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Abstract
Nicotinamide adenine dinucleotide (NAD+) homeostasis is constantly compromised 
due to degradation by NAD+-dependent enzymes. NAD+ replenishment by sup-
plementation with the NAD+ precursors nicotinamide mononucleotide (NMN) and 
nicotinamide riboside (NR) can alleviate this imbalance. However, NMN and NR 
are limited by their mild effect on the cellular NAD+ pool and the need of high 
doses. Here, we report a synthesis method of a reduced form of NMN (NMNH), 
and identify this molecule as a new NAD+ precursor for the first time. We show 
that NMNH increases NAD+ levels to a much higher extent and faster than NMN or 
NR, and that it is metabolized through a different, NRK and NAMPT-independent, 
pathway. We also demonstrate that NMNH reduces damage and accelerates repair in 
renal tubular epithelial cells upon hypoxia/reoxygenation injury. Finally, we find that 
NMNH administration in mice causes a rapid and sustained NAD+ surge in whole 
blood, which is accompanied by increased NAD+ levels in liver, kidney, muscle, 
brain, brown adipose tissue, and heart, but not in white adipose tissue. Together, our 
data highlight NMNH as a new NAD+ precursor with therapeutic potential for acute 
kidney injury, confirm the existence of a novel pathway for the recycling of reduced 
NAD+ precursors and establish NMNH as a member of the new family of reduced 
NAD+ precursors.
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1  |   INTRODUCTION

Nicotinamide adenine dinucleotide (NAD+) and its re-
duced form (NADH) are ubiquitous molecules in the body, 
which play crucial roles in energy metabolism, as they act as 
hydride-accepting and hydride-donating coenzymes during 
mitochondrial oxidative phosphorylation.1 Apart from its role 
as a redox cofactor, during the last decade NAD+ has arisen as 
the critical substrate for a number of protein families, such as 
the sirtuin (SIRT) family of protein deacetylases,2 poly(ADP-
ribose)polymerases,3 and ADP-ribose cyclases.4 Through 
their downstream actions, these proteins participate in more 
than 500 enzymatic reactions and regulate almost all major 
biological processes in cells.5 This continuous enzymatic uti-
lization of NAD+ is counterbalanced via de novo synthesis 
from dietary tryptophan, or through its salvage from precur-
sors. In the Preiss-Handler pathway, the NAD+ precursor 
nicotinic acid (NA) is converted into NAD+ in a three-step 
enzymatic process led by the nicotinic acid phosphoribos-
yltransferase (NAPRT), the nicotinamide mononucleotide 
adenylyl transferases (NMNATs), and the NAD+ synthase 
(NADS). Another recycling pathway comprises intracellular 
nicotinamide (NAM) phosphoribosylation or nicotinamide 
riboside (NR) phosphorylation into nicotinamide mononu-
cleotide (NMN), a process carried out by nicotinamide phos-
phoribosyltransferase (NAMPT) or nicotinamide riboside 
kinases (NRKs), respectively. NMN is then directly converted 
to NAD+ by the NMNATs.6 When given externally, NMN can 
also act as an NAD+ precursor. To achieve this, NMN first 
needs to be converted extracellularly to NR by the ectoenzyme 
5′-nucleotidase CD73, after which NR is transported into the 
cell by the equilibrative nucleoside transporters (ENTs) and 
metabolized to NAD+ via NRKs.7,8 Very recently, it has also 
been reported that NMN can be incorporated into cells via the 
Slc12a8-specific transporter, at least in mouse small intestine.9

The role of NAD+ in the activity of enzymes controlling 
major metabolic processes, together with reports support-
ing that decreased cellular NAD+ contributes to metabolic 
disturbances,10 have renewed the interest in strategies to 

increase NAD+ bioavailability to combat disease. In fact, 
NAD+ repletion and the subsequent activation of sirtuins 
leads to key biochemical and clinical improvements, such as 
enhanced mitochondrial biogenesis,11-14 protection against 
fatty acid-induced liver disease15 and diabetes,11,12 or re-
duced neurodegeneration16 in a variety of animal models. 
NAD+ homeostasis also plays a major role in kidney health 
and in the ability of the renal tubule to resist stressors.17 In 
fact, during ischemic renal injury, NAD+ consumption by 
poly (ADP-ribose) polymerases (PARPs) is accelerated,18 
leading to NAD+ decline in renal tissue. NAD+ replenish-
ment through administration of the NAD+ precursor NMN 
has been proven effective in ameliorating tubular damage 
induced by ischemia-reperfusion (IR) injury and the nephro-
toxic drug cisplatin in aged mice.19

These results have turned attention to the use of NAD+ 
precursors for combatting metabolic disease in humans. NA 
and NAM have downsides, however. The former induces 
flushing triggered by NA binding to the GPR109A receptor,20 
and NAM can act as a sirtuin inhibitor, which could limit its 
intended activation of these enzymes. Therefore, NMN and 
NR have arisen as attractive alternatives to NA or NAM, 
since they effectively raise NAD+ concentrations in mouse 
tissues without undesired adverse target effects.11,12,21,22 For 
this reason, several clinical studies have been initiated with 
NR. Some studies23-28 with NR have shown that this com-
pound is well tolerated up to 2 g per day during 12 weeks, 
while the first clinical trials with NMN are still ongoing 
(NCT03151239, UMIN000021309, UMIN000030609, and 
UMIN000025739). Yet, NMN and NR supplementation have 
some limitations of their own, including maximal NAD+-
enhancing effects of around 2-fold, the need of high doses 
(from 200 to 1000 mg/kg per day) to achieve beneficial ef-
fects in animal models,11-13,22,29 and the rapid degradation in 
plasma to NAM, at least in the case of NR.30 Moreover, al-
though an increase in NAD+ levels in whole blood has been 
detected upon NR administration in humans,24,27 supplemen-
tation with this precursor has failed to increase NAD+ in other 
tissues, such as muscle biopsies, even after 1 g administration 
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during 6 weeks.31 This inefficacy in raising NAD+ might ex-
plain why NR has no apparent effect on total energy expendi-
ture, blood glucose or insulin sensitivity in humans.28

To overcome the limitations of the current repertoire of 
NAD+ enhancers, other molecules with a more pronounced 
effect on the NAD+ intracellular pool are desired. This has 
stimulated us to investigate the use of the reduced form of nic-
otinamide mononucleotide (NMNH) as an NAD+ enhancer. 
There is very scarce information about the role of this molecule 
in cells. In fact, only one enzymatic activity has been described 
to produce NMNH. This is the NADH diphosphatase activ-
ity of the human peroxisomal Nudix hydrolase hNUDT1232 
and the murine mitochondrial Nudt13.33 It has been postulated 
that, in cells, NMNH would be converted to NADH via nico-
tinamide mononucleotide adenylyl transferases (NMNATs).34 
However, both NMNH production by Nudix diphosphatases 
and its use by NMNATs for NADH synthesis have only been 
described in vitro using isolated proteins, and how NMNH 
participates in cellular NAD+ metabolism remains unknown.

In the present study, we design and develop a new method 
for the purification of NMNH at scale, and explore the role 
of this molecule in NAD+ metabolism. We show that NMNH 
is effectively metabolized to NAD+ in mammalian cells, and 
confirm its NAD+ synthesis route is NRK and NAMPT-
independent. We also investigate the therapeutic potential of 
NMNH, showing that it can protect renal proximal tubular 
epithelial cells from hypoxia/reoxygenation-induced injury, 
a crucial event in ischemic acute kidney injury (AKI),35 by 
accelerating processes involved in tubular regeneration.36 
Finally, we explore the in vivo effects of NMNH administra-
tion in mice and demonstrate that this new precursor effec-
tively raises NAD+ levels in blood and a variety of tissues, 
including kidney, to a greater extent than NMN when used at 
the same concentration.

These results corroborate that reduced NAD+ precursors 
can act as very potent NAD+ enhancers, and open doors for a 
new generation of highly efficient NAD+-boosting molecules 
that could aid in overcoming the limitations of the current set 
of NAD+ enhancers.

2  |   MATERIALS AND METHODS

2.1  |  Enzyme preparation and NMNH 
synthesis

The pyrophosphatase from Escherichia coli strain K12 
(EcNADD, Uniprot code: P32664) was cloned into pET24b 
vector and expressed in E coli Rosetta 2 DE3 pLysS at 25°C 
and 0.25  mM of isopropyl-β-thiogalactopyranoside (IPTG, 
Sigma-Aldrich, St. Louis, MO, USA) for 16 hours. Protein 
purification was performed in a HiTrap IMAC column 
(GE Healthcare) in 50  mM of Tris-HCl pH 7.5 containing 

300 mM of NaCl in a gradient from 10 to 250 mM of imi-
dazole followed by desalting in a HiPrep desalting column 
(GE Healthcare, Chicago, IL, USA). Conversion of NADH 
into NMNH and AMP was achieved by incubation of 50 µg/
mL EcNADD with 5  mM NADH in 50  mM Tris HCl pH 
8.0 containing 0.5 mM MnCl2 in a total volume of 50 mL 
for 45  minutes at 37°C. NADH conversion was checked 
by HPLC using a reverse-phase C18 250 × 4.6 mm column 
(Phenomenex, Torrance, CA, USA) and a mobile phase con-
sisting of 20 mM ammonium acetate pH 6.9 running at 1 mL/
min for 15 minutes. Under these chromatographic conditions, 
retention times for NMNH and AMP were 5.5 and 7 minutes, 
respectively.

2.2  |  NMNH purification

Chromatographic separation of NMNH from AMP was 
achieved by C18 reverse-phase chromatography. Fractions 
containing pure NMNH were evaporated until dryness in a 
rotary evaporator. The resulting powder was redissolved and 
desalted by size exclusion chromatography in pure water. 
After the final desalting step, samples were freeze dried to 
obtain NMNH as an amorphous yellow powder.

2.3  |  Identification of NMNH by nuclear 
magnetic resonance

The proton and 31P NMR spectra were recorded at 25°C on 
a Bruker (Billerica, MA, USA) Avance 400 (400 MHz). 1H 
chemical shifts were reported in ppm relative to the reso-
nance of HOD (δ = 4.8 ppm) and 31P chemical shifts were 
externally referenced to 85% of H3PO4. J values are given 
in Hz.

2.4  |  Cell culture and supplementation with 
NAD+ precursors

AML12, HepG2, SY5Y, HeLa cells, and human skin fibro-
blasts were cultured in 12-well plates in Dulbecco's modified 
Eagle's medium (DMEM, Life Technologies, Carlsbad, CA, 
USA) supplemented with 10% of fetal bovine serum (FBS, 
BioWhittaker, Basel, CH), 100 U/mL of penicillin, and 
10  mg/mL of streptomycin (Life Sciences, Waltham, MA, 
USA). T37i cells were cultured and differentiated as previ-
ously described.37,38 Conditionally Immortalized Proximal 
Tubular Epithelial Cells (IM-PTECs) were generated as pre-
viously described39 and cultured at 33°C in HK2 medium40 
supplemented with 10  ng/mL IFN-γ (ProSpec, Rehovot, 
IL, USA) and maintained at 37°C without IFN-γ for an ad-
ditional week before the start of the assay, resulting in loss 
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of SV40 expression.41 Otherwise indicated, supplementation 
with PBS (vehicle), NMN (Carbosynth, Compton, UK), or 
NMNH was made at the concentrations and times indicated 
in FBS-free medium.

Chemical inhibition of the different enzymes in-
volved in the recycling of NAD+ precursors was made 
using the following reagents and concentrations: (E)-
N-[4-(1-benzoylpiperidin-4-yl)butyl]-3-(pyridin-3-yl)
acrylamide (FK866; 2  µM; Sigma-Aldrich), adenosine-
5′-[(α,β)-methylene]diphosphate (AOPCP; 500  µM; Jena 
Biosciences, Jena, DE), dipyridamole (DIPY; 20  µM; 
Sigma-Aldrich), 5-(3-Bromophenyl)-7-[6-(4-morpholin
yl)-3-pyrido[2,3-d]pyrimidin-4-amine dihydrochloride 
(ABT702; 10  µM; Tocris Biosciences, Bristol, UK), and 
gallotannin (100 µM; Sigma-Aldrich). Cells were incubated 
for 1  hour in the presence of the corresponding inhibitor 
prior to supplementation with the indicated concentrations 
of NMNH or PBS (vehicle).

2.5  |  Viability assay

AML12 cells were cultured in DMEM in a 96-well plate 
and supplemented with different concentrations of NMN or 
NMNH. After 24 hours, cells were washed with PBS and 150 
µL of MTS reagent (Abcam, Cambridge, UK) was added to 
each well. After incubation at 37°C for 4 hours, absorbance 
was measured on a spectrophotometer at 490 nm.

2.6  |  Enzymatic cyclic assay for quantitative 
NAD+ determination

For NAD+ extraction, cells were washed twice with PBS, 
quenched with 400 µL of 2  M HClO4 and transferred to 
1.5 mL tubes. For tissues, 3-4 mg of freeze-dried tissue or 
10 µL of blood were resuspended in 400 µL of 2 M HClO4 
and disrupted using a TissueLyser (Qiagen, Venlo, NL) for 
5 minutes at 30 pulses per second. After centrifugation at 
16 000 g for 5 minutes, 100 µL of the acidic supernatant 
was neutralized by addition of 150 µL 2 M/0.6 M KOH/
MOPS and centrifuged again to remove precipitated salts. 
NAD+ content was determined using an enzymatic spec-
trophotometric cycling assay based on the coupled reac-
tion of malate and alcohol dehydrogenases, as previously 
described.42

2.7  |  Mass spectrometry measurements

PBS-washed cells or 5-6  mg of freeze-dried tissue were 
metabolically quenched using ice-cold methanol (500 µL) 

and diluted with Milli-Q water (500 µL) containing inter-
nal standards, D5-glutamine, D5-phenylalanine, adenosine-
15N5-monophosphate, adenosine-15N5-triphosphate, and 
guanine-15N5-triphosphate (5  μM each). Phase separation 
was performed by chloroform addition (1  mL) followed 
by thorough mixing. The homogenate was centrifuged at 
16 000 g for 5 minutes at 4°C and the polar upper phase was 
transferred to a new 1.5 mL tube. Samples were then dried 
in a vacuum concentrator and pellets dissolved in 100 µL of 
methanol/water (6/4; v/v).

Metabolite analysis was carried out in an Acquity 
UPLC system (Waters, Milford, MA, USA) coupled to an 
Impact II Ultra-High Resolution Qq-Time-Of-Flight mass 
spectrometer (Bruker). Chromatographic separation of the 
compounds was achieved using a SeQuant ZIC-cHILIC 
column (PEEK 100 × 2.1 mm, 3 µm particle size; Merck, 
Kenilworth, NJ, USA) at 30°C. The LC method consisted 
in a gradient running at 0.25 mL/min from 100% mobile 
phase B (9:1 acetonitrile:water with 5 mM ammonium ac-
etate pH 8.2) to 100% mobile phase A (1:9 acetonitrile:wa-
ter with 5 mM ammonium acetate pH 6.8) in 28 minutes, 
followed by a re-equilibration step at 100% B of 5  min-
utes. MS data were acquired both in negative and posi-
tive ionization modes over the range of m/z 50-1200. Data 
from full-scan MS mode was analyzed using Bruker TASQ 
software (Version 2.1.22.1 1065). All reported metabolite 
intensities were normalized to total protein content in sam-
ples, determined using a Pierce BCA Protein Assay Kit, 
as well as to internal standards with comparable retention 
times and response in the MS. For MS/MS mode, the par-
ent mass in positive mode was selected at m/z 335.1 ± 0.5 
for NMN and m/z 337.1 ± 0.5 for NMNH both at 10 eV 
collision energy using ultrapure nitrogen as collision gas. 
Parent and subsequent daughter fragments were analyzed 
using Bruker Compass DataAnalysis (Version 5.1, Build 
201.2.4019).

2.8  |  Hypoxia/reoxygenation assays

In order to establish an in vitro model of tubular injury 
induced by hypoxia/reoxygenation, IM-PTECs were 
grown under oxygen-deficient conditions (1% O2 and 
5% CO2 at 37°C) for 48 hours using a hypoxic incubator 
(HypOxystation H35; Don Whitley Scientific, Bingley, 
UK). Normoxic control cells were cultured under standard 
conditions (21% O2 and 5% CO2 at 37°C). After 48 hours, 
both hypoxic and normoxic cells received fresh HK2 me-
dium, were cultured for an additional 24 hours under stand-
ard conditions (reoxygenation) and supplemented with 
the corresponding compounds, as indicated in the figure 
legends.
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2.9  |  Mitochondrial superoxide 
measurements

To examine the effect of NAD+ boosting during hypoxia/
reoxygenation on mitochondrial superoxide production, IM-
PTECs were labeled with 5  µM of MitoSox Red (Thermo 
Fisher Scientific, Waltham, MA, USA) in HBSS supple-
mented with calcium and magnesium (Gibco, Waltham, MA, 
USA) for 10  minutes at 37°C. Relative fluorescence was 
measured by FACS.

2.10  |  BrdU incorporation assay

To analyze the cell cycle, TECs subjected to hypoxia/reoxy-
genation conditions were incubated for 1 hour with 20 mM of 
bromodeoxyuridine (BrdU), and subsequently fixed in ice-cold 
ethanol. Cells were then incubated with 0.4 mg/mL of pepsin 
and 0.2 mM of HCl for 30 minutes at 37°C, followed by incu-
bation with 2 M HCl for 25 minutes at 37°C. After washing, 
cells were stained for 30 minutes with anti BrdU-FITC (clone 
B44, BD Biosciences, San Jose, CA, USA) in PBS supple-
mented with 0.05% of Tween-20 and 0.5% of BSA. Finally, 
cells were treated with 500 µg/mL RNAse-A (Bioke, Leiden, 
NL) and stained with 0.1 µM of TO-PRO-3-iodide (Invitrogen, 
Life technologies, Carlsbad, CA, USA) for 15  minutes at 
37°C. Cells were acquired on a LSRFortessa cell analyzer (BD 
Biosciences). Cell cycle distribution was analyzed with the 
FlowJo 7.6 software (Tree Star, Ashland, OR, USA). The per-
centage of cells in S phase was determined by BrdU uptake.

2.11  |  Western blotting

TECs were lysed in RIPA buffer (50 mM Tris-HCl pH 7.5, 
150  mM NaCl, 2  mM EDTA, 1% deoxycholic acid, 1% 
NP-40, 4 mM sodium orthovanadate, 10 mM sodium fluo-
ride), supplemented with protease and phosphatase inhibi-
tors. Lysates were loaded onto a 4%-12% pre-casted gel and 
blotted onto a PVDF membrane. The antibodies used were 
β-actin (Sigma-Aldrich) and cleaved caspase-3 (Cell signal-
ing, Danvers, MA, USA).

2.12  |  mRNA extraction and analysis

Total RNA was extracted using TRIzol-reagent (Sigma-
Aldrich). cDNA was synthesized using M-MLV reverse tran-
scriptase and oligo-dT primers (Table S1). Transcript analysis 
was performed by real-time quantitative PCR on a Roche Light 
Cycler 480 using SYBR green master mix (Bioline, London, 
UK). Relative expression was analyzed using LinRegPCR.43 

Gene expression was normalized to murine peptidylprolyl 
isomerase A (Ppia) as a housekeeping gene.

2.13  |  In vivo study

Animal experiments were performed according to na-
tional Dutch and EU ethical guidelines and approved by 
the local animal experimentation committee under license 
AVD1180020186906. All the experiments were per-
formed in male C57BL/6N mice at 11  weeks old. Mice 
were kept in a temperature- and humidity-controlled envi-
ronment under a 12-hour light/dark cycle with free access 
to food and water. Twenty-four mice were randomly as-
signed to three groups and intraperitoneally (IP) injected 
with saline, NMN or NMNH at 250  mg/kg. Blood was 
collected from the lateral saphenous vein at 1, 4, and 
20  hours after the first IP injection. After 20  hours, an-
other bolus injection was administered and 4 hours after 
this last injection, mice were sacrificed under isoflurane, 
and blood and tissues collected and snap frozen in liquid 
nitrogen until NAD+ determination and mass spectrometry 
measurements.

3  |   RESULTS

3.1  |  Enzymatic synthesis and purification 
of NMNH

Since NMNH is not commercially available, we developed 
a preparation method of the compound. To do so, we took 
advantage of the high activity of the NAD+ pyrophos-
phatase from Escherichia coli (EcNADD) to cleave NADH 
into NMNH and AMP44 (Figure 1A). Indeed, with 2.5 mg 
of the recombinant enzyme we were able to fully convert 
175 mg of NADH into NMNH and AMP in 45 minutes at 
37°C (Figure S1A). The two molecules were then success-
fully separated using C18 chromatography (Figure S1B), 
desalted and freeze dried until an amorphous yellow pow-
der was obtained. The final yield of the process was ap-
proximately 70%.

The chemical structure and mass of NMNH were con-
firmed by UV spectrophotometry, nuclear magnetic reso-
nance (NMR) and mass spectrometry. NMNH was shown 
to be a fluorescent molecule, in contrast to NMN, with a 
molar extinction coefficient of 5160 M−1 cm−1 at 340 nm 
(Figure 1B), a value that is very similar to that found for the 
reduced form of nicotinamide riboside (NRH).45 Structural 
analysis of NMNH was performed by 1H and 31P NMR 
(400  MHz, D2O; Figure  1C), matching expectations and 
showing the two characteristic H4 hydrogens of NMNH 
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at 3  ppm. NMNH exact mass and fragmentation pattern 
were analyzed by mass spectrometry in positive ionization 
mode, using NMN as a reference. As expected, fragmenta-
tion patterns were different for each molecule (Figure 1D,E 
and Table S2), with a major peak corresponding to the 

nicotinamide component of NMN or the dihydronico-
tinamide component of NMNH at m/z 123.0559 and m/z 
125.0706, respectively. Together, these results confirmed 
the identity of the purified compound as reduced nicotin-
amide mononucleotide (NMNH).

F I G U R E  1   NMNH synthesis and characterization. A, Synthesis and purification of NMNH from NADH. B, Linear curve of NMNH 
concentration vs absorbance at 340 nm. C, 1H and 31P NMR data for NMNH. 1H NMR (400 MHz, D2O): δ 2.96 (br s, 2H, H4A + H4B), 3.75 (br s, 
2H, H5A’ + H5B’), 3.99 (bs s, 1H, H3’), 4.13-4.16 (m, 1H, H2’), 4.22-4.26 (m, 1H, H4’), 4.77-4.79 (m, 1H, H1’), 4.86-4.94 (m, 1H, H5), 6.13 (d, 1H, 
J = 8.0 Hz, H6), and 7.06 (s, 1H, H2). Inset: 31P NMR data (161 MHz, D2O): δ 3.83 (D and E) MS/MS analysis of pure NMN (D) and NMNH (E)
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3.2  |  NMNH acts as a potent NAD+ 
enhancer in vitro

Once we had established a reliable synthesis and purifica-
tion method and correctly identified the compound obtained 
as NMNH, our next aim was to test if this reduced precur-
sor was able to act as an NAD+ enhancer in cells. To do so, 
we supplemented AML12 mouse hepatocytes with different 
concentrations of either NMN or NMNH. At every concen-
tration tested, NMNH caused a much more significant in-
crease in cellular NAD+ levels than NMN (Figure  2A). In 
fact, NMNH was able to significantly increase NAD+ at a 10 
times lower concentration (5 µM) than that needed for NMN, 
and reached a plateau at supplementation concentrations of 
500 µM. At this concentration, NMNH achieved an almost 
10-fold increase in the NAD+ concentration, while NMN 
was only able to double NAD+ content in these cells, even 

at 1  mM concentration. NMNH also proved to be a faster 
precursor, resulting in a significant increase in NAD+ levels 
within 15 minutes (Figure 2B). Interestingly, upon NMNH 
supplementation, NAD+ steadily increased for up to 6 hours 
and remained stable for 24  hours, while NMN reached its 
plateau after only 1 hour, most likely because the NMN recy-
cling pathways to NAD+ had already become saturated.

We next addressed if such elevation in the NAD+ con-
tent could affect the redox balance of the cell, which is 
crucial for cell survival. For this purpose we used the tetra-
zolium reagent MTS, which is converted by cellular NAD(P)
H-oxidoreductases into formazan colored products.46 
Interestingly, NMNH at concentrations of 250 µM and higher 
was able to increase absorption at 490 nm, while NMN failed 
to do so (Figure 2C). These results suggest increased cellular 
metabolic activity, most likely due to an increase in NAD(P)
H levels upon NMNH supplementation.

F I G U R E  2   NAD+-boosting potential of NMNH. A, AML12 cells were supplemented with increasing concentrations of NMN(H) during 
24 hours and collected in 2 M HClO4 for NAD+ measures. B, AML12 cells were supplemented with 500 µM NMN(H) and harvested in 2 M 
HCLO4 at the indicated time points, followed by NAD+ measurements. C, AML12 cells were supplemented with increasing concentrations of 
NMN(H) for 24 hours prior to addition of the MTS reagent. Cell survival in the absence of compound (0 µM) was considered as 100% survival (D) 
AML12, T37i, HepG2, skin fibroblasts, SY5Y, and HeLa cells were supplemented with vehicle (PBS) or 500 µM NMN(H) for 24 hours before 
acidic extracts were obtained to measure NAD+ levels. E, AML12 cells were treated for 24 hours with vehicle (PBS) or 500 µM NMN(H), and 
then, quenched in methanol prior to extraction for metabolomics analyses by mass spectrometry. Values are expressed as mean ± SEM of n = 3-4 
independent experiments. * indicates a statistical difference of P < .05
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To further prove that NMNH can act as a potent NAD+ 
booster in vitro, we supplemented different murine (AML12 
and T37i) and human (HepG2, skin fibroblasts, SY5Y, and 
HeLa) cell lines with the optimal dose of 500 µM for 24 hours 
(Figure 2D). NMNH supplementation increased NAD+ con-
tent in all these cell types and was more potent than NMN at 
the same concentration. While NMN increased NAD+ levels 
1.3-2.4-fold, NMNH outperformed NMN and was able to in-
crease NAD+ from 2.5-fold in HepG2 hepatocytes, the least 
responsive cell line, up to 19-fold in the brown adipocytes 
cell line T37i (Figure  2D). NMNH was also a remarkably 
potent NAD+ booster in AML12 hepatocytes (9.3-fold) and 
fibroblasts (8-fold).

To analyze the effect of NMNH administration on other 
NAD+-related metabolites, we performed targeted semi-
quantitative metabolomics in AML12 hepatocytes. After 
24  hours, NMNH not only led to an increase in NAD+ 
levels, but also an enhancement in NADH, although the 
increase in NADH was less pronounced (~2.8-fold) than 
that of NAD+ (~9-fold) (Figure 2E). This result confirms 
that, as previously described for NRH,45 NMNH increases 
NAD+ content over NADH, leading to a higher NAD+/
NADH balance. In accordance, we could not detect any 
changes in cellular α-hydroxybutyrate (α-HB) content 
(Figure 2E), a recently described marker for increased re-
ductive stress.47

NMNH supplementation was also accompanied by an in-
crease in NADP+ and NADPH levels, most likely due to the 
activity of NAD+ kinase over elevated NAD+.48

Strikingly, NMNH itself could only be detected when it 
was administered to cells, suggesting that under physiological 
conditions, this molecule is absent or not detectable with our 
experimental setup. This was also the case for NRH, which 
increased only upon NMNH supplementation, suggesting a 
common metabolism for these two molecules.

Finally, we found an increase in intracellular nicotinic 
acid adenine dinucleotide (NAAD) (Figure  2E), which is 
considered as a marker for increased NAD+ metabolism,23 as 
well as increased levels of NMN and NR (Figure 2E), which 
have been hypothesized to accumulate upon increased NAD+ 
synthesis fluxes.23,49

3.3  |  Identification of enzymes involved in 
NAD+ synthesis from NMNH

We next set out to elucidate the enzymatic steps required for 
the conversion of NMNH to NAD+. To do so, we measured the 
ability of NMNH supplementation to increase cellular NAD+ 
levels when co-incubated with inhibitors of enzymes or trans-
porters involved in NMN and NR metabolism (Figure 3A). To 
ensure that each of the inhibitor targets was expressed in the 

F I G U R E  3   Identification of NMNH metabolic pathway to NAD+. A, NMN and NR recycling pathway to NAD+ and inhibitors of specific 
enzymatic steps. *Adenosine kinase (AK) phosphorylation is specific for the conversion of NRH to NMNH. B-F, AML12 cells were treated 
with inhibitors of NAMPT (FK866; 2 µM), CD73 (AOPCP; 500 µM), ENTs (DIPY; 20 µM), adenosine kinase (ABT702; 10 µM), or NMNATs 
(Gallotannin; 100 µM) for 1 hour prior to vehicle (PBS) or NMNH supplementation (500 µM) in FBS-free medium. After 24 hours, acidic extracts 
were obtained to measure NAD+ levels. Values are expressed as mean ± SEM of n = 4 independent experiments. * indicates a statistical difference 
of P < .05
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AML12 cells, we performed qPCR. Indeed, each of the indi-
vidual targets was expressed in these cells (Figure S2). Next, 
we investigated the possibility that NMNH could be extracel-
lularly degraded to nicotinamide (NAM), which would then 
be recycled by the nicotinamide phosphoribosyltransferase 
(NAMPT) to produce NMN. However, when FK866, an in-
hibitor of NAMPT, was administered along with NMNH, no 
differences in NMNH-driven NAD+ boosting were detected 
at any of the two concentrations tested (Figure 3B), confirm-
ing that NMNH, in contrast to NMN,8 does not require con-
version to NAM to effectively boost NAD+ in cells.

NMN incorporation into cells can occur through de-
phosphorylation to NR prior to its uptake by the equilibra-
tive nucleoside transporters (ENTs), and the 5′-nucleotidase 
CD73 has been identified as the phosphatase involved.8,30 
Our metabolomics analysis already showed that NMNH 
supplementation also increased NRH content (Figure  2E), 
pointing toward a convergent metabolic pathway between the 
two molecules. To confirm that NMNH needs a dephosphor-
ylation step to NRH before incorporation into the cellular 
NAD+ pool, we used the specific CD73 inhibitor adenosine-
5′-[(α,β)-methylene]diphosphate (AOPCP). Indeed, AOPCP 
strongly attenuated the NAD+-boosting effect of NMNH 
(Figure 3C). Moreover, metabolomics analysis demonstrated 
that AOPCP supplementation prevents NRH and NMNH ac-
cumulation in cells (Figure S3).

We next focused on transport into the cell. NRH me-
tabolization is fully dependent on active transport through 
equilibrative nucleoside transporters (ENTs).49 Since NMNH 
requires a dephosphorylation step to NRH, it seemed likely 
that ENTs were responsible for this step. To block transport 
through ENTs we used the specific inhibitor dipyridamole 
(DIPY) which, even at the highest NMNH concentration, abol-
ished the NAD+-boosting capacity of NMNH (Figure 3D), 
and strongly reduced accumulation of NRH and NMNH in 
cells (Figure S3), demonstrating that transport through the 
ENTs is essential for NMNH to be incorporated into the cell, 
and suggesting that NMNH is not incorporated into cells by 
a different transporter.

In previous work, we showed that NRH was intracellu-
larly metabolized in an NRK and NAMPT-independent path-
way.49 Instead, NRH is phosphorylated back to NMNH by 
the adenosine kinase (AK), and then, condensed to NADH 
by the nicotinamide mononucleotide adenylyl transfer-
ases (NMNATs).49 NMNH showed the exact same pat-
tern. Inhibiting AK activity with ABT702 largely reduced 
NMNH-driven NAD+ boosting (Figure  3E), an effect also 
observed when NMNATs were inhibited with gallotan-
nin (Figure  3F). Accordingly, ABT702 supplementation in 
combination with NMNH led to intracellular NRH accumu-
lation and reduced NMNH production, while gallotannin 
administration blocked NRH but not NMNH accumulation 

(Figure S3), demonstrating that the sequential activity of AK 
and NMNATs is an essential prerequisite for NMNH metab-
olism to NAD+.

Together, these results point toward the existence of a con-
vergent pathway between NMNH and NRH, the latter one 
acting as an intermediate. This pathway shares most of the 
enzymatic steps that convert oxidized precursors into NAD+, 
but is independent of NRKs and NAMPT. This reduced pre-
cursor pathway involves CD73-mediated dephosphorylation 
of NMNH to NRH, which is then taken up by the ENTs 
and intracellularly phosphorylated back to NMNH by AK, 
and NMNH is finally converted to NADH by the NMNATs 
(Figure 3A).

3.4  |  NMNH protects tubular epithelial 
cells against hypoxia/reoxygenation injury by 
enhancing repair

Within the kidney, the proximal tubular epithelial cells 
(TECs) are the most vulnerable to ischemic damage, as it 
directly impacts energy metabolism and poses great pres-
sure on NAD+ metabolism in TECs. Imbalanced usage of 
metabolic pathways and the consequent decreased capacity 
of injured TECs to undergo reparative processes, predispose 
to kidney disease.35 Therefore, maintaining NAD+ homeo-
stasis is crucial for these cells to be able to repair the injured 
epithelium and to sustain the elevated energy demand for 
the active transport of substances and reabsorption activity, 
which together promote healthy kidney function. We tested 
whether enhancing NAD+ levels through NMNH administra-
tion could aid in the recovery of TECs subjected to hypoxia/
reoxygenation injury, an in vitro model of ischemia reperfu-
sion (IR). We first looked at the efficacy of NAD+ precursors 
to increase NAD+ in immortalized proximal TECs exposed 
to normoxia and hypoxia/reoxygenation. Supplementation 
with NMNH under normoxic conditions led to a 5-fold in-
crease in the NAD+ content, whereas at a similar concentra-
tion, NMN was only able to double basal levels (Figure 4A). 
Similarly, both NAD+ boosters markedly increased NAD+ 
levels in hypoxia-challenged TECs (Figure  4A), even to a 
higher extent than in normoxia, which could be related to 
metabolic adaptation during hypoxia.50 Similar to what we 
observed in cultured hepatocytes, NMNH supplementation in 
TECs also led to the increase in other NAD+-related metabo-
lites to a much greater extent than that achieved with NMN 
(Figure 4B). Additionally, NMNH drives a greater increase 
in NAD+ than in NADH, leading to an increase in the NAD+/
NADH ratio in TECs (Figure 4B).

In order to assess the impact of NAD+ boosting on TEC 
damage caused by hypoxia/reoxygenation injury, we sup-
plemented TECs with NMN(H) during the reoxygenation 
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phase for 24 hours and measured the expression of the widely 
accepted proximal tubular damage marker KIM-1 (kidney 
injury molecule-1).51,52 Reoxygenation in TECs induced a 
sharp increase in Kim-1 expression, which was drastically 
reduced upon NMNH treatment (Figure 4C). To determine 

if NMNH-driven decrease in tubular damage was dependent 
on mitochondrial function, we focused our attention on the 
Mitochondrial Transcription Factor A (Tfam). Tfam has been 
recently described to play a crucial role in TECs homeosta-
sis and metabolism via control of mitochondrial activity.53,54 

F I G U R E  4   Effects of NMN(H) supplementation in an in vitro model of hypoxia/reoxygenation-induced injury. IM-PTECs were subjected 
to hypoxia or normoxia followed by reoxygenation in the presence of full HK2 medium supplemented with vehicle (PBS) or 500 µM NMN(H). 
A, NAD+ levels were measured by spectrophotometry after acidic extraction. B, NAD+-related metabolites were measured after quenching in 
methanol prior to extraction for metabolomics analysis by mass spectrometry. C-D, Transcript expression of the tubular damage marker Kim-1 
(kidney injury molecule 1) and Mitochondrial transcription factor A (Tfam). E, Mitochondrial superoxide production measured by FACS using 
the MitoSox probe. F, Transcript expression of the antioxidant genes: Gpx (glutathione peroxidase) 1 and 3, and Prdx1 (peroxiredoxin 1). Gene 
expression was measured by RT-PCR. Data are normalized to the reference gene Ppia (peptidyl-prolyl cis-trans isomerase A). Values are expressed 
as mean ± SEM of n = 3-4 independent experiments. * and # indicate a statistical difference of P < .05 of treatment vs control or normoxic vs 
hypoxic conditions, respectively
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Interestingly, NMNH but not NMN supplementation signifi-
cantly enhanced Tfam transcription in TECs during reoxy-
genation (Figure 4D).

Additionally, mitochondrial damage in TECs can repress 
oxidative phosphorylation due to deficient electron trans-
fer in the electron transport chain (ETC). In physiological 
conditions, complex I (NADH dehydrogenase) is the main 
contributor to mitochondrial superoxide production in the 
ETC, through both forward or reverse reactions.55 Using 
the MitoSox probe, we measured mitochondrial superox-
ide, generated as a byproduct of the ETC, in normoxic or 
hypoxia-challenged TECs. Supplementation with vehicle 
(PBS) or 500 µM NMN(H) was performed during the re-
oxygenation conditions for 24 hours. Under normoxic con-
ditions, no increase in superoxide production was observed 
after NMN or NMNH treatment (Figure 4E) in comparison 
with vehicle-treated cells. However, reoxygenation in the 
presence of NMNH, but not NMN, promoted a sharp in-
crease in superoxide levels, pointing toward an effect at the 
ETC level. Taken together, these results suggest that NMNH 
ameliorates TEC damage, possibly through a functional im-
provement of mitochondrial activity and restoration of the 
ETC flux.

To further prove that NMNH-driven superoxide production 
does not lead to cell damage, we determined the expression 
of several genes involved in oxidative stress and apoptosis. 
In this sense, downregulation of the nuclear factor-erythroid 
2-related factor 2 (Nrf2) or upregulation of the NADPH ox-
idase 4 (Nox4) genes, have been associated with increased 
ROS production and mitochondrial dysfunction.56,57 In the 
same way, an increase in the ratio between Bcl-2-associated 
X protein (Bax) and B-cell lymphoma 2 (Bcl-2), or increased 
cytochrome C (CytC) and cleaved caspase-3 expression, are 
considered markers for cell apoptosis.58,59 In accordance with 
previous results, we did not detect changes in the expression 
of any of these markers upon NMNH supplementation in 
comparison with vehicle-treated cells (Figure S4). These re-
sults suggest that increased production of mitochondrial su-
peroxide by NMNH is the result of ETC recovery and do not 
cause deleterious effects in TECs.

In highly metabolically active cells like TECs, NAD+ 
acts as a hub that coordinates various metabolic pathways,17 
such as the pentose phosphate pathway (PPP), which is in-
volved in cell protection and antioxidant response by mod-
ulating the NADP+/NADPH ratio.60 In fact, an enhanced 
antioxidant pool is associated with TEC protection against 
ischemia-reperfusion injury (IRI).61-64 Since NMNH was 
able to efficiently increase the NADP+/NADPH ratio in 
TECs, especially under hypoxic conditions (Figure 4B), we 
reasoned that it might have impacted their antioxidant capac-
ity. Indeed, the drastic decrease in Kim-1 expression upon 
NMNH supplementation was positively correlated with in-
creased transcription of the antioxidant enzymes glutathione 

peroxidase 1 (Gpx1) and peroxiredoxin 1 (Prdx1), but not 
Gpx3 (Figure 4F).

We then wondered if the activated antioxidant response 
could be related to increased PPP activity. In TECs, NMNH 
did not trigger any changes in genes encoding for key en-
zymes of the oxidative phase of the PPP, such as glucose 
6-phosphate 1-dehydrogenase (G6pdx) or transketolase (Tkt) 
(Figure S5). However, metabolomics analysis showed accu-
mulation of different products of the non-oxidative phase 
of the PPP upon reoxygenation (Figure 5A), suggesting in-
creased PPP activity. Interestingly, NMNH supplementation 
also led to a 3.7-fold accumulation in ribose-5-phosphate. 
Ribose-5-phosphate is used by phosphoribosyl pyrophos-
phate (PRPP) synthetase 1 (PRPS1) to generate PRPP, an 
essential molecule in nucleotide synthesis.65 In line with this 
result, we found that NMNH but not NMN supplementa-
tion increased the expression of PRPP synthetase 1 (Prps1) 
(Figure S5) and triggered the accumulation of several nu-
cleotides in TECs (Figure  5A), pointing toward increased 
nucleotide synthesis. Since the metabolic flux through the 
PPP and the generation of nucleotides is associated with en-
hanced tubular repair upon renal IRI,36 we reasoned that the 
decreased damage and the enhancement of both antioxidant 
capacity and mitochondrial function observed in the pres-
ence of NMNH could have impacted the ability of TECs to 
repair the damage. By looking at the distribution of the cell 
cycle phases determined by BrdU incorporation into DNA, 
we noticed a shift from G1 to S phase in NMNH-treated 
cells, compared to vehicle and NMN-stimulated cells. 
Quantification of BrdU-positive (BrdU+) cells (cells in S 
phase) indicated that NMNH significantly enriched cells at 
the S phase to prepare for the proliferative stage, and thus, 
enhanced tubular repair upon hypoxia/reoxygenation injury 
(Figure 5B-D).

Taken together, our results demonstrate that NMNH 
supplementation reduces cellular damage in hypoxia/reoxy-
genation injury and enhances repair by targeting NAD+ regen-
eration, mitochondrial activity, and nucleotide metabolism.

3.5  |  NMNH efficiently increases NAD+ 
levels in vivo

Supplementation with NAD+ enhancers has emerged as a 
valid strategy to treat or alleviate features of metabolic and 
age-related diseases in several preclinical models. To assess 
the in vivo effects of NMNH in comparison with NMN, we 
injected C57BL/6N mice with vehicle (PBS) or 250 mg/kg 
of NMN or NMNH, which was followed by sequential blood 
sampling (at 1, 4, 20 hours) and, after 24 hours, sacrifice for 
tissue collection.

NMNH showed a potent NAD+-boosting effect in blood, 
efficiently increasing NAD+ levels after 1  hour and to 
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F I G U R E  5   Effects of NMN(H) supplementation on the pentose phosphate and nucleotide pathways and on the cell cycle in TECs. IM-PTECs 
were cultured for 2 days in 1% of oxygen and 5% of CO2. After 2 days, cells received fresh full HK2 medium supplemented with vehicle (PBS) or 
the corresponding NAD+ precursors at 500 µM for 24 hours. A, Cells were quenched in methanol prior to extraction for metabolomics analysis by 
mass spectrometry. B, Graphical visualization of cell distribution along the three phases of the cell cycle (G1, S, and G2/M) showing a significant 
enrichment of the S phase upon NMNH supplementation. C, Quantification plot of the cell cycle distribution. D, Percentage of cells in the S phase 
(BrdU-positive cells). Values are expressed as mean ± SEM of n = 3 independent experiments. * indicates a statistical difference of P < .05

(A)

(B)

(C) (D)
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a much higher extent than NMN (Figure  6A). Strikingly, 
while blood NAD+ content after NMN supplementation de-
clined to basal levels after just 4 hours, NMNH administra-
tion sustained a 2-fold NAD+ increase for at least 20 hours 
following the first injection. This was also reflected in the 
blood samples taken 4 hours after the second IP injection, 
as an increase in NAD+ was only detected in NMNH-treated 
animals (Figure 6A).

We next performed NAD+ measurements through the 
enzymatic cycling method on the collected tissues. Our re-
sults show that NMNH increased NAD+ levels in a variety 
of tissues and to a greater extent than NMN, with the great-
est effects in liver (>5-fold increase) and kidney (>2-fold 
increase) (Figure  6B). NMNH also significantly increased 
NAD+ content in other tissues, such as brain, gastrocnemius 
muscle, brown adipose tissue, and heart, while NMN failed to 
do so. However, both NAD+ precursors failed in achieving a 

significant increase of NAD+ content in white adipose tissue 
(Figure  6B). To confirm these results with an independent 
method, we analyzed liver, kidney, brain, and gastrocnemius 
samples from untreated and NMNH-treated animals using 
our mass spectrometry platform. Indeed, with this method 
we found markedly increased NAD+ levels in these four tis-
sues (Figure 6C). Finally, we detected NMNH as a naturally 
occurring precursor, at least in kidney (Figure 6D). We were 
unable to detect it in the liver, muscle and brain of untreated 
animals, possibly due to its low abundance or its fast conver-
sion to NAD+ in these tissues.

Together, our results in mice demonstrate that NMNH 
is also an efficient NAD+ booster in vivo that is able to in-
crease NAD+ levels to a higher extent than NMN in a va-
riety of tissues. Therefore, our study establishes NMNH as 
the second member of the new family of reduced NAD+ 
precursors.

F I G U R E  6   In vivo effects of NMN(H) administration. Vehicle (PBS) or 250 mg/kg NMN(H) were administered via intraperitoneal injection. 
After 20 hours, a second bolus injection was administered at the same concentration and after 4 hours mice were sacrificed for tissue collection. A, 
Blood NAD+ profiles obtained at 1, 4, and 20 hours after the first IP injection, and 4 hours after the second IP injection. B, NAD+ content measured 
by spectrophotometry after acidic extraction of the freeze-dried tissues. C, NAD+ abundance in liver, kidney, gastrocnemius muscle, and brain 
measured by mass spectrometry. D, NMNH abundance in liver and kidney measured by mass spectrometry. Values are expressed as mean ± SEM 
of n = 8 mice per group. * indicates a statistical difference of P < .05
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4  |   DISCUSSION

NMN and NR are currently the most used and promising 
NAD+ modulators, as demonstrated by the many scientific 
reports showing the benefits of their use in mouse models 
for cardiometabolic disease,11,12 fatty liver disease,15 or neu-
rodegeneration,16 among many others. The fact that both 
molecules lack the undesirable side effects of NA (flushing) 
and NAM (sirtuin inhibition) has increased the interest in the 
potential use of these compounds as better therapeutic agents. 
However, supplementation with NR has so far proven to be 
inefficient in raising NAD+ levels in human tissue, which 
could explain why the beneficial effects observed in mouse 
studies are so far not reproducible in humans.31 Therefore, 
new molecules with a higher NAD+-boosting potential that 
may overcome these limitations are appealing. This is the 
case for reduced NR (NRH), which is a very effective NAD+ 
booster.45,49 In the present study, we identify the reduced 
form of another NAD+ precursor, namely reduced nicotina-
mide mononucleotide (NMNH), and show for the first time 
that it can act as a powerful NAD+ booster in vitro and in 
vivo.

To produce NMNH, we leveraged the high activity of the 
NAD+ pyrophosphatase from Escherichia coli over NADH, 
and developed an effective purification method that renders 
salt-free NMNH, whose identity was confirmed by NMR and 
MS/MS. The molecule proved to be highly efficient and fast 
in increasing cellular NAD+, largely surpassing the effect 
of NMN in every cell line tested. In fact, while NMN was 
only able to double cellular NAD+ at its maximum concen-
tration (1 mM), NMNH led to a 3-fold NAD+ increase even 
at 50 µM. The response to NMNH was also faster, as 15 min-
utes were enough for NMNH to almost double basal NAD+, 
with maximal effects after 6  hours, which remained stable 
even 24 hours after supplementation.

This large increase in the NAD+ pool, which was in the 
range of 2.5 to 19-fold depending on the cell line, was accom-
panied by an increase in NADH, although to a much lower 
extent (~3-fold), suggesting a tight regulation of the NAD+/
NADH ratio in favor of the oxidized form.

The increased NAD+ metabolic flux is also confirmed 
by the analysis of downstream NAD+ metabolites, such as 
NADP(H) and NAAD, which is considered a marker of in-
creased NAD+ metabolism.23 In accordance with these re-
sults, and similar to those obtained with NRH,49 we detected 
a sharp increase in NMN and NR content upon NMNH sup-
plementation, much higher than that obtained with NMN. 
This increase in oxidized precursors does not come from ox-
idation of the reduced ones, as demonstrated previously,49 
but from an increased NAD+ flux, since blocking NRH con-
version to NMNH (and therefore NADH) with an adenos-
ine kinase inhibitor, was enough to prevent NMN and NR 
accumulation.

In vivo, NMNH also proved more effective than NMN in 
raising NAD+ levels in a variety of tissues when administered 
at the same concentration, confirming the results observed in 
cell lines.

Our findings solidify the notion that three distinct but par-
tially overlapping NAD+ recycling pathways exist. In one of 
these pathways, nicotinic acid (NA) is condensed to NAD+ 
via adenylyl transferases (NMNATs) and NAD+ synthase. 
In the other two pathways, oxidized precursors (NMN and 
NR) are converted to NAD+ through an NR kinases (NRKs) 
and NAM phosphoribosyltransferase (NAMPT)-dependent 
route. However, reduced precursors (NMNH and NRH) act 
independently of these enzymatic activities, and require ade-
nosine kinase (AK) to efficiently increase the cellular NAD+ 
pool. We hypothesize that this high efficiency of the reduced 
pathway could be due to the lack of degradation of the re-
duced precursors to NAM, which could confer an advantage 
over the oxidized precursors, since NAM is a weak NAD+ 
booster.30 This hypothesis is further supported by the fact that 
NMNH was able to sustain NAD+ levels in blood for much 
longer than NMN, suggesting reduced degradation to NAM. 
Another possibility would be an improved cellular uptake of 
NRH through the ENTs, or a higher efficiency of adenosine 
kinase or NMN adenylyl transferases for the reduced mol-
ecules. These possibilities will need to be addressed in fol-
low-up studies.

In light of the existence of a very efficient pathway for 
NAD+ recycling, which leads to unprecedented elevations 
in the intracellular NAD+ pool, one question that arises is 
whether this NAD+ elevation can lead to deleterious changes 
in the cellular redox state. In the available studies with NRH, 
and in the present study with NMNH, this was not the case, 
as supplementation with NRH or NMNH did not trigger 
cell apoptosis and instead protected them against genotoxic 
agents or hypoxia/reoxygenation injury.45 In accordance, our 
viability and metabolomics study indicated that NMNH in-
creases metabolic activity by promoting NAD(P)H biosyn-
thesis, without elevating reductive stress, as demonstrated 
by unchanged levels in α-hydroxybutyrate upon NMNH 
supplementation.

The data presented in this study also corroborate the ev-
idence that NAD+ boosters protect against different models 
of acute kidney injury, and place NMNH as a great alterna-
tive intervention to other NAD+ precursors to reduce tubular 
damage and accelerate recovery. To demonstrate this point, 
and with kidney being one of the most responsive tissues to 
NMNH in vivo, we adopted the in vitro model of hypoxia/
reoxygenation injury as a model for damage and repair in 
TECs, which is the cell type that suffers the most from NAD+ 
depletion and mitochondrial dysfunction during ischemic 
acute kidney injury (AKI).

During reoxygenation, mitochondrial dysfunction and 
oxidative damage occur in TECs, supposedly as a direct 
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consequence of ATP depletion due to hypoxia.66 A marker 
for aberrant mitochondrial metabolism and disturbed ep-
ithelial function is Tfam, whose expression is regulated 
by NAD+ levels.67 By efficiently increasing NAD+ levels, 
NMNH was also able to promote Tfam upregulation and 
enhance mitochondrial activity, as demonstrated by in-
creased mitochondrial superoxide production. Superoxide 
can be produced by both forward and reversed electron flux 
in complex I of the ETC, which in the latter case could 
exacerbate oxidative damage and cell death. However, our 
gene expression analysis points toward NMNH-driven 
protection against hypoxia/reoxygenation injury, as it en-
hances the expression of the genes encoding for the anti-
oxidant enzymes PRDX1, and GPX1, crucially involved in 
resistance to renal ischemic damage.64

Despite the fact that we did not see upregulation of the 
genes involved in the pentose phosphate pathway (PPP), 
our metabolomics results suggest that NMNH supplemen-
tation in TECs may enhance antioxidant defense as a result 
of increased flux through this pathway, yielding necessary 
intermediates for TEC recovery, such as NADP(H) and nu-
cleotides. In fact, many studies support the role of the PPP in 
the regeneration of renal tissue after AKI.36,68-70 We further 
confirmed this event by showing an enrichment of TECs in 
the S phase of the cell cycle upon NMNH treatment, which is 
a sign of cell cycle entry and ongoing repair.71,72

Such enhanced repair of TECs in the presence of NMNH 
is further corroborated by the sharp decrease of the tubular 
damage marker KIM-1, and is in line with previous findings 
that NRH also protected against cisplatin-induced acute kid-
ney injury49 and that other NAD+-boosting strategies pro-
mote tissue regeneration.73

In conclusion, owing to an efficient synthesis method 
for NMNH, we were able to identify this molecule as a new 
and potent NAD+ precursor in vitro and in vivo, and con-
firm the existence of a novel pathway for the recycling of 
reduced precursors to NAD+. We have also corroborated 
the potential therapeutic application of these potent NAD+ 
enhancers, which could succeed where NMN and NR have 
failed, namely boosting NAD+ in humans. Future research 
will need to elucidate the safety of long-term administration 
of reduced precursors, and determine the beneficial effects of 
their administration in animal models of disease, especially 
in comparison with the classical boosters.
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