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Abstract 

Early-stage detection of chronic kidney diseases (CKD) is important to treatment that may slow and occasionally halt 
CKD progression. CKD of diverse etiologies share similar histologic patterns of glomerulosclerosis, tubular atrophy, 
and interstitial fibrosis. Macro-vascular disease and micro-vascular disease promote tissue ischemia, contributing 
to injury. Tissue ischemia promotes hypoxia, and this in turn activates the hypoxia-inducible transcription factors 
(HIFs). HIF-1α and HIF-2α, share a dimer partner, HIF-1β, with the aryl hydrocarbon receptor (AHR) and are each acti-
vated in CKD and associated with kidney cellular nicotinamide adenine dinucleotide (NAD) depletion. The Preiss-Han-
dler, salvage, and de novo pathways regulate NAD biosynthesis and gap-junctions regulate NAD cellular retention. In 
the Preiss-Handler pathway, niacin forms NAD. Niacin also exhibits crosstalk with HIF and AHR cell signals in the regu-
lation of insulin sensitivity, which is a complication in CKD. Dysregulated enzyme activity in the NAD de novo pathway 
increases the levels of circulating tryptophan metabolites that activate AHR, resulting in poly-ADP ribose polymerase 
activation, thrombosis, endothelial dysfunction, and immunosuppression. Therapeutically, metabolites from the NAD 
salvage pathway increase NAD production and subsequent sirtuin deacetylase activity, resulting in reduced activation 
of retinoic acid-inducible gene I, p53, NF-κB and SMAD2 but increased activation of FOXO1, PGC-1α, and DNA methyl-
transferase-1. These post-translational responses may also be initiated through non-coding RNAs (ncRNAs), which are 
additionally altered in CKD. Nanoparticles traverse biological systems and can penetrate almost all tissues as disease 
biomarkers and drug delivery carriers. Targeted delivery of non-coding RNAs or NAD metabolites with nanoparticles 
may enable the development of more effective diagnostics and therapies to treat CKD.
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Introduction
Chronic kidney disease (CKD) affects more than 10% of 
the global population and is a leading cause of mortality. 
CKD is caused by primary and systemic diseases and is 
prevalent among older individuals, women, racial/ethnic 
minorities and those living in poverty [1] (Fig. 1). Hyper-
tension, diabetes, obesity, and dyslipidemia are primary 
risk factors that increase rates of cardiovascular disease 
and mortality in patients with CKD [2]. Drugs such as 
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angiotensin-converting enzyme inhibitors, angiotensin II 
receptor blockers, metformin, and low- to moderate-dose 
statins may reduce the risk of cardiovascular disease. 
Kidney injury may alter glomerular filtration, tubular 
reabsorption and secretion processes and subsequently, 
drug efficacy and toxicity [3].

Glomerular hyperfiltration or increased natriuresis can 
be signs of renal dysfunction that reflect damage to the 
glomerular filtration barrier. This ultrafiltration process 
consists of a fenestrated endothelium, glomerular base-
ment membrane, and podocytes that function concur-
rently through cell junction intercellular communication 
[4]. Gap junctions are membrane channels that allow for 
the direct cytoplasmic exchange of ions and low-molec-
ular weight metabolites (< 1 kDa) between adjacent cells 
[5]. The gap junction protein connexin 43 is dysregu-
lated in CKD and blocking this molecule is a suggested 
therapy in treating the disease [4, 5]. Connexin 43 is also 
a hemichannel that mediates equilibrative transport 
of nicotinamide dinucleotide (NAD) from the cytosol 
to the extracellular microenvironment [6], suggesting 
that connexin 43 is also associated with cellular NAD 
homeostasis.

CKD typically progresses through five stages, with kid-
ney failure being the most severe. Because the early stages 
of CKD may lack changes in the glomerular filtration rate 
and therefore remain undetected until advanced stages, 

additional diagnostic techniques are being investigated to 
include nanoparticles [7], which may also be employed in 
CKD therapies for targeted delivery of molecules based 
on size, charge, or hydrophobicity [8]. Advanced CKD 
requires kidney replacement therapy and when possible, 
kidney transplant [9]. Complications of dialysis and allo-
graft failure increase morbidity, mortality, and healthcare 
costs [10, 11], indicating that better strategies are needed 
to prevent, slow, or halt progressive loss of kidney func-
tion in patients with CKD.

CKD progression is irreversible (although some ther-
apies may slow or even halt CKD) and is associated 
with progressive fibrosis, loss of peritubular capillaries, 
reduced peritubular capillary blood flow, renal anemia, 
and ultimately renal hypoxia [12]. Under hypoxic condi-
tions, the hypoxia-inducible transcription factor (HIF)-
prolyl hydroxylase domain (PHD) pathway is active. 
Three PHD isoforms (PHD-1, 2, 3) add hydroxyl groups 
to HIFs. Of the three HIF isoforms (HIF-1α, 2α, 3α), the 
status of only HIF-1α and HIF-2α has been extensively 
characterized in CKD [13].

In tissue normoxia, PHD-1 and PHD-2 exhibit 
respective substrate preference for HIF-2α and HIF-1α 
[14], resulting in HIF hydroxylation, ubiquitination and 
degradation [13, 15]. HIF-1α is primarily associated 
with metabolic programming (Fig.  2) whereas HIF-2α 
regulates tissue revascularization [16], the production 

Fig. 1 CKD promotes hypoxic and xenobiotic cell signals and depletes tissue levels of NAD. CKD is caused by primary or systemic diseases 
and is prevalent among older individuals, women, ethnic minorities and those living in poverty. Independent of the initial cause of injury, CKD 
progression is irreversible. Injury induces damage, culminating in the production of uremic toxins and the release of enzymes and molecules 
required for NAD production into the blood. NAD is a substrate for sirtuins (SIRTs) that can inhibit the activity of hypoxia-inducible transcription 
factor (HIF)-1α, aryl hydrocarbon receptor (AHR), and nuclear factor (NF)-κB but promote HIF-2α stability. AHR exibits crosstalk with NF-κB. HIFs 
share a dimer partner with AHR to activate genes. In the de novo pathway of NAD biosynthesis, tryptophan metabolites are released into the blood 
and like uremic toxins, activate AHR. Nicotinamide phosphoribosyltransferase (NAMPT) and nicotinic acid phosphoribosyltransferase (NAPRT) are 
rate-limiting enzymes in the NAD salvage pathway and Preiss-Handler pathway, respectively. Extracellular NAMPT (eNAMPT) and NAPRT (eNAPRT) 
can be released into the blood and activate toll-like receptor (TLR)-4. In CKD, plasma levels of eNAMPT are elevated. Whether eNAPRT is similarly 
released to deter NAD production in tissue is not known. NF-κB promotes inflammation and the transcription of HIFs and AHR
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of erythropoietin [14], and the NAD enzyme that also 
functions as a cytokine, nicotinamide phosphoribo-
syltransferase (NAMPT) [17]. Because renal anemia is 
a common complication in patients with CKD, phar-
maceutically activating the HIF-PHD pathway to pro-
mote erythropoietin production is being considered 
as a therapy [18]. However, the HIF-PHD pathway 
exhibits crosstalk with the aryl hydrocarbon receptor 
(AHR) through a shared dimer partner, HIF-1β. Each 
of these pathways contribute to kidney injury and renal 
tubulointerstitial fibrosis in progressive kidney disease 

[13, 19, 20], indicating that HIF-PHD downstream 
responses are complex (Figs. 1 and 2).

Complications of progressive disease can include renal 
anemia [18], insulin resistance [21], kidney fibrosis [13], 
inflammation [22], tubular necrosis [23], and endothe-
lial dysfunction [24]. The diversity of responses in CKD 
can be associated with a muti-faceted metabolic factor, 
nicotinamide adenine dinucleotide (NAD), which is an 
enzyme co-factor in redox reactions or a substrate con-
sumed by sirtuins (SIRTs) and poly-ADP ribose poly-
merases (PARPs). During hypoxia, elevated levels of the 

Fig. 2 NAD and hypoxic metabolism. Inflammation, reactive oxygen species, and/or hypoxia promote the stabilization of hypoxia-inducible 
transcription factor (HIF)-1α. A dimer, composed of HIF-1α and HIF-1β, activates glycolytic genes, including SLC2A1/GLUT1 (glucose transporter), 
HK2 (hexokinase 2), ALDOA (aldolase), PGK1 (phosphoglycerate kinase-1), ENOL (enolase), LDHA (lactate dehydrogenase A), and PDK1 (pyruvate 
dehydrogenase kinase 1). These gene products redirect pyruvate catabolism in the mitochondria to the production of lactate. Further, 
the HIF-1α:HIF-1β heterodimer inhibits the transcription of fatty acid genes associated with β-oxidation. CPT1A (carnitine palmitoyltransferase 
1A) catalyzes the transfer of acyl groups into the mitochondria. PPARA  (peroxisome proliferator activated receptor alpha) is a cofactor to PGC-1 
α (Peroxisome proliferator-activated receptor-gamma coactivator-1 alpha) in mitochondrial biogenesis. Redox reactions involving oxidized 
NAD (nicotinamide adenine dinucleotide) or FAD (flavin adenine dinucleotide) and their reduced forms (NADH, FADH) promote each form 
of metabolism, resulting in the production of ATP (adenosine triphosphate) from ADP (adenosine diphosphate) and Pi (inorganic phosphate). 
Acetyl-CoA, formed from glycolysis or β -oxidation, fuels the citric acid cycle and the electron transport chain. NAD reduction reactions are 
important for α-ketoglutarate production, which is also formed through glutaminolysis and the production of glutamate. Iron, oxygen, ascorbate, 
and α-ketoglutarate support the activation of prolyl-hydroxylase (PHD)-2, which adds hydroxyl groups to HIF-1α and promotes HIF-1α binding 
to the von Hippel-Lindau (VHL) E3 ubiquitin ligase. VHL adds ubiquitin to HIF-1α, targeting HIF-1α for degradation by the proteasome.
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reduced form of NAD (NADH) are produced compared 
to the oxidized form (NAD) [25] (Fig. 2). NAD is gener-
ated from dietary niacin (via the Preiss-Handler pathway) 
and from dietary tryptophan (via the de novo pathway). 
The addition of an amide to niacin forms nicotinamide 
(NAM), which is also a by-product of NAD consumption. 
The recycling of NAD precursors (e.g., NAM, nicotina-
mide mononucleotide, and nicotinamide riboside) occurs 
through the NAD salvage pathway [26]) (Fig. 3).

In various animal models of CKD, kidney tissue NAD 
levels are reduced [27, 28] and treatment with NAD 
metabolites stabilizes or improves kidney function and 
pathology [29–31] (Fig.  4). Consequently, clinical trial 
investigations of NAD metabolites in CKD have been 
carried out (niacin: NCT00852969, nicotinamide ribo-
side: NCT04818216) and are ongoing (nicotinamide 
riboside: NCT04040959, Nicotinamide: NCT04589546). 
The functions of NAD metabolites in CKD are therefore 
important to understanding disease progression and the 
therapeutic response.

In this review, we examine NAD biosynthesis path-
ways and their integrated networks involving hypoxic 

Fig. 3 NAD metabolism in CKD. (1) Monocarboxylate transporters facilitate niacin transport into cells and in the kidney, transport occurs 
primarily through sodium-coupled monocarboxylate transporters (SMCT1, SMCT2). Nicotinic acid phosphoribosyltransferase (NAPRT) 
is the rate-limiting enzyme that forms nicotinic acid mononucleotide (NAMN). Conversion of NAMN to NAD (nicotinamide adenine dinucleotide) 
occurs through nicotinamide mononucleotide adenylyltransferases (NMNAT1-3 (2) L-type amino acid transporter (LAT1) is a heterodimer 
whose protein constituents are encoded by SLC3A2 and SLC7A5 genes. LAT1 transports tryptophan into cells. Indoleamine 2, 3-dioxygenase 
1 (IDO1) is the rate-limiting enzyme. A series of additional enzymatic reactions produces NAMN, which is also formed in the Preiss-Handler 
pathway (as shown). Kynurenine aminotransferases generate kynurenic acid instead of NAD pathway metabolites. Conversion of NAMN to NAD 
occurs through NMNAT1-3 and NAD synthetase 1 (NADSYN1). (3) NAD is catabolized by NADases (CD38, CD157), resulting in the release 
of nicotinamide (NAM) and cyclic ADP ribose (cADPR) from the cell. Extracellular nicotinamide phosphoribosyltransferase (eNAMPT) transforms 
NAM into nicotinamide mononucleotide (NMN). Extracellular NMN can be transformed to nicotinamide riboside (NR) by CD73, and NR 
is transported into the cell through an equilibrative nucleoside transporter 1 (ENT1) encoded by SLC29A1. Inside the cell, an NR kinase transforms 
NR into NMN. NAMPT also transforms NAM into NMN. Conversion of NMN to NAD occurs through the actions of NMNAT1-3 and NADSYN1. 
(4) NAD consuming enzymes (SIRTs, PARPs) produce NAM. Nicotinamide N-methyltransferase (NNMT) catalyzes the transfer of a methyl group 
from S-adenosylmethionine (SAM) to NAM, producing S-adenosylhomocysteine (SAH) and N1-methylnicotinamide (MNA). Aldehyde oxidase-1 
(AOX1) forms n-methyl-2-pyridone-5-carboxamide (N-Me-2PY) and n-methyl-4-pyridone-3-carboxamide (N-Me-4PY), which are characterized 
as uremic toxins. Enzymes and molecules altered in CKD are highlighted (see text for additional details)

Fig. 4 CKD interventions associated with altered NAD 
metabolism in mouse models. (1) Gavage treatment 
with N1-methylnicotinamide (MNA) in a unilateral ureteral 
obstruction (UUO) murine model ameliorated renal fibrosis. (2) 
Renal fibrosis was ameliorated in UUO models by nicotinamide 
n-methyltransferase (NNMT) deficiency or injections 
of NNMT-expressing plasmids. (3) Intraperitoneal administration 
of nicotinamide reduced fibrosis and injury in UUO and ischemia 
and reperfusion (I/R) models, respectively. (4) Oral or intraperitoneal 
nicotinamide riboside ameliorates murine I/R or cisplatin induced 
injury and fibrosis. (5) Intraperitoneal administration of nicotinamide 
mononucleotide reduced fibrosis and inflammation and improved 
kidney function in murine I/R and Adriamycin (doxorubicin) injury 
models
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and xenobiotic cell signals, as both contributors to and 
consequences of CKD. We offer future perspectives for 
increased understanding and exploitation of these net-
works and therapies involving NAD metabolites.

Niacin
Niacin (nicotinic acid, vitamin B3) is a water-soluble vita-
min identified in 1937 as treatment for pellagra, a niacin 
deficiency disease associated with dermatitis, dementia, 
diarrhea, and in severe cases, death [32]. Today, niacin is 
also a therapeutic option for atherosclerosis and dyslipi-
demia due to its effects in lowering levels of low-density 
lipoprotein (LDL) cholesterol, reducing triglycerides and 
lipoprotein (a) levels, and increasing high-density lipo-
protein (HDL) cholesterol levels [33]. These beneficial 
niacin responses are complicated by side effects, includ-
ing hepatotoxicity [34] and increased prostaglandin pro-
duction that leads to prostaglandin-induced vasodilation 
of small capillaries and cutaneous flushing [35]. Phar-
maceutically adjusting the release rate of niacin that is 
absorbed in the intestines and delivered to the liver (e.g., 
immediate-release, extended-release, timed-release, con-
trolled-release) may mitigate adverse events associated 
with niacin therapy [36]. However, the varied responses 
in patients [37, 38] and in dissolution profiles  of com-
mercially available niacin formulations [36], indicate that 

further study of the molecules function in human health 
is warranted.

Niacin is metabolized via two pathways, the conju-
gative pathway and non-conjugative (Preiss-Handler) 
pathway. The conjugative pathway is active only when 
the Preiss-Handler pathway is saturated and involves 
the conjugation of free niacin to glycine, forming the 
metabolite, nicotinuric acid. Niacin, nicotinuric acid, and 
additional niacin conjugates activate hydroxy-carboxylic 
acid receptors (HCARs) [39]. Niacin receptors are most 
strongly expressed on adipocytes [40].

The niacin conjugation pathway and insulin
All HCARs inhibit lipolysis through distinct ligands. 
HCAR1/GPR81 binds the HIF-1α downstream product, 
lactate [41]. HCAR2/GPR109A binds niacin or butyrate 
[41, 42]. HCAR3/GPR109B binds niacin or the AHR 
ligand, kynurenic acid [41, 43]. Activation of AHR by 
β-napthoflavone also inhibits lipolysis [44], highlight-
ing crosstalk among these pathways, including a role for 
insulin, the most potent inhibitor of lipolysis [45] (Fig. 5).

Niacin activation of HCAR2 in rat INS-1 insulinoma 
cells inhibits insulin secretion [46]. In a murine model, 
administration of niacin (30  mg/kg intraperitoneally) 
increased serum adiponectin, an insulin sensitizer, and 
reduced lipolysis in wild-type mice 60 min after injection 

Fig. 5 Niacin and insulin signaling. (A) Insulin binds its receptor on adipocytes and this receptor activates the AKT serine/threonine kinase 
(also known as protein kinase B). AKT generates downstream signals, including PDE3B (phosphodiesterase 3B) and HIF-1α (hypoxia inducible 
transcription factor-1α). HIF-1α cell signals promote glycolysis, lactate production, and the release of lactate from cells through the transporter, 
MCT1 (SLC16A1/monocarboxylate transporter 1). Hypoxia activates HIF-1α and its dimer partner HIF-1β but inhibits insulin receptor activation. 
HCARs (hydroxy-carboxylic acid receptors) are G-protein-coupled receptors. HCARs bind distinct ligands and induce Gi (inhibitory) signals to AC 
(adenylate cyclase) that catalyzes the formation of cAMP (cyclic adenosine monophosphate) from ATP (adenosine triphosphate). The function 
of HCAR1 may depend, in part, on the presence of HCAR2. PDE3B, Gi, and β-napthoflavone activated aryl hydrocarbon (AHR) signals antagonize 
lipolysis. Niacin also induces serum adiponectin production through HCAR2. (B) Insulin is produced by pancreatic islet beta-cells and circulates 
through the liver and kidney, as well as other tissues. Niacin inhibits insulin production and increases glomerular filtration rates (GFR) in CKD
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but not in GPR109A-deficient mice [47]. Levels of adi-
ponectin are positively correlated with high-density lipo-
protein (HDL) cholesterol levels, potentially due to 
HDL-induced adiponectin gene expression [48]. In a 
retrospective analysis of 34 patients with stage 2–4 CKD 
(estimated glomerular filtration rate (eGFR) 15 to 89 mL/
min/1.73   m2), niacin 500  mg/day for 6  months reduced 
serum levels of triglycerides and phosphate, while 
increasing plasma HDL cholesterol levels and eGFR 
(11). Niacin may therefore regulate insulin homeostasis 
through the assembly of distinct HDL cholesterol parti-
cles but this is a hypothesis to be tested.

In healthy individuals, optimal insulin levels are main-
tained by pancreatic islet beta-cell production and 
secretion and by insulin removal from plasma by liver 
(50–70%) and kidney (30–50%) [49]. In CKD, insulin 
resistance is common, even in the absence of diabetes 
[49]. Mechanisms that contribute to insulin resistance 
in CKD (e.g., systemic inflammation, oxidative stress, 
metabolic acidosis) [21] are also associated with hypoxia. 
Hypoxia-induced cell signals in adipocytes promote 
lipolysis but suppress insulin signaling through reduced 
insulin receptor activation and glucose transporter 4 
(GLUT4) production in human and murine adipocytes 
[50]. These data highlight the complexity of responses 
involving insulin receptors, HCARs, HIF-1α, and AHR 
(Fig. 5).

Moreover, HCAR2 is also expressed by murine renal 
tubular epithelial cells in the context of sepsis-associated 
acute kidney injury (AKI) [51]. Treatment with lactate 
(lactated Ringer’s solution) attenuated AKI severity and 
reduced mortality in wild-type but not HCAR2 deficient 
mice [51]. Thus, the benefit of lactate-induced HCAR1 
appears to depend on HCAR2 activation and its down-
stream effects. A more complete understanding of these 
separate but interdependent pathways may lead to bet-
ter therapeutics for insulin resistance in the presence or 
absence of CKD, and perhaps a better understanding of 
AKI pathogenesis.

The niacin non‑conjugative pathway and injury
Niacin contributes to NAD biosynthesis through the 
non-conjugative (Preiss-Handler) pathway [52]. Niacin is 
transported across plasma membranes by monocarboxy-
late transporters (SLC6A8/SMCT1, SLC5A12/SMCT2 
and SLC16A1/MCT1). Intravenous administration of 
radionuclide-labeled  [11C]niacin to mice revealed that 
the highest tissue uptake occurs in the kidneys, which 
is consistent with high Smct mRNA expression levels 
in the renal cortex and outer medulla [53]. This study 
also showed higher levels of niacin in male compared to 
female mice.

Inside the cell, niacin is transformed by the rate-
limiting enzyme of this pathway, nicotinic acid phos-
phoribosyltransferase (NAPRT), to nicotinic acid 
mononucleotide, prior to the generation of NAD (Fig. 3). 
NAPRT is not only essential for NAD production but 
also contributes to the prevention of oxidative stress 
associated with hypoxia and cellular injury [54]. NAPRT 
can be released into the extracellular microenvironment 
(eNAPRT) and serves as a damage-associated molecu-
lar pattern (DAMP), activating toll-like receptor (TLR)-
4, as occurs in patients with sepsis [54]. The function of 
eNAPRT in CKD has not been fully explored. However, 
in mice subjected to 5/6 nephrectomy and continuous 
low-dose angiotensin II infusion, wild-type mice, but not 
TLR4 mutant mice, develop progressive CKD [55], sug-
gesting that a TLR4 ligand, such as eNAPRT, could con-
tribute to progressive renal disease.

The NAD salvage pathway
NAD is predominantly synthesized through the salvage 
pathway. NAM is produced as a by-product of the actions 
of NAD in modifying protein substrates [e.g., sirtuins 
and poly-ADP ribose polymerase (PARPs)] and serves as 
the primary metabolic precursor. The enzyme NAMPT 
catalyzes the transformation of NAM into nicotinamide 
mononucleotide (NMN). Outside the cell, CD73 (an 
ecto-5ʹ-nucleotidase) catalyzes the transformation of 
NMN into nicotinamide riboside (NR) and NR is inter-
nalized through the equilibrative nucleoside transporter 
1 (ENT1), encoded by SLC29A1, which acts to achieve 
similar levels of the transported molecule on both sides 
of the plasma membrane, whereas a concentrative trans-
porter promotes cell entry over cell exit of a particular 
molecule. Inside the cell NR is transformed to NMN 
through an NR kinase [56]. NMN produced by either an 
NR kinase or NAMPT is transformed to NAD through 
nicotinamide mononucleotide adenylyltransferases 
(NMNAT1-3) and an NAD synthetase (NADSYN1) [57, 
58] (Fig. 3).

The protective role of NAM in CKD
In experimental CKD, NAM has primarily been tested 
as a preventive therapy. In mice fed an adenine-rich diet 
to induce tubulointerstitial and at the same time pro-
vided with NAM-supplemented drinking water over six 
weeks, NAM supplementation reduced kidney fibrosis 
and inflammation compared to controls. However, when 
mice were fed an adenine-rich diet for six weeks, NAM 
administered for the following four weeks did not reduce 
renal fibrosis [31]. In two studies using the unilateral ure-
teral obstruction (UUO) model, daily administration of 
intraperitoneal NAM, commencing either one hour or 
three days before the operation and continuing through 



Page 7 of 19Curran and Kopp  Journal of Translational Medicine          (2023) 21:706  

at least seven days post-operation, inhibited progressive 
tubulointerstitial fibrosis, inflammation and renal injury 
[29, 30]. These studies therefore highlight the prophylac-
tic effects of NAM on kidney damage following kidney 
injury.

In vitro, NAM reduces both HIF-1α stability and 
HIF-1α-induced activation of human macrophages, act-
ing in part through increased SIRT1 activation [25]. In 
mice with tubular cell-specific HIF-1α-overexpression, 
increased acetylated-HIF-1α induced apoptosis and tis-
sue fibrosis [59], suggesting that SIRT1 activity could 
modulate the response. NAM (0.25 mg/g/day intraperito-
neally administered 3 days before UUO) induced SIRT1 
activation in  vivo and reduced acetylation of SMAD3, 
p53, and forkead-box (FOX)-O1 proteins in kidney corti-
ces [29]. Interventions that decrease the activity of either 
Smad3 [60] or p53 [61] also ameliorate disease in animal 
CKD models. Smad3 and p53 activation are inhibited by 
deacetylation, whereas FOXO1 is activated by deacetyla-
tion [60].

Dysregulation of FOXO1 is associated with diabetic 
kidney disease, encouraging investigational research of 
FOXO1 as a therapeutic target [62]. Acetylated FOXO1 
inhibits its DNA binding affinity and promotes FOXO1 
phosphorylation and degradation in the cytoplasm [63]. 
In a murine model of endotoxin-induced AKI, Foxo1 and 
peroxisome proliferator-activated receptor-gamma coac-
tivator (Pgc)-1α (a possible downstream target of Foxo1) 
are reduced in proximal tubular epithelial cells at the 
mRNA and protein levels [64]. PGC-1α, like FOXO1, is 
deacetylated by SIRT1, which promotes its activation and 
function in mitochondrial biogenesis [65] and in the pro-
duction of quinolate phosphoribosyl transferase (QPRT) 
in the de novo pathway [27]. Intrarenal adeno-associ-
ated virus delivery of a viral vector carrying the Foxo1 
gene in murine endotoxin-induced AKI demonstrated 
that increased Foxo1 protein levels were associated with 
improved renal function [64], suggesting a protective 
function of FOXO1 activation in CKD.

Alternatively, in an I/R model, Foxo1 protein levels 
increased and phosphorylated-Foxo1 levels decreased, 
suggesting that FOXO1 activation may be a pathogenic 
component driving kidney disease [66]. Intraperitoneal 
injections of a Foxo1 inhibitor (AS1842856) in this model 
reduced kidney injury, improved mouse survival and kid-
ney function, and abrogated I/R-induced inhibition of 
Pgc-1α through increased activation of the Pgc-1α tran-
scription factor, cAMP-response element binding protein 
(Creb).

Pgc-1α expression falls during experimental renal 
ischemia. Renal function also worsens in Pgc-1α defi-
cient mice in association with lower renal levels of NAM. 
Intraperitoneal NAM (400  mg/kg/day), administered 

four days prior to I/R injury in Pgc-1α deficient mice, 
prevented post-ischemic AKI and also normalized post-
ischemic fat accumulation [67]. In this study, NAM 
induced β-hydroxybutyrate activation of HCAR2, 
and intraperitoneal injections of an HCAR2 inhibitor 
(mepenzolate bromide) abrogated renal protection. Thus, 
niacin directly whereas NAM indirectly regulates HCAR 
responses (Figs. 5 and 6).

In summary, FOXO1, PGC-1α, SMAD3, and p53 are 
all important in mediating the effects of NAM in experi-
mental CKD. Each of these proteins may be modulated 
by NAM-induced SIRT1 activity. NAM downstream 
responses and mechanisms may include increased mito-
chondrial biogenesis (e.g., PGC-1α activation), produc-
tion of antioxidants (e.g., FOXO1-induced catalase), 
reduced fibrosis (SMAD-3-induced α-SMA), and renal 
protection (e.g., p53 inactivation). Further exploration 
of these mediators of NAM action may prove beneficial 
to understanding the potential role of NAM in the treat-
ment of kidney disease (Fig. 6).

CKD‑induced changes in the NAM methionine cycle
The synthesis of MNA is carried out by nicotinamide 
N-methyltransferase (NNMT), which catalyzes the trans-
fer of a methyl group from S-adenosylmethionine (SAM) 
to NAM, producing S-adenosylhomocysteine (SAH) 
and methyl nicotinamide (MNA). Subsequently, MNA 
is metabolized to n-methyl-2-pyridone-5-carboxamide 
(N-Me-2PY) and n-methyl-4-pyridone-3-carboxamide 
(N-Me-4PY) via an aldehyde oxidase (AOX) [68]. The 
human genome contains one AOX gene (AOX1), whereas 
the mouse genome encodes four Aox genes (Aox1, Aox2, 
Aox3, Aox4) [69]. Immunostains of human tissue iden-
tified expression of AOX1 protein in various human 
tissues, including the adrenal gland and kidney (with 
expression in proximal, distal, and collecting tubules but 
not in glomeruli) [70]. AOX enzymes are an important 
source of reactive oxygen species (ROS) [69], which can 
potentiate tissue injury and hypoxia.

In a small 1956 dietary study of healthy males (eight 
subjects per group), urinary MNA excretion was assessed 
[71]. At baseline, MNA excretion was 3.64–4.80 mg/day. 
Subjects were given a basal diet or diets supplemented 
with 2 mg riboflavin, alone or in combination with either 
50  mg L-tryptophan or 10  mg nicotinamide. After nine 
weeks, urinary excretion of MNA decreased for subjects 
on diets that were non-supplemented (0.96–2.37  mg/
day), or supplemented with riboflavin (0.59–2.54 mg/day) 
and L-tryptophan (1.78–3.43  mg/day) but MNA excre-
tion increased in subjects on the nicotinamide-supple-
mented diet (3.08–6.56 mg/day). Comparing values at 16, 
24, 36 and 46  weeks on experimental diets, the authors 
concluded that NAM supplementation caused higher 
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efficiency in MNA excretion compared to L-tryptophan 
at a factor of 1:60. These data would suggest that higher 
levels of MNA, N-Me-2PY and N-Me-4PY determined in 
CKD patients are sourced from the NAD salvage or Pre-
iss-Handler pathways (Fig. 3).

In a cross-sectional study of 139 patients with CKD, 
serum levels of NAM and NMN decreased, while levels 
of N-Me-2PY and N-Me-4PY increased with progres-
sive renal dysfunction [72]. Moreover, in a murine model 
of UUO, kidney tissue levels of NAM, NMN, and NAD 
decreased, while MNA, N-Me-2PY, and N-Me-4PY lev-
els accumulated in the obstructed kidneys, compared 
to the sham-operated kidneys [72]. This model also 
demonstrated that renal fibrosis was reduced in Nnmt-
deficient mice, possibly as a result of reduced levels of 
Aox-induced uremic toxins in the model (Fig. 3).

In another murine study using the UUO model, 
NNMT was also upregulated in the kidney, and 
Nnmt protein levels correlated with renal fibrosis 
[73]. Despite increased NNMT levels in kidney tis-
sue, hydrodynamic-based injections of Nnmt plasmids 
two  days before and after surgery were administered 
to induce NNMT overexpression. Either NNMT over-
expression or MNA gavage administration amelio-
rated renal fibrosis, possibly as a result of transforming 

growth factor (TGF)-β inhibition [73]. The benefits of 
Nnmt-expressing plasmids may also be associated with 
MNA production and its downstream anti-inflam-
matory [74], anti-thrombotic [75], and vasorelaxing 
[76] properties. Because the absence of Nnmt and the 
injections of Nnmt-expressing plasmids each provided 
benefits, further study of NNMT and its downstream 
metabolites (MNA, N-Me-2PY, and N-Me-4PY) in tis-
sue, blood, and urine in human CKD may be warranted 
(Fig. 4).

Interestingly, reduced urinary MNA levels may be a 
biomarker of renal functional decline and of mortality. In 
assessing urinary MNA prospectively in 660 kidney renal 
transplant recipients compared to 275 healthy kidney 
donors, renal transplant recipients excreted less urinary 
MNA compared to healthy donors; this was associated 
with higher premature all-cause mortality, independent 
of other predictors [77]. However, in assessing the urine 
metabolites of 82 US military personnel admitted to an 
ICU with traumatic injuries, elevated urinary MNA and 
lactate were associated with higher AKI stage, increased 
mortality, and need for renal replacement therapy [78]. 
Differences between these studies may depend upon 
the activity of NNMT and AOX enzymes and the lev-
els of urinary N-Me-2PY and N-Me-4PY. A possible 

Fig. 6 NAM function in CKD. NAM induces the activity of SIRT1 and promotes the deacetylation of SMAD3, p53, PGC-1α, and FOXO1. 
Deacetylation of SMAD3 inhibits fibrosis. Deacetylation of p53 inhibits apoptotic injury. Deacetylation of PGC-1α promotes its activation, which 
is associated with mitochondrial biogenesis and the production of the de novo pathway enzyme, quinolinate phosphoribosyl transferase (QPRT). 
Deacetylation of FOXO1 promotes its activation. The functions of FOXO1 in CKD are not fully explored. PGC-1α levels decrease in CKD. NAM-induced 
production of β-hydroxybutyrate and activation of HCAR2 may improve kidney function under conditions of PGC-1α deficiency, acting 
through unknown downstream mechanisms. SIRT1 may affect the activity of HIF-1α
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function of AOX1 as a biomarker in CKD has not been 
fully explored [68].

Increased extracellular NAMPT is a CKD biomarker
NAMPT is the rate-limiting enzyme in the NAD salvage 
biosynthesis pathway. Like erythropoietin [14], NAMPT 
is primarily regulated by HIF-2α, which is stabilized by 
SIRT2 activity and therefore by NAD [17, 79]. NAMPT 
has functions both outside and inside the cell. Extracellu-
lar NAMPT (eNAMPT) is a pro-inflammatory cytokine, 
commonly released from B lymphocytes (also known as 
pre-B cell colony-enhancing factor/PBEF) and from adi-
pocytes (also known as visfatin), indicating a hypoth-
esized role in visceral fat biology [54]. Like eNAPRT, 
eNAMPT, can also activate TLR4 [80] and potentially 
affect TLR4 responses in CKD [55] (Fig. 3).

In patients with diabetes, serum eNAMPT levels are 
elevated and are positively associated with insulin resist-
ance and higher urinary albumin-to-creatinine ratios 
[81]. Plasma eNAMPT levels are also increased in non-
diabetic, non-proteinuric hypertensive outpatients and 
associated with eGFR decline [82]. In CKD patients, 
plasma eNAMPT levels are an indicator of disease sever-
ity and a marker of endothelial damage [83]. These find-
ings may reflect the release of eNAMPT from adipocytes 
and kidney cells, particularly since decreased intracellular 
NAMPT and sirtuin 6 staining are found in the proximal 
tubules of diabetic patient kidneys manifesting severe 
fibrosis compared to healthy controls [84]. In an adenine-
induced CKD mouse model [31] and in Zucker diabetic 
obese rats [85], decreased intracellular NAMPT levels 
may reduce levels of NAD in the kidney. Understanding 
the mechanisms contributing to the cellular release of 
NAMPT and its dual role as an enzyme in extracellular 
NAD metabolism versus ligand activation of TLR4 may 
lead to novel therapeutics for CKD.

The protective role of NMN in CKD
NAMPT catalyzes the formation of NMN. In mice 
placed in a hypoxic chamber (10.8%  O2) for four weeks, 
NMN (500  mg/kg administered intraperitoneally, every 
third day) attenuated HIF-1α activation-induced adi-
pose fibrosis and inflammation [86]. In an I/R model, 
NMN (500 mg/kg intraperitoneally) administered 20 min 
before I/R and daily for 3 days after the procedure or on 
day 3 and 14 after I/R, NMN also reduced inflammation 
(expression of IL-6, IL-8, TGF-β1) and fibrosis (deposi-
tion of collagen IV, α-SMA) [87].

In mice given intraperitoneally Adriamycin (doxo-
rubicin) to induce focal segmental glomeruloscle-
rosis (FSGS), NMN (500  mg/kg intraperitoneally) 
administered daily for 14  days improved kidney func-
tion and reduced serum cholesterol levels compared 

to controls [88]. The NMN-driven mechanisms in this 
model include increased renal tissue levels of SIRT1 and 
NAMPT but reduced levels of PARP1 and NMNAT1. 
The model also supports NMN-induced SIRT1 deacety-
lation and activation of DNA methyltransferase (Dnmt1), 
which subsequently methylates and reduces levels of 
claudin-1, a molecule associated with podocyte efface-
ment [89] (Fig. 7).

Expression and production of the transcription fac-
tor twist family basic helix-loop-helix transcription 
factor 2 (Twist2) is increased in kidney tissue in a mer-
curic chloride rat model of AKI [90]. Twist2 can be 
activated by a variety of cell signals, including those pro-
moted by HIF-1α and TGF-β1 [91]. In the Adriamycin 
(doxorubicin)-induced mouse model of FSGS [88], NMN 
decreased Twist2 activity through Dmnt1-induced meth-
ylation, which in turn reduced Twist2-induced Nmnat1 
gene expression. PARP1 recruits NMNAT1 to promoters 
(e.g., SOCS2, encoding the suppressor of cytokine signal-
ing) and there NMNAT1 produces NAD to support the 
catalytic activity of PARP1 and its PARylation of proteins 
acting on these gene promoters [92]. PARP1 expression 
is increased in the proximal tubule and renal vasculature 
and therapeutically targeted in CKD [23]. Thus, NMN 
participates in a regulatory loop controlled indirectly by 
SIRT1 (Fig. 7). Like PARP1, SIRT1 recruits NMNAT1 to 

Fig. 7 NMN function in CKD. NMN inhibits the functions of TGF-β1 
and other factors involved in fibrosis. HIF-1α and TGF-β1 cell 
signals promote the activation of Twist2, which in turn activates 
nicotinamide mononucleotide adenylyltransferases (NMNAT1). 
NMNAT1 catalyzes the transformation of NMN into NAD. Poly-ADP 
ribose polymerase (PARP1) and SIRT1 can recruit NMNAT to promote 
their catalytic activity. PARP1 activity is associated with renal tubular 
necrosis. SIRT1 activity. SIRT1 deacetylates DNA methyltransferase 
(DNMT1) and promotes its activation. DNMT1 methylates CLAUDIN-1 
and TWIST2 and is renal protective
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regulate the deacetylation of proteins at promoter sites 
[93]. Further study into the recruitment of NMNAT to 
SIRT1 versus PARP1 may provide additional therapeutic 
strategies to slow CKD progression by using NMN.

The protective role of NR in CKD
Extracellular NMN is transformed to NR by the ecto-
enzyme CD73 (an immune checkpoint molecule) and 
transported into the cell through ENT1 [56] (Fig.  3). In 
a rat I/R model of AKI, reduced kidney tissue NAD and 
SIRT1 levels were restored with NR (500 kg/mg/day) by 
gavage administration for two weeks prior to surgery and 
one day after surgery [94]. However, injury (e.g., higher 
expression levels of neutrophil gelatinase-associated 
lipocalin) and fibrosis (e.g., reduced protein levels of 
α-Klotho) in the model was not affected by NR prophy-
lactic treatment.

Another study examined three standard models of kid-
ney injury (I/R, cisplatin-induced AKI, and UUO) and 
the podocyte-apoptosis through targeted activation of 
caspase-8 (POD-ATTAC) murine model. The latter con-
tains an inducible FK-506 binding protein (FKBP)-cas-
pase 8 fusion transgene in the podocin promoter, causing 
podocyte apoptosis in response to intraperitoneal injec-
tions of the dimerizer molecule AP20187 [95]. In mice 
given chow supplemented with NR (400 mg/kg/day) for 
10  days and subjected to ischemia/reperfusion or cispl-
atin AKI, tubular injury decreased and kidney function 
improved compared to controls at the 48  h timepoint. 
However, mice pretreated with chow containing 800 mg/
kg/day NR for seven days and subjected to UUO or POD-
ATTAC for 14  days did not manifest improved kidney 
function or reduced fibrosis. Thus, this study did not sup-
port oral administration of NR as an approach to slow 
CKD in mice.

In examining the effect of NR (435  mg/kg) or NMN 
(500 mg/kg) injected intraperitoneally for four consecu-
tive days, commencing two hours before I/R or cisplatin-
induced AKI, either NR or NMN normalized kidney 
tissue NAD levels, reduced kidney injury and improved 
kidney function compared to controls [96]. This study 
also showed that cisplatin exposure causes cytosolic leak-
age of mitochondrial RNA and consequent activation of 
the cytosolic pattern recognition receptor retinoic acid-
inducible gene-I (RIG-I). Subsequent use of RIG-I knock-
out mice in the study reduced cisplatin-induced kidney 
injury that was not further improved by NR supplemen-
tation, suggesting that RIG-1 is an NR target. RIG-I is 
increased in cultured NRK52E rat kidney epithelial cells 
exposed to hypoxia and in murine kidneys subjected to 
renal artery clamping for 10 min [97]. These observations 
may support a role for NR-induced NAD in regulating 
hypoxia-induced RIG-I expression (Fig. 8).

The NAD de novo pathway
In the NAD de novo pathway, three enzymes regulate 
the catabolism of tryptophan: indoleamine-2,3-dioxyge-
nase (IDO)1, IDO2, and tryptophan dioxygenase (TDO). 
Of these three enzymes, IDO1 is the rate-limiting step 
in catalyzing the oxidative cleavage of tryptophan into 
n-formyl-l-kynurenine due to the lower substrate speci-
ficity of IDO2 and TDO [98]. n-formyl-l-kynurenine is 
rapidly converted to l-kynurenine by a formamidase. 
In the production of NAD, a kynurenine 3-monooxy-
genase converts l-kynurenine to 3- hydroxy-l-kynure-
nine, kynureninase converts 3- hydroxy-l-kynurenine 
to 3-hydroxy-anthranilic acid (HAA) and HAA dioxy-
genase converts 3-HAA to quinolinic acid. In the final 
steps QPRT transforms quinolinic acid to the common 
Preiss-Handler pathway product, nicotinic acid mononu-
cleotide (NAMN), which is converted to NAD through 
NMNAT1-3 and an NAD synthetase [58] (Fig. 3).

Elevated kynurenine/tryptophan ratio (IDO activity) 
is a CKD biomarker
The kynurenine/tryptophan ratio in blood or urine has 
been termed IDO activity. IDO activity in blood [22, 
99, 100] or urine [101] is increased in CKD patients 

Fig. 8 NR function in CKD. Mitochondrial damage can occur 
in cisplatin-induced kidney injury models, causing the release 
of mitochondrial RNA. Immunostimulatory RNA, such 
as mitochondrial RNA, causes the activation of the cytosolic 
pattern recognition receptor retinoic acid-inducible gene I (RIG-I). 
Conformational changes in activated RIG-I facilitates RIG-I binding 
to mitochondrial antiviral-signaling protein (MAVS) and subsequent 
signals involved in renal injury. Hypoxia induces the production 
of RIG-I and NR antagonizes RIG-I. NR may mediate its effects 
via increased NAD and SIRT1 activity
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compared to healthy controls and is an indicator of dis-
ease severity. In IDO1 deficient mice, serum levels of 
kynurenine are similar compared to wild-type mice, 
but are lower in mice who received for two weeks a 
diet supplemented with 0.25% adenine, compared to 
controls, suggesting that CKD primarily requires IDO1 
over IDO2 and TDO [102].

IDO1 protein levels are increased in cortical and 
medullary tubules, and are associated with fibrosis in 
models of UUO [103, 104] and I/R [105, 106]. These 
fibrotic responses may involve increased activation of 
the Wnt/β-catenin pathway. Specifically, in I/R AKI 
involving Ido1-deficient mice, whole kidney homogen-
ates revealed lower immunoblot levels of fibrotic mark-
ers (e.g., α-SMA, fibronectin, and vimentin) and the 
Wnt/β-catenin pathway markers (e.g., glycogen syn-
thase kinase-3 (GSK-3β) and β-catenin) compared to 
controls [105]. This study also indicated that I/R AKI 
mice treated with prostaglandin E2 (PGE2, 0.5 mg/mL 
administered daily interperitoneally for 14 days) gener-
ated similar results to the IDO1 deficient mice. PGE2 
is also known to induce the transcription and produc-
tion of IDO1 [107], highlighting the complexity of this 
response that may depend on the select activation of 
one of the four PGE2 receptors [108].

Two particular IDO1 inhibitors are a tryptophan 
mimetic, 1-methyl-D-tryptophan (1-MT), and a sui-
cide inhibitor, (e.g., linrodostat), which binds to the 
enzyme in a chemically unreactive state and once 
bound, linrodostat irreversibly inactivates the enzyme 
[109]. In UUO mice, IDO1 protein levels were elevated 
and treatment with 10  mg/mL of either 1-MT or lin-
rodostat intraperitoneally, twice daily starting at day 
zero through day seven, reduced UUO-induced colla-
gen deposition [104]. To understand the mechanisms 
responsible for the response, TGF-β-treated murine 
precision-cut kidney slices  were treated with these 
inhibitors, revealing decreased expression of collagen 
type 1, fibronectin, and α-SMA. In an I/R AKI model, 
mice treated with 1-MT (3  mg/mL, twice daily) 1  h 
pre- and 48  h post-ischemia ameliorated kidney func-
tion [106]. Mice pretreated with 1-MT (50 mg/kg, twice 
daily for two days) and fed the 0.25% adenine supple-
mented diet 14  days to induce CKD showed reduced 
levels of blood kynurenine, tissue factor expression in 
the arteries, and thrombophilia compared with respec-
tive controls [102].

In summary, increased IDO activity promotes catabo-
lism of tryptophan and production of kynurenine, fibro-
sis, injury, and thrombosis associated with kidney injury. 
Further exploration of the kynurenine receptor, AHR 
[20], may identify additional downstream targets associ-
ated with IDO activity.

Kynurenic acid versus 3‑hydroxy‑l‑kynurenine production 
in CKD
Kynurenine is metabolized by kynurenine 3-monooxy-
genase (KMO) in the NAD biosynthesis de novo path-
way to 3-hydroxy-L-kynurenine (3HK) or transformed 
by kynurenine aminotransferases (KAT) to generate 
kynurenic acid, which binds HCAR3, G-protein coupled 
receptor 35 (GPR35) and AHR [110] (Figs.  3 and 5). In 
patients with autosomal dominant polycystic kidney dis-
ease, greater CKD severity was associated with increased 
plasma IDO activity and kynurenic acid levels [111], sug-
gesting that increased KAT transaminase activity pro-
motes disease progression.

However, in an I/R model of AKI, KAT transaminase 
activity demonstrated a benefit. Specifically, mice defi-
cient in KMO activity showed improved kidney func-
tion, reduced tubular epithelial apoptosis, and decreased 
kidney neutrophil infiltration associated with reduced 
plasma levels of 3HK and higher levels of kynurenine and 
kynurenic acid compared to controls [112]. These obser-
vations highlight a distinct KAT/kynurenic acid function 
in KMO deficient mice.

In summary, kynurenine is catabolized by KMO or 
KATs into 3HK or kynurenic acid, respectively. Whether 
kynurenine or kynurenic acid exhibit different binding 
affinities for AHR or produce differential downstream 
responses has not been fully examined (Fig. 9). In CKD, 
both ligands are elevated (Table  1). Further investiga-
tion of the divergent pathways involving kynurenic acid 
and 3HK may offer insight into the production of AHR 
ligands in CKD (Table 1).

Elevated quinolinate/tryptophan ratio is a CKD biomarker
In an unbiased metabolomics screen of urine from mice 
following I/R AKI, quinolinate (also known as quinolinic 
acid) was identified as one of the 27 metabolites with a 
two-fold increase out of 204 examined [27]. Assessing 
QPRT in the study showed that the protein was abundant 
in the wild-type proximal tubule epithelium and reduced 
at the mRNA level in the I/R kidney. In humans, meta-
bolic profiling of urine samples collected at baseline and 
the day after cardiopulmonary bypass in 41 cardiac sur-
gery patients showed that the quinolinate/tryptophan 
ratio was higher one day after surgery in the 11 patients 
that later developed AKI [113]. In plasma from patients 
with end-stage kidney disease, the quinolinate/trypto-
phan ratio also increased compared to healthy controls 
[114]. The values also trended higher in certain condi-
tions (patients on maintenance hemodialysis > patients 
on continuous ambulatory peritoneal dialysis > chronic 
renal failure) and were correlated with factors (throm-
bomodulin and von Willebrand factor) of endothelial 



Page 12 of 19Curran and Kopp  Journal of Translational Medicine          (2023) 21:706 

dysfunction. Thus, quinolinate relative to tryptophan in 
urine or plasma may be a biomarker of CKD.

Moreover, examination of the human kidney-2 (HK-
2) cell line indicated that lower QPRT activity may 

be associated with increased endoplasmic reticulum 
stress  (ER) responses [114]. In human myotubes and 
mouse skeletal muscle, palmitate-induced ER stress 
down-regulates PGC-1α production [115]. In a murine 

Fig. 9 The de novo pathway in CKD. (1) Elevated indoleamine 2,3-dioxygenase 1 (IDO1) activity in CKD increases the transformation 
of tryptophan into kynurenine. Kynurenine aminotransferases (KAT) and kynurenine 3-monoxygenase (KMO) transform kynurenine into kynurenic 
acid and 3-hydroxy-l-kynurenine, respectively. (2) Both kynurenine and kynurenic acid bind and activate the aryl hydrocarbon receptor (AHR). AHR 
transcribes genes with its dimer partner, hypoxia inducible factor (HIF)-1β. AHR ligands are associated with endothelial dysfunction and thrombosis. 
Kynurenic acid also binds and activates hydroxy-carboxylic acid receptor (HCAR)-3. The binding affinity of these ligands for AHR or HCAR3 and their 
downstream responses have not been fully explored in CKD. (3) Quinolinic acid (also known as quinolinate) is upregulated in CKD. Higher quinolinic 
acid levels can be correlated with endothelial dysfunction. Quinolinic acid is also a neurotoxin. Quinolinic acid functions in CKD have not been 
fully explored. (4) Downregulation of peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1 α, which transcribes quinolinate 
phosphoribosyl transferase (QPRT), prevents the conversion of quinolinic acid into nicotinic acid mononucleotide (NAMN). (5) NAD levels are 
reduced in CKD. NAD-induced activation of SIRT1 antagonizes the activity of AHR and its downstream responses. Enzymes and molecules altered 
in CKD are highlighted (see text for additional details)

Table 1 Tryptophan metabolites that can bind AHR and are expressed in CKD

AHR ligand
(possible function)

AHR ligand reference
levels in CKD

Enzymatic 
source 
of ligand 
formation

Indoxyl sulfate [24]
(activates endothelial oxidative stress/endothelial dysfunction)

Elevated in serum, 23.1 mg/mL versus
0.53 mg/mL in healthy subjects [152]

Gut bacteria

Indole-3-acetic acid [123]
(inhibits endothelial cell angiogenesis)

Elevated in serum, 2 mg/mL versus
0.5 mg/mL in healthy subjects [152]

Gut bacteria

Indole 3-propionic acid [153] (activates macrophage phagocytosis) Reduced in serum, 34.7 ng/mL versus
49.8 ng/mL in healthy subjects [154]

Gut bacteria

Kynurenic acid [155]
(induces epithelial IL-6 production, also an HCAR3 ligand)

Elevated in serum, 151.0 ug/L versus 5.48 ug/mL in healthy subjects 
[152]

Kynurenine 
aminotrans-
ferases

Kynurenine [156]
(activates T regulatory cells and immunosuppressive myeloid cells)

Elevated in plasma (uM), CKD stage 3 (2.61), CKD stage 4 (3.17), CKD 
stage 5 (3.72) versus health subjects (1.84)
[157]

IDO1
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I/R AKI model, overexpression of Pgc-1α inhibited ER 
stress and improved kidney function [116]. QPRT is, in 
part, regulated by PGC-1α [27], which declines in experi-
mental renal ischemia [67]. Because quinolinate is also a 
neurotoxin [117], understanding QPRT regulatory net-
works may provide further insight into NAD depletion 
and neurological complications that can develop in CKD 
[118] (Fig. 9).

AHR in NAD metabolism
AHR ligands are elevated in CKD and produce endothe-
lial dysfunction and immune suppression (Table 1). AHR 
and HIFs dimerize with HIF-1β to transduce cell signals. 
PARP7 (2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-
inducible poly(ADP-ribose) polymeras, TiPARP) is a 
downstream target of AHR that co-localizes with either 
HIF-1α or AHR in the recruitment of an E3 ligase for 
ubiquitin-mediated proteasome degradation of either 
transcription factor [20] (Fig.  1). In chick embryos 
treated in ovo with the potent AHR ligand, dioxin 
(2,3,7,8-tetrachlorodibenzo-p-dioxin), PARP7 activity 
increased and NAD levels reduced in the thymus and 
liver [119]. Administering NAM, NR, or the pan-PARP 
inhibitor PJ34 in this model increased cellular NAD lev-
els. In another study of chick embryo livers, NAM treat-
ment reversed dioxin-induced NAD depletion, PARP7 
expression, PGC-1α protein acetylation (inactivation), 
and PGC-1α production [120]. In this study, activated 
AHR also reduced SIRT1 levels, suggesting that AHR 
may reduce PGC-1α activity by reducing SIRT1 deacety-
lation of PGC-1α [121]. Thus, AHR may be an additional 
factor in NAM-induced responses (Fig. 6).

Stimulation of human umbilical vein endothelial cells 
(HUVECs) with uremic toxins, indoxyl sulfate [122] or 
indole-3-acetic acid [123], induces the production of 
reactive oxygen species and inhibits angiogenesis, respec-
tively. Indoxyl sulfate stimulated HUVECs also increase 
gene expression of PARP7 and F3 (tissue factor). Adding 
the heat-shock 90 protein inhibitor, geldanamycin, which 
also inhibits AHR activity, or AHR siRNA, to the indoxyl 
sulfate stimulated cells decreased tissue factor expression 
and production [124]. Similar responses were observed 
with the uremic toxin, indole-3 acetic acid, which was 
subsequently revealed to up-regulate tissue factor in 
endothelial cells through AHR-regulated NF-κB activa-
tion [125]. In various studies, NAM inhibited NF-κB 
through decreased phosphorylation and subsequent deg-
radation of its inhibitor of NF-κB [126], reduced produc-
tion of the p65 subunit [25], and reduced the acetylation 
(activation) the p65 subunit [25, 127]. Thus, NAM may 
also affect AHR by regulating NF-κB activity. Further 
exploration of the NAM response in AHR cell signals 

may provide insight into the pathology of the receptor in 
CKD [20].

Lastly, in analyzing human plasma from patients with 
CKD, circulating tissue factor levels were elevated and 
correlated with increased levels of indoxyl sulfate and 
indole-3 acetic acid compared to levels in healthy sub-
jects [124]. In vitro, NAM inhibits tissue factor produced 
by human pancreatic islets isolated from human cadaver 
donors [128]. NAM also inhibits cell surface expression 
of tissue factor induced by endotoxin on human mono-
cytes [129]. Possibly, NAM affects circulating tissue fac-
tor levels in patients with CKD.

Future perspectives
As reviewed here, NAD metabolism is dysregulated in 
CKD. Identified biomarkers include NAD metabolites 
and enzymes from the NAD de novo and salvage path-
ways released into blood and urine. Mechanisms that 
control increased production (e.g., IDO1, KMO, KAT, 
QPRT) and extracellular release of these molecules (e.g., 
kynurenine, kynurenic acid, NAMPT, quinolinate, NMN, 
NAM) may be therapeutic targets in CKD (Figs.  3 and 
9). These ligands may activate TLR4 (NAMPT, NAPRT) 
[80], HCAR3 (kynurenic acid) [110], n-methyl-d-as-
partate (NMDA: quinolinate receptor) [117], and AHR 
(kynurenic acid, kynurenine) [20] (Fig. 9). Further explo-
ration of these ligands, their receptors, and downstream 
responses may provide insight into CKD pathogenesis 
and therapeutic targets.

Niacin may promote insulin sensitivity and contrib-
ute to NAD production (Figs.  3 and 5). Experimentally, 
NAD metabolites in the salvage pathway (NAM, NMN, 
NR) antagonize renal tubular necrosis, inflammation, and 
fibrosis (Figs. 1, 6, 7, 8). Recent study also suggests that 
administration of NR [130] and NAD [131] may improve 
anemia, which is a common complication in patients 
with CKD [18]. The mechanisms may be associated with 
increased activation of sirtuins that antagonize HIF-1α, 
NF-kB, and AHR activity but promote HIF-2α responses 
[17, 25, 79] (Figs. 1, 6, 7, 8). NAD metabolite post-trans-
lational responses also include increased activation of 
methyltransferases, reduced activation of PARPs, and 
changes in phosphorylation and ubiquitination of pro-
teins [25, 88]. Continued research of these NAD-induced 
post-translational responses in CKD may provide insight 
into the function of the shared dimer partner, HIF-1β, in 
the activation of HIF and AHR genes during CKD.

Moreover, post-translational responses may also be ini-
tiated through non-coding RNAs (ncRNAs). Cells release 
ncRNAs in extracellular vesicles, ribonucleoprotein com-
plexes or lipoproteins, particularly HDL [132]. An effect 
of niacin is to increase HDL and lower LDL levels [33], 
suggesting that the vitamin may alter ncRNAs. These 
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molecules include microRNAs, long ncRNAs, piwi-inter-
acting RNAs, small nucleolar RNAs, circular RNAs and 
yRNAs, and are together termed the regulome. They are 
differentiated by size and function, represent 80% of the 
98.8% non-coding genes in humans, and contribute to 
the pathogenesis of CKD [132].

A long ncRNA, metastasis-associated lung adenocarci-
noma transcript 1 (MALAT1), is upregulated in patients 
with cancer and various lung diseases, including COVID-
19 [133]. With respect to kidney disease, circulating 
levels of MALAT1 are elevated in patients with AKI com-
pared to healthy controls [134]. In  mice exposed to 8% 
 O2 inspiratory normobaric hypoxia for 24 h, MALAT1 is 
highly induced in kidney proximal tubule epithelial cells 
[135]. Hypoxia-exposed (1%  O2) human-kidney 2 (HK-
2) cells promote production of inflammatory cytokines 
and induce cellular apoptosis, which are both reduced 
in MALAT1 knockdown experiments [134], suggesting 
that MALAT1 may have a molecular role in kidney dis-
ease. Moreover, in various tumor cell lines, MALAT1 is 
induced by HIF-1α [136], HIF-2α [135], and AHR [137]. 
MALAT1 may also inhibit FOXO1-induced SIRT1 tran-
scription [138], reduce insulin sensitivity [139, 140], pro-
mote renal fibrosis [141], and induce p53 cell signaling 
[142], which may indicate that MALAT1 antagonizes the 
functions of niacin, NAM, NMN, NR, and NAD.

Some therapies that target long ncRNAs include inhibi-
tors of transcription, post-transcription inhibitors, steric 
hindrance of secondary structure formation, or protein 
binding interaction inhibitors that are each complicated 
by the specificity, targeted delivery, and tolerability of the 
molecules [143]. Inhibition or overexpression of ncR-
NAs, like MALAT1, may also trigger the production or 
inhibition of additional ncRNAs in the regulome [134, 
144], increasing the need to understand their functions. 
In a clinical trial, 22 obese men received extended-release 
niacin or placebo over 8 weeks, revealing an increase in 
6 microRNAs out of the 758 tested in human subcutane-
ous adipose tissue biopsies [145]. In rats fed niacin over 
28 days, plasma levels of NAM were elevated and 42 out 
of 259 miRNAs were differentially expressed compared 
to controls [146]. Niacin therefore can modulate the reg-
ulome. Understanding ncRNA networks associated with 
niacin, NAM, NMN, NR, and NAD may lead to better 
therapies that target MALAT1 or additional cell signals 
altered in CKD.

The use of nanoparticles in the delivery of ncRNA 
inhibitors may increase specificity and tolerance [147]. 
Nanoparticles may be a mechanism in targeted delivery 
of niacin, NAM, NMN, NR, NAD, or siRNA to patho-
genic sites. Nanoparticles are nanometer-sized partiles 
that traverse biologial systems, which are protected by 
nanometer-sized barriers. Depending on the particle 

size, nanoparticles can penetrate almost all tissues. As a 
result, nanoparticles can function as disease biomarkers 
and drug delivery carriers [148, 149]. In clinical studies 
of CKD, nanoparticles are increasingly explored to diag-
nostically determine urinary microalbuminuria, kidney 
inflammation and fibrosis. Chitosan, polyaniline, super-
paramagnetic iron oxide, gold, and magnetic are some 
of the nanoparticles used in drug delivery to treat CKD 
[149]. Non-toxic magnetic nanoparticles (MNPs) such 
as magnetite  (Fe3O4) and maghemite (γ-Fe2O3) cata-
lyzed organic processes consume a minimum of energy 
and minimize waste (a form of green chemistry) and 
may therefore pose minimum risks and adverse events to 
human health [150]. MNPs have a relatively large surface 
that enables binding to and carrying of other compounds 
to targeted locations in the body using an external mag-
netic field [148]. Tagging niacin to MNPs has been 
explored in  vitro [150]. Targeted delivery of siRNA 
through connexin 43 exosome-mimicking chitosan nan-
oparticles is also being explored [151], which may offer 
insight into targeting CKD tissue with over-expressed 
connexin 43 [4] and/or regulating connexin 43 function 
in cellular NAD retention [6]. Thus, nanoparticle tagged 
NAD metabolites, ncRNAs, or siRNA targeted to kid-
ney tissue may offer novel approaches slow or halt CKD 
progression.

Conclusion
HIFs and AHR contribute to the regulation of metabo-
lism, lipolysis, inflammation, endothelial dysfunction, 
thrombosis, and tissue injury that variously manifest 
in complications of tissue ischemia, insulin resistance, 
thrombosis, and fibrosis in CKD. These responses are 
associated with the disruption of NAD metabolism. 
Niacin, a primary NAD metabolite, may protect against 
insulin resistance through HDL cholesterol production 
and HCAR receptor cell signals. In various studies, NAM 
metabolites ameliorated cell signals associated with 
CKD progression. The mechanisms of this amelioration 
are primarily associated with increased NAD produc-
tion that selectively increases SIRT1 activity but inhib-
its PARP activity. The post-translational modifications 
associated with these molecules alter NF-κB, HIF-1α, 
HIF-2α, and AHR cell signals. The complexity of these 
responses is highlighted by the fact that HIF-1α and AHR 
share a dimer partner, HIF-1β, that also complexes with 
HIF-2α. This transcription factor is stabilized by NAD-
induced SIRT2 activity and is pivotal in maintaining the 
production of erythropoietin and NAMPT, which are 
both dysregulated in CKD. Thus, levels of NAD regu-
late the activity of these transcription factors and tissue 
homeostasis.
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Cross talk among these networks may include ncRNAs. 
Further exploration of cell signals (FOXO1, PGC-1α, 
SIRT1, p53, SMADs, MALAT1) altered in CKD and 
modulated by ncRNAs and NAD metabolites may offer 
insight into novel therapeutic approaches. The deliv-
ery of ncRNA, siRNA, NAD metabolites or additional 
molecules through nanoparticles may provide more tar-
geted therapeutic responses. Current therapies involve 
hypotensive drugs, anti-fibrotic drugs and for particu-
lar diseases, immunosuppressive agents. Renin–angio-
tensin–aldosterone system (RAAS) pathway inhibitors 
have important anti-fibrotic effects, in addition to their 
hypotensive effects. These approaches all have value and 
may be combined. Nonetheless, too many patients with 
CKD progress to end-stage kidney disease, with atten-
dant morbidity and premature mortality. New biomark-
ers and new therapeutic approaches, some of which are 
described here, may help to develop novel agents to slow 
or even halt progressive loss of kidney function.

Abbreviations
1-MT  1-Methyl-d-tryptophan
3-HAA  3-Hydroxy-anthranilic acid
3HK  3-Hydroxy-l-kynurenine
l AHR  Aryl hydrocarbon receptor
AKI  Acute kidney injury
ALDOA  Aldolase
AOX  Aldehyde oxidase
ARNT  AHR nuclear translocator
cADPR  Cyclic ADP ribose
CKD  Chronic kidney disease
CLP  Cecal ligation and puncture
CPT1A  Palmitoyltransferase 1A
CREB  CAMP-response element binding protein
Dnmt1  DNA methyltransferase-1
ENOL  Enolase
eNAMPT  Extracellular NAMPT
eNAPRT  Extracellular NAPRT
ENT1  Equilibrative nucleoside transporter 1
eGFR  Estimated GFR
FKBP  FK-506 binding protein
FSGS  Focal segmental glomerulosclerosis
GFR  Glomerular filtration rate
GLUT1  Glucose transporter
GSK-3β  Glycogen synthase kinase-3
HCAR   Hydroxy-carboxylic acid receptors
HDL  High-density lipoprotein
HIF  Hypoxia-inducible transcription factor
HK2  Hexokinase 2
IDO1  Indoleamine 2, 3-dioxygenase 1
I/R  Ischemia and reperfusion
KAT  Kynurenine aminotransferase
KMO  Kynurenine 3-monooxygenase
Kyn  Kynurenine
LAT1  l-type amino acid transporter
LDHA  Lactate dehydrogenase A
LDL  Low-density lipoprotein
MAVS  Mitochondrial antiviral-signaling protein
MCT1  Monocarboxylate transporter 1
MNA  N1-methylnicotinamide
MNP  Magnetic nanoparticles
NAD  Nicotinamide adenine dinucleotide
NADSYN1  NAD synthetase 1

NAM  Nicotinamide
NAMN  Nicotinic acid mononucleotide
NAMPT  Nicotinamide phosphoribosyltransferase
NAPRT  Nicotinic acid phosphoribosyltransferase
ncRNA  Non-coding RNA
N-Me-2PY  n-methyl-2-pyridone-5-carboxamide
N-Me-4PY  n-methyl-4-pyridone-3-carboxamide
NMN  Nicotinamide mononucleotide
NMNAT  Nicotinamide mononucleotide adenylyltransferases
NNMT  Nicotinamide n-methyltransferase
NR  Nicotinamide riboside
PARP  Poly-ADP ribose polymerase
PDE  Phosphodiesterase
PDK1  Pyruvate dehydrogenase 1
PGC-1α  Peroxisome proliferator-activated receptor-gamma coactivator
PGK1  Phosphoglycerate kinase-1
PHD  Prolyl hydroxylase domain
PPARA   Peroxisome proliferator activated receptor alpha
QPRT  Quinolinate phosphoribosyl transferase
RIG-I  Receptor retinoic acid-inducible gene I
SAH  S-adenosylhomocysteine
SAM  S-adenosylmethionine
SIRT  Sirtuin
SMCT  Sodium-coupled monocarboxylate transporter
TDO  Tryptophan dioxygenase
TLR4  Toll-like receptor 4
UUO  Unilateral ureteral obstruction
VHL  Von Hippel-Lindau

Acknowledgements
None.

Author contributions
CSC and JBK wrote and edited the manuscript. CSC created the artwork.

Funding
Open Access funding provided by the National Institutes of Health (NIH). This 
work was supported by the National Institute of Diabetes and Digestive and 
Kidney Diseases (NIDDK) and the National Heart, Lung, and Blood Institute 
(NHLBI) Intramural Research Programs.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 17 July 2023   Accepted: 30 September 2023

References
 1. Kovesdy CP. Epidemiology of chronic kidney disease: an update 2022. 

Kidney Int Suppl. 2022;12(1):7–11.
 2. Zoccali C, Mallamaci F, Adamczak M, de Oliveira RB, Massy ZA, Sarafidis 

P, Agarwal R, Mark PB, Kotanko P, Ferro CJ, et al. Cardiovascular compli-
cations in chronic kidney disease—a review from the European Renal 
and Cardiovascular Medicine Working Group (EURECA-m) of the Euro-
pean Renal Association (ERA). Cardiovasc Res. 2023. https:// doi. org/ 10. 
1093/ cvr/ cvad0 83.

https://doi.org/10.1093/cvr/cvad083
https://doi.org/10.1093/cvr/cvad083


Page 16 of 19Curran and Kopp  Journal of Translational Medicine          (2023) 21:706 

 3. Huang Y, Wang J, Jiang K, Chung EJ. Improving kidney targeting: the 
influence of nanoparticle physicochemical properties on kidney inter-
actions. J Control Release. 2021;334:127–37.

 4. Eftekhari A, Vahed SZ, Kavetskyy T, Rameshrad M, Jafari S, Chodari 
L, Hosseiniyan SM, Derakhshankhah H, Ahmadian E, Ardalan M. Cell 
junction proteins: crossing the glomerular filtration barrier in diabetic 
nephropathy. Int J Biol Macromol. 2020;148:475–82.

 5. Roger E, Boutin L, Chadjichristos CE. The role of connexin 43 in renal 
disease: insights from in vivo models of experimental nephropathy. Int 
J Mol Sci. 2022;23(21):13090.

 6. Astigiano C, Benzi A, Laugieri ME, Piacente F, Sturla L, Guida L, Bruzzone 
S, De Flora A. Paracrine ADP ribosyl cyclase-mediated regulation of 
biological processes. Cells. 2022;11(17):2637.

 7. Maleki Dizaj S, Eftekhari A, Mammadova S, Ahmadian E, Ardalan 
M, Davaran S, Nasibova A, Khalilov R, Valiyeva M, Mehraliyeva S, 
et al. Nanomaterials for chronic kidney disease detection. Appl Sci. 
2021;11(20):9656.

 8. Khalilov R. A comprehensive review of advanced nano-biomaterials 
in regenerative medicine and drug delivery. Adv Biol Earth Sci. 
2023;8(1):5–18.

 9. Chen TK, Knicely DH, Grams ME. Chronic kidney disease diagnosis and 
management: a review. JAMA. 2019;322(13):1294–304.

 10. Cooper M, Schnitzler M, Nilubol C, Wang W, Wu Z, Nordyke RJ. Costs in 
the year following deceased donor kidney transplantation: relation-
ships with renal function and graft failure. Transpl Int. 2022;35:10422.

 11. Lam NN, Boyne DJ, Quinn RR, Austin PC, Hemmelgarn BR, Campbell P, 
Knoll GA, Tibbles LA, Yilmaz S, Quan H, et al. Mortality and morbidity 
in kidney transplant recipients with a failing graft: a matched cohort 
study. Can J Kidney Health Dis. 2020;7:2054358120908677.

 12. Hirakawa Y, Tanaka T, Nangaku M. Renal hypoxia in CKD: pathophysiol-
ogy and detecting methods. Front Physiol. 2017;8:99.

 13. Wei X, Hou Y, Long M, Jiang L, Du Y. Molecular mechanisms underlying 
the role of hypoxia-inducible factor-1 alpha in metabolic reprogram-
ming in renal fibrosis. Front Endocrinol. 2022;13:927329.

 14. Meneses AM, Wielockx B. PHD2: from hypoxia regulation to disease 
progression. Hypoxia. 2016;4:53–67.

 15. Kierans SJ, Taylor CT. Regulation of glycolysis by the hypoxia-
inducible factor (HIF): implications for cellular physiology. J Physiol. 
2021;599(1):23–37.

 16. Downes NL, Laham-Karam N, Kaikkonen MU, Yla-Herttuala S. Dif-
ferential but complementary HIF1alpha and HIF2alpha transcriptional 
regulation. Mol Ther. 2018;26(7):1735–45.

 17. Oh H, Kwak JS, Yang S, Gong MK, Kim JH, Rhee J, Kim SK, Kim HE, Ryu 
JH, Chun JS. Reciprocal regulation by hypoxia-inducible factor-2alpha 
and the NAMPT-NAD(+)-SIRT axis in articular chondrocytes is involved 
in osteoarthritis. Osteoarthritis Cartil. 2015;23(12):2288–96.

 18. Mima A. Hypoxia-inducible factor-prolyl hydroxylase inhibitors for renal 
anemia in chronic kidney disease: advantages and disadvantages. Eur J 
Pharmacol. 2021;912:174583.

 19. Li ZL, Liu BC. Hypoxia and renal tubulointerstitial fibrosis. Adv Exp Med 
Biol. 2019;1165:467–85.

 20. Curran CS, Kopp JB. Aryl hydrocarbon receptor mechanisms affecting 
chronic kidney disease. Front Pharmacol. 2022;13:782199.

 21. Liao MT, Sung CC, Hung KC, Wu CC, Lo L, Lu KC. Insulin resist-
ance in patients with chronic kidney disease. J Biomed Biotechnol. 
2012;2012:691369.

 22. Schefold JC, Zeden JP, Fotopoulou C, von Haehling S, Pschowski 
R, Hasper D, Volk HD, Schuett C, Reinke P. Increased indoleamine 
2,3-dioxygenase (IDO) activity and elevated serum levels of tryptophan 
catabolites in patients with chronic kidney disease: a possible link 
between chronic inflammation and uraemic symptoms. Nephrol Dial 
Transplant. 2009;24(6):1901–8.

 23. Deshpande PP, Perazella MA, Jhaveri KD. PARP inhibitors and the kidney. 
J Onco-Nephrol. 2021;5(1):42–7.

 24. Nguyen C, Edgley AJ, Kelly DJ, Kompa AR. Aryl hydrocarbon receptor 
inhibition restores indoxyl sulfate-mediated endothelial dysfunction in 
rat aortic rings. Toxins. 2022;14(2):100.

 25. Curran CS, Dougherty EJ, Cui X, Li Y, Jeakle M, Gamble T, Demirkale 
CY, Torabi-Parizi P. Nicotinamide antagonizes lipopolysaccharide-
induced hypoxic cell signals in human macrophages. J Immunol. 
2023;211(2):261–73.

 26. Okabe K, Yaku K, Tobe K, Nakagawa T. Implications of altered NAD 
metabolism in metabolic disorders. J Biomed Sci. 2019;26(1):34.

 27. Poyan Mehr A, Tran MT, Ralto KM, Leaf DE, Washco V, Messmer J, 
Lerner A, Kher A, Kim SH, Khoury CC, et al. De novo NAD(+) bio-
synthetic impairment in acute kidney injury in humans. Nat Med. 
2018;24(9):1351–9.

 28. Liu X, Luo D, Huang S, Liu S, Zhang B, Wang F, Lu J, Chen J, Li S. Impaired 
nicotinamide adenine dinucleotide biosynthesis in the kidney of 
chronic kidney disease. Front Physiol. 2021;12:723690.

 29. Zhen X, Zhang S, Xie F, Zhou M, Hu Z, Zhu F, Nie J. Nicotinamide 
supplementation attenuates renal interstitial fibrosis via boosting the 
activity of sirtuins. Kidney Dis. 2021;7(3):186–99.

 30. Zheng M, Cai J, Liu Z, Shu S, Wang Y, Tang C, Dong Z. Nicotinamide 
reduces renal interstitial fibrosis by suppressing tubular injury and 
inflammation. J Cell Mol Med. 2019;23(6):3995–4004.

 31. Kumakura S, Sato E, Sekimoto A, Hashizume Y, Yamakage S, Miyazaki M, 
Ito S, Harigae H, Takahashi N. Nicotinamide attenuates the progression 
of renal failure in a mouse model of adenine-induced chronic kidney 
disease. Toxins. 2021;13(1):50.

 32. Redzic S, Hashmi MF, Gupta V. Niacin deficiency. Treasure Island: Stat-
Pearls; 2023.

 33. Cooper DL, Murrell DE, Roane DS, Harirforoosh S. Effects of formulation 
design on niacin therapeutics: mechanism of action, metabolism, and 
drug delivery. Int J Pharm. 2015;490(1–2):55–64.

 34. Leung K, Quezada M, Chen Z, Kanel G, Kaplowitz N. Niacin-induced 
anicteric microvesicular steatotic acute liver failure. Hepatol Commun. 
2018;2(11):1293–8.

 35. Kamanna VS, Ganji SH, Kashyap ML. The mechanism and mitigation of 
niacin-induced flushing. Int J Clin Pract. 2009;63(9):1369–77.

 36. Chbib C, Rashid MA, Shah SM, Kazi M, Uddin MN. Evaluating the release 
of different commercial orally modified niacin formulations in vitro. 
Polymers. 2023;15(14):3046.

 37. Kamal-Bahl S, Watson DJ, Ambegaonkar BM. Patients’ experiences of 
niacin-induced flushing in clinical practice: a structured telephone 
interview. Clin Ther. 2009;31(1):130–40.

 38. Group HTC, Landray MJ, Haynes R, Hopewell JC, Parish S, Aung T, 
Tomson J, Wallendszus K, Craig M, Jiang L, et al. Effects of extended-
release niacin with laropiprant in high-risk patients. N Engl J Med. 
2014;371(3):203–12.

 39. Wise A, Foord SM, Fraser NJ, Barnes AA, Elshourbagy N, Eilert M, Ignar 
DM, Murdock PR, Steplewski K, Green A, et al. Molecular identifica-
tion of high and low affinity receptors for nicotinic acid. J Biol Chem. 
2003;278(11):9869–74.

 40. Ahmed K, Tunaru S, Offermanns S. GPR109A, GPR109B and GPR81, 
a family of hydroxy-carboxylic acid receptors. Trends Pharmacol Sci. 
2009;30(11):557–62.

 41. Blad CC, Ahmed K, IJzerman AP, Offermanns S. Biological and pharma-
cological roles of HCA receptors. Adv Pharmacol. 2011;62:219–50.

 42. Ohira H, Tsutsui W, Mamoto R, Yamaguchi S, Nishida M, Ito M, Fujioka Y. 
Butyrate attenuates lipolysis in adipocytes co-cultured with mac-
rophages through non-prostaglandin E2-mediated and prostaglandin 
E2-mediated pathways. Lipids Health Dis. 2016;15(1):213.

 43. Kapolka NJ, Taghon GJ, Rowe JB, Morgan WM, Enten JF, Lambert NA, 
Isom DG. DCyFIR: a high-throughput CRISPR platform for multiplexed G 
protein-coupled receptor profiling and ligand discovery. Proc Natl Acad 
Sci USA. 2020;117(23):13117–26.

 44. Khazaal AQ, Haque N, Krager CR, Krager SL, Chambers C, Wilber A, 
Tischkau SA. Aryl hydrocarbon receptor affects circadian-regulated 
lipolysis through an E-Box-dependent mechanism. Mol Cell Endocrinol. 
2023;559:111809.

 45. Zhao J, Wu Y, Rong X, Zheng C, Guo J. Anti-lipolysis induced by insulin 
in diverse pathophysiologic conditions of adipose tissue. Diabetes 
Metab Syndr Obes. 2020;13:1575–85.

 46. Wang N, Guo DY, Tian X, Lin HP, Li YP, Chen SJ, Fu YC, Xu WC, Wei CJ. 
Niacin receptor GPR109A inhibits insulin secretion and is down-
regulated in type 2 diabetic islet beta-cells. Gen Comp Endocrinol. 
2016;237:98–108.

 47. Plaisance EP, Lukasova M, Offermanns S, Zhang Y, Cao G, Judd RL. Niacin 
stimulates adiponectin secretion through the GPR109A receptor. Am J 
Physiol Endocrinol Metab. 2009;296(3):E549-558.



Page 17 of 19Curran and Kopp  Journal of Translational Medicine          (2023) 21:706  

 48. Kobayashi T, Imachi H, Fukunaga K, Lyu J, Sato S, Saheki T, Ibata T, 
Matsumoto M, Japar SB, Murao K. HDL promotes adiponectin gene 
expression via the CAMKK/CAMKIV pathway. J Mol Endocrinol. 
2022;68(2):89–98.

 49. Pina AF, Borges DO, Meneses MJ, Branco P, Birne R, Vilasi A, Macedo 
MP. Insulin: trigger and target of renal functions. Front Cell Dev Biol. 
2020;8:519.

 50. Regazzetti C, Peraldi P, Gremeaux T, Najem-Lendom R, Ben-Sahra I, 
Cormont M, Bost F, Le Marchand-Brustel Y, Tanti JF, Giorgetti-Peraldi S. 
Hypoxia decreases insulin signaling pathways in adipocytes. Diabetes. 
2009;58(1):95–103.

 51. Takakura A, Zandi-Nejad K. Lactate-induced activation of HCA2 
improves survival in mice with sepsis. FASEB J. 2019;33(6):7625–34.

 52. Preiss J, Handler P. Biosynthesis of diphosphopyridine nucleotide. II. 
Enzymatic aspects. J Biol Chem. 1958;233(2):493–500.

 53. Bongarzone S, Barbon E, Ferocino A, Alsulaimani L, Dunn J, Kim J, 
Sunassee K, Gee A. Imaging niacin trafficking with positron emission 
tomography reveals in vivo monocarboxylate transporter distribution. 
Nucl Med Biol. 2020;88–89:24–33.

 54. Manago A, Audrito V, Mazzola F, Sorci L, Gaudino F, Gizzi K, Vitale N, 
Incarnato D, Minazzato G, Ianniello A, et al. Extracellular nicotinate 
phosphoribosyltransferase binds Toll like receptor 4 and mediates 
inflammation. Nat Commun. 2019;10(1):4116.

 55. Souza AC, Tsuji T, Baranova IN, Bocharov AV, Wilkins KJ, Street JM, 
Alvarez-Prats A, Hu X, Eggerman T, Yuen PS, et al. TLR4 mutant mice are 
protected from renal fibrosis and chronic kidney disease progression. 
Physiol Rep. 2015;3(9):e12558.

 56. Ratajczak J, Joffraud M, Trammell SA, Ras R, Canela N, Boutant M, 
Kulkarni SS, Rodrigues M, Redpath P, Migaud ME, et al. NRK1 controls 
nicotinamide mononucleotide and nicotinamide riboside metabolism 
in mammalian cells. Nat Commun. 2016;7:13103.

 57. Fortunato C, Mazzola F, Raffaelli N. The key role of the NAD biosynthetic 
enzyme nicotinamide mononucleotide adenylyltransferase in regulat-
ing cell functions. IUBMB Life. 2022;74(7):562–72.

 58. Castro-Portuguez R, Sutphin GL. Kynurenine pathway, NAD(+) synthe-
sis, and mitochondrial function: targeting tryptophan metabolism to 
promote longevity and healthspan. Exp Gerontol. 2020;132:110841.

 59. Ryu DR, Yu MR, Kong KH, Kim H, Kwon SH, Jeon JS, Han DC, Noh H. 
Sirt1-hypoxia-inducible factor-1alpha interaction is a key media-
tor of tubulointerstitial damage in the aged kidney. Aging Cell. 
2019;18(2):e12904.

 60. Huang XZ, Wen D, Zhang M, Xie Q, Ma L, Guan Y, Ren Y, Chen J, Hao CM. 
Sirt1 activation ameliorates renal fibrosis by inhibiting the TGF-beta/
Smad3 pathway. J Cell Biochem. 2014;115(5):996–1005.

 61. Fu S, Hu X, Ma Z, Wei Q, Xiang X, Li S, Wen L, Liang Y, Dong Z. p53 in 
proximal tubules mediates chronic kidney problems after cisplatin 
treatment. Cells. 2022;11(4):712.

 62. Wang Y, He W. Improving the dysregulation of FoxO1 activity is a poten-
tial therapy for alleviating diabetic kidney disease. Front Pharmacol. 
2021;12:630617.

 63. Matsuzaki H, Daitoku H, Hatta M, Aoyama H, Yoshimochi K, Fukamizu 
A. Acetylation of Foxo1 alters its DNA-binding ability and sensitivity to 
phosphorylation. Proc Natl Acad Sci USA. 2005;102(32):11278–83.

 64. Zhang M, Dong W, Li Z, Xiao Z, Xie Z, Ye Z, Liu S, Li R, Chen Y, Zhang 
L, et al. Effect of forkhead box O1 in renal tubular epithelial cells on 
endotoxin-induced acute kidney injury. Am J Physiol Renal Physiol. 
2021;320(3):F262–72.

 65. Jeninga EH, Schoonjans K, Auwerx J. Reversible acetylation of PGC-1: 
connecting energy sensors and effectors to guarantee metabolic flex-
ibility. Oncogene. 2010;29(33):4617–24.

 66. Wang D, Wang Y, Zou X, Shi Y, Liu Q, Huyan T, Su J, Wang Q, Zhang 
F, Li X, et al. FOXO1 inhibition prevents renal ischemia-reperfusion 
injury via cAMP-response element binding protein/PPAR-gamma 
coactivator-1alpha-mediated mitochondrial biogenesis. Br J Pharmacol. 
2020;177(2):432–48.

 67. Tran MT, Zsengeller ZK, Berg AH, Khankin EV, Bhasin MK, Kim W, Clish 
CB, Stillman IE, Karumanchi SA, Rhee EP, et al. PGC1alpha drives NAD 
biosynthesis linking oxidative metabolism to renal protection. Nature. 
2016;531(7595):528–32.

 68. Lenglet A, Liabeuf S, Bodeau S, Louvet L, Mary A, Boul-
lier A, Lemaire-Hurtel AS, Jonet A, Sonnet P, Kamel S, et al. 

N-methyl-2-pyridone-5-carboxamide (2PY)-major metabolite of nicoti-
namide: an update on an old uremic toxin. Toxins. 2016;8(11):339.

 69. Terao M, Garattini E, Romao MJ, Leimkuhler S. Evolution, expression, and 
substrate specificities of aldehyde oxidase enzymes in eukaryotes. J Biol 
Chem. 2020;295(16):5377–89.

 70. Moriwaki Y, Yamamoto T, Takahashi S, Tsutsumi Z, Hada T. Widespread 
cellular distribution of aldehyde oxidase in human tissues found by 
immunohistochemistry staining. Histol Histopathol. 2001;16(3):745–53.

 71. Horwitt MK, Harvey C, Rothwell W, Cutler J, Haffron D. Tryptophan-
niacin relationships in man: studies with diets deficient in riboflavin and 
niacin, together with observations on the excretion of nitrogen and 
niacin metabolites. J Nutr. 1956;60(suppl_1):1–43.

 72. Takahashi R, Kanda T, Komatsu M, Itoh T, Minakuchi H, Urai H, Kuroita 
T, Shigaki S, Tsukamoto T, Higuchi N, et al. The significance of NAD + 
metabolites and nicotinamide n-methyltransferase in chronic kidney 
disease. Sci Rep. 2022;12(1):6398.

 73. Zhang W, Rong G, Gu J, Fan C, Guo T, Jiang T, Deng W, Xie J, Su Z, Yu Q, 
et al. Nicotinamide n-methyltransferase ameliorates renal fibrosis by 
its metabolite 1-methylnicotinamide inhibiting the TGF-beta1/Smad3 
pathway. FASEB J. 2022;36(3):e22084.

 74. Gebicki J, Sysa-Jedrzejowska A, Adamus J, Wozniacka A, Rybak M, 
Zielonka J. 1-Methylnicotinamide: a potent anti-inflammatory agent of 
vitamin origin. Pol J Pharmacol. 2003;55(1):109–12.

 75. Chlopicki S, Swies J, Mogielnicki A, Buczko W, Bartus M, Lomnicka M, 
Adamus J, Gebicki J. 1-Methylnicotinamide (MNA), a primary metabolite 
of nicotinamide, exerts anti-thrombotic activity mediated by a cycloox-
ygenase-2/prostacyclin pathway. Br J Pharmacol. 2007;152(2):230–9.

 76. Domagala TB, Szeffler A, Dobrucki LW, Dropinski J, Polanski S, Leszc-
zynska-Wiloch M, Kotula-Horowitz K, Wojciechowski J, Wojnowski L, 
Szczeklik A, et al. Nitric oxide production and endothelium-dependent 
vasorelaxation ameliorated by N1-methylnicotinamide in human blood 
vessels. Hypertension. 2012;59(4):825–32.

 77. Deen CPJ, van der Veen A, van Faassen M, Minovic I, Gomes-Neto AW, 
Geleijnse JM, den Borgonjen-van Berg KJ, Kema IP, Bakker SJL. Urinary 
excretion of N(1)-methylnicotinamide, as a biomarker of niacin status, 
and mortality in renal transplant recipients. J Clin Med. 2019;8(11):1948.

 78. Gisewhite S, Stewart IJ, Beilman G, Lusczek E. Urinary metabolites 
predict mortality or need for renal replacement therapy after combat 
injury. Crit Care. 2021;25(1):119.

 79. Kaitsuka T, Matsushita M, Matsushita N. Regulation of hypoxic signaling 
and oxidative stress via the MicroRNA-SIRT2 axis and its relationship 
with aging-related diseases. Cells. 2021;10(12):3316.

 80. Audrito V, Messana VG, Deaglio S. NAMPT and NAPRT: two metabolic 
enzymes with key roles in inflammation. Front Oncol. 2020;10:358.

 81. Ma X, An L, Wang Q. Changes in serum Nampt levels and its signifi-
cances in diabetic nephropathy patients-the potential role of Nampt in 
T2DM with diabetic nephropathy. Endocr Metab Immune Disord Drug 
Targets. 2017;17(2):114–24.

 82. Hsu CY, Huang PH, Chen TH, Chiang CH, Leu HB, Huang CC, Chen JW, 
Lin SJ. Increased circulating visfatin Is associated with progression of 
kidney disease in non-diabetic hypertensive patients. Am J Hypertens. 
2016;29(4):528–36.

 83. Axelsson J, Witasp A, Carrero JJ, Qureshi AR, Suliman ME, Heimburger O, 
Barany P, Lindholm B, Alvestrand A, Schalling M, et al. Circulating levels 
of visfatin/pre-B-cell colony-enhancing factor 1 in relation to genotype, 
GFR, body composition, and survival in patients with CKD. Am J Kidney 
Dis. 2007;49(2):237–44.

 84. Muraoka H, Hasegawa K, Sakamaki Y, Minakuchi H, Kawaguchi T, Yasuda 
I, Kanda T, Tokuyama H, Wakino S, Itoh H. Role of Nampt-Sirt6 axis in 
renal proximal tubules in extracellular matrix deposition in diabetic 
nephropathy. Cell Rep. 2019;27(1):199-212.e195.

 85. Ogura Y, Kitada M, Xu J, Monno I, Koya D. CD38 inhibition by apigenin 
ameliorates mitochondrial oxidative stress through restoration of the 
intracellular NAD(+)/NADH ratio and Sirt3 activity in renal tubular cells 
in diabetic rats. Aging. 2020;12(12):11325–36.

 86. Wu K, Li B, Ma Y, Tu T, Lin Q, Zhu J, Zhou Y, Liu N, Liu Q. Nicotinamide 
mononucleotide attenuates HIF-1alpha activation and fibrosis in 
hypoxic adipose tissue via NAD(+)/SIRT1 axis. Front Endocrinol. 
2023;14:1099134.

 87. Jia Y, Kang X, Tan L, Ren Y, Qu L, Tang J, Liu G, Wang S, Xiong Z, Yang 
L. Nicotinamide mononucleotide attenuates renal interstitial fibrosis 



Page 18 of 19Curran and Kopp  Journal of Translational Medicine          (2023) 21:706 

after AKI by suppressing tubular DNA damage and senescence. Front 
Physiol. 2021;12:649547.

 88. Hasegawa K, Sakamaki Y, Tamaki M, Wakino S. Nicotinamide mononu-
cleotide ameliorates adriamycin-induced renal damage by epigeneti-
cally suppressing the NMN/NAD consumers mediated by Twist2. Sci 
Rep. 2022;12(1):13712.

 89. Hasegawa K, Wakino S, Simic P, Sakamaki Y, Minakuchi H, Fujimura 
K, Hosoya K, Komatsu M, Kaneko Y, Kanda T, et al. Renal tubular Sirt1 
attenuates diabetic albuminuria by epigenetically suppressing Clau-
din-1 overexpression in podocytes. Nat Med. 2013;19(11):1496–504.

 90. Grunz-Borgmann EA, Nichols LA, Wang X, Parrish AR. Twist2 is upregu-
lated in early stages of repair following acute kidney injury. Int J Mol Sci. 
2017;18(2):368.

 91. Franco HL, Casasnovas J, Rodriguez-Medina JR, Cadilla CL. Redundant 
or separate entities?—roles of Twist1 and Twist2 as molecular switches 
during gene transcription. Nucleic Acids Res. 2011;39(4):1177–86.

 92. Zhang T, Berrocal JG, Yao J, DuMond ME, Krishnakumar R, Ruhl DD, Ryu 
KW, Gamble MJ, Kraus WL. Regulation of poly(ADP-ribose) polymerase-
1-dependent gene expression through promoter-directed recruitment 
of a nuclear NAD+ synthase. J Biol Chem. 2012;287(15):12405–16.

 93. Zhang T, Berrocal JG, Frizzell KM, Gamble MJ, DuMond ME, Krishna-
kumar R, Yang T, Sauve AA, Kraus WL. Enzymes in the NAD+ salvage 
pathway regulate SIRT1 activity at target gene promoters. J Biol Chem. 
2009;284(30):20408–17.

 94. Morevati M, Egstrand S, Nordholm A, Mace ML, Andersen CB, Salmani 
R, Olgaard K, Lewin E. Effect of NAD+ boosting on kidney ischemia-
reperfusion injury. PLoS ONE. 2021;16(6):e0252554.

 95. Faivre A, Katsyuba E, Verissimo T, Lindenmeyer M, Rajaram RD, Naesens 
M, Heckenmeyer C, Mottis A, Feraille E, Cippa P, et al. Differential role 
of nicotinamide adenine dinucleotide deficiency in acute and chronic 
kidney disease. Nephrol Dial Transplant. 2021;36(1):60–8.

 96. Doke T, Mukherjee S, Mukhi D, Dhillon P, Abedini A, Davis JG, Chellappa 
K, Chen B, Baur JA, Susztak K. NAD(+) precursor supplementation 
prevents mtRNA/RIG-I-dependent inflammation during kidney injury. 
Nat Metab. 2023. https:// doi. org/ 10. 1038/ s42255- 023- 00761-7.

 97. Urabe A, Doi S, Nakashima A, Ike T, Morii K, Sasaki K, Doi T, Arihiro K, 
Masaki T. Klotho deficiency intensifies hypoxia-induced expression of 
IFN-alpha/beta through upregulation of RIG-I in kidneys. PLoS ONE. 
2021;16(10):e0258856.

 98. Tang K, Wu YH, Song Y, Yu B. Indoleamine 2,3-dioxygenase 1 (IDO1) 
inhibitors in clinical trials for cancer immunotherapy. J Hematol Oncol. 
2021;14(1):68.

 99. Pan B, Zhang F, Sun J, Chen D, Huang W, Zhang H, Cao C, Wan X. Cor-
relation of indoleamine-2,3-dioxygenase and chronic kidney disease: a 
pilot study. J Immunol Res. 2021;2021:8132569.

 100. Bao YS, Ji Y, Zhao SL, Ma LL, Xie RJ, Na SP. Serum levels and activity of 
indoleamine2,3-dioxygenase and tryptophanyl-tRNA synthetase and 
their association with disease severity in patients with chronic kidney 
disease. Biomarkers. 2013;18(5):379–85.

 101. Hong H, Zhou S, Shi H, Li M. Plasma and urine indoleamine 2,3-dioxy-
genase activity: promising biomarkers for chronic kidney disease and 
inflammation status. J Inflamm Res. 2022;15:5129–39.

 102. Walker JA, Richards S, Whelan SA, Yoo SB, Russell TL, Arinze N, Lotfol-
lahzadeh S, Napoleon MA, Belghasem M, Lee N, et al. Indoleamine 
2,3-dioxygenase-1, a novel therapeutic target for post-vascular injury 
thrombosis in CKD. J Am Soc Nephrol. 2021;32(11):2834–50.

 103. Matheus LHG, Simao GM, Amaral TA, Brito RBO, Malta CS, Matos YST, 
Santana AC, Rodrigues GGC, Albejante MC, Bach EE, et al. Indoleamine 
2, 3-dioxygenase (IDO) increases during renal fibrogenesis and its 
inhibition potentiates TGF-beta 1-induced epithelial to mesenchymal 
transition. BMC Nephrol. 2017;18(1):287.

 104. Jensen CG, Jensen MS, Tingskov SJ, Olinga P, Norregaard R, Mutsaers 
HAM. Local inhibition of indoleamine 2,3-dioxygenase mitigates renal 
fibrosis. Biomedicines. 2021;9(8):856.

 105. Pan B, Zhang H, Hong Y, Ma M, Wan X, Cao C. Indoleamine-2,3-dioxy-
genase activates Wnt/beta-catenin inducing kidney fibrosis after acute 
kidney injury. Gerontology. 2021;67(5):611–9.

 106. Mohib K, Wang S, Guan Q, Mellor AL, Sun H, Du C, Jevnikar AM. 
Indoleamine 2,3-dioxygenase expression promotes renal ischemia-
reperfusion injury. Am J Physiol Renal Physiol. 2008;295(1):F226-234.

 107. Krause P, Singer E, Darley PI, Klebensberger J, Groettrup M, Legler 
DF. Prostaglandin E2 is a key factor for monocyte-derived dendritic 
cell maturation: enhanced T cell stimulatory capacity despite IDO. J 
Leukoc Biol. 2007;82(5):1106–14.

 108. Li Y, Xia W, Zhao F, Wen Z, Zhang A, Huang S, Jia Z, Zhang Y. Pros-
taglandins in the pathogenesis of kidney diseases. Oncotarget. 
2018;9(41):26586–602.

 109. Prendergast GC, Malachowski WP, DuHadaway JB, Muller AJ. 
Discovery of IDO1 inhibitors: from bench to bedside. Cancer Res. 
2017;77(24):6795–811.

 110. Moroni F, Cozzi A, Sili M, Mannaioni G. Kynurenic acid: a metabolite 
with multiple actions and multiple targets in brain and periphery. J 
Neural Transm. 2012;119(2):133–9.

 111. Klawitter J, Jackson MJ, Smith PH, Hopp K, Chonchol M, Gitomer 
BY, Cadnapaphornchai MA, Christians U, Klawitter J. Kynurenines in 
polycystic kidney disease. J Nephrol. 2023;36(1):83–91.

 112. Zheng X, Zhang A, Binnie M, McGuire K, Webster SP, Hughes J, Howie 
SEM, Mole DJ. Kynurenine 3-monooxygenase is a critical regulator of 
renal ischemia-reperfusion injury. Exp Mol Med. 2019;51(2):1–14.

 113. Bignon Y, Rinaldi A, Nadour Z, Poindessous V, Nemazanyy I, Lenoir O, 
Fohlen B, Weill-Raynal P, Hertig A, Karras A, et al. Cell stress response 
impairs de novo NAD+ biosynthesis in the kidney. JCI Insight. 2022. 
https:// doi. org/ 10. 1172/ jci. insig ht. 153019.

 114. Pawlak K, Domaniewski T, Mysliwiec M, Pawlak D. Kynurenines and 
oxidative status are independently associated with thrombomodulin 
and von Willebrand factor levels in patients with end-stage renal 
disease. Thromb Res. 2009;124(4):452–7.

 115. Montori-Grau M, Aguilar-Recarte D, Zarei M, Pizarro-Delgado J, Pal-
omer X, Vazquez-Carrera M. Endoplasmic reticulum stress downregu-
lates PGC-1alpha in skeletal muscle through ATF4 and an mTOR-
mediated reduction of CRTC2. Cell Commun Signal. 2022;20(1):53.

 116. Pan H, Hu Z, Shao Z, Ning Y. Peroxisome proliferator-activated recep-
tor gamma coactivator-1alpha (PGC-1alpha) overexpression allevi-
ates endoplasmic reticulum stress after acute kidney injury. Ren Fail. 
2022;44(1):358–67.

 117. Lugo-Huitron R, Ugalde Muniz P, Pineda B, Pedraza-Chaverri J, Rios C, 
la Perez-de Cruz V. Quinolinic acid: an endogenous neurotoxin with 
multiple targets. Oxid Med Cell Longev. 2013;2013:104024.

 118. Arnold R, Issar T, Krishnan AV, Pussell BA. Neurological com-
plications in chronic kidney disease. JRSM Cardiovasc Dis. 
2016;5:2048004016677687.

 119. Diani-Moore S, Shoots J, Singh R, Zuk JB, Rifkind AB. NAD(+) loss, a 
new player in AhR biology: prevention of thymus atrophy and hepa-
tosteatosis by NAD(+) repletion. Sci Rep. 2017;7(1):2268.

 120. Diani-Moore S, Ram P, Li X, Mondal P, Youn DY, Sauve AA, Rifkind AB. 
Identification of the aryl hydrocarbon receptor target gene TiPARP as 
a mediator of suppression of hepatic gluconeogenesis by 2,3,7,8-tet-
rachlorodibenzo-p-dioxin and of nicotinamide as a corrective agent 
for this effect. J Biol Chem. 2010;285(50):38801–10.

 121. Fernandez-Marcos PJ, Auwerx J. Regulation of PGC-1alpha, a 
nodal regulator of mitochondrial biogenesis. Am J Clin Nutr. 
2011;93(4):884S – 890.

 122. Watanabe I, Tatebe J, Namba S, Koizumi M, Yamazaki J, Morita T. 
Activation of aryl hydrocarbon receptor mediates indoxyl sulfate-
induced monocyte chemoattractant protein-1 expression in human 
umbilical vein endothelial cells. Circ J. 2013;77(1):224–30.

 123. Langan D, Perkins DJ, Vogel SN, Moudgil KD. Microbiota-derived 
metabolites, indole-3-aldehyde and indole-3-acetic acid, differen-
tially modulate innate cytokines and stromal remodeling processes 
associated with autoimmune arthritis. Int J Mol Sci. 2021;22(4):2017.

 124. Gondouin B, Cerini C, Dou L, Sallee M, Duval-Sabatier A, Pletinck A, 
Calaf R, Lacroix R, Jourde-Chiche N, Poitevin S, et al. Indolic uremic 
solutes increase tissue factor production in endothelial cells by the 
aryl hydrocarbon receptor pathway. Kidney Int. 2013;84(4):733–44.

 125. Addi T, Poitevin S, McKay N, El Mecherfi KE, Kheroua O, Jourde-Chiche 
N, de Macedo A, Gondouin B, Cerini C, Brunet P, et al. Mechanisms 
of tissue factor induction by the uremic toxin indole-3 acetic acid 
through aryl hydrocarbon receptor/nuclear factor-kappa B signaling 
pathway in human endothelial cells. Arch Toxicol. 2019;93(1):121–36.

https://doi.org/10.1038/s42255-023-00761-7
https://doi.org/10.1172/jci.insight.153019


Page 19 of 19Curran and Kopp  Journal of Translational Medicine          (2023) 21:706  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 126. Chen TY, Lin MH, Lee WT, Huang SY, Chen YH, Lee AC, Lin HW, Lee EJ. 
Nicotinamide inhibits nuclear factor-kappa B translocation after tran-
sient focal cerebral ischemia. Crit Care Med. 2012;40(2):532–7.

 127. Yeung F, Hoberg JE, Ramsey CS, Keller MD, Jones DR, Frye RA, Mayo MW. 
Modulation of NF-kappaB-dependent transcription and cell survival by 
the SIRT1 deacetylase. EMBO J. 2004;23(12):2369–80.

 128. Moberg L, Olsson A, Berne C, Felldin M, Foss A, Kallen R, Salmela K, 
Tibell A, Tufveson G, Nilsson B, et al. Nicotinamide inhibits tissue factor 
expression in isolated human pancreatic islets: implications for clinical 
islet transplantation. Transplantation. 2003;76(9):1285–8.

 129. Ungerstedt JS, Heimersson K, Soderstrom T, Hansson M. Nicotinamide 
inhibits endotoxin-induced monocyte tissue factor expression. J 
Thromb Haemost. 2003;1(12):2554–60.

 130. Vannini N, Campos V, Girotra M, Trachsel V, Rojas-Sutterlin S, Tratwal J, 
Ragusa S, Stefanidis E, Ryu D, Rainer PY, et al. The NAD-booster nicoti-
namide riboside potently stimulates hematopoiesis through increased 
mitochondrial clearance. Cell Stem Cell. 2019;24(3):405-418.e407.

 131. Yang F, Zhang X, Hu F, Yu Y, Luo L, Deng X, Zhao Y, Pan B, Zheng J, Qiu Y, 
et al. Association between NAD(+) levels and anaemia among women 
in community-based study. J Cell Mol Med. 2022;26(9):2698–705.

 132. van Zonneveld AJ, Zhao Q, Rotmans JI, Bijkerk R. Circulating non-coding 
RNAs in chronic kidney disease and its complications. Nat Rev Nephrol. 
2023;19(9):573–86.

 133. Wu W, Wang S, Zhang L, Mao B, Wang B, Wang X, Zhao D, Zhao P, Mou Y, 
Yan P. Mechanistic studies of MALAT1 in respiratory diseases. Front Mol 
Biosci. 2022;9:1031861.

 134. Lu HY, Wang GY, Zhao JW, Jiang HT. Knockdown of lncRNA MALAT1 
ameliorates acute kidney injury by mediating the miR-204/APOL1 
pathway. J Clin Lab Anal. 2021;35(8):e23881.

 135. Lelli A, Nolan KA, Santambrogio S, Goncalves AF, Schonenberger MJ, 
Guinot A, Frew IJ, Marti HH, Hoogewijs D, Wenger RH. Induction of long 
noncoding RNA MALAT1 in hypoxic mice. Hypoxia. 2015;3:45–52.

 136. Shih CH, Chuang LL, Tsai MH, Chen LH, Chuang EY, Lu TP, Lai LC. 
Hypoxia-induced MALAT1 promotes the proliferation and migra-
tion of breast cancer cells by sponging MiR-3064-5p. Front Oncol. 
2021;11:658151.

 137. Lee JE, Cho SG, Ko SG, Ahrmad SA, Puga A, Kim K. Regulation of 
a long noncoding RNA MALAT1 by aryl hydrocarbon receptor in 
pancreatic cancer cells and tissues. Biochem Biophys Res Commun. 
2020;532(4):563–9.

 138. Zhou L, Xu DY, Sha WG, Shen L, Lu GY. Long non-coding RNA MALAT1 
interacts with transcription factor Foxo1 to regulate SIRT1 transcription 
in high glucose-induced HK-2 cells injury. Biochem Biophys Res Com-
mun. 2018;503(2):849–55.

 139. Chen J, Ke S, Zhong L, Wu J, Tseng A, Morpurgo B, Golovko A, Wang G, 
Cai JJ, Ma X, et al. Long noncoding RNA MALAT1 regulates generation 
of reactive oxygen species and the insulin responses in male mice. 
Biochem Pharmacol. 2018;152:94–103.

 140. Liu SX, Zheng F, Xie KL, Xie MR, Jiang LJ, Cai Y. Exercise reduces insulin 
resistance in type 2 diabetes mellitus via mediating the lncRNA 
MALAT1/MicroRNA-382-3p/Resistin axis. Mol Ther Nucleic Acids. 
2019;18:34–44.

 141. Huang H, Zhang G, Ge Z. lncRNA MALAT1 promotes renal fibrosis in 
diabetic nephropathy by targeting the miR-2355-3p/IL6ST axis. Front 
Pharmacol. 2021;12:647650.

 142. Zhang T, Wang H, Li Q, Fu J, Huang J, Zhao Y. MALAT1 activates the P53 
signaling pathway by regulating MDM2 to promote ischemic stroke. 
Cell Physiol Biochem. 2018;50(6):2216–28.

 143. Winkle M, El-Daly SM, Fabbri M, Calin GA. Noncoding RNA thera-
peutics—challenges and potential solutions. Nat Rev Drug Discov. 
2021;20(8):629–51.

 144. Guo P, Ma Y, Deng G, Li L, Gong Y, Yang F, You Y. CYR61, regulated by 
miR-22-3p and MALAT1, promotes autophagy in HK-2 cell inflammatory 
model. Transl Androl Urol. 2021;10(8):3486–500.

 145. Montastier E, Beuzelin D, Martins F, Mir L, Marques MA, Thalamas C, 
Iacovoni J, Langin D, Viguerie N. Niacin induces miR-502-3p expres-
sion which impairs insulin sensitivity in human adipocytes. Int J Obes. 
2019;43(7):1485–90.

 146. Couturier A, Keller J, Most E, Ringseis R, Eder K. Niacin in pharmaco-
logical doses alters microRNA expression in skeletal muscle of obese 
Zucker rats. PLoS ONE. 2014;9(5):e98313.

 147. Tryphena KP, Singh G, Jain N, Famta P, Srivastava S, Singh SB, Khatri DK. 
Integration of miRNA’s theranostic potential with nanotechnology: 
promises and challenges for Parkinson’s disease therapeutics. Mech 
Ageing Dev. 2023;211:111800.

 148. Nowak-Jary J, Machnicka B. In vivo biodistribution and clearance 
of magnetic iron oxide nanoparticles for medical applications. Int J 
Nanomed. 2023;18:4067–100.

 149. Yang K, Shang Y, Yang N, Pan S, Jin J, He Q. Application of nanoparticles 
in the diagnosis and treatment of chronic kidney disease. Front Med. 
2023;10:1132355.

 150. Afradi M, Pour SA, Dolat M, Yazdani-Elah-Abadi A. Nanomagneti-
cally modified vitamin B3 (Fe3O4@Niacin): an efficient and reusable 
green biocatalyst for microwave-assisted rapid synthesis of 2-amino-
3-cyanopyridines in aqueous medium. Appl Organomet Chem. 
2018;32(2):e4103.

 151. Lu M, Zhao X, Xing H, Liu H, Lang L, Yang T, Xun Z, Wang D, Ding P. Cell-
free synthesis of connexin 43-integrated exosome-mimetic nanoparti-
cles for siRNA delivery. Acta Biomater. 2019;96:517–36.

 152. Duranton F, Cohen G, De Smet R, Rodriguez M, Jankowski J, Vanholder 
R, Argiles A. European uremic toxin work G: normal and pathologic 
concentrations of uremic toxins. J Am Soc Nephrol. 2012;23(7):1258–70.

 153. Huang ZB, Hu Z, Lu CX, Luo SD, Chen Y, Zhou ZP, Hu JJ, Zhang FL, 
Deng F, Liu KX. Gut microbiota-derived indole 3-propionic acid 
partially activates aryl hydrocarbon receptor to promote macrophage 
phagocytosis and attenuate septic injury. Front Cell Infect Microbiol. 
2022;12:1015386.

 154. Sun CY, Lin CJ, Pan HC, Lee CC, Lu SC, Hsieh YT, Huang SY, Huang HY. 
Clinical association between the metabolite of healthy gut micro-
biota, 3-indolepropionic acid and chronic kidney disease. Clin Nutr. 
2019;38(6):2945–8.

 155. DiNatale BC, Murray IA, Schroeder JC, Flaveny CA, Lahoti TS, Laurenzana 
EM, Omiecinski CJ, Perdew GH. Kynurenic acid is a potent endog-
enous aryl hydrocarbon receptor ligand that synergistically induces 
interleukin-6 in the presence of inflammatory signaling. Toxicol Sci. 
2010;115(1):89–97.

 156. Campesato LF, Budhu S, Tchaicha J, Weng CH, Gigoux M, Cohen IJ, 
Redmond D, Mangarin L, Pourpe S, Liu C, et al. Blockade of the AHR 
restricts a Treg-macrophage suppressive axis induced by L-Kynurenine. 
Nat Commun. 2020;11(1):4011.

 157. Brekdar F, Khayat MI, Zrieki A. Plasma kynurenine: a promising 
marker for the assessment of renal functions. Int J Tryptophan Res. 
2022;15:11786469221102092.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The complexity of nicotinamide adenine dinucleotide (NAD), hypoxic, and aryl hydrocarbon receptor cell signaling in chronic kidney disease
	Abstract 
	Introduction
	Niacin
	The niacin conjugation pathway and insulin
	The niacin non-conjugative pathway and injury
	The NAD salvage pathway
	The protective role of NAM in CKD
	CKD-induced changes in the NAM methionine cycle
	Increased extracellular NAMPT is a CKD biomarker
	The protective role of NMN in CKD
	The protective role of NR in CKD
	The NAD de novo pathway
	Elevated kynureninetryptophan ratio (IDO activity) is a CKD biomarker
	Kynurenic acid versus 3-hydroxy-l-kynurenine production in CKD
	Elevated quinolinatetryptophan ratio is a CKD biomarker
	AHR in NAD metabolism
	Future perspectives

	Conclusion
	Acknowledgements
	References


