysis, tricarboxylic acid cycle, fatty acid 
beta-oxidation, etc. Although the interconversions between 
NAD+ and NADH do not change the cellular contents of total 
NAD, an alteration in their content eventually leads to second-

ary, i.e., oxidative stress, where significant harm is done to bi-
ological macromolecules, including DNA, proteins, and lipids. 
Since NAD+ (not NADH) also serves as a co-substrate in mul-
tiple non-redox reactions, the changes in the NAD+/NADH ra-
tio hamper the signalling and metabolic regulatory pathways 
[1,2]. Because of its role as a co-enzyme and co-substrate, 
NAD+ continues to receive considerable attention in the field 
of aging even after decades of extensive study because of its 
emerging roles both as a co-enzyme and co-substrate. Aging, 
recognized as the hallmark of the systematic decline of NAD+ 
in various tissues, paves its path to pathophysiologies of many 
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critical diseases, including neurodegenerative, mental, and car-
diovascular phenotypes. Eliminating the significant causes of 
these diseases may enhance life expectancy by 2-4 years [3]. 
The progression of these age-related disorders is strongly asso-
ciated with reduced biosynthesis and increased consumption 
of NAD+ [4] Figure 1 demonstrates the factors responsible for 
reduced NAD+ content in the body. Recent studies have im-
plicated the therapeutic potential of increased NAD+ levels in 
treating age-associated conditions; therefore, an interest in 
NAD+ boosting strategies receives particular attention. With 
advances in the molecular tools to measure NAD+ content, it 
is becoming clear that targeted localization of intact NAD+ into 
mitochondria rather than just enhancing the cellular NAD+ is 
more relevant to treating and preventing age-related ailments. 
Understanding NAD+ transport into mitochondria has been the 
most debated topic as the mitochondrial membrane was pre-
sumed impermeable to the NAD+ molecule. Thus, by uncover-
ing the sources of mitochondrial NAD+ pool, better strategies to 
improve mitochondrial performance may be designed. The im-

plication of upgraded information in therapeutic interventions 
will ensure the integration of mitochondria-targeted therapies 
into clinical trials. Since extensive reviews on the metabolism 
and function of NAD+ have been published recently, we have 
summarized the fundamental information in this regard. In 
addition, the methods and technologies previously adopted 
to highlight the therapeutic potential of NAD+ in treating age 
related conditions and the limitations in their implications are 
also reviewed. In particular, we have traced the transport of 
intact NAD+ into the mitochondria to maintain the mitochon-
drial NAD+ pool. Finally, we have proposed the appropriate 
perspectives to enhance NAD+ contents radically and, thus, a 
healthy lifespan. The data source for this research included 
cross-sectional studies, randomized control trials, systematic 
reviews, and recent relevant studies. Detailed and authenti-
cated materials by credible search engines, including Research 
Gate, JSTOR, PubMed, and Science, have been cited for this.
(Figure 1)

Figure 1: A presentation of factors contributing to the age-dependent decline in contents of NAD+.

DESCRIPTION
Biosynthesis of NAD+
Various forms of vitamin B3, such as nicotinic acid (NA), nicotin-
amide (NAM), and nicotinamide riboside (NR), serve as a start-
ing point for the biosynthesis of NAD+ via two major routes: 1. 
The three-step Preiss-Handler pathway which generates NAD+ 
from nicotinic acid (NA) and 2. The two-step Salvage pathway 
recycles nicotinamide (NAM) to produce NAD+. Conversely, de 
novo synthesis of NAD+ takes place by conversion of L-trypto-
phan into 3-hydroxyanthranilic acid through the kynurenine 
pathway [5]. Intermediates produced during the synthesis of 
NAD+ and some alternate precursor molecules (e.g., nicotinic 
acid riboside (NAR)) may also serve as starting point for NAD+ 
generation. However, the explanation for these alternate mech-
anisms is beyond the scope of this review and can be found 
in other works [6]. Besides, the products formed due to the 
consumption of NAD+ by NAD-degrading enzymes (discussed 
in the next section) function to replenish NAD+ pools. The first 
enzyme in the Preiss-Handler pathway, i.e., nicotinic acid phos-
phoribosyltransferase, produces nicotinic acid mononucleotide 

(NAMN) from nicotinic acid (NA). NAMN is furthered upon by 
nicotinamide mononucleotide adenylyltransferase (NMNAT), 
which adenylates NAMN to produce nicotinic acid adenine di-
nucleotide (NAAD). The last enzyme in the pathway, i.e., NAD+ 
synthase, amidates NAAD to yield NAD+ [7]. The completion of 
the Salvage pathway depends on the activity of two enzymes: 

i) Nicotinamide phosphoribosyltransferase (NAMPT)

ii) Nicotinamide mononucleotide adenylyltransferase 
(NMNATs). NAMPT generates nicotinamide mononucle-
otide (NMN) from NA in a rate-limiting step, whereas 
NMNATs act on NMN to produce NAD+ [8].

Consumption of NAD+
Currently, three classes of NAD+ consuming enzymes are recog-
nized in mammals:

i) Sirtuins

ii) Poly-ADP-ribose polymerases (PARPs)

iii) c-ADP ribose synthases [9]. In addition, NAD+ is also active-
ly used for cellular mechanisms by many other enzymes 
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with activities like glycohydrolases, pyrophosphohydro-
lases, etc [10].

By degrading NAD+ permanently, these enzyme families medi-
ate a broad range of physiological processes, which range from 
DNA damage repair to lifespan extension. However, with a de-
cline in the levels of NAD+ during aging, the activities of NAD+ 
dependent enzymes are affected, which eventually initiates 
a broad range of age-related pathophysiologies. Sirtuins are 
NAD+ dependent enzymes with deacetylase/deacylase activity. 
By translating changes in NAD+ levels to regulate metabolic ac-
tivities, sirtuins have a central role in cellular functions such as 
DNA repair, circadian rhythm, and stress responses. In addition 
to their localization in the nucleus and cytosol, processed short 
forms of sirtuins (SIRT3-SIRT5) are present in the mitochondria 
[11]. NAD+ is used by sirtuins as a co-substrate in the process 
of removal of acetyl moieties from lysines of histones proteins, 
liberating O-acetyl-ADP-ribose and NAM [12]. However, sirtuins 
also target non-histone proteins and modify their physiological 
functions. Different homologs of sirtuins exhibit other activities 
in addition to deacylation. For instance, demethylglutarylase 
activity by SIRT4 demalonylase and desuccinylase property of 
SIRT5 ADP-ribosyltransferase activity by SIRT4 and SIRT6 [13-
16]. Poly-ADP-ribose polymerases (PARPs) are at the center of 
extreme importance because of their wide-range functions in 
repairing damaged DNA and mediating cellular programmed 
death. These enzymes have been shown to cause moderate 
damage to DNA as the levels of NAD+ decline by 20%-30% com-
pared to the normal levels. Evidence also supports the role of 
PARPs in influencing the functions of neurons and the endoplas-
mic reticulum under stress [17]. PARPs consume NAD+ by cleav-
ing it into NAM and ADP-ribose (ADPR). Because of a common 
substrate (i.e., NAD+) to act on, the competition between PARPs 
and sirtuins is typically expected. However, an increase in PARPs 
activity while a decrease in sirtuins activity was reported as 
repairing damaged DNA is primarily associated with PARP-de-
pendent NAD+ depletion [18]. Cyclic ADP-Ribose (cADPR) syn-
thases act as a secondary messenger and actively participate 
in calcium signalling, insulin regulation, and the cell cycle. The 
consumption of NAD+ by the action of these enzymes produces 
cyclic ADP-Ribose. The most dominant CD38 and its homolog 
CD157 are well-recognized members of cADPR synthases. The 
research by China (2009) reported that the deficiency of Cd38 
represented an evident increase in the NAD+ content of the he-
patic cells, cardiac cells, neurons, and muscles associated with 
the corresponding activation of SIRT1 [19].

Subcellular Compartmentation of NAD+
Cytoplasm, nucleus, and mitochondria are the prominent sub-
cellular locations for NAD+ pools. Complex redox processes 
interconnect these pools. The intracellular concentrations of 
NAD+ are usually maintained within the range of 0.2-0.5 mm 
and are in the following order: mitochondria>cytosol>nucleus 
[20]. In addition, the NAD redox state is particular to cellular 
compartments. For example, the content of NAD+ exceeds that 
of NADH in the cytoplasm to ensure the availability of NAD+ for 
oxidative reactions. In contrast, mitochondria have a relatively 
higher concentration of the reduced counterpart, i.e., NADH, 
to ensure optimal oxidative phosphorylation [21]. Although the 

mechanisms by which mitochondria accumulate their NAD+ pool 
are not entirely understood, 70% of total cellular NAD+ resides 
within the mitochondria [22]. However, these concentrations 
may change up to two-fold in the presence of any physiological 
stimulus. Lack of NAD+ is regarded as lethal for the metabolic re-
actions which demand energy. Even a change in NAD+ redox sta-
tus affects cellular behaviour irrespective of the extent to which 
the change occurs. The mitochondrial pool among all the NAD+ 
pools is significant for vital cellular functions and cellular func-
tions [23]. The NAD+/NADH pair in the mitochondria generates 
energy (ATP) from the oxidation of diverse substrates (proteins, 
carbohydrates, fats), i.e., oxidative phosphorylation. While the 
cytoplasmic and nuclear NAD+ pools may change in response to 
nutritional modifications like the cellular contents of glucose, 
fats, etc [24]. The mitochondrial pool has independent regu-
latory mechanisms even under non-optimal conditions [25]. 
Despite this autonomous NAD+ pool, the homeostasis of mito-
chondrial NAD+ content is considered critical for the function 
of multiple cellular organelles [26]. NAD+ pools across various 
compartments are interconnected [27]. The concept of com-
partmentation is crucial to understanding the balance between 
co-enzymes vs. co-substrate functions of NAD+, given the supply 
of this essential nucleotide becomes limited with aging. The re-
cent findings have made this notion clear that intracellular com-
partmentation of NAD+/NADH redox couple is obvious. Because 
of this compartmentation and the pleiotropic roles performed 
by NAD+, it is assumed that pharmacological and therapeutic 
approaches to enhance the levels of intracellular NAD+ or to 
reduce the activity of NAD+consuming enzymes may impose 
health risks and, therefore, should be dealt with care [28]. For 
instance, the overlapping effects of elevated NAD+ in tumour 
prevention and promotion were demonstrated with increased 
content of NAD+ precursors and the affiliated enzymes [29,30]. 
These discoveries highlight the importance of adapting thera-
peutic interventions to enhance the targeted subcellular local-
ization of NAD+ supplements rather than increasing the overall 
NAD+ to minimize the adverse side effects.

Pleiotropic Roles of NAD+ in Physiological Pro-
cesses
The redox and non-redox reactivity of NAD+ mark NAD+ as an 
essential player in cellular metabolism (Figure 2). The pleio-
tropic roles of NAD+ range from catabolism/anabolism to cell 
signalling and adaptation. For the proper operation of redox 
functions, NAD+ levels are maintained at a relative abundance 
of their reduced counterpart, i.e., NADH. The redox functions 
of NAD+ are based on the deficiency of electrons in the pyridine 
ring and consequently on the acceptance of hydride ion. The 
homeostasis of the cellular redox state is crucial for the activi-
ty of metabolic pathways such as glycolysis and beta-oxidation 
of lipids. Alternatively, the non-redox functions of NAD+ include 
the direct or indirect influence on essential cellular properties 
like DNA damage repair, gene expression, post-translational 
modifications, and stress response. These functions depend 
on the activity of NAD+ consuming enzymes such as Sirtuins, 
PARPs, and cADPR-synthases. Thus, with declined NAD+ levels 
and ceased activity of consuming enzymes, DNA damage induc-
es genetic mutations, later translated as the pathophysiology of 
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chronic diseases, including tumours.

Figure 2: Representation of cellular functions performed by NAD+ 
during a cell life.

NAD+ in Redox Reaction
With advances in tools such as biosensors to measure biosyn-
thetic enzymes, understanding NAD+ mediated cellular redox 
has improved. It has been established that NAD+ is responsible 
for significant oxidation-reduction reactions occurring in the 
cell. The shifting between oxidized (NAD+) and reduced (NADH) 
states permits a continuous flow of electrons across various bi-
ological processes. This NAD+ recycling is crucial for ATP genera-
tion via various metabolic processes like glycolysis, Krebs cycle, 
and electron transport in the cytosol and mitochondria. Inter-
estingly, the activity of NAD+ consuming enzymes Sirtuins, i.e., 
SIRT3 was recently found dependent on the NAD+/NADH ratio 
rather than on the NAD+ content alone [21]. Such findings indi-
cate the complexity between redox and non-redox functions of 
NAD+. Even though the redox processes provide fuel for cellular 
activities, the contents of NAD+ itself remain conserved during 
their operation. However, any alteration in the NAD+/NADH re-
dox couple is associated with various pathological conditions 
such as neurogenerative and cardiovascular disorders [31]. For 
instance, impairments in mitochondrial oxidative phosphoryla-
tion escalated impairments in cellular redox status by enhanc-
ing the NADH/NAD+ ratio, which is further associated with the 
acylation of mitochondrial proteins [21]. Even if the production 
of reactive oxygen species (ROS) does not increase and ATP con-
tents remain constant, the mitochondrial integrity may be ham-
pered in such a case, causing epigenetic changes to increase the 
organ’s susceptibility to chronic diseases and organ failure. On 
the other hand, increased ROS generation during a limited pool 
of reducing equivalent, i.e., NADH also paves its way to amal-
gamating pathogenic mechanisms of various chronic diseases. 
The first produced ROS, i.e., superoxide, is reactive to various 
biological molecules and induces oxidative stress. The increased 
oxidative stress then aggravates metabolic dysfunction and cel-
lular injury. Thus, the homeostasis of the NAD+/NADH redox 
couple is vital to integrating cellular responses under metabolic 
and environmental shifts.

NAD+ in Non-Redox Reactions
The degradation of NAD+ is the basic element of multiple sig-
nalling pathways in humans [32]. By acting as a co-substrate for 

various enzymes, NAD+ regulates post-translational modifica-
tions of a diverse group of proteins with functions in DNA repair, 
signalling, and stress responses, thereby connecting the molec-
ular mechanisms with physiological functions (Figure 3). With 
the advent of modern molecular tools, many more enzymes 
have been discovered which utilize NAD+ molecule to modify 
the structure and function of other proteins. NAD+ contributes 
to various pathways during cell signalling, from regulating inter-
cellular calcium transients to chromatin epigenesis. In addition 
to acting as a co-substrate for enzymes like sirtuins, PAARPs, and 
c-ADPR, NAD+ is known to regulate the expressional response of 
metabolism encoding genes [27]. The extracellular NAD+ acts as 
a ligand for various cell-surface receptors, i.e., purinoreceptors, 
and initiates the signalling cascades [33]. Once inside the cell, 
the cytoplasmic NAD+ may act as a signalling molecule after be-
ing consumed by c-ADPR-synthases. The intermediates formed 
during this process, i.e., NAAD and cADPRs, bind to the endo-
plasmic reticulum and initiate calcium release. Thus, by enhanc-
ing cytosolic calcium levels, NAD+ is a precursor molecule for 
synthesizing spatially and temporally distinct calcium mobilizing 
secondary messengers [34]. The NAD+ localized to the nucleus 
regulates cellular lifespan and longevity by regulating transcrip-
tion and circadian rhythm. The nucleus’s NAD+ consuming en-
zymes, i.e., sirtuins, and PARPs, utilize nuclear NAD+ to directly 
control several transcription factors’ activity.

Figure 3: An illustration of the diversification of NAD+-related biological 
roles. The main 723 routes for biosynthesis and consumption of NAD+ 
along with the redox-and non-redox 7 functions of NAD+ are presented.

Depleting Pools of NAD+ and Related Health 
Complications
A diverse line of research on various organisms has confirmed 
that declining NAD+ pools are a hallmark for the development 
of many age-related ailments [18,35,36]. The depleted pools of 
NAD+ manifest a wide range of pathological phenotypes such as 
congenital deformations, neurogenerative disorders, age-relat-
ed metabolic dysfunction, etc. The close relationship between 
NAD+ levels and human health was confirmed with the studies 
where impairments in NAD+ biosynthetic pathways at a genetic 
level led to devastating consequences as recorded with typical 
clinical signs and symptoms of age-associated disease. As men-
tioned earlier, many factors responsible for declined NAD+ con-
tents include impaired biosynthesis, enhanced consumption, 
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and nutritional stress. For instance, the transcripts and pro-
tein levels of NAMPT, i.e., a key enzyme in NAD+ biosynthesis, 
decline over age, disturbing the NAD+ levels in various tissues 
and affecting the redox and non-redox pathways. Furthermore, 
continuous activation of PARPs lowers NAD levels by consum-
ing it for NAD+ dependent enzymatic activity. This has been 
proved with a recorded increase in endogenous NAD+ when the 
activity of PARP was inhibited pharmacologically [37]. Other 
studies suggest that ectopic expression of PARPs gives rise to 
multiple age-related phenotypes [38] (Figure 4). Interestingly, 
with disappearing NAD+, the binding of DBC1 (deleted in breast 
cancer-1; a nuclear protein) with PARP increases, contributing 
to the accumulation of damaged DNA [39]. The deficiency of 
NAD+ also induces oxidative stress by altering cellular redox. 
The validation of the posit that reduced NAD+ is the responsible 
agent for causing several chronic diseases was shown with case 
studies where the enhanced NAD+ with the provision of NAD+ 
based supplements and dietary measures were sufficient to 
cure phenotypes of neurodegenerative diseases, metabolic dis-
orders, and other age-related complications [40]. Therefore, re-
plenishing NAD+ levels with either the precursors or intact NAD+ 
supplements appears to be a powerful therapeutic approach to 
boost health and prevent and treat age-related disorders.

Figure 4: An overview of the possible strategies to replenish age-re-
lated declined NAD+ pools. Enhanced contents of NAD+ precursors 
and reduced activities of NAD+ consuming enzymes are well-known 
approaches to increasing cellular NAD+. Targeted localization of intact 
NAD+ molecules to mitochondria is another promising approach to 
ameliorate depleting NAD+ pools.

Supplementation of NAD+
Mounting studies have proved that an effective anti-aging in-
tervention could be developed with a careful formulation of 
NAD+ supplements. Indeed, the administration of NAD+ precur-
sors, like nicotinic acid, nicotinamide mononucleotide, nicotin-
amide, and nicotinamide ribose, have resulted in some bene-
ficial effects by enhancing the cellular NAD+ levels [41]. These 
benefits include short-term improvement in the case of type 
2 diabetes, cholesterol profile, blood sugar level, lipid profile, 
and a reduction in symptoms of other age-related diseases [42]. 
Nicotinamide mononucleotide and nicotinic acid are both used 
as supplements, but studies reporting their effectiveness by in-
creasing NAD+ levels are fewer. The large-scale clinical trials such 
as NCT03151239, NCT03423342, NCT02835664, etc., to check 
the efficacy of NA in treating circulatory system ailments also 
showed significant side effects. Instead, a significant increase 
in intermediates of NAD+ metabolism after the administration 
of other NAD+ precursors is extensively reported [43,44]. A re-
cent work by reported the ability of a single oral dose of nic-

otinamide (NAM a precursor for NAD+ synthesis) to maximize 
the NAD+ levels after the 12th hr [45]. of intake, an upper limit 
of the daily tolerable range. The increase in NAD+ was inconsis-
tent with the increase in NAM levels suggesting the utilization 
of NAM into pathways other than NAD+ biosynthesis. Similarly, 
the metabolomics changes associated with nicotinamide sup-
plementation were returned to baseline by 48 hrs. In contrast, 
the supplementation of nicotinamide ribose (NR), an intermedi-
ate of NAD+ biosynthesis, has shown more promising results in a 
dose-dependent manner. The exogenous application of NR has 
improved mitochondrial function in the liver and muscles [46]. 
The pharmacokinetics of NR, as conducted by (2017), indicated 
no associated side effects on the oral administration of NR [47]. 
However, the bioavailability of NR after administering a high 
dose, i.e., 1000 mg, was not consistent among the participants. 
Based on its hydrophobicity, the inter-participant variation of 
NR levels was assigned to the low permeability of NR across the 
intestinal mucosa. The instability of NR and its interconversion 
to other intermediates of NAD+ biosynthetic pathways are also 
important factors to consider. Hence, more clinical trials to un-
derstand the absorption and metabolic insights of administrat-
ed supplements are the need of the era. This lack of information 
addresses the concern that despite dedicating many decades of 
active research to enhance NAD+ levels and elucidate the pos-
sible molecular mechanisms responsible, several clinical trials 
can exploit NAD+ homeostasis as a therapeutic strategy. It is 
worth mentioning that the superiority of one NAD+ precursor 
over the other precursors cannot be stated precisely as the mo-
lar ranges of supplements, measurements, interventions, etc., 
used lack standardization previously. As extensively reviewed, 
the levels of most NAD+ precursors in plasma are insufficient 
to support increased production of NAD+ [48]. Previously, the 
use of intact NAD+ rather than its precursors to cure age-related 
degenerative disorders of the brain, heart, muscles, kidney, and 
skin was disapproved by researchers based on their assumption 
that intact NAD+ molecule is volatile. These assumptions were, 
however, found wrong as the positive effects related to the in-
travenous application of intact NADH persisted for more than 
24 hrs. in Parkinson’s disease patients. Thus, a stable, ingestible, 
and absorbable form of NAD+ as a therapeutic agent was for-
mulated. The consumption of intact NAD+ in the form of a pill 
coated by the acid protective outer layer offers two advantages,

1) Patients take the oral form of NADH without any external 
supervision

2) The stable oral form of NADH withstands the acidic envi-
ronment of the gastrointestinal tract.

As systematically reviewed by Radanovich and Verdin (2020), 
out of 36 human trials with published findings have implied oral 
administration of intact NAD+ molecule [49]. In extension, it has 
been shown that supplementation of intact NAD+ is more effec-
tive in a relatively low dose than the higher doses of the NAD+ 
precursors. The supplementation of intact NAD+ significantly 
increases levels of NAD+ in blood. To compare and contrast the 
effectiveness of different modes of NADH infusion, i.e., intrave-
nous and oral, an open-label trial was conducted on patients 
with Parkinson’s disease [50]. The study’s findings showed 
that 80% of patients with Parkinson’s disease in both groups 
experienced symptom relief. The analysis of improvement in 
disability (walking, pushing, and posture) indicated a more con-
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vincing impact of oral in contrast to IV infusion. It was stated 
that the direct intake of NAD+ increases the bioavailability of 
the dinucleotide and delays the decline of cognitive functions 
of the brain, thereby improving mental health. However, no 
significant improvement in the cognitive functions of dementia 
patients upon the administration of a 10 mg commercial NADH 
tablet was observed [51]. This ineffectiveness may be due to the 
limited number of patients tested and the absence of a control 
group. Meanwhile, clinical trials report improvements in certain 
cognitive functions and prevention of Alzheimer’s disease pro-
gression upon administering 10 mg NADH [52]. The contrasting 
findings, therefore, indicate the need for more research on the 
most effective route for importing NAD+ molecules to the mito-
chondrial membrane during the oral Administration of NAD+.

Limitations in the Assimilation of Exogenous 
NAD+
The precursors for NAD+ synthesis, i.e., tryptophan, NA, NAM, 
and NR, can be ingested through a healthy diet. However, trans-
porting these precursors into the desired tissues and cells is fun-
damental to enhancing the levels of NAD+. A layer of difficulty is 
added to the NAD+ transportation into the desired cells because 
of the presence of lipid bilayers. Although the transporter pro-
teins and the mechanisms responsible for importing NAD+ pre-
cursors into the cell are mostly known, some of these findings 
are debated to date. For instance, the cellular uptake of NMN 
was considered possible only after the dephosphorylation (i.e., 
conversion to NR) [53]. Still, other studies proposed that cellu-
lar membranes are permeable to intact NMN molecules [54]. 
Moreover, despite the classical misconception that the NMN 
dephosphorylation event is specific to certain cell types, further 
research unequivocally suggests the ability of NMN to respond 
similarly to various cell types [55-57]. In addition to the limit-
ed availability of niacin-derived NAD+ precursors, the declined 
levels of NAD+ biosynthesis-related enzymes, such as NAMPT, 
restrict NAD+ biosynthesis and, subsequently, cellular levels of 
NAD+ during aging [58]. The hydrolysis of ingested NAD+ first to 
NMN and then to NR with the last product as NAM, as it passes 
through the intestinal tract, restricts the assimilation of exog-
enously supplied NAD+ [59]. In addition, cell surface proteins 
like CD73 catalyse the NAD+ hydrolysis, which may cause cells 
not to acquire NAD+ levels as expected with exogenous NAD 
[60]. Notably, the application of NAD+ but not the precursors 
(nicotinamide or NMN) enhanced the levels of matrix NAD+ in 
mitochondria of mammalian cells treated with FK866, i.e. an in-
hibitor of NAMPT. Strikingly, the activity of NAMPT was also not 
detected in the mitochondria isolated from other mammalian 
cells [25,61,62]. These findings paved the path to identifying the 
NAD+ transporters localized to the mitochondrial membrane.

Mitochondria-Localized Transporters of NAD+
With the development of genetically encoded biosensors to 
measure NAD+ in cellular compartments it was proposed that 
the mitochondrial NAD+ pool is distinct from nuclear and cy-
toplasmic pools [63]. The extracellular NAD+ enters the cyto-
plasm after being metabolized into its precursor molecules, 
such as NAM and NR [44,64]. The consumption of NAD by ec-
toenzymes such as CD38 (which converts NAD+ to cADPR and 
NAM) and CD73 (which converts NMN to NR) also produces 

membrane-permeable precursors for NAD+ biosynthesis. The 
discovery of NMNAT3 an enzyme of the Preiss-Handler path-
way, in the mitochondrial matrix, supported the import of nu-
cleocytosolic NMN as the precursor molecule to synthesize mi-
tochondrial NAD+ [53]. However, the exact mechanism behind 
the transport of NMN to the mitochondrial matrix has not been 
elucidated completely. The contribution of at least two funda-
mental mechanisms is, thus, acknowledged to maintain mito-
chondrial NAD+: 

1) The trafficking of cytoplasmic NAD+ into mitochondria

2) The synthesis of NAD+ from NMN in the mitochondrial ma-
trix. Meanwhile, indirect evidence suggesting NMN as an 
unlikely molecule to be transported across the mitochon-
dria is accumulating.

For instance, the removal of NMNAT, i.e., the enzyme synthe-
sizing NAD from NMN, did not affect the mitochondrial perfor-
mance and NAD+ levels [65]. Whereas other studies suggest-
ing the import of intact cytosolic NAD+ into mitochondria are 
emerging [61,66]. The two long-held misconceptions, i.e.,

1) The inner membrane of mitochondria is impermeable to 
intact NAD+

2) The mitochondrial NAD+ levels are in isolation with respect 
to cytosolic and nuclear NAD+ pools were challenged with 
the increased levels of intracellular NAD+/NADH upon the 
application of exogenous NAD+ or NADH [63].

However, the mechanisms involved in the intracellular move-
ment of NAD+ are not completely known. It was postulated that 
provided NAD+ first degrades into its intermediates which are 
then transported to the mitochondria to resynthesize NAD+, but 
the discovery of mitochondrial NAD+ transporters in bacteria, 
yeast, and plants encouraged researchers to look for its ortho-
dox in mammals [67-69]. Surprisingly, efforts to ensure con-
stitutive expression of plant mitochondrial NAD+ transporters 
(NDT2) in human (NDT2) cells were proven inadequate for their 
growth despite an increased NAD+ was recorded [70]. A detailed 
analysis of different transporters of mitochondrial NAD+ in hu-
mans is therefore central to enhance its influx for various bio-
logical pathways.

Connexin43-Mediating Intercellular NAD+ Traf-
ficking
Connexions, a large protein family of intercellular gap junction 
complexes, comprise about 21 members of the human genome. 
After their synthesis, connexions are primarily localized to the 
plasma membrane, performing various physiological and patho-
physiological roles [71]. Different isoforms of connexion, either 
heterogenic or homomeric, possess membrane-spanning struc-
tures that produce gap junction channels in the adjacent cells 
allowing coupling and intercellular communication [72]. Among 
these, connexin43 (Cx43) is the most expressed and, there-
fore, the most extensively studied protein, which, to our sur-
prise, also exhibits several gap-junction-independent roles. The 
multitude of gap-dependent and gap-independent functions 
of Cx43 is believed to be because of the distinctive processing 
of Cx43 transcripts (alternate splicing) and proteins (alternate 
translation). Consequently, fragments of variable length, each 
with a unique subcellular destination and biological activity are 
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produced [73]. Although the functions of connexions like en-
hanced apoptosis and inhibited cellular proliferation are con-
sidered toxic; the intercellular transfer of NAD+ is their most in-
teresting function for healthcare staff [74-79]. By regulating the 
trafficking of extracellular NAD+, Cx43 facilitates mitochondrial 
performance and, therefore, is the centre of focus in treating 
critical diseases. Studies providing evidence for the function of 
connexion as a transporter of an intact nucleotide (e.g., NAD+) 
in no coupled/isolated cells started to emerge at the end of the 
previous century. For instance, the NAD+ transport property of 
Cx43 was also unequivocally proved in proteoliposomes recon-
stituted with the same Cx43 proteins. Moreover, there is evi-
dence that localization of Cx43 to the mitochondrial membrane 
happens, i.e., the shuffling of cytosolic Cx43 was recorded un-
der ischemic insult due to the expression of heat shock protein 
[80]. It was further revealed that upon reaching mitochondria, 
Cx43 is imported to the inner membrane of mitochondria and 
functions to improve potassium influx and respiration [81]. In 
addition, the discovery of channel-independent functions of 
Cx43, such as assistance in the intercellular transport of mi-
tochondria, indicated the crucial role this protein performs in 
repairing damaged tissues in the course of physiological and 
environmental stress. As the size of Cx43 is not enough to work 
as passageway for mitochondrial movement, it still contributes 
to the process by binding to the docked membranes of neigh-
bouring cells while acting as a stabilizer [82]. Since the shuffling 
of cytosolic Cx43 to mitochondria was recognized in the myo-
cardial cells during ischemia-reperfusion preconditioning (IPC), 
its molecular function in a context other than IPC in both the 
myocardial and non-myocardial cells remains to be elucidated. 
However, the functioning of mitochondrial localized Cx43 as a 
mediators of potassium influx, mitochondrial uncoupling, and 
generation of ROS ensures the mitochondrial integrity [73]. 
Thus, to assure the import of intact NAD+ supplements into 
the cells and improved mitochondrial performance, the use 
of Cx43-based medical intervention sounds promising to treat 
metabolic conditions associated with aging.

Slc25a51-A Regulator of NAD+ Import in the Mi-
tochondria
Members of mitochondrial carriers (solute carrier family SLC25) 
facilitate the Trans membrane transport of biologically active 
molecules to maintain cellular homeostasis and energy conver-
sion. The transport of these solutes is crucial for processes such 
as oxidative phosphorylation of carbohydrates and fats, heat 
production, synthesis of heme and iron clusters, etc. The pres-
ence of mitochondrial NAD+ transporters in mammals was con-
sidered controversial, but the discovery of their counterparts 
in other organisms like yeast and plants provoked research-
ers to intensify their search [67,69]. Recently, the function of 
SLC25A51 was identified as a mammalian transporter for mito-
chondrial NAD+. A loss in its expression caused reduced levels of 
mitochondrial NAD+ and mitochondrial respiration; whereas an 
increase in its expression helped cells regain NAD+ levels [80]. 
The authors of the study used biosensors to demonstrate de-
creased NAD+ content in the tumour cells other groups demon-
strated similar findings [65,84]. Mitochondria require NAD+ to 
carry out the essential processes that generate fuel for respira-
tion and facilitate cellular energy transduction. Thus, up to 70% 

of cellular NAD+ is localized in the mitochondria, where ATP syn-
thesis occurs during the mitochondrial electron transport chain 
(mETC). The observation that the absence of SLC25A51 has re-
duced the proportion of NAD+ in mitochondria but not in other 
cellular components further signified the existence of SLC25A51 
specifically as a transporter for mitochondrial NAD+ [83]. The 
functional relevance of this gene was made clear from a data 
mining case study for 341 cell lines where this so-far unstud-
ied gene (SLC25A51) was noticed to hold a position among the 
cluster of genes that affect processes like mETC [65]. Two oth-
er members of the SLC25 family, i.e., SLC25A52 and SLC25A53, 
have sequence identity with that of SLC25A51, but their ex-
pression across tissues and frequent cell lines is reported to be 
limited. On the other hand, the localization of SLC25A51 in the 
mitochondrial inner membrane was affirmed with super-reso-
lution microscopy, even though this membrane was previous-
ly considered impermeable to NAD+. In addition to NAD+ and 
NADH, the contents of TCA cycle intermediates such as cis-aco-
nitate, α-ketoglutarate, and malate, and a loss in specific activ-
ity of complex 1 of mETC decrease in SLC25A51-deficient cells 
[65]. It is noteworthy; however, that depletion of redox cofactor 
(NAD+) in SLC25A51-null cells enhanced their dependence on 
the other, i.e., flavin adenine dinucleotide (FAD).

Evidence for the Therapeutic Potential of In-
creased NAD+ Content
The high NAD+ contents exert protective effects in treating isch-
emic strokes and cardiovascular and neurodegenerative diseas-
es [12,85]. However, the small-scale clinical trials investigating 
the effects of deliberate doses of NAD+ precursors have shown 
mixed results for Parkinson’s and Alzheimer’s diseases. Similar-
ly, the use of NAD+ precursors to cure metabolic conditions like 
muscular composition, exercise capacity, insulin resistance, di-
abetes type 1, and lipid profile demonstrate positive to no ben-
efits [86-88]. The upregulated levels of NAD+ were also shown 
to protect against keratosis and photoaging by facilitating the 
activity of NAD+-dependent PARP enzymes to repair damaged 
DNA [89-90]. In another study of NR supplementation as NAD 
boosting molecule, the increased NAD levels ameliorated met-
abolic dysfunction in obese mice while enhancing their energy 
metabolism [46]. 

DISCUSSION
Restored levels of NAD+ with NR supplements improved glucose 
intolerance in type II diabetic mice [56]. The elevated NAD+ as 
an intervention to intervene in various medical conditions, in-
cluding hypertension, schizophrenia, acute kidney damage, 
etc., is also reported. Still, it should be noted that most of the 
mentioned diseases are addressed by following a single trial 
study. Further trials to reproduce the positive effects of NAD+ 
are still in progress. Therefore, it will be early to conclude which 
mode of escalating NAD+ content, i.e., NAD+ precursors or intact 
NAD+, is more efficient in preventing NAD+ deficiency-associat-
ed diseases. Here, we suggest increasing the number of clinical 
trials administrating intact oral NAD (H) and those supplement-
ing precursors for NAD+ biosynthesis to promptly identify the 
therapeutic intervention that has a solid potential to cure mul-
tiple health issues in less time. (Figure 5).
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Figure 5: Integration of previous and recent discoveries to demon-
strate the routes of 742 mitochondrial NAD+. Previously, the mitochon-
drial membrane was considered 743 impermeable to transport intact 
NAD+, and precursors like NMN supported synthesizing 744 NAD+ 
specifically in mitochondria. Recent findings indicate that extracellular 
NAD+ may 745 enter the cell via the connexin proteins (Cx43) and fur-
ther localized to mitochondria via 746 mitochondrial carrier family pro-
teins (SLC25A51). Hence, we propose that increased 747 expressions 
of these transporters by targeting their particular genes may facilitate a 
rapid 748 intake of intact NAD+ supplements. The abbreviations for the 
precursors, intermediates, and 749 enzymes related to NAD+ metabo-
lism have been explained in the text.

CONCLUSION
Biological aging is related to mitochondrial activity at a cellular 
level, which ultimately depends on the available NAD+ content. 
Mitochondrial NAD+ influences ATP production while acting as 
a co-factor and co-substrate for a rising list of enzymes. Due to 
competition among the enzymes that require NAD+ as a cofac-
tor (redox reactions) and those that require it as co-substrate 
(non-redox reactions), cells usually face depleted pools of this 
essential dinucleotide. It has become clear that NAD+ decline is 
the primary root cause to limit organismal lifespan with aging. 
The results for small-scale human clinical trials support using 
NAD+ boosting strategies as age effective interventions to bol-
ster the metabolic machinery. However, the results of small-
scale human clinical trials are promising. Unfortunately, replen-
ishing NAD+ pools is not as simple as taking the supplements 
but requires the targeted localization of exogenous NAD+ to the 
desired organelle, i.e., the inner membrane of mitochondria. A 
better understanding of the import of the intact NAD+ via re-
cently discovered transporters, i.e., members of connexions 
and solute carrier family, aligns well with the long-desired goal 
of longevity. Thus, an efficient strategy to enhance mitochon-
drial performance and hence, age-related diseases must en-
sure a rapid intracellular influx of intact NAD+, or NAD (H) with 
supplements after knowing their safety dose profile. Extended 
translation of such a strategy will involve designing methods to 
increase the expression of the NAD+ transporters at transcrip-
tional and post-transcriptional levels. It will lay its groundwork 
to treat age-related disorders better and enhance healthy lon-
gevity. We are at an exciting time of this century where have 
molecular tools like crisper to effectively examine the efficiency 
of NAD+ transporters in preventing degenerative diseases re-
lated to aging by developing their gene-deficient or gene-over 
expressive cell lines. 
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