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Abstract:  

Significance: NAD+ and NADP+ are important co-substrates in redox reactions and participate in 

regulatory networks operating in adjustment of metabolic pathways. Moreover, NAD+ is a co-

substrate in post-translational modification of proteins and is involved in DNA repair. NADPH is 

indispensable for reductive syntheses and the redox chemistry involved in attaining and maintaining 

correct protein conformation. 

Recent Advances: Within a pair of decades, a wealth of information has been gathered on 

NAD(H)+/NADP(H) redox imaging, regulatory role of redox potential in assembly of spatial 

protein structures and the role of ADP-ribosylation of regulatory proteins affecting both gene 

expression and metabolism. All this as a bearing also on disease, healthy ageing and longevity. 

Critical Issues: Knowledge of the signal propagation paths of NAD+-dependent post-translational 

modifications is still fragmentary for explaining the mechanism of cellular stress effects and 

nutritional state on these actions. Evaluation of the co-substrate and regulator roles of NAD(H) and 

NADP(H) still suffers from some controversies in experimental data. 

Future Directions: Activating or inhibiting interventions in NAD+-dependent protein 

modifications for medical purposes have shown promise, but restraining tumor growth by inhibiting 

DNA repair in tumors by means of interference in sirtuins is still in early stage. The same is true for 

the use of this technology in improving health and healthy ageing. New methods for monitoring the 

nicotinamide-adenine nucleotides in intact cells and organs are developed, and their application to 

medicine is expected.  
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Introduction  

The early work of Theodor Bücher and Martin Klingenberg delineated the concept of redox 

networks in living organisms (12).  

The redox-dependent nucleotide-consuming or -producing signal pathways, the availability of 

reduced glutathione and maintenance of cysteine and disulfide bridges in proteins are another 

mainline of redox research. Helmut Sies and coworkers have coined the concept “redox code” to 

emphasize the role of redox co-substrates in metabolic regulation (74). Intercompartmental 

differences in the steady-state redox potentials exist (77,137), although near-equilibrium states 

participate in signaling and regulation under certain conditions (164). 

The most efficient biological energy conversion system captures the combustion energy of 

oxygen reduction by the mitochondrial respiratory chain, fueled by reducing equivalents from 

energy metabolism. Redox-dependent control is positioned to reactions where the substrate or co-

substrate concentration is low compared with the Km of the enzyme. Even a near-equilibrium of an 

NAD(H)- or NADP(H)-linked enzyme reaction may perform as a regulator of an adjunct enzyme, 

when the concentration of a metabolic intermediate is poised by the ratio of the oxidized and 

reduced form of the coenzyme, leading to redox-governed substrate control of the enzyme reaction 

(Fig. 1). The redox ratios of hydride-transferring nucleotides are also involved in feedback 

regulation of metabolic pathways by allosteric interactions.  

After increasing appreciation of the significance of nitrogen- and oxygen-containing reactive 

oxidative species, the scope of redox biology includes also oxidative stress (137). However, in the 

present treatise, the reactive oxygen and nitrogen species are left out because of lack of space. 

Interplay between mitochondrial and cytosolic redox organizations 

The mitochondrial electron transport chain (ETC) builds a pH gradient and membrane potential 

across the inner mitochondrial membrane (MIM). Together they constitute the electrochemical 

potential of protons (̃H+), which is conserved in ATP by the F1Fo-ATP synthase (for a review, see 

(85)).  

It is assumed that the free NADH concentration in the mitochondrial matrix is much above 

2 µM, which is the apparent Km
NADH of NADH:ubiquinone oxidoreductase (Complex I) in 

submitochondrial particles from bovine heart (155). Thus, mitochondrial respiration is normally not 

regulated simply by NADH availability but the redox potential of the matrix NADH/NAD+ couple, 

because it defines the free energy change in the reduction of oxygen to water, the driving force of 

the ETC (164). The last reaction, catalyzed by cytochrome c oxidase (Complex IV) is controlled by 

several modes of enzyme regulation but obeys the rules of irreversible thermodynamics (158) that 

predict that oxygen reduction by the respiratory chain is proportional to the driving force 

determined by the redox potential difference between NADH/NAD+ and oxygen. However, there 

are near-equilibrium conditions between the ATP synthase and at the two proximal energy 

conversion sites of ETC that influence the redox potentials of the electron carriers including 

cytochrome c, the substrate of Complex IV. Thus, cell respiration becomes determined by the 

energy status of the cell (53,54,77,93,162,164).  

The mammalian MIM, which is impervious to NADH or NAD+, exploits ̃H+ also to build a 

redox potential difference between NADH/NAD+ pools of cytosol and mitochondria. This 

difference (mitochondrial matrix more negative) in an isolated perfused rat heart approaches the 

magnitude of the mitochondrial membrane potential (77). The cytosolic NAD(H) redox potential in 

rat heart muscle is -215 mV, which corresponds to free NADH/NAD+ ratio around 0.0001, and the 

mitochondrial matrix redox potential of -314 mV corresponds to a free NADH/NAD+ ratio of 0.143. 

The situation is similar in the isolated perfused liver (142) . The low proportion of free NADH is a 

dilemma for absorption spectrophotometric monitoring of free cytosolic NADH, because its 
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concentration changes are too small to be accurately detectable by in intact tissues, where the bound 

fraction dominates (11).  

The mitochondrial solute carrier family 25 (SLC25) contains 53 structurally homologous 

members (33,69). Although a variety of purine and pyrimidine nucleotides are translocated by them, 

the nicotinamide nucleotides are not (81,151). Because of the impermeability of MIM to NAD(H) 

and NADP(H), the cells are forced to resort to substrate shuttles involving NAD+ or NADP+-linked 

enzymes and metabolite exchange translocators.  

Malate-aspartate shuttle 

It is remarkable that transfer of reducing equivalents to mitochondria occurs against a 

thermodynamic gradient, because the mitochondrial free NADH/NAD + ratio is higher than the 

cytosolic one (Fig. 2). The redox gradient is retained by coupling an electrogenic NAD+-linked 

metabolite translocation shuttle to ̃H+ across MIM. The shuttle employs cytosolic and 

mitochondrial malate dehydrogenases and cytosolic and mitochondrial aspartate aminotransferases 

(to circumvent oxaloacetate impermeability of MIM), and the glutamate/aspartate and 

2-oxoglutarate/malate exchange translocators. The glutamate/aspartate carrier is driven by ̃H+ 

because it transports aspartate as an anion and glutamate together with a proton. As described 

above, the redox potential difference between the cytosolic and mitochondrial NADH/NAD+ 

couples is comparable to the membrane potential as confirmed with the indicator enzyme approach 

and non-aqueous tissue fractionation in heart muscle (77). In excitable cells the glutamate/aspartate 

translocator has calcium-binding isomorphs making the shuttle calcium-activated (119). 

The animal mitochondrial MIM lacks an NADH/NAD+ translocator with reason, because 

transgenic human cells expressing Arabidopsis mitochondrial NAD+ translocator are unable to 

perform oxidative phosphorylation and revert to glycolytic energy supply (151). Evidently the 

redox potential difference between mitochondrial and cytosolic NAD(H) couples is indispensable. 

One explanation could be that an NADH/NAD+ translocator in combination with the electrogenic 

malate-aspartate shuttle discharges ̃H+. The electrogenic malate-aspartate shuttle apparently has 

the additional duty to keep the mitochondrial NADH/NAD+ couple sufficiently reduced to provide 

sufficient free energy change across complex I to allow its conventional proton pumping 

stoichiometry of 4 H+/2e-. The true pumping stoichiometry of Complex I is still under some debate, 

because it is limited by the redox potential difference between the NAD(H) and ubiquinone 

(73,159).  

Glycerophosphate shuttle 

Another possibility to reoxidize cytosolic NADH is the glycerophosphate shuttle driven by the 

cytosolic NAD+-linked glycerol-3-phosphate dehydrogenase and the MIM flavoenzyme glycerol-3-

phosphate:ubiquinone oxidoreductase (mtGPDH) belonging to the membrane-bound, flavin-

containing dehydrogenases (23). The glycerophosphate-interacting site of mtGPDH faces the 

mitochondrial intermembrane space, so that the substrate has no need to enter the mitochondrial 

matrix (80). In most mammalian tissues (liver, kidney, heart) mtGPDH activity is rather low, but is 

enhanced by the thyroid hormone (88). High glycerophosphate oxidation rates are found in the 

-cells of the Langerhans isles (135) and brown fat cells (133). The activity is extremely high in 

insect flight muscle (26). A shortcoming of the glycerophosphate shuttle is that it bypasses the first 

energy conserving site of the ETC. 

MtGPDH produces reactive oxygen species (ROS), but the source of ROS during 

glycerophosphate oxidation is not the mtGPDH flavin but the ubiquinone-binding site, where 

semiubiquinone probably leaks reducing equivalents to oxygen (109,117). 
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The NAD-linked metabolic and regulatory grid 

The steady-state free NADH/NAD+ ratio is determined by the production and utilization of 

reducing equivalents. In glycolysis the dehydrogenation reactions are dependent on a continual 

source of NAD+ as a hydride acceptor. Under conditions where NADH reoxidation mechanisms are 

limiting, pyruvate is used as an oxidant in the lactate dehydrogenase (LDH) reaction. Lactate 

represents a metabolic dead end and must be exported. LDH activity in most cells is sufficient to 

attain near-equilibrium, so that the [lactate]/[pyruvate] ratio in cytosol reflects the free 

NADH/NAD+ ratio. In aerobiosis, pyruvate enters the mitochondria through the monocarboxylate 

translocator or a specific pyruvate translocator (for a review, see (145)).  

The redox potential of the NAD(H) couple participates in regulation of metabolism at several 

levels (Fig. 3). These redox-active coenzymes may act as allosteric inhibitors, activators, or product 

inhibitors. The redox balance is able to control metabolic flux also if the concentration of an 

intermediate falls near or below the Km of the metabolizing enzyme. 

Regulation of pyruvate metabolism 

Pyruvate dehydrogenase complex (PDC) catalyzes an irreversible oxidative decarboxylation to 

produce acetyl-CoA, CO2 and NADH. It is comprised of three collaborating enzymes: pyruvate 

dehydrogenase (PDH; E1), dihydrolipoamide acetyltransferase (E2) and dihydrolipoamide 

dehydrogenase (E3), which is an FAD-containing flavoenzyme. The size of PDC is enormous: 30 

2 heterotetramers of E1 and six E3 dimers bind to a 60-meric E2/E3BP (E3-binding protein) 

core (44).  

The PDC co-substrates NAD+ and CoA-SH participate also in regulation of the enzyme by acting 

as effectors of four isomorphs of PDH-inactivating protein kinase (PDK1-4) and two isomorphs of 

PDH-activating protein phosphatase (PDP1-2) that show organ-specific expression patterns (62). 

The phosphorylation occurs into three E1serine residues (62). This covalent protein modification 

mode of regulation provides amplification, because even a small difference between the reciprocal 

kinase and phosphatase activities results in extensive change in the PDH capacity.  

The PDC kinases are activated by NADH and acetyl-CoA and inhibited by pyruvate. This, in 

effect makes PDC regulated by the NADH/NAD+ and acetyl-CoA/CoA-SH ratios. Of the PDC 

phosphate phosphatases, PDP1 is activated by Mg2+ and PDP2 by Ca2+ (106). Because 

mitochondrial matrix Mg2+ is partly chelated by ATP, the free Mg2+ decreases when ATP 

concentration increases (43,90), so that PDC becomes inhibited upon ATP increase and activated by 

free Ca2+ increase. To summarize, the covalent interconversions of PDH become regulated by the 

redox potential of the NADH/NAD+ couple, the acetyl-CoA/CoA-SH ratio and the cellular 

’phosphorylation potential’ ([ATP]/{[ADP]·[Pi]} ratio). This is feasible because acetyl-CoA, the 

product of the PDH reaction, is the fuel of the TCA cycle, which is largely regulated by the cellular 

ATP consumption and the NADH/NAD+ couple.  

NADH regulation of the tricarboxylic acid cycle  

Several TCA cycle enzymes are subjected to redox- or energy-linked regulation. Citrate synthase is 

fed with a co-substrate whose concentration is connected to the mitochondrial NAD+/NADH ratio, 

and due to its regulatory characteristics the NAD-linked isocitrate dehydrogenase (IDH3) is a 

central pacemaker of TCA cycle. IDH3 is inhibited by NADH, NADPH and ATP and activated by 

Ca2+ and Mg2+ (100,122). Also Mg2+ links regulation to the cellular energy state, because ATP is a 

chelator of Mg2+, so that a decrease of ATP increases the free concentration of Mg2+ (43,90). The 

situation mimics Mg2+ activation of pyruvate dehydrogenase phosphatase, which leads to 

conversion of PDH to its active state upon cell de-energization. 
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The next TCA cycle enzyme, 2-oxoglutarate dehydrogenase (OGDH) is also effectively 

regulated by redox potential and energy state. It is inhibited by increases in the NADH/NAD+ and 

ATP/ADP ratios (29). The subunit and coenzyme composition of OGDH is homologous of PDH, 

although the former is not regulated by covalent interconversions. The lipoamide dehydrogenase 

subunit of OGDH links it to the cellular redox balance of the S-S/SH ratio in proteins. The 

dihydrolipoyl dehydrogenase component of OGDH is an NAD+-linked, FAD-containing enzyme 

and displays flavin fluorescence applicable to compartment-specific monitoring of the free 

NADH/NAD+ ratio in mitochondrial matrix. 

Non-decarboxylating (NAD-linked) and decarboxylating (NADP-linked) malate 
dehydrogenases 

NAD+ and NADP+-linked malate dehydrogenases exist in mitochondria and cytosol. The NAD+-

linked form (ME2) participates in the TCA cycle. The pyruvate-producing, NADP+-linked, 

decarboxylating malate dehydrogenase (“malic enzyme”) exists as cytosolic (ME1) and 

mitochondrial (ME3) isoenzyme and participates in the regulation of total TCA cycle metabolite 

pool by means of anaplerosis and cataplerosis. Under average conditions the reaction runs in the 

direction of pyruvate carboxylation and anaplerosis, but the flux reverses under conditions of 

excessive influx of substrates to the TCA cycle, and the enzyme operates as a decarboxylating 

dehydrogenase (144). The NADP-linked malic enzyme has been suggested to be involved also in 

insulin secretion by the pancreatic -cells, although the literature is controversial (49). Majority of 

the malic enzyme is located in the cytosol (in human liver 90% extramitochondrial), where it is one 

of the sources of reducing power in the form of NADPH needed for biosynthetic pathways such as 

fatty acid synthesis (169). 

An extreme example of spreading metabolic redox imbalance: situation during 
ethanol oxidation in liver 

An extreme case of metabolic regulation by redox organization is exemplified by ethanol oxidation 

in liver, where its oxidation to acetate produces large amounts NADH, which by mediation of the 

redox substrate shuttles increases also the mitochondrial NADH/NAD+ ratio. Under these 

conditions, pyruvate concentration decreases both in cytosol and mitochondria, so that the 

gluconeogenic pyruvate carboxylation reaction becomes restricted by substrate limitation (83). Also 

the redox poise of other NAD+-linked dehydrogenation reactions in near-equilibrium shifts towards 

accumulation of reduced metabolites. NADH accumulation drives the malate dehydrogenase 

reaction towards malate accumulation and oxaloacetate depletion. The normal free oxaloacetate 

concentration is around the Km of citrate synthase (140), so that citrate synthase is oxaloacetate-

limited i.e. rate-limiting for the TCA cycle (for references see (161)). Therefore, during active 

ethanol oxidation TCA cycle in liver becomes halted, as indicated by stopping of CO2 production in 

spite of normal oxygen consumption (36).  

The control of the TCA cycle is distributed: NADH is an allosteric inhibitor of citrate synthase, 

and the cycle flux is regulated by the mitochondrial NAD+-linked isocitrate dehydrogenase (IDH3), 

which is controlled by the NADH/NAD+ ratio. In cardiac muscle the control strength of IDH3 

appears equal to that of citrate synthase, as demonstrated by an increase of citrate and isocitrate and 

decrease in 2-oxoglutarate concentration upon decrease in ATP consumption (59).  

The excessive cytosolic NADH production during ethanol metabolism in liver has a bearing even 

on lipid metabolism by increasing the [glycerol-3-phosphate]/[dihydroxyacetone phosphate] ratio. 

Glycerol-3-phosphate (G3P) is a precursor of triacylglycerol synthesis, which also increases. 

Although there is a linear correlation between hepatic G3P concentration and the activity of 
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phosphatidate phosphatase (PAP), a regulatory enzyme of triacylglycerol synthesis (130), the 

development of acute ethanolic fatty liver is more complicated, because PAP expression and 

activity are under strong hormonal control (82,89). 

This ethanol-exerted rechanneling of energy metabolism emphasizes the power of redox 

organization in control of the TCA cycle. The ethanol-induced halt of hepatic TCA cycle and 

gluconeogenesis in liver exemplifies a situation where cell respiration becomes dominated by 

oxidation of reduced equivalents without TCA cycle contribution. It has been proposed that this is 

the principal sequence of developing alcoholic hypoglycemia under conditions of low hepatic 

glycogen stores (83). 

 

NADP(H) as a co-substrate and regulator 

NADP+-linked redox regulation 

NADPH is required in reductive syntheses and also in regulation and maintenance of the redox-

active thiol/disulfide balance and is an electron donor in production of ROS for immune defense 

and signaling (120). In the context of redox chemistry of proteins, availability of reduced 

glutathione (GSH) is essential. It reacts with protein disulfide groups in a reaction which converts it 

to glutathione disulfide (GSSG). The latter is reduced to GSH by the FAD-linked glutathione 

reductase enzyme at the expense of NADPH (25). Glutathione is used as reducing power for 

reducing glutaredoxins. The reduced glutaredoxins then reduce the target proteins. Reduced 

glutaredoxin is regenerated in a non-enzymatic reaction with GSH (94). 

Proton-translocating transhydrogenase 

MIM contains an energy-linked, proton-pumping NADH-NADP+ transhydrogenase, which 

catalyzes mitochondrial matrix NADP+ reduction with NADH by employing the ̃H+ as an 

energy source. As a consequence, the equilibrium of transhydrogenation shifts from unity to 500 in 

favor of NADPH formation in the presence of a ̃H+, so that the mitochondrial NADP+ is 

typically about 95% reduced (8), i.e. much more reduced than NAD+ which is only 14% reduced in 

mitochondria of an isolated perfused rat heart (77,114). The mitochondrial NAD+ concentration is 

considered to be several times higher than the cytosolic one (15,32), although published data from 

direct determination are scarce. 

NADP+-linked substrate cycles for transmembrane transport of reducing equivalents 

The steady-state redox potential of the NADPH/NADP+ couple (similarly to NADH/NAD+) is 

heavily compartmentalized. In the mitochondrial matrix, NADP+ is, similarly to NAD+, much more 

reduced than in the cytosol because of the proton-pumping NAD-NADP transhydrogenase, which 

employs the ̃H+ across MIM for reducing NADP+ by employing the NADH/NAD+ couple as a 

driving force. The transhydrogenase reaction is reversible so that under conditions of high 

NADH/NAD+ ratio and low proton motive force the transhydrogenase is able to pump out protons 

from the mitochondrial matrix. 

The extremely high reducing power of the mitochondrial NADPH/NADP+ couple is made 

available also in cytosol to cover the requirements of reductive syntheses. Because no NADP+ or 

NADPH translocators exist in MIM, transfer of reducing equivalents occurs by substrate cycles.  

In the cytosol, the conventional major NADPH source is the pentose phosphate pathway (PPP), 

but cytosolic NADP+ can be reduced also from mitochondrial sources. To this effect, mitochondrial 
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2-oxoglutarate is reduced by reversal of the NADP+-linked isocitrate dehydrogenase (IDH2) 

reaction so that reducing equivalents are saved as isocitrate, which after isomerization to citrate by 

aconitase is exported to cytosol, where it is back-isomerized by aconitase and oxidized by the 

cytosolic NADP+-linked isocitrate dehydrogenase isoform IDH1 to regenerate NADPH. This citrate 

shuttle plays a dual role: It transfers of both acetyl-CoA and reducing power from mitochondria for 

cytosolic fatty acid synthesis. The former is accomplished by ATP-citrate lyase and the latter by 

IDH1 (Fig. 1). 

The mitochondrial (ME3) and cytosolic (ME1) isoforms of malic enzyme may also function as 

an NADP-linked conveyor of reducing equivalents from mitochondria to cytosol via the 

dicarboxylate carrier. The coordinated traffic of reducing power and carbon as malate and citrate 

via the dicarboxylate and tricarboxylate carriers comprises an entity called ‘citrate-malate shuttle’. 

Pentose Phosphate Pathway  

In addition to glycolysis, glucose-6-phosphate can take an alternative, markedly different 

oxidative route, namely, the pentose phosphate pathway (PPP), which provides ribose precursors 

for nucleotide synthesis and reducing power in the form of NADPH. It also participates in the 

regulation of cellular growth and protection against oxidative damage. The first committed step of 

PPP is catalyzed by the NADP+-linked glucose-6-phosphate dehydrogenase (G6PDH). The product 

6-phosphogluconolactone is hydrolyzed by means of the 6-phosphogluconolactonase to 

6-phosphogluconate, which produces NADPH in the 6-phosphogluconate dehydrogenase reaction. 

In addition to this oxidative branch, PPP can be visualized to have a non-oxidative branch, which 

metabolizes pentose, tetrose, and triose phosphate intermediates back to glucose-6-phosphate in 

order to enable complete oxidation of glucose-6-phosphate in PPP (for description, see (84)).  

G6PDH is the rate-limiting and regulatory enzyme of PPP. According to the conventional view, 

G6PDH activity is regulated by transcriptional control in parallel with other lipogenic enzymes. 

However, the regulation involves a multitude of mechanisms: both rapid metabolic and slower 

transcriptional and post-transcriptional events. E.g. after initiation of a “respiratory burst” (147) in 

phagocytes the first metabolic effect is inhibition of glycolysis to spare glucose for PPP. Eggleston 

and Krebs (35) emphasized that the activation of PPP must rather be regarded as de-inhibition, 

because the basal NADPH concentration is several orders of magnitude higher than the Ki
NADPH of 

G6PDH (17) so that the enzyme is almost completely inhibited. 

The inhibition by NADPH can be released by GSSG, and a thiol exchanger protein has been 

isolated (127). This means that its glutathionylation is involved in the regulation of G6PDH. 

Protein-protein interactions appear to be involved in the rapid de-inhibition, and according to 

another proposal, the proteins are considered to trap NADPH in a rapid reaction to alleviate 

inhibition and to activate G6PDH (112,123). 

It is evident that defects of the non-oxidative part of PPP affect also the flux through the two 

NADPH-yielding steps in its oxidative branch. Maintaining of GSH redox status has a bearing even 

on the integrity of mitochondria as indicated by the functional defects of mitochondria caused by 

transaldolase deficiency resulting in reduction of mitochondrial mass and membrane potential 

(121).  

Maintenance of the size of compartmental NAD(P)+ pools 

Mitochondria 

The mitochondrial outer membrane (MOM) is freely permeable to most small molecular weight 

compounds through pore formations. MIM is impermeable to NAD(H) and NADP(H), which have 

to be synthesized within the mitochondria, and the precursors must be transported across MIM or 
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recycled by other means (Fig. 4). Two modes of NAD+ synthesis exist: the de novo synthesis, which 

starts from tryptophan and uses the kynurenine pathway, or the salvage pathways, which use 

nicotinamide (Nam), nicotinamide riboside (NamR) or nicotinamide mononucleotide (NMN) as 

precursors. NamR cannot be a precursor of mitochondrial NAD synthesis, because both known 

isoforms of NamR kinase (NRK1 and NRK2) are located in the cytosol or nucleoplasm (111). It is 

remarkable that NMN is metabolized extracellularly to NR, which is then taken up by the cells and 

converted into NAD+ even in NRK1-KO animals (124). Because thymidylate kinase 2 (TK2) is 

homologous to NRK and has a mitochondrial isoform, TK2 could be capable of NamR 

phosphorylation, but TK2 overexpression experiments demonstrate that it is not involved in 

mitochondrial NAD+ synthesis (111). Thus, all the currently available data suggest that NMN is the 

main precursor in the mitochondrion, although a responsible translocator for it has not been 

identified (for references, see (141)). NMN in mitochondria is converted to NAD+ by the 

mitochondrial isomorph of nicotinamide mononucleotide adenylyl transferases (NMNAT) by using 

ATP as the adenylyl source (for references, see. (141)). 

The size of the mitochondrial NADH+/NAD+ pool is adjusted by the rates of de novo synthesis 

and degradation in mitochondria. The NAD+-consuming enzymes in mitochondria include families 

of Diphtheria toxin-related ADP-ribosyltransferases (ARTs) including poly-ADP-ribosyl-

polymerases (PARP) and mono-ADP-ribose transferases which link ADP-ribose moieties to various 

acceptors proteins including sirtuins.  

The mitochondrial NADP+ pool is maintained by NADK2, the recently found mitochondrial 

isoform of NAD kinase (115,171). Its human mutation leads to deficiencies of mitochondrial NADP 

and the NADP-linked 2,4-dienoyl-CoA reductase (DECR) activity and results also in 

hyperlysinemia (65). 

Peroxisomes 

Peroxisomes are single-membrane organelles with a selection of oxidative enzymes, which do 

not directly conserve combustion energy by complete reduction of oxygen, but are essential for 

oxidation of certain amphipathic molecules. For complete oxidation, long- and very-long-chain 

fatty acid-CoAs are first chain-shortened in peroxisomes in a -oxidation process yielding NADH 

and H2O2 and then transferred to mitochondria for complete oxidation (Fig. 5). This collaboration of 

peroxisomes with mitochondria during long-chain fatty acid oxidation can be demonstrated by 

optical monitoring of changes in NAD(P)H and catalase-H2O2 complex concentration, which is 

dependent on hydrogen peroxide production rate. This enzyme substrate complex was originally 

identified in purified catalase by Britton Chance in 1947 and named Compound I (18,19). 

Subsequently the concentration of the H2O2-catalase complex has been employed as a hydrogen 

peroxide production probe in intact perfused liver by means of organ spectrophotometry to evaluate 

peroxisome-dependent oxidations (20,50,60,76,118,138).  

Even biogenesis of peroxisomes is dependent on mitochondria. Peroxisome maturation 

necessitates peroxins to import of proteins into the peroxisomal matrix. In the absence of 

pre-peroxisomes the peroxins are mistargeted into MOM (Fig.5) (143). De novo pre-peroxisomes 

originating from ER amalgamate subsequently with mitochondrion-derived vesicles to acquire 

membrane lipids and peroxins, which allow import of proteinaceous components to the maturating 

peroxisomes (for a review, see (37)). 
NAD+ is essential for the peroxisomal fatty acid oxidation, but in contrast to mitochondria, 

peroxisomes are not capable of de novo synthesis of NAD+ (Fig. 6). However, peroxisomes are able 

to replenish or grow their NAD+ pool size by means of the SLC25A17 translocator (2) by an 

exchange mechanism, or the degradation products can leave the organelle through the PXMP2 

channels (4,5,128). Diminution of the peroxisomal NAD(H) pool must be carried out by 
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decomposition of NAD+ or NADH by the NUDT12 hydrolase of the Nudix family of 

pyrophosphatases (1). Plant peroxisomes contain also PXN, an NAD+ translocator, which is capable 

to transport NAD+ in exchange for AMP but not for NADH, indicating that PXN is not able to 

function as a NADH/NAD+ exchanger (150). Depending on species, the peroxisomes contain LDH, 

glycerol-3-phosphate dehydrogenase (G3PDH) and malate dehydrogenase, so that lactate/pyruvate, 

glycerol-3-phosphate (G3P)/dioxyacetone phosphate (DOAP), and malate/oxaloacetate shuttles are 

possible (150). Etherphospholipid synthesis in peroxisomes consumes DOAP or G3P that is another 

requirement for G3PDH and a channel (PXPM2) permeable to DOAP and G3P (for a review, see 

(157)). The NADPH-requiring acyl-CoA reductase enzyme of the etherphospholipid synthesis 

pathway is located on the outer surface of peroxisome, so that an NADP+-linked shuttle or channel 

is unnecessary (63). In vertebrates, extended forms MDH1x and LDHBx of MDH1 and LDHB, 

respectively, are produced by translational read-through extension and contain C-terminal 

peroxisomal import sequences and are directed to peroxisomes (61,134). 

NADPH is indispensable for oxidation of unsaturated fatty acids, because the dienoyl 

configuration is energetically unfavorable for -oxidation and has to be removed by the NADPH-

linked 2,4-dienoyl-CoA reductase (60,67). NADP+ is produced by the NAD+ kinase (NADK), but 

only a cytosolic NADK1 and a mitochondrial NADK2 isoform have been identified in animals 

(115,171), although Arabidopsis thaliana possesses two NAD kinase isomorphs (NADK1 and 

NADK2) and a third, which preferentially phosphorylates NADH, is peroxisomal and named 

NADK3 (156). In animals, a peroxisomal NADK remains to be discovered. Depending on the 

phylum, NADK is regulated by direct activation by a Ca2+/calmodulin or phosphorylation by a 

Ca2+/calmodulin dependent kinase (96). 

One-carbon pathway in NADP pool maintenance 

Recently, the function of the one-carbon (serine, folate, and glycine) pathway in supplying 

mitochondrial NADPH has been increasingly appreciated. The one-carbon pathway is upregulated 

at the gene expression level in tumors (146), as expected on the basis of the finding that cancer cell 

proliferation is dependent on serine and one-carbon pathway, which is involved in the production of 

nucleotides including ATP and NADP+ (110). The one-carbon pathway, which operates both in the 

cytosol and mitochondria, consumes NADH and produces NADP so that changes in the cellular 

redox organization in cancer cells are anticipated (22), and such has been observed in precancerous 

cells (152). 

 

NADPH/NADP+ ratio, thiol/disulfide balance and protein folding, 

For proteins directed towards secretion, the post-translational folding for attaining their native 

3D structure occurs in endoplasmic reticulum (ER). The folding process is closely linked to redox 

potential, because it is dependent on thiol/disulfide balance. This means that ER must possess thiol 

conserving and oxidizing tools. The reducing processes necessitate cytosolic glutathione synthesis, 

which is dependent on NADPH. Disulfide bridges are produced by oxidative mechanisms provided 

by a thiol/disulfide exchange enzyme named protein disulfide isomerase (PDI) and luminal thiol 

oxidase ERO1, an H2O2 producing flavoenzyme, which functions as a conveyor of electrons from 

PDI (for a review, see (55)). Also peroxiredoxin 4 (PRDX4), which is located in ER, produces 

disulfide bonds by using H2O2 as an oxidant, although the source of H2O2 remains to be identified 

(105). 
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Energy state detectors in cells 

The cellular energy currency is ATP, but the stores are not determined only by ATP 

concentration but the free energy of its hydrolysis to ADP and inorganic phosphate (Pi). The best 

indicator would be the mass-action ratio [ATP]/{[ADP][Pi]} (also called ‘phosphate potential’), 

taken from the Gibbs equation G = Go + RTln{([ADP][Pi])/[ATP]}, where G and Go are 

actual and standard free energy change, respectively, R is the gas constant and T is the temperature 

in Kelvins.  

The “energy charge”, ([ATP]+[½ADP])/([ATP]+[ADP]+[AMP]) is a rough estimate of the 

cellular energy state (6), although its relation to free energy change is not linear. As emphasized 

above, the adenylate kinase reaction, 2 ADP  AMP + ATP, makes AMP concentration to a 

sensitive energy state indicator, because it is proportional to the square of ADP concentration. 

Moreover, because ATP is an inhibitor of AMPK, the latter becomes a probe of AMP/ATP ratio 

(75). 

NAD+-consuming signaling 

The data described above are the basis of linking more structural or genomic variables to the 

cellular oxidation-reduction organization. Although NAD+ belongs to the metabolic coenzymes 

participating in hydride transfer and even functions as a messenger, it serves as a substrate for 

reactions, which modify or produce regulator molecules. In this capacity NAD+ is a sensor of the 

metabolic situation.  

ADP-ribosyltransferases and sirtuins 

The NAD+-consuming enzymes comprise families of ADP-ribosyltransferases (ART) including 

poly-ADP-ribosyl-polymerases (PARP), mono-ADP-ribose transferases which link ADP-ribose 

moieties of various acceptors such as proteins, and sirtuins (64). Sirtuins are a homologs of the 

silent information regulator 2 (SIR2), an epigenetic gene silencing regulator in yeast, acting by 

protein deacetylation and deacylation using NAD+ as an energy source. Histone acetylation 

slackens the nucleosome, increasing the accessibility of the DNA to expression modifiers, whereas 

deacetylation results in gene silencing (172). However, when the target is a non-histone protein, the 

direction of the effect of deacetylation is variable: SIRT3 deacetylates and activates e.g. glutamate 

dehydrogenase, isocitrate dehydrogenase 2 (131) and mitochondrial acetyl-CoA synthetase 

(AceCS2) (47). Only SIRT1 deacetylates and activates the cytosolic AceCS1. Also the peroxisome 

proliferator-activated receptor- coactivator-1a (PGC-1), which is a regulator of gluconeogenesis 

and fatty acid oxidation in liver, is deacetylated and activated by SIRT1 (71,126).  

The relation between SIRT1 and the tumor suppressor protein p53 is different: SIRT1 was 

initially considered to be a tumor promotor by repressing p53, but later it was found that SIRT1 

affects the intracellular location of p53. Deacetylation prevents p53 passage into the nucleus, so that 

it translocates into mitochondria, where it activates transcription-independent, apoptosis, which 

ultimately has a tumor-suppressing effect (for a review, see (42)).  

Although the NAD+-consuming capacity of sirtuins is less than that of the ART/PARP class of 

enzymes, they are in the focus of current research because of their involvement in cell survival, 

longevity and metabolic regulation. As regulators, the sirtuins control a wide metabolic network in 

response to nutritional situations (Fig. 4). Their activity is linked e.g. to glucose homeostasis at the 

level of hepatic gluconeogenesis, pancreatic insulin secretion and peripheral insulin sensitivity that 

is at least partly mediated by (PGC-1) (126) and is associated with metabolic syndrome and type 

II diabetes. 
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Sirtuins are linked to energy-linked metabolic regulation and energy deficit through to the AMP-

dependent protein kinase (AMPK) activity. It has been demonstrated that AMPK activators 

decrease the acetylation grade of PGC-1 in glycolytic but not oxidative aerobic muscle (14). The 

AMP (or ADP) activation of AMPK is complicated by an interplay of phosphorylation of its -

subunit by upstream kinases (AMPKK, identified as LKB1) of the signal cascade and release of 

inhibition by AMP or ADP binding to the -subunit. As a result, the activity of AMPK can be 

assessed also from its phosphorylation grade. The -subunit binds glycogen that enables the enzyme 

to act as a sensor of glycogen, a stored source of energy (for references, see (168).  

The link between AMPK and sirtuin activity is enhanced by AMPK induction of NAMPT 

expression, which leads to increased synthesis and concentration of NAD+ (39). AMPK is also able 

to activate phosphofructokinase, the rate-limiting enzyme of glycolysis, by phosphorylating its most 

powerful regulator 6-phosphofructo-2-kinase/phosphatase (104). Activation of NAD+ synthesis 

upon NAMPT expression increase is advantageous also in a situation of increased NAD+ usage 

during increased glycolysis (for a review on AMPK, see (16)). 

In mitochondria, the sirtuin isomorphs SIRT3 and SIRT5 are significant NAD+ consumers. 

SIRT3 catalyzes deacylation-based activation of acetylated, and SIRT5 of malonylated or 

succinylated proteins such as glutamate dehydrogenase, complex I, complex II and complex III. In 

the sirtuin-catalyzed reaction, NAD+ attacks an -aminoacetylated lysine resulting in release of 

nicotinamide and 2-O-acetyl-ADP-ribose (OAADPr) which is supposed to act as a gene expression 

modulating agent and is further metabolized. Also mono- or polyribosylation of proteins by ADP-

ribosyltransferases (ARTC) or some sirtuins consumes NAD+. The third mitochondrial sirtuin 

isoform SIRT4 ADP-ribosylates glutamate dehydrogenase resulting in inhibition of the enzyme i.e. 

antagonizes the activating effect of SIRT3 on the same enzyme. At least 133 acetylated proteins, 

most of them enzymes, have been found in mouse mitochondria. It is noteworthy that ten of them 

are longevity-related subunits of complex I (10,48), and even the mtDNA-encoded subunit 8 of the 

mitochondrial ATP synthase is lysine-acetylated, which indicates that acetylation occurs also 

intramitochondrially. The acetylation grades of these are responsive to nutritional state (79). 

The question of the role of free [NAD+]/[NADH] ratio in the regulation of sirtuin action has been 

brought up by Lin and Guarente (95). Tree NAD+ concentration ([NAD+]f) in a compartment is 

determined by the metabolism-dependent redox potential of NAD(H). The cytosolic free 

NAD+/NADH ratio is about 1000 and the mitochondria near unity. Therefore the sensitivity of 

[NAD+]f to redox potential change is much lower in the cytosol than in the mitochondria. Moreover, 

sirtuin expression the influence of NAD+/NADH redox effects on sirtuin expression are in some 

cases paradoxical. Namely, mRNA and protein of SIRT1 and SIRT2 have been found to increase 

upon experimental increase of the cytosolic free NADH/NAD+ ratio in hepatocytes, i.e. upon a 

decrease in [NAD+]f (40). Similar is the situation in ischemia or hypoxia as sirtuin inductors, 

because they cause an intensive NAD+ reduction. 

There is a positive correlation between cellular concentrations of ATP and NAD+ (30), and 

evidence has been presented of a signal path from NAD+ reduction → AMPK → SIRT1 expression 

in hepatocytes (70). Furthermore, SIRT1 regulation of mitochondria through a PGC-1/-

independent pathway involving the oxygen-sensitive HIF-1 system induced by a pseudohypoxia-

like condition caused by NAD+ depletion resulting in decrease of the expression of mtDNA-

encoded genes (41). Conversely, NAD+ concentration decreases during aging with concomitant 

decrease in the mtDNA-encoded respiratory complexes and both of these trends are alleviated in 

mice overexpressing the nuclear NMNAT isomorph NMNAT1. These data lend support to the view 

that the aging related decrease in the mitochondrial electron transfer chain activity is related to 

NAD+ limitation of SIRT1 activity (41).  
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All this suggests that AMPK is probably a principal energy state probe for sirtuin expression and 

activity. NAD+ rather serves as a co-substrate and may play a submissive role as such, although 

regulation of sirtuin activity by AMPK is relayed also through NAMPT effect on NAD+ salvage 

synthesis as described above. The case of the primary role of NAD+ in sirtuin activity appears to not 

yet been settled. 

Other ADP-ribosyl transferases 

The PARP group of NAD+-consuming nuclear enzymes currently includes 17 enzymes, which 

play an important role in the DNA repair machinery. PARP1 is the dominant enzyme of the PARP 

family and preferentially binds to single strand breaks of DNA by its DNA-binding domain and 

initiates ADP-ribose polymerization of itself and its target proteins. PARP1 activation is one of the 

first responses to DNA damage and is a signal for repair synthesis. The life time of poly-ADP-

ribose is short, because it is rapidly hydrolyzed to ADP-ribose and probably recycled to NAD+ (for 

references, see (92,125).  

Tankyrase is a PARP, which contains an Ankyrin repeat domain for protein interaction and an 

active site, which catalyzes poly-ADP-ribosylation (PARsylation) of several targets such as TRF1, a 

telomere-associated protein, which links PARsylation to chromosome end maintenance, and Axin, 

which normally inhibits Wnt/β-catenin signaling and promotes glucose uptake through the glucose 

transporter GLUT4 and the insulin-responding aminopeptidase (IRAP). The latter links Tankyrase 

to the GLUT4-containing vesicles by activating their insulin-stimulated exocytosis (166). It has 

been shown that the PARP activity of Tankyrase activity is NAD+-limited and responds to 

manipulation of the nutritional condition of cells (173). AutoPARsylation of Tankyrin has also been 

considered a major NAD+ sink. Because of the connection to Wnt signaling with a link to 

tumorigenesis Tankyrase inhibitors are currently developed for potential antineoplastic drug use 

(46). 

CD38, is an ectoenzyme on plasma membrane of leucocytes but exists also intracellularly in 

subcellular vesicles. This NAD+-consuming enzyme catalyzes the formation of the potent calcium-

mobilizing molecule cyclic ADP ribose (cADPR) and its hydrolysis to ADP-ribose. To reach the 

CD38 ectodomain, NAD+ escapes the cell through Connexin 43 channels. CD38/NAD+/cADPR 

signaling participates in regulation of intracellular calcium and trafficking of leucocytes in response 

to chemoattractants and paracrine signaling (for references, see (27,99)).   

 

ADP-ribosyl transferases, aging and longevity 

ADP-ribosyl transferases represent a double-edged sword because they consume NAD+. Dietary 

NAD+ precursor supplementation that increases the NAD+ concentration, causes SIRT1 activation 

and longevity in mice (170) and the nematode Caenorhabditis elegans (108). On one hand, aging is 

linked to a decrease in cellular NAD+ and sirtuin inactivation, and on the other, inactivation of the 

poly-ADP-ribosyl-polymerase PARP1 increases NAD+ availability and activates SIRT1. A relation 

between PARP activity and longevity has been proposed (108). However, data about the role of 

SIRT1 in increasing lifespan are at variance. Overexpression of SIRT1 has been found not to 

increase lifespan in mice (57), although evidence exists that SIRT6 is related to base excision repair 

of DNA and that deletion of SIRT6 results in a progeria-like syndrome in mice (107). However, 

brain-specific overexpression of SIRT1 in mice enhances the life-extending effect of diet restriction 

(DR) by upregulating type 2 orexin receptors, which also are known to augment the response to 

ghrelin, a gut hormone causing a hunger sensation (129). Moreover, oral administration of a ghrelin 

agonist has been found to inhibit cognitive decline in a murine amyloid precursor protein mutation 
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model of Alzheimer disease, suggesting that plain hunger is sufficient to produce similar metabolic 

response as DR (31).  

NAD(P)-linked signaling and disease, inflammation and cell death 

Nicotinamide adenine nucleotides are linked to pathologies in multiple ways. Nutritional niacin 

deficiency causes a variety of damages (38), and mutations in enzymes of the de novo NAD(P)+ 

synthesis pathway have been documented to give rise to malformations (136). NAD+ availability 

may also be involved in the pathogenesis of glaucoma, as indicated by the declining NAD+ and 

NADH concentrations in retinal ganglia during progression of glaucoma (160). The slow Wallerian 

degeneration gene (WldS), is a product of a mutation that brings about a chimera with an N-terminal 

fraction from the ubiquitination factor Ube4b and a C-terminal fraction from the NMN 

adenylyltransferase (NMNAT1), and in WldS mice nicotinamide supplementation is neuroprotective 

in the retina (160). 

The expression of the mitochondrial SIRT3 isomorph is regulated by the transcriptional co-

activator PGC-1 which in turn has been found downregulated in mouse models of the amyotrophic 

lateral sclerosis (ALS) and Huntington (HD) disease. In postmortem CNS samples from ALS and 

HD patients the PGC-1 and SIRT3 levels shift to opposite directions: In human ALS spinal cords 

the SIRT3 content increases, but in HD cerebellum and striatum the levels are not different from 

controls. In summary, the PGC-1 and SIRT3 changes are small, and the published data do not lend 

solid support to a hypothesis of SIRT3 involvement in the pathogenesis of ALS or HD (13). 

The pathogenesis of AD includes accumulation of -amyloid plagues and neurofibrillary tangles 

generated by proteolytic cleavage of the membrane protein amyloid precursor protein (APP). 

Neurofibrillary tangles increase during aging and (-A) accelerates their accumulation. Possibilities 

for treatment are limited and consist of acetylcholine esterase inhibitors, N-methyl-D-aspartate 

receptor antagonists and immunological procedures to enhance dissolving of the tangles, although 

success is negligible. 

Transgenic animal models of AD have shown that caloric restriction is protective against 

ailments related to aging, AD and ALS. In AD- or ALS-susceptible transgenic mice, SIRT1 

expression increases during progress of the disease, indicating that SIRT1 is a stressor-induced 

enzyme. Sirtuin expression can be activated by drugs of the polyphenol category including 

resveratrol, and injection of resveratrol into cerebral ventricles of AD-susceptible mice increases 

SIRT1 expression and slows neurodegeneration and decline of associative learning (78). In a human 

study for estimating resveratrol safety, where -A metabolite concentrations and brain 

pseudoatrophy were assessed, it was found that high dosage of the drug was necessary to obtain 

significant CNS concentrations, and the biomarker changes still were small (148). 

SIRT 1 responds to inflammation (for references, see (149)) and is involved in initiation of 

protective actions such as autophagy to eliminate damaged cell organelles, where the 

PI3K/Akt/mTOR signal path and direct deacetylation of the autophagy gene products (87) are 

involved. Even starvation-induced SIRT1 activation results in deacetylation of autophagy-related 

genes to adjust autophagy to the metabolic situation (87). However, continual, adaptive, elevated 

SIRT1 activity during inflammation may lead to prolongation of the condition (149). 

Sirtuins are protective against cancer and their mutations tumorigenic (56), but pharmacologic 

SIRT inhibition has been shown to restrain tumor growth by destabilizing tumor DNA. Potent 

inhibitors of particular sirtuins have been found and are under investigation (72).  
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Continuous monitoring of redox potential of nicotinamide adenine nucleotides 

 Compartmentation and detectability 

Optical monitoring of redox organization of living tissues has gained increasing awareness, because  

NADH and NADPH are fluorescent when excited at a near-UV band. They both have an 

absorbance maximum at 340 nm and emission maximum at 460 nm. For investigation of intact cells 

and organs a new dimension of fluorescence monitoring of NAD(P)H is afforded by two-photon 

excitation with near-IR wavelengths around 700 nm, which avoids UV damage of the target, 

penetrates deeper (1 mm) in the tissue and has an advantage in 3D imaging of the reduction grade of 

nicotinamide nucleotides (68,154,167). 

Although the optical spectra of NADH and NADPH are similar, they can be differentiated by 

fluorescence lifetime with the two-photon excitation technology. However, this applies only for the 

enzyme-bound nucleotides (9). Moreover, the multiphoton fluorescence lifetime imaging has 

recently revealed that SIRT2 controls sub-organellar compartmentation of bound NADH in the 

nucleus (3). It has been suggested that the shortening of fluorescence lifetime of bound and free 

NADH is caused by an increase of the NADH/NAD+ ratio (7). 

Compartment-specific spectroscopic monitoring of free NADH is problematic in mitochondrion-

rich organs such as heart muscle. The cytosolic free NADH concentration is too low for significant 

contribution to the changes in total nicotinamide nucleotide absorbance (11). Under most 

conditions, fluorescence of a nicotinamide coenzyme to an enzyme results in fluorescence 

enhancement, but is depends on the attainment of the conformation (open or closed) of the 

nicotinamide ring upon binding (34). Examples of contrasting behavior exist (66,153). Success in 

monitoring of cytosolic NAD(P)H depends on the density of the mitochondrial population. In 

experiments where perfused heart surface NAD(P)H fluorescence was titrated with varying 

extracellular [lactate]/[pyruvate] (L/P) ratio the fluorescence changes are proportional to the 

pyruvate concentration but not to L/P ratio, indicating that the redox effect of pyruvate oxidation 

swamps the cytosolic NAD(P)H fluorescence changes (113) that is in agreement with data from 

isolated cardiac papillary muscle (21). However, in a similar L/P ratio titration of isolated perfused 

rat liver (113) the surface NAD(P)H fluorescence increase was proportional to the extracellular L/P 

ratio, showing that LDH near-equilibrium is the main determinant of the hepatic NADH 

fluorescence signal in agreement with the data of Bücher and coworkers (11,139).  

The FAD prosthetic group of the lipoamide dehydrogenases is in near-equilibrium with the free 

NADH/NAD+ pool in mitochondria (52) so that the FADH2/FAD ratio qualitatively reflects the 

NADH/NAD+ ratio. (52,86). FAD in the dihydrolipoamide dehydrogenase and NAD+ represent 

almost similar mid-potentials (52,101,163) so that, their redox ratios are almost identical under 

near-equilibrium conditions. FAD is fluorescent at 470 nm excitation and emits at about 520 nm, 

but its reduced form FADH2 is non-fluorescent. Therefore, the fluorescences of FAD and NAD 

change in opposite directions upon reduction. Because lipoamide dehydrogenase is the dominant 

fluorescent flavoprotein in cells, it can be used as a compartment-specific mitochondrial indicator of 

the free NADH/NAD+ ratio (51,52). Moreover, the NADH/FAD fluorescence ratio presents a 

means of increasing the sensitivity and decreasing the artefact caused by changes in attenuation of 

fluorescence in intact tissues (132). 

Some derivatives of the dual monitoring are used, e.g. the “normalized” NADH/(flavin+NADH) 

or flavin/(flavin+NADH) fluorescence ratios, which are less affected by hemodynamic changes in 

tissues (91,165). Possibilities of compartment-specific fluorescence monitoring of NADH are organ 

specific, as described above (21,113). 

The normalized fluorescence ratio method of artifact elimination has been tested in a two-photon 

fluorescence excitation imaging setup in engineered normal or precancerous 3D epithelial tissue 
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models combined with liquid chromatography/tandem mass spectrometric analysis of cellular 

NAD(H) and FAD(H2) and correction of the fluorescence data for background fluorescence of 

keratin (152). The chemical determination data of the endogenous fluorophores well correlated with 

the normalized fluorescence ratio, particularly after elimination of the basal keratin fluorescence by 

statistical methods. Moreover, the redox ratio pattern varied between different precancerous models 

(152). Further studies may show the potential of redox imaging in cancer diagnostics. 

Although the combined 31P NMR signal of NADH and NAD+ has been identified in vivo and ex 

vivo with spectrometry of intact organs, the overlapping signals are too close to the base of the 

-phosphate peak of ATP and therefore considered too weak for quantitative analysis. However, it 

has been recently demonstrated that by using high-field spectrometers and sophisticated 

deconvolution and modeling it is possible to quantitate NADH and NAD+ and NAD+/NADH ratio 

in cat or human brain in vivo (97,174).  

Although 31P NMR resonances of NADP+ and NADPH are riding at the foot of the -ATP peak, 

their resonances and their compartmental ratio can be distinguished in vivo in human tight muscle 

by careful extraction of the nicotinamide nucleotide phosphate peak region and measuring their 

magnitude changes upon changes in mitochondrial population density and fitness of the test subject 

upon exercise training (24). 

Recently also 1H NMR has been successfully applied to NAD+ measurement in rat cerebral 

cortex (28). However, it is unavoidable to select an excitation pulse center which also suppresses 

water signal, and due to cross-relaxation between water and NAD+ this water suppression 

diminishes also the NAD+ signal. Therefore a special technique is needed for elimination of the 

water interference and converting the NAD+ signal to absolute concentrations. NADH could not be 

detected by 1H-NMR, because its signal overlaps the signal of glutamine and other amines (28). 

Transgenic fluorescent probes for monitoring of NADH/NAD+ ratio 

Recently several genetically encoded NADH/NAD redox ratio probes have been developed 

(reviewed in (98)). With related methodologies, it has been demonstrated that mitochondrial 

[Ca2+]f-induced matrix NADH increase is transmitted to the cytosolic NADH/NAD+ ratio, which in 

turn increases cytosolic SIRT1 expression and consequent protein deacetylation. Although it is 

generally considered that the nutrition-related sirtuin activity changes are dependent on NAD+ 

concentration determined by the NADH/NAD+ ratio, a compensatory increase in cytosolic SIRT1 

expression can be induced by an increase in the NADH/NAD+ ratio with concomitant decrease in 

NAD+ (102). 

Indicator enzyme and redox metabolite approach 

Compartment-specific measurement of redox ratio of the free forms of the nicotinamide-adenine 

nucleotides can be performed, when a strictly compartmentalized NAD+-linked enzyme with 

sufficient activity to attain a near-equilibrium condition is available. A canonical example is the 

liver mitochondrial 3-hydroxybutyrate dehydrogenase (BDH1), which catalyzes the reaction 

3-hydroxybutyrate + NAD+  acetoacetate + NADH + H+ 

Production of 3-hydroxybutyrate (OHB) from acetoacetate (AcAc) during ketogenesis in liver 

is a metabolic dead-end, because acetoacetate is not readily oxidized in that organ, so that BDH1 

attains a near-equilibrium. Under ketogenic conditions the excess of acetyl-CoA in liver is 

condensed to acetoacetyl-CoA, which is further converted to free acetoacetate and reduced to 3-

hydroxybutyrate to match the mitochondrial NADH/NAD+ ratio. The mixture is exported to blood 

and used in extrahepatic tissues. Thus the OHB/AcAc ratio in blood reflects the NADH/NAD+ 

ratio of hepatic mitochondria. However, a cytosolic 3-hydroxybutyrate dehydrogenase encoded by 
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the BDH2 gene has been recently described (45,103). The BDH2 activity is an L-3-hydroxybutyrate 

dehydrogenase, i.e. its isomer specificity is opposite to that of BDH1 (58).  

The OHB /AcAc ratio cannot be used as a mitochondrial NADH/NAD+ ratio indicator in heart 

muscle, which has high AcAc oxidation activity. Although opinions about the near-equilibrium 

balance of glutamate dehydrogenase in cardiac muscle have been at variance (116), reactants of 

glutamate dehydrogenase in the isolated perfused rat heart have been validated as indicators of the 

redox ratio of mitochondrial NADH/NAD+ (114) and employed to calibrate optical readout of 

mitochondrial NADH/NAD+ (53).  
 

Conclusions 

In addition to their primary role in hydride transfer in redox reactions and as a substrate for 

conversion of the combustion energy by ETC, the nicotinamide-adenine nucleotides participates in 

regulation of energy metabolism. In these assignments they serve as co-substrates, allosteric 

activators and feedback inhibitors, substrate activators, product inhibitors, sensors of nutritional 

state, regulators of post-translational modification, modulators of gene expression and DNA repair.  

Normal redox ratios of [NAD(P)H]/[NAD(P)+] are linked to supply of reducing equivalents for 

reductive syntheses and also to physiological production of reactive oxygen or nitrogen species. 

Out-of-range ratios may lead to oxidative stress. 

The nicotinamide nucleotides are not only redox mediators, but are exploited in reactions which 

use their degradation as a source of energy. This necessitates subsequent salvage synthesis of the 

nucleotides.  

Revelation of the substrate role of nicotinamide adenine nucleotides in deacetylation and 

deacylation of proteins by sirtuins, has provided new insight to the signal paths leading to cell 

protection, elimination of damaged cell organelles by autophagy and delaying senescence.  
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.Abbreviations Used 

Akt = protein kinase B NADK2 = mitochondrial NAD kinase 

AMPK = AMP-dependent protein kinase Nam = nicotinamide 

ART = ADP ribosyltransferase    

BDH1 = 3-hydroxybutyrate dehydrogenase, 

type 1 

NAMPT = nicotinamide/nicotinic acid 

mononucleotide adenylyltransferase 

BDH2 = 3-hydroxybutyrate dehydrogenase, 

type 2 

NamR = nicotinamide riboside 

DECR = 2,4-dienoyl-CoA reductase NMN = nicotinamide mononucleotide 

DOAP = dihydroxyacetone phosphate NMNAT =  nicotinamide mononucleotide adenylyl 

transferase 

E1 = pyruvate dehydrogenase NRK1, 2 = nicotinamide riboside kinases 1, 2 

E2 =  dihydrolipoamide acetyltransferase NUDT12 = hydrolase of the Nudix family of 

pyrophosphatases 

E3 = dihydrolipoamide dehydrogenase OGDH = 2-oxoglutarate dehydrogenase 

ERO1 = endoplasmic reticulum luminal thiol 

oxidase 

OxAc = oxaloacetate 

G3P = glycerol-3-phosphate PARP = poly-ADP-ribosyl-polymerase 

G3PDH = glycerol-3-phosphate dehydrogenase PDC = pyruvate dehydrogenase complex 

G6PDH = glucose-6-phosphate dehydrogenase PDH = pyruvate dehydrogenase 

GSH = reduced glutathione PDI = protein disulfide isomerase 

GSSG = oxidized glutathione PDK1-4 = pyruvate dehydrogenase kinases 1 to 4 

IDH1 = cytosolic NADP-linked isocitrate 

dehydrogenase 

PDP1-2 = pyruvate dehydrogenase phosphate 

phosphatases 1 and 2 

IDH2 = mitochondrial NADP-linked isocitrate 

dehydrogenase 
PGC-1 = peroxisome proliferator-activated 

receptor gamma coactivator 1-  

IDH3 = mitochondrial NAD-linked isocitrate 

dehydrogenase 

Pi = inorganic phosphate 

LDHB = lactate dehydrogenase subunit B PI3K  = phosphoinositide 3-kinase 

LDHBx = read-through-extended lactate 

dehydrogenase subunit B 

PPP  = pentose phosphate pathway  

MAL = malate PRDX4 = peroxiredoxin 4 

MDH = malate dehydrogenase PXMP2 = peroxisomal membrane protein 2 

(channel) 

MDHx = read-through-extended malate 

dehydrogenase 

PXN  = plant peroxisomal NAD+ translocator 

ME1 = cytosolic malic enzyme QA  = quinolinic acid  

ME2 = mitochondrial malic enzyme QPRT  = quinolinate phosphoribosyltransferase 

mtGPDH = mitochondrial glycerol-3-

phosphate:ubiquinone oxidoreductase 

SIRT1-7 = sirtuins 1 to 7 

mTOR = mammalian target of rapamycin TCA = tricarboxylic acid 

mTOR = mammalian target of rapamycin    

̃H+ = electrochemical potential of protons    
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Legends to figures 

FIG. 1. Main NAD+- and NADP+-linked pathways of energy metabolism. Key enzymes of TCA cycle, 

gluconeogenesis, glycolysis, fatty acid oxidation and substrate provision for lipogenesis. CL, citrate lyase; 

PDH, pyruvate dehydrogenase complex; PC, pyruvate carboxylase; CS, citrate synthase; IDH1, cytosolic 

NADP+-linked isocitrate dehydrogenase; IDH2, mitochondrial NADP+-linked isocitrate dehydrogenase; 

IDH3, GOT2, mitochondrial aspartate transaminase; OGDH, 2-oxoglutarate dehydrogenase; STK, succinate 

thiokinase; SDH, succinate dehydrogenase; FH, fumarate hydratase; MDH1, cytosolic NAD+-linked malate 

dehydrogenase; MDH2 mitochondrial NAD+-linked malate dehydrogenase; ME1, cytosolic malic enzyme; 

ME3, mitochondrial malic enzyme. 

FIG. 2. Transfer of reducing equivalents from cytosolic NADH to the mitochondrial matrix against a 

redox gradient by the electrogenic malate-aspartate shuttle. The numerical values describing the redox 

poise in cytosol and mitochondrial matrix represent a metabolic situation in an isolated perfused rat heart 

(114). 

FIG .3. Redox potential- and energy-linked control of main catabolic pathways. The dashed arrows 

depict regulatory interactions. Mass-action equation of the adenylate kinase reaction is displayed to 

emphasize the amplification built in its [ADP]2 term. AMPK, AMP-dependent protein kinase; GDH, 

glutamate dehydrogenase; OGDH, 2-oxoglutarate dehydrogenase; MDH3, NAD+-linked malate 

dehydrogenase; IDH3, NAD+-linked isocitrate dehydrogenase; CS, citrate synthase; PDH, pyruvate 

dehydrogenase complex; OxAc, oxaloacetate. 

FIG. 4. NAD+ and NADP+ biosynthesis in cytosol, and consumption and salvage in mitochondria. Trp, 

tryptophan; QA, quinolinic acid; QPRT, quinolinate phophoribosyltransferase; Na, nicotinic acid; NaPT, 

nicotinic acid phosphoribosyltransferase; NMNAT, nicotinamide/nicotinic acid mononucleotide 

adenylyltransferase; NADS, NAD synthase; NaMN, nicotinic acid mononucleotide; Nam, nicotinamide; 

NamPT, nicotinamide phosphoribosyltransferase; NR, nicotinamide riboside; NRK, nicotinamide riboside 

kinase; NMAT1-2, nuclear and cytosolic nicotinamide mononucleotide adenylyltransferase isoforms 1 and 2; 

NMAT3, mitochondrial nicotinamide mononucleotide adenylyltransferase isoform 3; GDH, glutamate 

dehydrogenase; NADK1, cytosolic NAD+ kinase isoform; NADK2, mitochondrial NAD+ kinase isoform. 

FIG. 5. Mitochondria and peroxisomes collaborate in metabolism and biogenesis. (1) In the absence of 

peroxisomes the peroxins (peroxisomal assembly proteins) synthetized in the endoplasmic reticulum (2) are 

mistargeted to mitochondria. (3) De novo peroxisomes formed in the endoplasmic reticulum (4) make 

contact with the mitochondrial membrane to acquire a peroxin (Pex1) and parts of mitochondrial membrane 

(mitochondrion-derived vesicles) (5) to obtain competence for peroxisome maturation. Oxidation of very 

long-chain fatty acids (VLCFA, 22-28 carbon atoms) necessitates participation of peroxisomes because 

mitochondria are devoid of VLCFA CoA synthetase. Peroxisomal fatty acid oxidase system shortens the 

fatty acid molecule to a length acceptable by the mitochondrial acyl-CoA synthetase. CROT, carnitine 

octanoate transferase. For the redox substrate shuttle components, see Fig. 6. 

FIG. 6. Peroxisomal transmembrane traffic of reducing equivalents and pool size maintenance of 

NADH/NAD+. The membrane pores are permeable to small molecules so that some substrate shuttles 

operate without specific metabolite translocators. LDHx and MDH1x stand for translation read-through-

extended forms of lactate and malate dehydrogenases, respectively. G3P, DOAP and GPDH stand for 

glycerol-3-phosphate, dihydroxyacetone phosphate and glycerol-3-phosphate dehydrogenase, respectively. 
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FIG. 1. Main NAD+- and NADP+-linked pathways of energy metabolism. Key enzymes of TCA 

cycle, gluconeogenesis, glycolysis, fatty acid oxidation and substrate provision for lipogenesis. 

CL, citrate lyase; PDH, pyruvate dehydrogenase complex; PC, pyruvate carboxylase; CS, citrate 

synthase; IDH1, cytosolic NADP-linked isocitrate dehydrogenase; IDH2, mitochondrial NADP-

linked isocitrate dehydrogenase; IDH3, GOT2, mitochondrial aspartate transaminase; OGDH, 2-

oxoglutarate dehydrogenase; STK, succinate thiokinase; SDH, succinate dehydrogenase; FH, 

fumarate hydratase; MDH1, cytosolic NAD-linked malate dehydrogenase; MDH2 mitochondrial 

NAD-linked malate dehydrogenase; ME1, cytosolic malic enzyme; ME3, mitochondrial malic 

enzyme. 
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FIG. 2. Transfer of reducing equivalents from cytosolic NADH to the mitochondrial matrix 

against a redox gradient by the electrogenic malate-aspartate shuttle. The numerical values 

describing the redox poise in cytosol and mitochondrial matrix represent a metabolic situation in an 

isolated perfused rat heart (114). 
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FIG .3. Redox potential- and energy-linked control of main catabolic pathways. The dashed arrows 

depict regulatory interactions. Mass-action equation of the adenylate kinase reaction is displayed to 

emphasize the amplification built in its [ADP]2 term. AMPK, AMP-dependent protein kinase; GDH, 

glutamate dehydrogenase; OGDH, 2-oxoglutarate dehydrogenase; MDH3, NAD+-linked malate 

dehydrogenase; IDH3, NAD+-linked isocitrate dehydrogenase; CS, citrate synthase; PDH, pyruvate 

dehydrogenase complex; OxAc, oxaloacetate. 
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FIG. 4. NAD+ and NADP+ biosynthesis in cytosol, and consumption and salvage in 

mitochondria. Trp, tryptophan; QA, quinolinic acid; QPRT, quinolinate phophoribosyltransferase; 

Na, nicotinic acid; NaPT, nicotinic acid phosphoribosyltransferase; NMNAT, 

nicotinamide/nicotinic acid mononucleotide adenylyltransferase; NADS, NAD synthase; NaMN, 

nicotinic acid mononucleotide; Nam, nicotinamide; NamPT, nicotinamide 

phosphoribosyltransferase; NR, nicotinamide riboside; NRK, nicotinamide riboside kinase; 

NMAT1-2, nuclear and cytosolic nicotinamide mononucleotide adenylyltransferase isoforms 1 and 

2; NMAT3, mitochondrial nicotinamide mononucleotide adenylyltransferase isoform 3; GDH, 

glutamate dehydrogenase; NADK1, cytosolic NAD kinase isoform; NADK2, mitochondrial NAD 

kinase isoform; ETC, electron transfer chain. 
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Fig. 5. Mitochondria and peroxisomes collaborate in both metabolism and biogenesis. (1) In the absence 

of peroxisomes the peroxins (peroxisomal assembly proteins) synthetized in the endoplasmic reticulum (2) 

are mistargeted to mitochondria. (3) De novo peroxisomes formed in the endoplasmic reticulum (4) make 

contact with the mitochondrial membrane to acquire peroxin (Pex1) and parts of mitochondrial membrane 

(mitochondrion-derived vesicles) (5) to obtain competence for maturation. Oxidation of very long-chain fatty 

acids (VLCFA, 22-28 carbon atoms) necessitates participation of peroxisomes because mitochondria are 

devoid of VLCFA CoA synthetase. Peroxisomal fatty acid oxidase system shortens the fatty acid molecule to 

a length acceptable by the mitochondrial acyl-CoA synthetase. CROT, carnitine octanoate transferase. For 

the redox substrate shuttle components, see Fig. 6. 
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FIG. 6. Transmembrane traffic of reducing equivalents and pool size maintenance of 

NADH/NAD+ in peroxisomes. The membrane pores are permeable to small molecules so that 

some substrate shuttles operate without specific metabolite translocators. LDHx and MDH1x stand 

for translation read-through-extended forms of lactate and malate dehydrogenases, respectively. 

G3P, DOAP and GPDH stand for glycerol-3-phosphate, dihydroxyacetone phosphate and glycerol-

3-phosphate dehydrogenase, respectively. 

 

 

 

 


