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Abstract: Recently published data indicate that elevated circulating concentrations of
N1-methyl-2-pyridone-5-carboxamide (2PY, also described as Met2PY) and N1-methyl-4-
pyridone-5-carboxamide (4PY, also described as Met4PY), terminal catabolites of nicoti-
namide adenine dinucleotide (NAD+), are associated with cardiovascular disease (CVD)
risk in humans. Previously, we and the others have shown that patients with advanced
stages of chronic kidney disease (CKD) exhibit several-fold higher circulating 2PY and 4PY
concentrations compared to healthy subjects or patients in the early stages of the disease. It
is also well documented that patients with advanced CKD stages exhibit markedly elevated
CVD risk, which is the main cause of premature death (in these patients). Therefore, we
hypothesize that high concentrations of circulating 2PY and 4PY are important factors that
may contribute to cardiovascular events and, ultimately, premature death in CKD patients.
However, further, accurately controlled clinical research is needed to provide definitive
answers concerning the role of 2PY and 4PY in CVD risk in CKD patients. Moreover, we
are dealing with some issues related to the use of NAD+ precursors (NAD+ boosters) as
drugs (also in CKD patients) and/or supplements. Due to the increase in circulating 2PY
and 4PY levels during treatment with NAD+ boosters, these precursors should be used
with caution, especially in patients with increased CVD risk.
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1. Introduction
In mammals, nicotinamide adenine dinucleotide (NAD+) and nicotinamide ade-

nine dinucleotide phosphate (NADP+) play two very important functions. One is redox
homeostasis—strictly associated with energy production (mainly NAD+/NADH) and syn-
thesis of many metabolites and detoxification (mainly NADP+/NADPH). The other one is
the signaling role [1].

NAD+ is reduced to NADH during the catabolism of carbohydrates, lipids, and
proteins, primarily in (a) glycolysis, (b) fatty acid β-oxidation, and (c) amino acid oxidation,
respectively. NADH formed in these processes serves as a hydride donor for ATP synthesis
through oxidative phosphorylation in mitochondria. Moreover, pyruvate formed from
glucose during glycolysis or from certain amino acids is transported into mitochondria,
where it is oxidized to acetyl-CoA, CO2, and NADH. NADH is further oxidized by the
mitochondrial respiratory chain, which is associated with ATP production. Acetyl-CoA,
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formed from pyruvate, fatty acids, and some amino acids, is metabolized in the tricarboxylic
acid cycle to CO2. The metabolism of acetyl-CoA to CO2 is associated with the reduction
of NAD+ to NADH + H+ (by tricarboxylic acid cycle dehydrogenases). NADH formed
in the tricarboxylic acid cycle serves as a hydride donor for ATP synthesis via oxidative
phosphorylation in mitochondria.

NADPH formed in the phosphogluconate pathway (by glucose 6-phosphate dehydro-
genase and 6-phosphogluconate dehydrogenase) and other processes (for instance, in the
reaction catalyzed by malic enzyme) serves as a hydride donor in the biosynthesis of many
molecules, including fatty acids, cholesterol, steroid hormones, and bile acids. Moreover,
NADPH plays an important role in the generation of vascular protective factors and in
protection against oxidative stress [2,3].

In addition to its redox role and energy production, briefly presented above, NAD+

is a substrate for many other enzymes, including (a) poly(ADP-ribose) polymerase (EC
2.4.2.30); (b) ADP-ribosyltransferase (EC 2.4.2.31); (c) sirtuins (SIRTs)—histone deacetylases;
and (d) ADP-ribosyl cyclases. Generally, in these processes, NAD+ plays a signaling role.

Poly(ADP-ribose) polymerase (PARP) is a family of enzymes involved in numerous
cellular processes, including DNA repair, genomic stability, and programmed cell death [4].
Some PARPs, specifically PARP1, PARP2, PARP5A, and PARP5B, catalyze the transfer of
ADP-ribose fragments from NAD+ onto target proteins, forming ADP-ribose chains, as
described by the following chemical reaction [1]:

(ADP-D-ribosyl)n protein acceptor + NAD+ → (ADP-D-ribosyl)n + 1 protein acceptor + nicotinamide + H+

In this process, the ADP-D-ribosyl group of NAD+ is transferred to the 2′ position of
the terminal adenosine moiety, building up a polymer with a chain length of 20–30 units [1].

However, some of the other PARPs catalyze the transfer of only one ADP ribose from
NAD+ onto target proteins according to the following chemical reaction:

protein acceptor + NAD+ → (ADP-D-ribosyl) − protein acceptor + nicotinamide + H+

Emerging evidence suggests that cellular stress, which is associated with numerous
pathologies, triggers accelerated consumption of NAD+ via PARP [5,6].

ADP-ribosyltransferase (EC 2.4.2.31), also known as mono-ADP-ribosyltransferase,
transfers an ADP-ribose residue from NAD+ to a specific protein (specifically onto certain
amino acid residues, mainly arginine; however, cysteine and asparagine can also serve as
acceptors of the ADP-ribose residue) [7], according to the following reaction:

L-arginyl − [protein] + NAD+ → N(omega)-ADP-D-ribosyl L-arginyl − [protein] + nicotinamide + H+

ADP-ribosylation often leads to specific protein inactivation. Thus, ADP-ribosylation
is a molecular mechanism to inhibit protein function [7].

The sirtuin (SIRT) protein family are NAD+-dependent histone deacetylases (HDACs)
[EC 3.5.1.98]. HDACs remove acetyl groups from N(6)-acetyl-lysine residues on a histone
(or other proteins) according to the following reaction:

N(6)-acetyl-L-Lysyl [histone or other proteins] + H2O → L-Lysyl [histone or other proteins] + acetate

The HDAC family is involved in numerous pathologies [8]. In general, HDACs
play an important role in the regulation of transcription and cell proliferation [8]. More-
over, some sirtuins (for instance, SIRT6) can function as NAD+-dependent mono-ADP-
ribosyltransferases [8].

Overall, in mammals, NAD+ is an essential coenzyme in hundreds of oxidoreductases
involved in redox reactions related to energy metabolism [9]. Moreover, NAD+ is utilized
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by DNA repair enzymes such as poly(ADP-ribose) polymerase, protein deacylases (sirtuins,
SIRTs), ADP-ribosyltransferase, and ADP-ribosyl cyclase [9]. It should be noted that one
product of these reactions is nicotinamide (NAM), which can recycle into NAD+ or be
metabolized to N1-methyl-2-pyridone-5-carboxamide (2PY) and N1-methyl-4-pyridone-5-
carboxamide (4PY) (for details, see below).

ADP-ribosyl cyclase CD38 (EC 3.2.2.6), sometimes called an ADP-ribosyl cyclase/cyclic
ADP-ribose hydrolase, is a bifunctional enzyme that catalyzes both the synthesis and hy-
drolysis of cyclic ADP-ribose, a calcium messenger that can mobilize intracellular Ca2+

stores and activate Ca2+ influx to regulate a wide range of physiological processes [10].
NAD+ deficiency may contribute to numerous pathologies such as metabolic and

neurodegenerative diseases, including age-related vascular dysfunction [11]. Aging is the
primary condition in which NAD+ levels significantly decrease [11]. Moreover, numerous
studies have suggested that NAD+ levels are related to various chronic metabolic distur-
bances, including non-alcoholic fatty liver disease, diabetes, kidney diseases, Alzheimer’s
disease, and related dementias [12]. It has also been shown that the supplementation of
some precursors of NAD+ increases intracellular NAD+ levels in various tissues and pre-
vents metabolic diseases [12]. Collectively, several precursors of NAD+, including nicotinic
acid (NA), NAM, and MNAM (N1-methylnicotinamide, see Figure 1), have been used
to treat numerous pathologies in both clinical and experimental conditions [12,13]. The
results published so far suggest that NAD+ precursors can act as potential therapeutic
agents in several pathologies, including aging-related body dysfunctions [11,12]. Recently,
NAD+ homeostasis and the effect of NAD+ level and NAD+-dependent enzyme activity
on chronic low-grade inflammation and improving oxidative metabolism in vascular cells
have been reported [14].
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In mammals, the catabolism of NAD+ and its precursors, including NAM and NA,
leads to the formation of numerous catabolites, such as 2PY and 4PY, which can serve as ex-
cretory forms of vitamin B3 [15]. Under pathological conditions like chronic kidney disease
(CKD), circulating 2PY and 4PY are several times higher than in healthy subjects [16,17].
Recently published data suggest that 2PY and 4PY increase cardiovascular risk, indepen-
dent of traditional CVD risk factors such as high total and LDL cholesterol concentrations,
smoking, and diabetes [18]. Thus, one can hypothesize that any factor increasing circulating
2PY and 4PY concentrations in humans, either through elevated synthesis (caused by the
increased amount of ingested NAD+ precursors) or decreased excretion (for instance, in
chronic kidney disease), could be associated with cardiovascular disease (CVD).

In this review, we summarize recent advances regarding NAD+ synthesis and degra-
dation, highlighting the role of high concentrations of 2PY and 4PY (the two main NAD+

terminal catabolites) in increasing CVD events and premature death in CKD patients. We
also hypothesize that NAD+ precursors, such as NA, which has been used (and is still
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used) as an effective drug in CVD risk prevention, and NAM, applied in the treatment of
hyperphosphatemia in CKD patients, may increase 2PY and 4PY levels and consequently
increase CVD risk. Therefore, we suggest that NAD+ precursors, as potential therapeutic
agents and/or dietary supplements, should be used with caution, especially in patients
with increased CVD risk.

2. NAD+ Precursors Ingested by Humans
NAM is an essential component of NAD+ and NADP+. In mammals, approximately

10% of intracellular NAD+ is converted to NADP+ in the reaction NAD+ + ATP → NADP+

+ ADP, catalyzed by NAD kinase (EC 2.7.1.23). In turn, NADP+ can be dephosphorylated
to NAD+ (according to the reaction NADP+ + H2O → NAD+ + Pi) by NADP+ phos-
phatases [19,20].

NAM, the predominant form of vitamin B3, is a water-soluble amide derivative of
NA. Vitamin B3 is a common term for NA, NAM, and their derivatives that exhibit the
biological activity of NAM. All these compounds are often called niacin, although niacin
may also refer specifically to NA. Sometimes, vitamin B3 is also defined as the dietary NAD+

precursor, other than tryptophan. Vitamin B3 is generally highly bioavailable from foods
of both animal and plant origin; however, bioavailability from some plants is relatively
lower. It is mainly found in meat (beef and poultry), liver, fish, legumes, nuts, grain
products, vegetables, and some cereals [21]. Vitamin B3 deficiency is generally uncommon
in developed countries, except for specific groups in the population (e.g., vegans, patients
affected by eating disorders, Crohn’s disease, gastrointestinal infections, excessive alcohol
use, or cancer). Deficiency, if it occurs, causes pellagra, an endemic disease associated
with dementia, diarrhea, and dermatitis [22]. The storage of this vitamin in the human
body is minimal, and excess is rapidly excreted, primarily in urine. Therefore, vitamin
B3 needs to be constantly supplied by the diet to maintain homeostatic levels required
for normal metabolism. Importantly, plasma vitamin B3 concentrations are markedly
higher in children compared to adults [23]; however, the mechanisms responsible for this
phenomenon are not yet fully understood.

3. NAD+ Synthesis Pathways in Mammals
The data presented above clearly indicate that NAD+ plays a vital role in mammals.

Therefore, the intracellular levels of NAD+ must be tightly regulated by its biosynthesis and
consumption processes. Disruption of this homeostasis could lead to significant changes
in intracellular NAD+ levels and, consequently, to disturbances in many biochemical
and physiological processes. For instance, some results suggest that dysregulation of
NAD+ metabolism might contribute to obesity, metabolic syndrome, diabetes, and diabetic
complications [24]. A significant decrease in intracellular NAD+ levels has been found in
aging, which is closely linked to a reduction in mitochondrial function [25]. Therefore, it is
tempting to speculate that the decrease in intracellular NAD+ concentration is associated,
at least in part, with the markedly lower levels of plasma vitamin B3 in adults compared to
children [23].

In mammals, NAD+ is synthesized through two processes: (a) from NAM, NA, NR
(nicotinamide ribose), and nicotinamide mononucleotide (NMN) (via a process called the
salvage pathway; see Figure 2), and (b) from dietary tryptophan (via a process called the
de novo pathway; see Figure 3).



Int. J. Mol. Sci. 2025, 26, 4463 5 of 22

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 5 of 23 
 

 

can be obtained through supplements [26]. It should be noted that among the dietary pre-
cursors of NAD+, only NA is associated with a transient vasodilatory reaction (flushing 
induction), caused by COX-2-dependent prostanoid formation [27]. 

 

Figure 2. NAD+ synthesis through the salvage pathway. NA—nicotinic acid; NAAD—nicotinic acid 
adenine dinucleotide; NAD+—nicotinamide adenine dinucleotide; NADP+—nicotinamide adenine 
dinucleotide phosphate; NAM—nicotinamide; NAMPT—nicotinamide phosphoribosyltransferase; 
NADK—NAD+ kinase; NADS—glutamine-dependent NAD+ synthetase; NAPRT—nicotinate phos-
phoribosyltransferase; NMN—nicotinamide mononucleotide; NMNAT—nicotinamide mononucle-
otide adenylyltransferase; NRK—nicotinamide riboside kinase. 

In mammalian cells, the main precursor of NAD+ is nicotinamide (NAM) [20], which 
is converted to NMN by nicotinamide phosphoribosyltransferase (NAMPT), the rate-lim-
iting enzyme in the NAD+ biosynthesis process, according to the reaction NAM + PRPP 
→ NMN + PPi [28]. In turn, NMN is converted to NAD+ by nicotinamide mononucleotide 
adenyltransferase (NMNAT), which catalyzes the reaction NMN + ATP → NAD+ + PPi 
[29]. It should be noted that stimulation of NMNAT activity leads to increased intracellu-
lar NAD+ levels [30]. NMN can also be formed from NR directly in the reaction NR + ATP 
→ NMN + ADP, catalyzed by riboside kinase [31], or indirectly into NAM by purine nu-
cleoside phosphorylase [32]. Finally, NAM is converted to NAD+ as described above. 
Moreover, NAM produced in the liver is used in this organ or can be released into the 
serum and then taken up by other organs as a substrate for NAD+ biosynthesis in the sal-
vage pathway [33]. 

Figure 2. NAD+ synthesis through the salvage pathway. NA—nicotinic acid; NAAD—nicotinic
acid adenine dinucleotide; NAD+—nicotinamide adenine dinucleotide; NADP+—nicotinamide
adenine dinucleotide phosphate; NAM—nicotinamide; NAMPT—nicotinamide phosphoribosyltrans-
ferase; NADK—NAD+ kinase; NADS—glutamine-dependent NAD+ synthetase; NAPRT—nicotinate
phosphoribosyltransferase; NMN—nicotinamide mononucleotide; NMNAT—nicotinamide mononu-
cleotide adenylyltransferase; NRK—nicotinamide riboside kinase.

As already mentioned, NAM is primarily found in meat, milk, eggs, fortified cereals,
and some supplements [26]. It is formed in cells by enzymes that consume NAD+. NA is
primarily found in meat, grains, fortified cereals, and supplements [26]. NR and tryptophan
(as a protein component) are found in meat, eggs, fish, and cheese [26]. Finally, NMN can be
obtained through supplements [26]. It should be noted that among the dietary precursors
of NAD+, only NA is associated with a transient vasodilatory reaction (flushing induction),
caused by COX-2-dependent prostanoid formation [27].

In mammalian cells, the main precursor of NAD+ is nicotinamide (NAM) [20], which is
converted to NMN by nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting
enzyme in the NAD+ biosynthesis process, according to the reaction NAM + PRPP → NMN
+ PPi [28]. In turn, NMN is converted to NAD+ by nicotinamide mononucleotide adenyl-
transferase (NMNAT), which catalyzes the reaction NMN + ATP → NAD+ + PPi [29]. It
should be noted that stimulation of NMNAT activity leads to increased intracellular NAD+

levels [30]. NMN can also be formed from NR directly in the reaction NR + ATP → NMN +
ADP, catalyzed by riboside kinase [31], or indirectly into NAM by purine nucleoside phos-
phorylase [32]. Finally, NAM is converted to NAD+ as described above. Moreover, NAM
produced in the liver is used in this organ or can be released into the serum and then taken up
by other organs as a substrate for NAD+ biosynthesis in the salvage pathway [33].

NA is converted to nicotinic acid mononucleotide (NAMN) in the reaction NA + PRPP
→ NAMN + PPi, catalyzed by nicotinic acid phosphoribosyltransferase (NAPRT) [29].
NAMN, in turn, is converted to nicotinic acid adenine dinucleotide (NAAD) in the reaction
2NAMN + ATP → NAAD + PPi. In the final step, NAAD is converted to NAD+ in a
reaction catalyzed by glutamine-dependent NAD+ synthetase. This enzyme catalyzes the
following reaction: Deamido-NAD+ (NAAD) + L-glutamine + ATP + H2O → NAD+ +
L-glutamate + AMP + PPi. Figure 2 presents NAD+ (and NADP+) synthesis through the
salvage pathway. It should be noted that in the literature, the conversion of NA to NAMN
and further to NAAD is referred to as the Preiss–Handler pathway [13].
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Figure 3. NAD+ synthesis through the de novo pathway. ACMSD—aminocarboxymuconic semi-
alhedyde decarboxylase; AMID—N-formylkynurenine formamidase; AMS—aminomuconic semi-
aldehyde; HAAO—3-hydroxyanthranilate 3,4-di-oxygenase 2; IDO—indoleamine 2,3-dioxygenase;
KMO—kynureine 3-monooxygenase; KYNU—kynureninase; NAAD—nicotinic acid adenine din-
ucleotide; NAD+—nicotinamide adenine dinucleotide; NADS—glutamine-dependent NAD+ syn-
thetase; NAMN—nicotinic acid mononucleotide; NMNAT—nicotinamide mononucleotide adenylyl-
transferase; PPi—pyrophosphate; PRPP—phosphoribosyl pyrophosphate; QPRT—quinolate phos-
phoribosyl transferase; TCA—tricarboxylic acid cycle; TDO—tryptophan 2,3-dioxygenase.
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It should be added that NAD+ content in endothelium can be modulated also by the
extracellular conversion of NMN and NR by CD73 [34].

In the liver, which is the only organ that possesses all the enzymes required for de novo
NAD+ synthesis, tryptophan is metabolized to quinolinic acid (QA). In the first step of de
novo NAD+ synthesis, tryptophan is converted to N-formylkynurenine by tryptophan-2,3
dioxygenase (primarily in the liver) or by indoleamine 2,3 dioxygenase in extrahepatic
tissues, including endothelial cells [35]. Next, N-formylkynurenine is converted through
a series of steps (kynurenine → 3-hydroxykynurenine → 3-hydroxy-anthranilic acid →
aminocarboxymuconic semialdehyde → quinolinic acid) to NAMN [36]. Finally, NAMN is
converted to NAD+ via NAAD (Figure 3).

An important regulator of the conversion of tryptophan to NAD+ is α-amino-β-
carboxy-muconate semialdehyde decarboxylase (ACSMD), a key checkpoint in de novo
NAD+ synthesis. This enzyme converts the unstable aminocarboxymuconic semialdehyde
(ACMS) to aminomuconic semialdehyde (AMS). AMS can then be enzymatically converted
to CO2 (via glutaryl-CoA → acetyl-CoA → tricarboxylic cycle) or non-enzymatically to
picolinic acid, which is subsequently converted to NAD+ (Figure 3). Low ACSMD activity
allows ACMS to convert non-enzymatically to quinolinic acid, eventually leading to NAD+

synthesis. In contrast, elevated ACSMD activity prevents the conversion of ACMS to NAD+
by shifting the pathway towards AMS formation.

Importantly, pharmacological inhibition of ACSMD has been shown to increase de
novo NAD+ synthesis, enhance mitochondrial function (evidenced by increased expression
of genes encoding citrate synthase and enzymes involved in oxidative phosphorylation),
and improve health [37]. Thus, ACSMD could be a potential drug target to influence
intracellular NAD+ levels.

It should be noted that the synthesis of NAD+ from NAM requires only two steps,
while from NA, it requires three steps (Figure 2). In contrast, the de novo synthesis of
NAD+ from tryptophan follows an eight-step pathway (Figure 3). Interestingly, deficiency
of quinolinate phosphoribosyltransferase, a key enzyme in converting tryptophan to NAD+,
does not significantly affect NAD+ levels in the liver or other mouse organs [38].

Thus, it can be concluded that in mammals, NAD+ synthesis predominantly occurs
through the salvage pathway. However, some evidence suggests that the de novo NAD+

synthesis pathway becomes more active, particularly during aging and inflammation [39].
Therefore, it can be assumed that NAD+ synthesis in mammals can switch between the
salvage and de novo pathways depending on pathophysiological conditions.

4. NAD+ and NAM Catabolism and Excretion of Formed Catabolites
Under physiological conditions, NAM that is not recycled into NAD+ is primarily

metabolized into N1-methyl-2-pyridone-5-carboxamide (2PY) and N1-methyl-4-pyridone-
5-carboxamide (4PY) (Figure 4). This process occurs in the cytosol and starts with the
methylation of NAM to form N1-methylnicotinamide (MNAM; see Figure 4). The enzyme
responsible for this reaction is nicotinamide N-methyltransferase (NNMT), which uses
S-adenosyl-L-methionine (SAM) as a methyl donor [40]. The reaction catalyzed by this
enzyme is as follows:

NAM + SAM → MNAM + SAH

where SAM—S-adenosylmethionine and SAH—S-adenosylhomocysteine.
It should be noted that NNMT activity can affect intracellular NAD+ level and, con-

sequently sirtuin activity, which exerts an important role in the prevention of vascular
aging [41].
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Figure 4. Catabolism of NAD+ to 2PY, 4PY, and nicotinamide N-oxide. 2PY—N-methyl-2-
pyrdone-5-carboxamide; 4PY—N-methyl-2-4yrdone-5-carboxamide; CYP2E1—cytochrome 2E1
(P450 cytochrome); NAD+—nicotinamide adenine dinucleotide; NAM—nicotinamide; NAMPT—
nicotinamide phosphoribosyltransferase; NMN—nicotinamide mononucleotide; NMNAT—
nicotinamide mononucleotide adenylyltransferase; NNMT—nicotinamide N-methyltranserase;
SAH—S-adenosyl-L-homocysteine; SAM—S-adenosyl-L-methionine.

In turn, N1-methylnicotinamide (MNAM) is further oxidized by aldehyde oxidase
into two related compounds: N1-methyl-2-pyridone-5-carboxamide (2PY) and N1-methyl-
4-pyridone-5-carboxamide (4PY). Both MNAM and its metabolites, 2PY and 4PY, formed
during the catabolism of NAM, can be excreted in urine [40].

The scheme of the conversion of NAM (formed from NAD+ and NAD+ precursors) to
2PY, 4PY, and nicotinamide N-oxide is presented in Figure 4.
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Moreover, in the human liver endoplasmic reticulum, NAM is oxidized to nicoti-
namide N-oxide (3-pyridinecarboxamide 1-oxide), mainly by the enzyme CYP2E1 [42].
Nicotinamide N-oxide is also eliminated in the urine [40] (Figure 4). It is important to
note that CYP2E1 is also involved in ethanol metabolism, precisely in the conversion of
ethanol to acetaldehyde [43]. This suggests that excessive ethanol consumption might
interfere with NAM (and NAD+) metabolism, particularly the conversion of NAM to nicoti-
namide N-oxide. Under physiological conditions, conversion of NAM to 2PY and 4PY is
quantitatively predominant in NAM (and its precursors, including NAD+) catabolism and
elimination. However, when very high levels of NA are used for treating hyperlipidemia,
NAM is also metabolized to nicotinamide N-oxide [44].

5. Potential Pathophysiological Function of NAD+ Metabolites in
CKD Patients

Recently, it has been shown that in humans, two terminal metabolites of NAD+,
nicotinamide and nicotinic acid—namely, 2PY and 4PY—are clinically associated with
cardiovascular disease (CVD), independent of traditional risk factors [18]. Moreover,
genome-wide association studies and other functional studies indicate that a variant within
the ACSMD gene (the gene encoding α-amino-β-carboxy-muconate semialdehyde decar-
boxylase, which controls the rate of conversion of tryptophan to NAD+; see Figure 3) is
significantly associated with blood concentrations of 2PY and 4PY and with sVCAM-1
levels [18]. Furthermore, 4PY (but not 2PY) enhances endothelial cell activation and VCAM-
1 gene expression (measured both at the mRNA and protein levels) [18]. These results
suggest that elevated circulating levels of 2PY and, especially, 4PY—terminal catabolites of
NAD+, NAM, NA, and other precursors of NAD+—could be linked to the pathogenesis of
CVD, possibly via an inflammatory pathway that increases endothelial cell VCAM-1 gene
expression.

Thus, it is likely that any factor increasing circulating 2PY and 4PY concentrations
(either through elevated synthesis or decreased excretion) may be associated with cardio-
vascular disease (CVD). Chronic kidney disease (CKD) is a pathology in which circulating
2PY and 4PY are several times higher, both in adults and children, and this condition
typically persists for many years [16,45–48]. A significant positive correlation was found
between plasma 2PY and 4PY levels and creatinine concentration (marker of renal function).
Moreover, (a) a single hemodialysis treatment was associated with a significant, though
temporary, reduction in plasma 2PY and 4PY, and (b) successful kidney transplantation
was associated with the return of circulating 2PY and 4PY concentrations to values sim-
ilar to those present in healthy subjects. The elevated concentrations of circulating 2PY
and 4PY in CKD patients are possibly due to impaired elimination of metabolites by the
kidneys [16,49]. Additionally, using an experimental model of CKD, we found that 2PY
and 4PY accumulate not only in the blood but also in various organs of uremic rats [16].
Thus, it is very likely that similar changes occur in CKD patients. We have also shown
that 2PY inhibits PARP activity in vitro [16]. Based on these data, more than 20 years ago,
we proposed that 2PY could be a uremic toxin [16]. However, thus far, no clear data have
been published indicating that terminal NAD+ catabolites are harmful to the human body.
To the best of our knowledge, only one study has shown that patients with the highest
circulating 2PY concentrations have a higher risk of initiating dialysis [50]. This effect has
not been confirmed after adjustments for age or CKD stages [50]. Therefore, further studies
involving large groups of CKD patients are needed to resolve this issue.

If 2PY and 4PY are indeed responsible for the increased CVD risk, as suggested by
the authors of the aforementioned study [18], one would expect that such a condition (i.e.,
elevated levels of 2PY and 4PY lasting for several years) would be very harmful to CKD
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patients. Recent findings indicate that elevated circulating concentrations of 2PY and 4PY
are strongly associated with an increased risk of CVD [18]. Therefore, one could conclude
that these results may provide an explanation for the association between CKD and CVD in
CKD patients. It is well documented that patients with CKD exhibit elevated cardiovascular
risk, including coronary artery disease, heart failure, arrhythmias, and sudden cardiac
death [51]. Moreover, patients with advanced stages of CKD exhibit a markedly higher
CVD risk, which is the leading cause of premature death in these individuals [51]. It should
be noted that patients with advanced CKD stages have significantly elevated circulating
2PY and 4PY concentrations compared to those in the early stages of the disease [16,50].
Furthermore, CKD is associated with a chronic inflammatory state, which contributes to
vascular and myocardial remodeling processes [51]. Thus, it is tempting to speculate that
elevated levels of circulating 2PY and 4PY might contribute to cardiovascular events in
CKD patients. Moreover, the findings suggest that elevated concentrations of 2PY and 4PY
could contribute to CVD via increased VCAM1 gene expression and leucocyte adherence
to the vascular wall and, finally, vascular inflammation (a critical component of CVD) [18]
supports the hypothesis that 2PY could indeed be a uremic toxin [16]. Figure 5 presents a
scheme illustrating the proposed mechanistic hypothesis of high concentrations of 2PY and
4PY in CKD on CVD.

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 10 of 23 
 

 

proposed that 2PY could be a uremic toxin [16]. However, thus far, no clear data have 
been published indicating that terminal NAD+ catabolites are harmful to the human body. 
To the best of our knowledge, only one study has shown that patients with the highest 
circulating 2PY concentrations have a higher risk of initiating dialysis [50]. This effect has 
not been confirmed after adjustments for age or CKD stages [50]. Therefore, further stud-
ies involving large groups of CKD patients are needed to resolve this issue. 

If 2PY and 4PY are indeed responsible for the increased CVD risk, as suggested by 
the authors of the aforementioned study [18], one would expect that such a condition (i.e., 
elevated levels of 2PY and 4PY lasting for several years) would be very harmful to CKD 
patients. Recent findings indicate that elevated circulating concentrations of 2PY and 4PY 
are strongly associated with an increased risk of CVD [18]. Therefore, one could conclude 
that these results may provide an explanation for the association between CKD and CVD 
in CKD patients. It is well documented that patients with CKD exhibit elevated cardio-
vascular risk, including coronary artery disease, heart failure, arrhythmias, and sudden 
cardiac death [51]. Moreover, patients with advanced stages of CKD exhibit a markedly 
higher CVD risk, which is the leading cause of premature death in these individuals [51]. 
It should be noted that patients with advanced CKD stages have significantly elevated 
circulating 2PY and 4PY concentrations compared to those in the early stages of the dis-
ease [16,50]. Furthermore, CKD is associated with a chronic inflammatory state, which 
contributes to vascular and myocardial remodeling processes [51]. Thus, it is tempting to 
speculate that elevated levels of circulating 2PY and 4PY might contribute to cardiovas-
cular events in CKD patients. Moreover, the findings suggest that elevated concentrations 
of 2PY and 4PY could contribute to CVD via increased VCAM1 gene expression and leu-
cocyte adherence to the vascular wall and, finally, vascular inflammation (a critical com-
ponent of CVD) [18] supports the hypothesis that 2PY could indeed be a uremic toxin [16]. 
Figure 5 presents a scheme illustrating the proposed mechanistic hypothesis of high con-
centrations of 2PY and 4PY in CKD on CVD. 

 

Figure 5. The potential role of elevated serum concentration of 2PY and 4PY on premature death of 
CKD patients. Based on data presented in [16,18]. 

Figure 5. The potential role of elevated serum concentration of 2PY and 4PY on premature death of
CKD patients. Based on data presented in [16,18].

Collectively, the results showing high circulating 2PY and 4PY concentrations in
CKD patients, along with the identification that these catabolites increase cardiovascular
risk [18], help explain why patients with advanced stages of CKD exhibit markedly elevated
CVD risk, which is the leading cause of death in these patients. However, whether high
circulating 2PY and 4PY truly contribute to CVD and excess mortality (or other adverse
effects) in advanced stages of CKD remains to be determined in future studies.

The general view on the role of elevated 2PY and 4PY in CKD patients presented
above seems to contrast with recent findings published by Yoshimura et al. [52]. They
suggested that terminal NAD+ catabolites, including 2PY, are not uremic toxins but may be
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potential therapeutic compounds that inhibit fibrosis and inflammation in a fibrotic kidney
mouse model [53]. Their conclusion is primarily based on the following observations:

(a) 2PY, 4PY, and nicotinamide N-oxide inhibit TGFβ1-induced fibrosis and inflam-
matory gene expression in kidney fibroblasts; (b) 2PY suppresses the expression of genes
encoding collagen (types I and III), αSMA, and IL-6 in kidney fibroblasts; (c) 2PY inhibits
TGFβ1-induced gene expression encoding collagen (type I) and IL-6 in renal tubular epithe-
lial cells; (d) no toxic effect of 2PY was observed in UUO (unilateral ureteral obstruction)
mice; and (e) the chemical structure of 2PY and 4PY shares similarities with pirfenidone, a
drug that inhibits collagen synthesis and fibroblast proliferation, used to treat idiopathic
pulmonary fibrosis [54] and diabetic kidney disease [55].

Moreover, it has been proposed that 2PY inhibits the NLRP3 pathway and macrophage
infiltration in inflammatory diseases, similar to pirfenidone [53]. NLRP3 is a multiprotein
complex that plays a crucial role in regulating the innate immune system and inflammatory
signaling in response to various stimuli [56]. One possible explanation for the discrepancy
discussed above could be the experimental model used by Yoshimura et al. [53]. Most of the
results presented by Yoshimura et al. were obtained using cell cultures (kidney fibroblasts,
renal tubular epithelial cells). Furthermore, the animals in Yoshimura et al.’s experiments
were treated with 2PY for only 7 days. It seems that a 7-day exposure to 2PY is too short a
period to induce conditions that would enable the development of cardiovascular disease
(CVD). Therefore, it may be premature to conclude that 2PY is not a uremic toxin based on
such a limited timeframe.

Finally, the question arises: can we prevent high concentrations of 2PY and 4PY
to ultimately limit the development of CVD in CKD patients? From a clinical point of
view, this is a very important question. Our previously reported data indicate that the
most effective way to decrease circulating 2PY and 4PY concentrations in CKD patients is
successful kidney transplantation, which reduces these concentrations to control levels [16].
Moreover, it has been shown that successful kidney transplantation is the most effective
intervention for reducing CVD risk in kidney transplant recipients [57]. However, it should
be emphasized that although CVD risk is significantly reduced, it remains the leading
cause of morbidity and mortality in kidney transplant recipients [58]. Overall, these
findings support, at least in part, the view that elevated circulating levels of 2PY and 4PY
in CKD patients may be only partially, if at all, responsible for the development of CVD in
this population.

A temporary decrease in circulating 2PY and 4PY concentration in CKD was also ob-
served in hemodialysis patients (2PY and 4PY concentrations decreased just after and increased
significantly 48 h after the end of treatment) [16]. Therefore, one could expect some positive
effect of hemodialysis on CVD risk. However, it has been shown that the incidence of CVD
in patients with CKD may increase several-fold in dialysis patients [59–61]. This is related to
many different factors, including dialysis-specific factors such as dialysis catheters, membrane
exposure, endotoxemia, and more rapid loss of residual kidney function. All these factors may
contribute to inflammation and oxidative stress, which may ultimately increase CVD risk in
hemodialyzed patients irrespective of circulating 2PY and 4PY concentrations. For this reason,
a temporary decrease in circulating 2PY and 4PY cannot decrease CVD risk in CKD patients.

Since NNMT plays an important role in 2PY and 4PY synthesis (see Figure 4), one
can conclude that inhibition of this enzyme may lead to a decrease in the circulating
concentration of 2PY and 4PY. Thus, it is tempting to speculate that NNMT inhibitors can
be used in clinical practice, for instance by CKD patients. Notably, several NNMT inhibitors
are already available and were suggested as a promising strategy for some pathological
conditions such as cancer, diabetes, obesity, and neurodegenerative diseases [62–64].
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6. Beneficial and Possible Adverse Side Effects of NAD+ Precursors
(NAD+ Boosters) Used as Therapeutic Agents or Supplements

Preclinical and clinical observations suggest that increasing intracellular NAD+ con-
centrations is linked to improvements in the physiological function of the human body.
NAD+ cannot be administered orally because it does not cross cell membranes. Therefore,
elevated intracellular concentrations can be achieved by supplementing the diet with its
precursors, mainly NAM, NA, NR, NMN, and tryptophan. Numerous preclinical studies in-
dicate the potential effectiveness of NAD+ precursors, including NAM, NMN, NR, and NA
supplementation, in preventing conditions such as (a) dementia, (b) stroke, (c) traumatic
brain injury, and (d) diabetes [65]. Moreover, it has been reported that NMN can improve
the imbalance of the NAD+/NADH ratio and recruit GSH to enhance GPX4-mediated
ferroptosis defense in UV-induced skin injury [66].

Several human clinical trials also have investigated the potential effectiveness of NAD+

precursors. In general, oral administration of NR to healthy volunteers has been shown
to increase (a) NAD+ and NAAD levels in peripheral blood mononuclear cells (PBMCs),
(b) NADH and NADPH levels in red blood cells (RBCs), and (c) NAD+ concentration
in whole blood. Moreover, some positive physiological effects were observed after NR
administration, with no serious adverse side effects reported [13]. In obese men with
metabolic disorders, oral administration of NR led to increased urinary concentrations
of NR, NAM, and MNAM. However, no improvement in insulin sensitivity, glucose
production, glucose disposal, or glucose oxidation was observed [13]. Notably, no serious
adverse side effects of NR administration were found in this group either. Additionally,
oral administration of NR combined with pterostilbene in healthy volunteers resulted in
increased NAD+ levels in whole blood. However, this group also exhibited an increase in
serum total and LDL cholesterol concentrations [13].

The results presented so far suggest that NAD+ precursors can serve as potential
therapeutic agents for various pathologies, including aging-related dysfunctions [11]. How-
ever, due to potential adverse side effects—such as an increased risk of CVD [18] and the
inhibition of PARPs and sirtuins—both NA and NAM should be used with caution [67].

Recently published results indicate that NMN supplementation increases skeletal
muscle insulin sensitivity in prediabetic and obese female adults [68] and has a positive
impact on physiological endurance and overall health in healthy adults [69]. Moreover,
it has been shown that oral administration of NMN, up to 900 mg per day for 60 days, is
safe and well tolerated [69]. The safety and anti-aging effects of NMN in human clinical
trials have also been recently reported. These findings suggest that NMN supplementation
increases NAD+ concentrations and may help mitigate aging-related disorders (including
oxidative stress, DNA damage, neurodegeneration, and inflammatory responses) [70].
Additionally, NMN administration (2 MIB-626 tablets each containing 500 mg of NMN
twice daily for 28 days) in overweight or obese patients (middle-aged and older adults)
led to an increase in circulating NAD+ catabolites, including 2PY [52]. The increased
circulating concentrations of NAD+ and 2PY were associated with reduced (a) circulating
total and LDL cholesterol and non-HDL cholesterol concentrations, (b) body weight, and
(c) diastolic blood pressure [52]. Although these results are interesting, the interpretation
of these findings is limited by its small sample size (30 patients) and short intervention
duration [52].

It should be noted that the administration of NAD+ precursors to patients has been
shown to increase circulating NAD+ catabolite ls including 2PY [18,52,68,71–73]. This raises
some concerns regarding the safety of using NAD+ boosters.

NAM is readily absorbed from the human gastrointestinal tract, with peak concen-
trations achieved approximately one hour after oral ingestion [74]. It has been used for
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many years to treat various disorders, including type 1 diabetes [74]. Based on numerous
clinical studies, the general conclusion is that NAM is safe; however, higher doses of this
drug should be considered as potentially detrimental [74]. Some data suggest that NAM
and its metabolite MNAM, when administered in high doses before alloxan exposure, can
protect mice from alloxan-induced diabetes [75]. In vitro studies using isolated peritoneal
mouse macrophages have demonstrated that NAM possesses anti-inflammatory proper-
ties [76]. These properties are attributed to NAM’s ability to reduce the synthesis of several
inflammatory mediators, including TNFα, IL-6, IL-10, IL-12p40, NO, and PGE2 [76].

NAM inhibits active intestinal phosphate transport and has been used to treat hy-
perphosphatemia in patients with CKD [17]. Its therapeutic effect is comparable to that
of sevelamer (SEV), an orally administered polymer/resin that binds dietary phosphate
in the gastrointestinal tract. SEV is commonly used by CKD patients on hemodialysis or
peritoneal dialysis to manage hyperphosphatemia [77]. Both drugs are equally effective
in reducing circulating phosphate concentrations. However, patients treated with NAM
exhibit very high circulating levels of 2PY, which may contribute to side effects such as
nausea, diarrhea, and thrombocytopenia—these adverse effects occur more frequently in
the NAM group compared to the SEV group [17]. These findings, particularly the occur-
rence of thrombocytopenia, suggest that high concentrations of 2PY could be detrimental.
Interestingly, thrombocytopenia has also been observed in clinical studies on niacin treat-
ment [78]. Notably, within one week of discontinuing niacin, platelet counts significantly
increase, returning to control levels approximately five weeks after drug cessation [78].

Some data suggest that MNAM (N1-methylnicotinamide) exerts antithrombotic activ-
ity [79] and prevents endothelial dysfunction in hypertriglyceridemic and diabetic rats [80].
It has been proposed that the anti-diabetic effects of MNAM may be linked to its vasopro-
tective activity [81]. Unlike NAM, the anti-inflammatory effects of MNAM are primarily
associated with its action on the vascular endothelium [76]. Furthermore, Brzozowski
et al. demonstrated the therapeutic potential of MNAM in protecting against acute gastric
lesions induced by stress [82].

Very recently the list of clinical trials on NAM in dermatological disorders has been
published [83]. These studies indicate the potential application of NAM in preventing
and treating numerous skin pathologies. Based on the anti-inflammatory actions of NAM
and MNAM, these compounds have been explored as treatments for certain skin diseases.
NAM was used to treat psoriasis [84] and rosacea (chronic facial dermatosis) [85]. Re-
cently published data indicate that several studies are underway to explore the potential
application of nicotinamide in preventing and treating various skin cancers and other skin
pathologies [83].

Moreover, alterations in circulating MNAM concentrations and urinary excretion
have been reported in numerous pathological conditions. For instance, serum and urinary
MNAM levels were significantly increased in patients with liver cirrhosis [86]. Additionally,
urinary excretion of MNAN and 2PY was also significantly elevated in these patients [86].
Urinary excretion of MNAM in patients with affective disorders was significantly higher
than in healthy controls [87]. In patients with Parkinson’s disease, urinary excretion of
MNAM was also significantly higher than in healthy controls [88]. Furthermore, the
urinary excretion of MNAM and 2PY was significantly increased in children with burns
after injury [89].

Treatment with NR in patients with ataxia telangiectasia leads to improvement in
patients’ states [73].

Niacin has been in clinical use for more than 50 years [90] as an effective drug for
CVD risk prevention [91,92]. Notably, niacin was the first drug shown to reduce cardiovas-
cular events and mortality in patients with myocardial infarction [93]. Niacin may exert
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these favorable effects by reducing total cholesterol, LDL cholesterol, TAG, and lipopro-
tein (a), while simultaneously increasing HDL cholesterol levels [94,95]. However, some
clinical data suggest that niacin provides health benefits through mechanisms indepen-
dent of changes in circulating lipids [95,96]. These lipid-independent benefits include
anti-inflammatory and antioxidant effects [97]. Regarding its anti-inflammatory proper-
ties, niacin downregulates several mediators of vascular inflammation, such as VCAM-1,
MCP-1, and P-selectin [98]. Additionally, niacin increases the expression and release of
adiponectin, a protein that exerts protective effects against vascular inflammation and
endothelial dysfunction [99,100]. Niacin also reduces endothelial oxidative stress by in-
creasing intracellular NADPH and GSH levels and by inhibiting reactive oxygen species
production in endothelial cells [101]. Furthermore, the addition of niacin to statin therapy
has shown favorable combined effects on various surrogate endpoints [102–107].

However, some clinical trials have indicated that while niacin therapy significantly
increases serum HDL cholesterol concentrations, this is not associated with a reduction
in recurrent cardiovascular events such as myocardial infarction, stroke, or revasculariza-
tion [108]. Moreover, niacin therapy has been shown to be associated with an increased risk
of new-onset or worsening diabetes, as well as skin, gastrointestinal, and musculoskeletal
adverse effects [108].

Niacin (which is often fortified in food staples) contributes to NAD+ biosynthesis and
increases blood concentration of 2PY and 4PY when it is consumed in excess [109–111].

In a systematic review and meta-analysis of seven randomized controlled trials involv-
ing 441 participants (228 in the niacin group and 213 in the control group), Sahebkar showed
that niacin supplementation improves endothelial function [112]. However, a systematic
review and meta-analysis of 23 randomized controlled trials (published between 1968 and
2015), including approximately 40,000 participants, showed that supplementation with NA
(median dose of 2 g per day) had no significant effect on total mortality, cardiovascular
mortality, non-cardiovascular mortality, acute myocardial infarction, and stroke [113]. In a
systematic review and meta-analysis of five randomized controlled trials, 230 patients were
involved. He et al. reported that niacin (0.375–1 g per day) reduced hyperphosphatemia in
CKD patients similarly to NAM [114].

It has also been reported that higher niacin intake could have a protective effect on the
development of cognitive decline (Alzheimer’s disease and other forms of dementia) [65,115].

Numerous meta-analyses of clinical trials on niacin supplementation have reported
adverse effects. For instance, participants with or at risk for CVD who received niacin
(0.5–4 g per day) had to discontinue treatment due to side effects such as flushing, pruritus,
rash, gastrointestinal problems, and new-onset diabetes [113]. Similar adverse side effects,
particularly flushing, were also observed in patients with renal disease treated with niacin
(0.375–1.5 g per day).

Current knowledge and future directions regarding dietary supplementation with
NAD+ precursors in humans have been recently summarized and discussed [12]. The gen-
eral conclusion drawn from the results presented in this review is that NAD+ precursors are
safe, well-tolerated, and increase intracellular NAD+ concentrations. However, the authors
of this review emphasized that numerous human trials to date have not demonstrated
clinically significant health benefits following treatment with NAD+ boosters. It is likely
that the relatively small sample sizes studied so far limit data interpretation.

The data discussed above indicate that precursors of 2PY and 4PY, including niacin,
NAM, and MNAM, have been used to treat numerous pathologies in both clinical and
experimental conditions. Moreover, the aforementioned compounds can increase 2PY and
4PY levels [18,68,71,72]. Therefore, such therapy could be associated with an increased
risk of CVD. Collectively, NAD+ precursors (NAD+ boosters) can be used as drugs to
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prevent and/or treat certain diseases; however, some data presented in this review suggest
that higher doses of these compounds administered to individuals who may already have
an increased risk of CVD could be considered detrimental after conversion to 2PY and
4PY, which are associated with cardiovascular disease (CVD). Thus, one can conclude that
NAD+ boosters may have a primarily beneficial effect on human health. However, when
NAD+ boosters are used for a long time in amounts that lead to several-fold increase in
circulating 2PY and 4PY, they could be detrimental to human health, especially to the
cardiovascular system.

7. Conclusions
Recent observations indicating that N1-methyl-2-pyridone-5-carboxamide (2PY) and

N1-methyl-4-pyridone-5-carboxamide (4PY) are associated with cardiovascular disease
risk in humans suggest that high concentrations of circulating 2PY and 4PY are important
factors that may contribute to cardiovascular events and, ultimately, premature death in
CKD patients. Therefore, 2PY and 4PY can be regarded as genuine uremic toxins. However,
the results presented and discussed in this review only pave the way for further research
on the role of 2PY and 4PY in CVD risk in CKD patients.

Moreover, in this review, we discussed the efficacy and benefits of NAD+ precursors
(NAD+ boosters) such as nicotinic acid, nicotinamide, nicotinamide riboside, and nicoti-
namide mononucleotide, which can play protective roles in certain diseases and age-related
pathologies. We also emphasized that NAD+ precursors may have primarily beneficial
effects; however, detrimental effects could also be observed. The beneficial effect could
be associated with increased intracellular NAD+ levels, a substrate for critical cellular
processes including energy production, DNA repair, maintenance of genomic integrity,
gene expression, epigenetic regulation, calcium signaling, innate immune response, and
inflammation. The potential detrimental effect could be related to the overproduction
and accumulation of 2PY and 4PY while excessively intaking NAD+ precursors. These
two compounds, in light of recently published results, are associated with cardiovascular
disease (CVD) risk in humans, and their circulating concentrations increase after treatment
with NAD+ precursors. Therefore, NAD+ precursors (NAD+ boosters) should be used with
caution, especially in patients with an increased risk of CVD.
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The following abbreviations are used in this manuscript:

2PY N-methyl-2-pyrdone-5-carboxamide
4PY N-methyl-2-4yrdone-5-carboxamide
ACMS aminocarboxymuconic semialhedyde
ACMSD aminocarboxymuconic semialhedyde decarboxylase [EC:4.1.1.45]
ADP adenosine diposphate
AMID N-formylkynureine for-mamidase [EC:3.5.1.9]
AMP adenosine monoposphate
AMS aminomuconic semialdehyde
MNAM N1-methylnicotinamide
ATP adenosine triphosphate
CKD chronic kidney disease
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COX-2 cyclooxygenase-2 [EC:1.14.99.1]
CYP2E1 cytochrome 2E1 (P450 cytochrome) [EC:1.14.13.n7]
CVD cardiovascular disease
cADPR cyclic ADP-ribose
GPX4 glutathione peroxidase 4 [EC:1.11.1.12]
GSH glutathione reduced
HAAO 3-hydroxyanthranilate 3,4-di-oxygenase 2 [EC:1.13.11.6]
HDAC histone deacetylase [EC: 3.5.1.98]
HDL High-density lipoprotein
IDO indoleamine2,3-dioxygenase [EC:1.13.11.52]
IL-6 interleukin-6
KMO kynureine 3-monooxygenase [EC:1.14.13.9]
KYNU kynureninase [EC:3.7.1.3]
LDL Low-density lipoprotein
MCP-1 monocyte chemoattractant protein-1
NA nicotinic acid
NAAD nicotinic acid adenine dinucleotide
NAD+ nicotinamide adenine dinucleotide
NADK NAD+ kinase [EC: 2.7.1.23]
NADP+ nicotinamide adenine dinucleotide phosphate
NADS glutamine-dependent NAD+ synthetase [EC:6.3.5.1]
NAM nicotinamide
NAMN nicotinic acid mononucleotide
NAMPT nicotinamide phosphoribosyltransferase [EC:2.4.2.12]
NAPRT nicotinate phosphoribosyltransferase [EC:6.3.4.21]
NAR nicotinic acid riboside
NLRP3 nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3
NMN nicotinamide mononucleotide
NMNAT nicotinamide mononucleotide adenylyltransferase [EC:2.7.7.1 2.7.7.18]
NNMT nicotinamide N-methyltranserase [EC:2.1.1.1]
NO nitric oxide
NR nicotinamide ribose
NRK nicotinamide riboside kinase [EC: 2.7.1.173]
PARP poly-ADP-ribose polymerase [EC:2.4.2.30]
PBMC peripheral blood mononuclear cells
PGE2 prostaglandin E2
Pi phosphate
PPi pyrophosphate
PRPP phosphoribosyl pyrophosphate
QPRT quinolate phosphoribosyl tranferase [EC:2.4.2.19]
RBCs red blood cells
SAM S-adenosyl-L-methionine
SAH S-adenosyl-L-homocysteine
SEV sevelamer
SIRT sirtuin
TAG triacylglycerol
TDO tryptophan 2,3-dioxygenase [EC:1.13.11.11]
TGFβ1 transforming growth factor beta 1
TNFα tumor necrosis factor alpha
UUO unilateral ureteric obstruction
VCAM-1 vascular cell adhesion protein-1
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34. Mateuszuk, Ł.; Campagna, R.; Kutryb-Zając, B.; Kuś, K.; Słominska, E.M.; Smolenski, R.T.; Chlopicki, S. Reversal of Endothelial
Dysfunction by Nicotinamide Mononucleotide via Extracellular Conversion to Nicotinamide Riboside. Biochem. Pharmacol. 2020,
178, 114019. [CrossRef] [PubMed]

35. Beutelspacher, S.C.; Tan, P.H.; McClure, M.O.; Larkin, D.F.P.; Lechler, R.I.; George, A.J.T. Expression of Indoleamine 2,3-
Dioxygenase (IDO) by Endothelial Cells: Implications for the Control of Alloresponses. Am. J. Transplant. 2006, 6, 1320–1330.
[CrossRef]

36. Shibata, K. Organ Co-Relationship in Tryptophan Metabolism and Factors That Govern the Biosynthesis of Nicotinamide from
Tryptophan. J. Nutr. Sci. Vitaminol. 2018, 64, 90–98. [CrossRef]

37. Katsyuba, E.; Mottis, A.; Zietak, M.; De Franco, F.; van der Velpen, V.; Gariani, K.; Ryu, D.; Cialabrini, L.; Matilainen, O.; Liscio, P.;
et al. De Novo NAD+ Synthesis Enhances Mitochondrial Function and Improves Health. Nature 2018, 563, 354–359. [CrossRef]

38. Terakata, M.; Fukuwatari, T.; Sano, M.; Nakao, N.; Sasaki, R.; Fukuoka, S.-I.; Shibata, K. Establishment of True Niacin Deficiency
in Quinolinic Acid Phosphoribosyltransferase Knockout Mice. J. Nutr. 2012, 142, 2148–2153. [CrossRef]

39. Minhas, P.S.; Liu, L.; Moon, P.K.; Joshi, A.U.; Dove, C.; Mhatre, S.; Contrepois, K.; Wang, Q.; Lee, B.A.; Coronado, M.; et al.
Macrophage de Novo NAD+ Synthesis Specifies Immune Function in Aging and Inflammation. Nat. Immunol. 2019, 20, 50–63.
[CrossRef]

40. Pissios, P. Nicotinamide N-Methyltransferase: More Than a Vitamin B3 Clearance Enzyme. Trends Endocrinol. Metab. 2017, 28,
340–353. [CrossRef]

41. Campagna, R.; Mazzanti, L.; Pompei, V.; Alia, S.; Vignini, A.; Emanuelli, M. The Multifaceted Role of Endothelial Sirt1 in Vascular
Aging: An Update. Cells 2024, 13, 1469. [CrossRef] [PubMed]

42. Isoherranen, N.; Thummel, K.E. Drug Metabolism and Transport during Pregnancy: How Does Drug Disposition Change during
Pregnancy and What Are the Mechanisms That Cause Such Changes? Drug Metab. Dispos. 2013, 41, 256–262. [CrossRef]

43. Heit, C.; Dong, H.; Chen, Y.; Thompson, D.C.; Deitrich, R.A.; Vasiliou, V.K. The Role of CYP2E1 in Alcohol Metabolism and
Sensitivity in the Central Nervous System. In Cytochrome P450 2E1: Its Role in Disease and Drug Metabolism; Springer: Dordrecht,
The Netherlands, 2013; Volume 67, pp. 235–247. [CrossRef]

44. Menon, R.M.; Adams, M.H.; González, M.A.; Tolbert, D.S.; Leu, J.H.; Cefali, E.A. Plasma and Urine Pharmacokinetics of Niacin
and Its Metabolites from an Extended-Release Niacin Formulation. Int. J. Clin. Pharmacol. Ther. 2007, 45, 448–454. [CrossRef]
[PubMed]

45. Slominska, E.M.; Kowalik, K.; Smolenski, R.T.; Szolkiewicz, M.; Rutkowski, P.; Rutkowski, B.; Swierczynski, J. Accumulation of
Poly(ADP-Ribose) Polymerase Inhibitors in Children with Chronic Renal Failure. Pediatr. Nephrol. 2006, 21, 800–806. [CrossRef]

46. Rutkowski, B.; Swierczynski, J.; Slominska, E.; Szolkiewicz, M.; Smolenski, R.T.; Marlewski, M.; Butto, B.; Rutkowski, P.
Disturbances of Purine Nucleotide Metabolism in Uremia. Semin. Nephrol. 2004, 24, 479–483. [CrossRef] [PubMed]

47. Rutkowski, P.; Malgorzewicz, S.; Slominska, E.; Renke, M.; Lysiak-Szydlowska, W.; Swierczynski, J.; Rutkowski, B. Interrelation-
ship between Uremic Toxicity and Oxidative Stress. J. Ren. Nutr. 2006, 16, 190–193. [CrossRef]

https://doi.org/10.1016/j.molmed.2017.08.001
https://doi.org/10.1038/s41581-019-0216-6
https://www.ncbi.nlm.nih.gov/pubmed/31673160
https://doi.org/10.1172/JCI42273
https://doi.org/10.1038/nsmb1114
https://doi.org/10.1016/j.cmet.2020.02.001
https://doi.org/10.1038/s41467-019-11078-z
https://doi.org/10.1016/S0092-8674(04)00416-7
https://www.ncbi.nlm.nih.gov/pubmed/15137942
https://doi.org/10.3390/nu12061616
https://www.ncbi.nlm.nih.gov/pubmed/32486488
https://doi.org/10.1038/s41580-020-00313-x
https://doi.org/10.1016/j.bcp.2020.114019
https://www.ncbi.nlm.nih.gov/pubmed/32389638
https://doi.org/10.1111/j.1600-6143.2006.01324.x
https://doi.org/10.3177/jnsv.64.90
https://doi.org/10.1038/s41586-018-0645-6
https://doi.org/10.3945/jn.112.167569
https://doi.org/10.1038/s41590-018-0255-3
https://doi.org/10.1016/j.tem.2017.02.004
https://doi.org/10.3390/cells13171469
https://www.ncbi.nlm.nih.gov/pubmed/39273039
https://doi.org/10.1124/dmd.112.050245
https://doi.org/10.1007/978-94-007-5881-0_8
https://doi.org/10.5414/CPP45448
https://www.ncbi.nlm.nih.gov/pubmed/17725178
https://doi.org/10.1007/s00467-006-0072-z
https://doi.org/10.1016/j.semnephrol.2004.06.022
https://www.ncbi.nlm.nih.gov/pubmed/15490415
https://doi.org/10.1053/j.jrn.2006.04.008


Int. J. Mol. Sci. 2025, 26, 4463 19 of 22

48. Rutkowski, P.; Słominska, E.M.; Szołkiewicz, M.; Aleksandrowicz, E.; Smolenski, R.T.; Wołyniec, W.; Renke, M.; Wisterowicz, K.;
Swierczynski, J.; Rutkowski, B. Relationship between Uremic Toxins and Oxidative Stress in Patients with Chronic Renal Failure.
Scand. J. Urol. Nephrol. 2007, 41, 243–248. [CrossRef]

49. Slominska, E.M.; Smolenski, R.T.; Szolkiewicz, M.; Leaver, N.; Rutkowski, B.; Simmonds, H.A.; Swierczynski, J. Accumulation
of Plasma N-Methyl-2-Pyridone-5-Carboxamide in Patients with Chronic Renal Failure. Mol. Cell. Biochem. 2002, 231, 83–88.
[CrossRef]

50. Lenglet, A.; Liabeuf, S.; Bodeau, S.; Louvet, L.; Mary, A.; Boullier, A.; Lemaire-Hurtel, A.S.; Jonet, A.; Sonnet, P.; Kamel, S.; et al.
N-Methyl-2-Pyridone-5-Carboxamide (2PY)—Major Metabolite of Nicotinamide: An Update on an Old Uremic Toxin. Toxins
2016, 8, 339. [CrossRef]

51. Jankowski, J.; Floege, J.; Fliser, D.; Böhm, M.; Marx, N. Cardiovascular Disease in Chronic Kidney Disease: Pathophysiological
Insights and Therapeutic Options. Circulation 2021, 143, 1157–1172. [CrossRef]

52. Pencina, K.M.; Valderrabano, R.; Wipper, B.; Orkaby, A.R.; Reid, K.F.; Storer, T.; Lin, A.P.; Merugumala, S.; Wilson, L.; Latham, N.;
et al. Nicotinamide Adenine Dinucleotide Augmentation in Overweight or Obese Middle-Aged and Older Adults: A Physiologic
Study. J. Clin. Endocrinol. Metab. 2023, 108, 1968–1980. [CrossRef]

53. Yoshimura, N.; Yamada, K.; Ono, T.; Notoya, M.; Yukioka, H.; Takahashi, R.; Wakino, S.; Kanda, T.; Itoh, H. N-Methyl-2-Pyridone-
5-Carboxamide (N-Me-2PY) Has Potent Anti-Fibrotic and Anti-Inflammatory Activity in a Fibrotic Kidney Model: Is It an Old
Uremic Toxin? Clin. Exp. Nephrol. 2023, 27, 901–911. [CrossRef]

54. Azuma, A. Pirfenidone Treatment of Idiopathic Pulmonary Fibrosis. Ther. Adv. Respir. Dis. 2012, 6, 107–114. [CrossRef] [PubMed]
55. RamachandraRao, S.P.; Zhu, Y.; Ravasi, T.; McGowan, T.A.; Toh, I.; Dunn, S.R.; Okada, S.; Shaw, M.A.; Sharma, K. Pirfenidone Is

Renoprotective in Diabetic Kidney Disease. J. Am. Soc. Nephrol. 2009, 20, 1765–1775. [CrossRef] [PubMed]
56. Moltrasio, C.; Romagnuolo, M.; Marzano, A.V. NLRP3 Inflammasome and NLRP3-Related Autoinflammatory Diseases: From

Cryopyrin Function to Targeted Therapies. Front. Immunol. 2022, 13, 1007705. [CrossRef] [PubMed]
57. Weiner, D.E.; Carpenter, M.A.; Levey, A.S.; Ivanova, A.; Cole, E.H.; Hunsicker, L.; Kasiske, B.L.; Kim, S.J.; Kusek, J.W.; Bostom,

A.G. Kidney Function and Risk of Cardiovascular Disease and Mortality in Kidney Transplant Recipients: The FAVORIT Trial.
Am. J. Transplant. 2012, 12, 2437–2445. [CrossRef]

58. Rangaswami, J.; Mathew, R.O.; Parasuraman, R.; Tantisattamo, E.; Lubetzky, M.; Rao, S.; Yaqub, M.S.; Birdwell, K.A.; Bennett, W.;
Dalal, P.; et al. Cardiovascular Disease in the Kidney Transplant Recipient: Epidemiology, Diagnosis and Management Strategies.
Nephrol. Dial. Transplant. 2019, 34, 760–773. [CrossRef]

59. Moist, L.M.; Port, F.K.; Orzol, S.M.; Young, E.W.; Ostbye, T.; Wolfe, R.A.; Hulbert-Shearon, T.; Jones, C.A.; Bloembergen, W.E.
Predictors of Loss of Residual Renal Function among New Dialysis Patients. J. Am. Soc. Nephrol. 2000, 11, 556–564. [CrossRef]

60. McIntyre, C.W. Recurrent Circulatory Stress: The Dark Side of Dialysis. Semin. Dial. 2010, 23, 449–451. [CrossRef]
61. Cozzolino, M.; Mangano, M.; Stucchi, A.; Ciceri, P.; Conte, F.; Galassi, A. Cardiovascular Disease in Dialysis Patients. Nephrol.

Dial. Transplant. 2018, 33, iii28–iii34. [CrossRef] [PubMed]
62. van Haren, M.J.; Zhang, Y.; Thijssen, V.; Buijs, N.; Gao, Y.; Mateuszuk, L.; Fedak, F.A.; Kij, A.; Campagna, R.; Sartini, D.; et al.

Macrocyclic Peptides as Allosteric Inhibitors of Nicotinamide N-Methyltransferase (NNMT). RSC Chem. Biol. 2021, 2, 1546–1555.
[CrossRef] [PubMed]

63. Gao, Y.; van Haren, M.J.; Buijs, N.; Innocenti, P.; Zhang, Y.; Sartini, D.; Campagna, R.; Emanuelli, M.; Parsons, R.B.; Jespers, W.;
et al. Potent Inhibition of Nicotinamide N-Methyltransferase by Alkene-Linked Bisubstrate Mimics Bearing Electron Deficient
Aromatics. J. Med. Chem. 2021, 64, 12938–12963. [CrossRef]

64. van Haren, M.J.; Gao, Y.; Buijs, N.; Campagna, R.; Sartini, D.; Emanuelli, M.; Mateuszuk, L.; Kij, A.; Chlopicki, S.; Escudé Martinez
de Castilla, P.; et al. Esterase-Sensitive Prodrugs of a Potent Bisubstrate Inhibitor of Nicotinamide N-Methyltransferase (NNMT)
Display Cellular Activity. Biomolecules 2021, 11, 1357. [CrossRef] [PubMed]

65. Campbell, J.M. Supplementation with NAD+ and Its Precursors to Prevent Cognitive Decline across Disease Contexts. Nutrients
2022, 14, 3231. [CrossRef]

66. Feng, Z.; Qin, Y.; Huo, F.; Jian, Z.; Li, X.; Geng, J.; Li, Y.; Wu, J. NMN Recruits GSH to Enhance GPX4-Mediated Ferroptosis
Defense in UV Irradiation Induced Skin Injury. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2022, 1868, 166287. [CrossRef]

67. Bitterman, K.J.; Anderson, R.M.; Cohen, H.Y.; Latorre-Esteves, M.; Sinclair, D.A. Inhibition of Silencing and Accelerated Aging by
Nicotinamide, a Putative Negative Regulator of Yeast Sir2 and Human SIRT1. J. Biol. Chem. 2002, 277, 45099–45107. [CrossRef]

68. Yoshino, M.; Yoshino, J.; Kayser, B.D.; Patti, G.J.; Franczyk, M.P.; Mills, K.F.; Sindelar, M.; Pietka, T.; Patterson, B.W.; Imai, S.-I.;
et al. Nicotinamide Mononucleotide Increases Muscle Insulin Sensitivity in Prediabetic Women. Science 2021, 372, 1224–1229.
[CrossRef]

69. Yi, L.; Maier, A.B.; Tao, R.; Lin, Z.; Vaidya, A.; Pendse, S.; Thasma, S.; Andhalkar, N.; Avhad, G.; Kumbhar, V. The Efficacy and
Safety of β-Nicotinamide Mononucleotide (NMN) Supplementation in Healthy Middle-Aged Adults: A Randomized, Multicenter,
Double-Blind, Placebo-Controlled, Parallel-Group, Dose-Dependent Clinical Trial. GeroScience 2023, 45, 29–43. [CrossRef]

https://doi.org/10.1080/00365590601017170
https://doi.org/10.1023/A:1014445329756
https://doi.org/10.3390/toxins8110339
https://doi.org/10.1161/CIRCULATIONAHA.120.050686
https://doi.org/10.1210/clinem/dgad027
https://doi.org/10.1007/s10157-023-02379-1
https://doi.org/10.1177/1753465812436663
https://www.ncbi.nlm.nih.gov/pubmed/22333982
https://doi.org/10.1681/ASN.2008090931
https://www.ncbi.nlm.nih.gov/pubmed/19578007
https://doi.org/10.3389/fimmu.2022.1007705
https://www.ncbi.nlm.nih.gov/pubmed/36275641
https://doi.org/10.1111/j.1600-6143.2012.04101.x
https://doi.org/10.1093/ndt/gfz053
https://doi.org/10.1681/ASN.V113556
https://doi.org/10.1111/j.1525-139X.2010.00782.x
https://doi.org/10.1093/ndt/gfy174
https://www.ncbi.nlm.nih.gov/pubmed/30281132
https://doi.org/10.1039/D1CB00134E
https://www.ncbi.nlm.nih.gov/pubmed/34704059
https://doi.org/10.1021/acs.jmedchem.1c01094
https://doi.org/10.3390/biom11091357
https://www.ncbi.nlm.nih.gov/pubmed/34572571
https://doi.org/10.3390/nu14153231
https://doi.org/10.1016/j.bbadis.2021.166287
https://doi.org/10.1074/jbc.M205670200
https://doi.org/10.1126/science.abe9985
https://doi.org/10.1007/s11357-022-00705-1


Int. J. Mol. Sci. 2025, 26, 4463 20 of 22

70. Song, Q.; Zhou, X.; Xu, K.; Liu, S.; Zhu, X.; Yang, J. The Safety and Antiaging Effects of Nicotinamide Mononucleotide in Human
Clinical Trials: An Update. Adv. Nutr. 2023, 14, 1416–1435. [CrossRef]

71. Elhassan, Y.S.; Kluckova, K.; Fletcher, R.S.; Schmidt, M.S.; Garten, A.; Doig, C.L.; Cartwright, D.M.; Oakey, L.; Burley, C.V.;
Jenkinson, N.; et al. Nicotinamide Riboside Augments the Aged Human Skeletal Muscle NAD+ Metabolome and Induces
Transcriptomic and Anti-Inflammatory Signatures. Cell Rep. 2019, 28, 1717–1728.e6. [CrossRef] [PubMed]

72. Trammell, S.A.J.; Schmidt, M.S.; Weidemann, B.J.; Redpath, P.; Jaksch, F.; Dellinger, R.W.; Li, Z.; Abel, E.D.; Migaud, M.E.; Brenner,
C. Nicotinamide Riboside Is Uniquely and Orally Bioavailable in Mice and Humans. Nat. Commun. 2016, 7, 12948. [CrossRef]
[PubMed]

73. Veenhuis, S.J.G.; van Os, N.J.H.; Janssen, A.J.W.M.; van Gerven, M.H.J.C.; Coene, K.L.M.; Engelke, U.F.H.; Wevers, R.A.; Tinnevelt,
G.H.; Ter Heine, R.; van de Warrenburg, B.P.C.; et al. Nicotinamide Riboside Improves Ataxia Scores and Immunoglobulin Levels
in Ataxia Telangiectasia. Mov. Disord. 2021, 36, 2951–2957. [CrossRef] [PubMed]

74. Knip, M.; Douek, I.F.; Moore, W.P.; Gillmor, H.A.; McLean, A.E.; Bingley, P.J.; Gale, E.A. European Nicotinamide Diabetes
Intervention Trial Group Safety of High-Dose Nicotinamide: A Review. Diabetologia 2000, 43, 1337–1345. [CrossRef]

75. Fischer, L.J.; Falany, J.; Fisher, R. Characteristics of Nicotinamide and N1-Methylnicotinamide Protection from Alloxan Diabetes
in Mice. Toxicol. Appl. Pharmacol. 1983, 70, 148–155. [CrossRef]
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R.; Slonimska, E.; et al. Therapeutic Potential of 1-Methylnicotinamide against Acute Gastric Lesions Induced by Stress: Role of
Endogenous Prostacyclin and Sensory Nerves. J. Pharmacol. Exp. Ther. 2008, 326, 105–116. [CrossRef]

83. Camillo, L.; Zavattaro, E.; Savoia, P. Nicotinamide: A Multifaceted Molecule in Skin Health and Beyond. Medicina 2025, 61, 254.
[CrossRef] [PubMed]

84. Zackheim, H.S. Topical 6-Aminonicotinamide Plus Oral Niacinamide Therapy for Psoriasis. Arch. Dermatol. 1978, 114, 1632–1638.
[CrossRef]

85. Wozniacka, A.; Wieczorkowska, M.; Gebicki, J.; Sysa-Jedrzejowska, A. Topical Application of 1-Methylnicotinamide in the
Treatment of Rosacea: A Pilot Study. Clin. Exp. Dermatol. 2005, 30, 632–635. [CrossRef] [PubMed]

86. Pumpo, R.; Sarnelli, G.; Spinella, A.; Budillon, G.; Cuomo, R. The Metabolism of Nicotinamide in Human Liver Cirrhosis: A
Study on N-Methylnicotinamide and 2-Pyridone-5-Carboxamide Production. Am. J. Gastroenterol. 2001, 96, 1183–1187. [CrossRef]

87. Cazzullo, C.L.; Sacchetti, E.; Smeraldi, E. N-Methylnicotinamide Excretion and Affective Disorders. Psychol. Med. 1976, 6, 265–270.
[CrossRef]

88. Aoyama, K.; Matsubara, K.; Okada, K.; Fukushima, S.; Shimizu, K.; Yamaguchi, S.; Uezono, T.; Satomi, M.; Hayase, N.; Ohta, S.;
et al. N-Methylation Ability for Azaheterocyclic Amines Is Higher in Parkinson’s Disease: Nicotinamide Loading Test. J. Neural
Transm. 2000, 107, 985–995. [CrossRef]

89. Barlow, G.B.; Sutton, J.L.; Wilkinson, A.W. Metabolism of Nicotinic Acid in Children with Burns and Scalds. Clin. Chim. Acta 1977,
75, 337–342. [CrossRef]

90. Altschul, R.; Hoffer, A.; Stephen, J.D. Influence of Nicotinic Acid on Serum Cholesterol in Man. Arch. Biochem. Biophys. 1955, 54,
558–559. [CrossRef]

91. Bruckert, E.; Labreuche, J.; Amarenco, P. Meta-Analysis of the Effect of Nicotinic Acid Alone or in Combination on Cardiovascular
Events and Atherosclerosis. Atherosclerosis 2010, 210, 353–361. [CrossRef] [PubMed]

https://doi.org/10.1016/j.advnut.2023.08.008
https://doi.org/10.1016/j.celrep.2019.07.043
https://www.ncbi.nlm.nih.gov/pubmed/31412242
https://doi.org/10.1038/ncomms12948
https://www.ncbi.nlm.nih.gov/pubmed/27721479
https://doi.org/10.1002/mds.28788
https://www.ncbi.nlm.nih.gov/pubmed/34515380
https://doi.org/10.1007/s001250051536
https://doi.org/10.1016/0041-008X(83)90188-6
https://doi.org/10.1007/s00005-008-0009-2
https://doi.org/10.2165/00003495-200868010-00006
https://doi.org/10.1002/ajh.24371
https://doi.org/10.1038/sj.bjp.0707383
https://doi.org/10.1016/S1734-1140(09)70010-6
https://www.ncbi.nlm.nih.gov/pubmed/19307696
https://doi.org/10.1124/jpet.108.136457
https://doi.org/10.3390/medicina61020254
https://www.ncbi.nlm.nih.gov/pubmed/40005371
https://doi.org/10.1001/archderm.1978.01640230006002
https://doi.org/10.1111/j.1365-2230.2005.01908.x
https://www.ncbi.nlm.nih.gov/pubmed/16197374
https://doi.org/10.1111/j.1572-0241.2001.03698.x
https://doi.org/10.1017/S0033291700013817
https://doi.org/10.1007/s007020070047
https://doi.org/10.1016/0009-8981(77)90206-6
https://doi.org/10.1016/0003-9861(55)90070-9
https://doi.org/10.1016/j.atherosclerosis.2009.12.023
https://www.ncbi.nlm.nih.gov/pubmed/20079494


Int. J. Mol. Sci. 2025, 26, 4463 21 of 22

92. Duggal, J.K.; Singh, M.; Attri, N.; Singh, P.P.; Ahmed, N.; Pahwa, S.; Molnar, J.; Singh, S.; Khosla, S.; Arora, R. Effect of Niacin
Therapy on Cardiovascular Outcomes in Patients with Coronary Artery Disease. J. Cardiovasc. Pharmacol. Ther. 2010, 15, 158–166.
[CrossRef] [PubMed]

93. Stamler, J. Clofibrate and Niacin in Coronary Heart Disease. JAMA 1975, 231, 360–381. [CrossRef]
94. Kamanna, V.S.; Kashyap, M.L. Mechanism of Action of Niacin on Lipoprotein Metabolism. Curr. Atheroscler. Rep. 2000, 2, 36–46.

[CrossRef]
95. Digby, J.E.; Ruparelia, N.; Choudhury, R.P. Niacin in Cardiovascular Disease: Recent Preclinical and Clinical Developments.

Arterioscler. Thromb. Vasc. Biol. 2012, 32, 582–588. [CrossRef]
96. Lavigne, P.M.; Karas, R.H. The Current State of Niacin in Cardiovascular Disease Prevention: A Systematic Review and

Meta-Regression. J. Am. Coll. Cardiol. 2013, 61, 440–446. [CrossRef]
97. Berrougui, H.; Momo, C.N.; Khalil, A. Health Benefits of High-Density Lipoproteins in Preventing Cardiovascular Diseases. J.

Clin. Lipidol. 2012, 6, 524–533. [CrossRef]
98. Wu, B.J.; Yan, L.; Charlton, F.; Witting, P.; Barter, P.J.; Rye, K.-A. Evidence That Niacin Inhibits Acute Vascular Inflammation and

Improves Endothelial Dysfunction Independent of Changes in Plasma Lipids. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 968–975.
[CrossRef]

99. Plaisance, E.P.; Lukasova, M.; Offermanns, S.; Zhang, Y.; Cao, G.; Judd, R.L. Niacin Stimulates Adiponectin Secretion through the
GPR109A Receptor. Am. J. Physiol. Endocrinol. Metab. 2009, 296, E549–E558. [CrossRef]

100. Ouchi, N.; Kihara, S.; Funahashi, T.; Matsuzawa, Y.; Walsh, K. Obesity, Adiponectin and Vascular Inflammatory Disease. Curr.
Opin. Lipidol. 2003, 14, 561–566. [CrossRef]

101. Ganji, S.H.; Qin, S.; Zhang, L.; Kamanna, V.S.; Kashyap, M.L. Niacin Inhibits Vascular Oxidative Stress, Redox-Sensitive Genes,
and Monocyte Adhesion to Human Aortic Endothelial Cells. Atherosclerosis 2009, 202, 68–75. [CrossRef] [PubMed]

102. Brown, B.G.; Zhao, X.Q.; Chait, A.; Fisher, L.D.; Cheung, M.C.; Morse, J.S.; Dowdy, A.A.; Marino, E.K.; Bolson, E.L.; Alaupovic, P.;
et al. Simvastatin and Niacin, Antioxidant Vitamins, or the Combination for the Prevention of Coronary Disease. N. Engl. J. Med.
2001, 345, 1583–1592. [CrossRef]

103. Taylor, A.J.; Sullenberger, L.E.; Lee, H.J.; Lee, J.K.; Grace, K.A. Arterial Biology for the Investigation of the Treatment Effects of
Reducing Cholesterol (ARBITER) 2: A Double-Blind, Placebo-Controlled Study of Extended-Release Niacin on Atherosclerosis
Progression in Secondary Prevention Patients Treated with Statins. Circulation 2004, 110, 3512–3517. [CrossRef] [PubMed]

104. Taylor, A.J.; Lee, H.J.; Sullenberger, L.E. The Effect of 24 Months of Combination Statin and Extended-Release Niacin on Carotid
Intima-Media Thickness: ARBITER 3. Curr. Med. Res. Opin. 2006, 22, 2243–2250. [CrossRef] [PubMed]

105. Taylor, A.J.; Villines, T.C.; Stanek, E.J.; Devine, P.J.; Griffen, L.; Miller, M.; Weissman, N.J.; Turco, M. Extended-Release Niacin or
Ezetimibe and Carotid Intima-Media Thickness. N. Engl. J. Med. 2009, 361, 2113–2122. [CrossRef]

106. Lee, J.M.S.; Robson, M.D.; Yu, L.-M.; Shirodaria, C.C.; Cunnington, C.; Kylintireas, I.; Digby, J.E.; Bannister, T.; Handa, A.;
Wiesmann, F.; et al. Effects of High-Dose Modified-Release Nicotinic Acid on Atherosclerosis and Vascular Function: A
Randomized, Placebo-Controlled, Magnetic Resonance Imaging Study. J. Am. Coll. Cardiol. 2009, 54, 1787–1794. [CrossRef]

107. Villines, T.C.; Stanek, E.J.; Devine, P.J.; Turco, M.; Miller, M.; Weissman, N.J.; Griffen, L.; Taylor, A.J. The ARBITER 6-HALTS Trial
(Arterial Biology for the Investigation of the Treatment Effects of Reducing Cholesterol 6-HDL and LDL Treatment Strategies in
Atherosclerosis): Final Results and the Impact of Medication Adherence, Dose, and Treatment Duration. J. Am. Coll. Cardiol. 2010,
55, 2721–2726. [CrossRef]

108. Garg, A.; Sharma, A.; Krishnamoorthy, P.; Garg, J.; Virmani, D.; Sharma, T.; Stefanini, G.; Kostis, J.B.; Mukherjee, D.; Sikorskaya, E.
Role of Niacin in Current Clinical Practice: A Systematic Review. Am. J. Med. 2017, 130, 173–187. [CrossRef]

109. Makarov, M.V.; Trammell, S.A.J.; Migaud, M.E. The Chemistry of the Vitamin B3 Metabolome. Biochem. Soc. Trans. 2019, 47,
131–147. [CrossRef]

110. Abelson, D.; Boyle, A.; Seligson, H. Identification of N’-Methyl-4-Pyridone-3-Carboxamide in Human Plasma. J. Biol. Chem. 1963,
238, 717–718. [CrossRef]

111. Menon, R.M.; González, M.A.; Adams, M.H.; Tolbert, D.S.; Leu, J.H.; Cefali, E.A. Effect of the Rate of Niacin Administration on
the Plasma and Urine Pharmacokinetics of Niacin and Its Metabolites. J. Clin. Pharmacol. 2007, 47, 681–688. [CrossRef] [PubMed]

112. Sahebkar, A. Effect of Niacin on Endothelial Function: A Systematic Review and Meta-Analysis of Randomized Controlled Trials.
Vasc. Med. Lond. Engl. 2014, 19, 54–66. [CrossRef] [PubMed]

113. Schandelmaier, S.; Briel, M.; Saccilotto, R.; Olu, K.K.; Arpagaus, A.; Hemkens, L.G.; Nordmann, A.J. Niacin for Primary and
Secondary Prevention of Cardiovascular Events. Cochrane Database Syst. Rev. 2017, 6, CD009744. [CrossRef] [PubMed]

https://doi.org/10.1177/1074248410361337
https://www.ncbi.nlm.nih.gov/pubmed/20208032
https://doi.org/10.1001/jama.1975.03240160024021
https://doi.org/10.1007/s11883-000-0093-1
https://doi.org/10.1161/ATVBAHA.111.236315
https://doi.org/10.1016/j.jacc.2012.10.030
https://doi.org/10.1016/j.jacl.2012.04.004
https://doi.org/10.1161/ATVBAHA.109.201129
https://doi.org/10.1152/ajpendo.91004.2008
https://doi.org/10.1097/00041433-200312000-00003
https://doi.org/10.1016/j.atherosclerosis.2008.04.044
https://www.ncbi.nlm.nih.gov/pubmed/18550065
https://doi.org/10.1056/NEJMoa011090
https://doi.org/10.1161/01.CIR.0000148955.19792.8D
https://www.ncbi.nlm.nih.gov/pubmed/15537681
https://doi.org/10.1185/030079906X148508
https://www.ncbi.nlm.nih.gov/pubmed/17076985
https://doi.org/10.1056/NEJMoa0907569
https://doi.org/10.1016/j.jacc.2009.06.036
https://doi.org/10.1016/j.jacc.2010.03.017
https://doi.org/10.1016/j.amjmed.2016.07.038
https://doi.org/10.1042/BST20180420
https://doi.org/10.1016/S0021-9258(18)81324-2
https://doi.org/10.1177/0091270007300264
https://www.ncbi.nlm.nih.gov/pubmed/17463214
https://doi.org/10.1177/1358863X13515766
https://www.ncbi.nlm.nih.gov/pubmed/24391126
https://doi.org/10.1002/14651858.CD009744.pub2
https://www.ncbi.nlm.nih.gov/pubmed/28616955


Int. J. Mol. Sci. 2025, 26, 4463 22 of 22

114. He, Y.-M.; Feng, L.; Huo, D.-M.; Yang, Z.-H.; Liao, Y.-H. Benefits and Harm of Niacin and Its Analog for Renal Dialysis Patients:
A Systematic Review and Meta-Analysis. Int. Urol. Nephrol. 2014, 46, 433–442. [CrossRef]

115. EFSA. Nicotinic Acid and Nicotinamide for All Animal Species. Available online: https://www.efsa.europa.eu/en/efsajournal/
pub/2781 (accessed on 26 February 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11255-013-0559-z
https://www.efsa.europa.eu/en/efsajournal/pub/2781
https://www.efsa.europa.eu/en/efsajournal/pub/2781

	Introduction 
	NAD+ Precursors Ingested by Humans 
	NAD+ Synthesis Pathways in Mammals 
	NAD+ and NAM Catabolism and Excretion of Formed Catabolites 
	Potential Pathophysiological Function of NAD+ Metabolites in CKD Patients 
	Beneficial and Possible Adverse Side Effects of NAD+ Precursors (NAD+ Boosters) Used as Therapeutic Agents or Supplements 
	Conclusions 
	References

