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ABSTRACT

Nicotinamide adenine dinucleotide (NAD*/NADH) along with its phosphorylated form (NADP*/
NADPH) are two molecules ubiquitously present in all organisms, and they play key roles as
cofactors in fundamental catabolic and anabolic processes, respectively. The oxidation of NADPH to
NADP" initiates a cascade of reactions, where a network of molecules is implicated. The molecules
of this cascade form a network with eminent translational potential in redox metabolism. A special
point of interest is that spectrophotometric assays have been developed both for NADH/NADPH
and the molecules directly regulated by them. Therefore, crucial molecules of the NADPH-
dependent redox network can be measured, and the results can be used to assess the bioenergetic
and/or oxidative stress status. The main aim of this review is to collectively present the NADPH-
related molecules, namely NADPH, NADH, NAD™ kinase, NADPH oxidase, peroxiredoxin, thioredoxin,
thioredoxin reductase, and nitric oxide synthase, that can be measured in blood and tissues with
the use of a spectrophotometer, which is probably the most simple, inexpensive and widely used
tool in biochemistry. We are providing the researchers with reliable and valid spectrophotometric
assays for the measurement of the most important biomarkers of the NADPH network in blood and
other tissues, thus allowing the opportunity to follow the redox changes in response to a stimulus.

Intr ion
troductio Nevertheless, a recent study of our group challenged this

Nicotinamide adenine dinucleotide (NAD*/NADH) along with
its phosphorylated form (NADP*/NADPH) are two molecules
ubiquitously present in all organisms, and they play key
roles as cofactors in fundamental catabolic and anabolic pro-
cesses, respectively [1]. In particular, they are involved in cel-
lular metabolism, numerous signalling pathways and
regulatory processes [2-4]. The most well-documented
NAD*/NADP* functions are detoxification (via the reduction
of cytochrome P,s0), reductive biosynthesis (mainly of fatty
acids and amino acids), cellular signalling (via covalent modi-
fication of target molecules or through Ca®*-related path-
ways), host immune defence (as a substrate for the NADPH
oxidases of macrophages), gene expression and DNA repair
[1,5-7]. Both forms are equally important for cell survival [8],
and therefore, organisms strictly maintain the intra- and
extra-cellular NAD*/NADP* pools as well as firmly control
their subcellular distribution [5]. Interestingly, the activity
and topology of NAD" kinase, the enzyme responsible for
the phosphorylation of NAD* and NADH, are also strictly con-
trolled by organisms [4]. The expanded roles of NAD" and
NADP* along with the findings that higher NAD* levels are
necessary for lifespan extension [9] have led to the idea of
using NAD"-boosters (typically, NAD" precursor molecules)
as therapeutic agents for improving cellular bioenergetics
during pathological conditions, such as cancer and diabetes.

notion since nicotinamide riboside (NR), a NAD" precursor,
decreased exercise performance in rats [10].

Many NAD* and NADP* functions have an important
impact on redox biology. Particularly, the reduced form of
NADP* (i.e. NADPH) plays a vital role in the functions of
three antioxidant enzymes, namely peroxiredoxins, gluta-
thione peroxidases (GPxs), and catalase. More specifically,
NADPH provides the necessary equivalents for the reduction
of peroxiredoxins and GPxs through the thioredoxin/thiore-
doxin reductase (TrxR) and glutathione/glutathione reductase
(GR) systems, respectively [11], while concomitantly it also
protects catalase from hydrogen peroxide-induced inacti-
vation [12]. Considering that the three aforementioned
enzymes are responsible for the intracellular fate of hydrogen
peroxide (H,O,) and that this particular reactive oxygen
species is currently regarded as the dominant signalling mol-
ecule [13], it can be reasonably supposed that NADPH levels
regulate redox signalling.

The oxidation of NADH to form NAD" initializes a cascade of
reactions, where a network of molecules is implicated as
described in Figure 1. Two of the most studied routes leading
to NAD" synthesis are depicted here. The first biosynthetic
pathway involves two steps, the first being the phosphoryl-
ation of nicotinamide (Nam) to nicotinamide mononucleotide
(NMN) catalysed by the enzyme nicotinamide phosphoribosyl
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Figure 1. The NADPH-related redox network. The black boxes indicate the biomarker protocols presented in this paper, and the grey boxes indicate the biomarker
protocols presented in Veskoukis et al. [15]. NADH: nicotinamide adenine dinucleotide reduced, NAD™: nicotinamide adenine dinucleotide oxidized, NADPH: nico-
tinamide adenine dinucleotide phosphate reduced, NADP™: nicotinamide adenine dinucleotide phosphate oxidized, NR: nicotinamide riboside, NR kinase: nicotina-
mide riboside kinase, NMN: nicotinamide mononucleotide, NamPRT: nicotinamide phosphoribosyl transferase, Nam: nicotinamide, NMNAT: nicotinamide
mononucleotide adenylyl transferase, GR.4: reduced form of glutathione reductase, GR,,: oxidized form of glutathione reductase, GPx,eq: reduced form of gluta-
thione peroxidase, GPx,,: oxidized form of glutathione peroxidase, GST: glutathione transferase, CAT: catalase, SOD: superoxide dismutase, GSH: reduced glutathione,
GSSG: glutathione disulphide, Prx,eq: reduced form of peroxiredoxin, Prx,,: oxidized form of peroxiredoxin, Prx,yer: Over-oxidized form of peroxiredoxin, Trx,eq:
reduced form of thioredoxin, Trx,,: oxidized form of thioredoxin, TrxR,eq: reduced form of thioredoxin reductase, TrxR,,: oxidized form of thioredoxin reductase,

Srx: sulfiredoxin, NO': nitric oxide, NOS: nitric oxide synthase.

transferase (NamPRT) and the second is the NMN adenylyla-
tion to NAD* by the enzyme NMN adenylyl transferase
(NMNAT), which uses ATP as the adenyl donor. The second
biosynthetic route of NAD" starts from the precursor of
vitamin B3, NR, followed by its phosphorylation to NMN by
the ATP-dependent NR kinase and adenylylation of the
formed NMN to NAD* by NMNAT [14]. NAD™ is sequentially
phosphorylated by NAD* kinase and converted to NADP™,
while NAD* and NADP" can both be reduced generating
NADH and NADPH, respectively. NADPH oxidation is the reac-
tion that substantiates the central role of this molecule in fun-
damental redox and metabolic pathways. Figure 1 describes
three major redox pathways initiated by the reduction of
three enzymes, namely nitric oxide synthase (NOS), TrxR and
GR, with the concomitant oxidation of NADPH. NADPH is
the necessary electron donor to NOS, which generates nitric
oxide (NO’). NADPH oxidation provides the electrons for the
formation of the active reduced form of TrxR from the inactive
oxidized form of TrxR. Thus, it can reduce (activate) peroxire-
doxin in order to neutralize peroxides and promote the sulfir-
edoxin-induced reduction of peroxiredoxin from its inactive
over-oxidized state. Regarding the reduced form of GR,
NADPH oxidation also assists its transformation to the
reduced state providing cells with a high reductive potential.
Indeed, GR induces the reduction of glutathione disulphide
(GSSG) back to glutathione (GSH), which in turn activates
GPx, an important antioxidant enzyme [15].

In light of the above, it became intriguing to measure the
cellular levels of NADH and NADPH. However, this proved a
rather challenging task, and diverse approaches have been
applied [16]. A special point of interest is that spectrophoto-
metric assays have been developed for other molecules

directly related to NADH and NADPH, such as NAD" kinase,
NADPH oxidase, peroxiredoxins, sulfiredoxins, thioredoxins,
TrxR, and NOS. Hence, nowadays, crucial molecules of the
NADPH-dependent redox network can be measured, and
the results can be used to assess the bioenergetic and/or oxi-
dative stress status [17]. The biomarkers presented here are
the most representative of the NADPH-related redox
network, and according to the reference papers, the proto-
cols for their measurement can be applied in blood and
tissues in a reliable and valid manner. The use of these bio-
markers can also provide important insights regarding the
bidirectional relationship between blood and tissues, as has
been previously demonstrated [18,19]. The main aim of the
present review is to collectively present these NADPH-
related molecules that can be assessed spectrophotometri-
cally in blood and tissues (Table 1). In addition, this article
was meant to provide, combined with a previous article
[15], the opportunity for researchers to assess the entire
NADPH-dependent redox network via a spectrophotometer
and follow the functional changes in this network in response
to a redox stimulus.

Table 1. The selected NADPH-related redox biomarkers and the proposed
protocols.

NADPH-related redox biomarker

Proposed protocol

NADPH

NADH

NAD™ kinase
NADPH oxidase
Peroxiredoxin
Thioredoxin
TrxR

NOS

Wagner and Scott [20]

Wagner and Scott [20]

Outten and Culotta [21]; Pollak et al. [22]
Someya et al. [23]; Hua et al. [24]

Nelson and Parsonage [25]

Kumar and Holmgren [26]

Kumar and Holmgren [26]

Abdelkawy and Salem [27]




NADH- and NADPH-related redox biomarker
protocols

Measurement of the NAD(P)H concentration in
biological samples: a historical overview

NAD and NADP, or diphosphopyridine nucleotide (DPN) and
triphosphopyridine nucleotide (TPN), respectively, according
to their historical appellation, possess two crucial and
unusual properties that make them highly useful for analytical
purposes. First, they serve as natural oxidizing and reducing
agents since in the presence of an auxiliary enzyme acting
as a catalyst, they selectively oxidize or reduce a wide range
of substrates [28]. Thus, they can act as mediators during
the quantification of any compound of biological interest.
Second, their reduced forms can be discriminated or isolated
from the oxidized forms exploiting their physical or chemical
properties. Indeed, it has been shown that the reduced forms
can be destroyed by the addition of acid [29]. Conversely, the
pioneering work of Kaplan et al. [30] revealed that the oxi-
dized forms of pyridine nucleotides are destroyed by alkali.
It has also been demonstrated that high temperature has
the same effects [31]. In this sense, apart from serving as
auxiliary compounds, their concentrations can also be deter-
mined in biological samples, such as blood or tissues [32].

Approximately 80 years ago, Negelein and Hass [33], as
members in the laboratory of Otto Heinrich Warburg, were
the first to apply a spectrophotometric method to determine
glucose-6-phosphate dehydrogenase (G6-PD) activity on the
basis of the increase in the absorption of NADPH. Fluorimetry,
a more precise but more cumbersome method for the
measurement of intermediary metabolites using pyridine
nucleotides, was first introduced by Greengard in 1956 [34].
Since then, numerous follow-up studies have measured the
levels of a vast number of biological molecules with the aid
of pyridine nucleotides.

Lowry et al. [35] were the first to measure DPN* (NAD™),
TPN* (NADP*), DPNH (NADH), and TPNH (NADPH) concen-
trations in tissues. Specifically, they applied a fluorimetric
method to measure pyridine nucleotide concentrations in
the brain and liver using G6-PD and alcohol dehydrogenase
(ADH) as auxiliary enzymes. Lowry along with Passonneau
presented a paper of the utmost importance regarding the
measurement of nucleotide pyridines, thus providing a
guide for the temperature and pH conditions that affect the
oxidized and reduced forms [36]. This work presented valu-
able biological information with regard to NAD(P) quantifi-
cation both in blood and tissue samples. The
aforementioned pioneering researchers applied this knowl-
edge and managed to use pyridine nucleotides for the fluori-
metric measurement of glycogen in the brain and liver,
setting the foundation for the implementation of these mol-
ecules in a wide range of biochemical analyses [37].

During the next decades, leading scientists such as Howse
and Duffy managed to measure pyridine nucleotides in the
brain by slightly modifying Lowry’s techniques [38-40]. Fur-
thermore, research groups in the field of redox bioenergetics
including John Williamson and colleagues also used fluorime-
try to measure NADH in liver cell lines [41,42], whereas
LaNoue et al. measured NADH concentrations in heart mito-
chondria [43] and the retina [44].

In light of the above, most of the research groups have
applied fluorimetric assays for NAD(P)H measurements.
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Spectrophotometry is not as sensitive as fluorimetry or
other state of the art analytical tools. As a result, it is difficult
to reliably measure molecules present in very low concen-
trations. Another frequent drawback of spectrophotometry
is the absorption of more than one compounds at a given
wavelength (noise), reducing the validity of the measurement.
Nevertheless, spectrophotometry is undoubtedly an inexpen-
sive and fast analytical method. Furthermore, it does not
suffer from invalidity or unreliability in relatively high bio-
marker concentrations when the noise does not affect the
measurement. According to the reference papers, this is the
case regarding the biomarkers presented in this study since
spectrophotometry is exceedingly useful for the quantifi-
cation of pyridine nucleotide concentrations in biological
samples (blood, cells and tissues). The molar extinction coeffi-
cient for NADH or NADPH at 340 nm is 6.22 I/mmol/cm,
which, according to the Beer-Lambert law, means that a sol-
ution of 0.1 mM would have an optical density equal to 0.622
through a 1-cm light path. Thus, with ordinary spectropho-
tometers, accurate measurements can be made with NAD
(P)H concentrations ranging from 0.01 to 0.2 mM, which are
usually found in the subcellular environment [31].

The reduced form of nicotinamide adenine
dinucleotide phosphate (NADPH)

Biochemical background

NADPH is the major subcellular provider of reducing equiva-
lents and thus a fundamental mediator of numerous biologi-
cal processes including metabolism, antioxidant defence,
immune function and physiology [10,28]. NADP* is the oxi-
dized form of NADPH, but NADP is predominantly found in
its reduced form (i.e. NADPH) [4]. The pentose phosphate
pathway recycles the cellular amounts of NADPH, which is
mainly implicated in anabolic pathways, such as lipid biosyn-
thesis [1], but also in the regulation of free radical generation
and defence against oxidative stress. Specifically, NADPH
regenerates the most important antioxidant mechanisms,
namely GSH, thioredoxin and peroxiredoxins, and the most
effective detoxifying enzymes, such as cytochrome P45y and
catalase (the latter is also an antioxidant enzyme) [3].

Selected assay for the measurement of the NADPH
concentration

The measurement of the NADPH concentration is based on
the protocol of Wagner and Scott [20].

Principle of the assay

The total NADP (NADP* and NADPH) is extracted in the tissue
lysate, and then, most of the NADP" is destroyed by heating
the extracts at 60°C. Thus, the extracts contain largely the
reduced form of NADP, i.e. NADPH, as well as traces of
NADP*, which remains stable as NADPH is oxidized back to
NADP™* via ex vivo oxidation (recycling assay). The principle
of the assay is based on the conversion of glucose 6-phos-
phate (G6-P) to 6-phosphogluconate, a reaction catalysed by
G6-PD with the concomitant reduction of the remaining
amount of NADP* to NADPH (Figure 2(a)).
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Figure 2. Schematic illustration of the reaction schemes for the biomarker assays.

Experimental procedure

For the extraction of NADP* and NADPH, 200 pl of the tissue
homogenate (see note 5) is added to 1800 pl of extraction
buffer (containing 20 mM nicotinamide, 20 mM NaHCO; and
100 mM NayCOs). The samples are immediately frozen,
quickly thawed in a water bath (22°C), and centrifuged
(16,000g, 30 seconds, 4°C). Finally, the supernatant (the
tissue extract) is collected and kept on ice in the dark.

For the NADPH concentration assay, 100 pl of the tissue
extract (see note 5) is incubated in the dark (60°C for 30
minutes) in the water bath. Heating destroys the oxidized
form of NADP (i.e. NADP"), while having no effect on the
reduced form (i.e. NADPH). After heating, the samples are
put on ice, and the steps of the total NADP assay are followed
as described above, starting with the addition of the NADP
cycling buffer.



Then, the tissue extract (see note 5) is added to 800 pl of
ice-cold freshly made NADP cycling buffer (containing
100 mM Tris—HCl at a pH of 8, 0.5 mM thiazolyl blue tetrazo-
lium bromide (MTT), 2 mM phenazine ethosulfate, 5 mM ethy-
lenediaminetetraacetic acid tetrasodium salt (Na,EDTA) and
1.3 yU/ml G6-PD). The mixture is incubated in the dark (37°
C for 5 minutes), and following temperature equilibration,
100 pl of 10 MM G6-P is added, with the change in absor-
bance monitored at 570 nm for 2 minutes. The product of
MTT reduction (formazan) exhibits a maximum absorbance
at 570 nm.

Important note: The tissue extract and the cycling buffer
must not remain mixed for over 15 minutes, and the extracts
cannot remain on ice for more than 1 hour because of signifi-
cant degradation of the total NADP concentration.

Calculations

The NADPH concentration is calculated through the Beer-
Lambert law using the millimolar extinction coefficient of
formazan (13 I/mmol/cm), which means that a solution of
0.1 mM would have an optical density equal to 0.13 in a
1-cm light path.

The reduced form of nicotinamide adenine
dinucleotide (NADH)

Biochemical background

NAD is a coenzyme present in every living cell, and it exists in
two forms, the oxidized form (i.e. NAD*) and the reduced form
(i.e. NADH). However, it is largely present in its oxidized form
under physiological conditions. NAD* is an oxidizing agent, as
it accepts electrons from other molecules and is reduced,
whereas NADH is a reducing agent, as it donates electrons
and becomes oxidized [3]. Thus, NAD is involved in redox
homeostasis, energy metabolism and other cellular processes,
the most notable of them is the posttranslational modification
of proteins that are substrates of enzymes that remove chemi-
cal groups [4]. NAD™" is synthesized either de novo from the
amino acid tryptophan or by recycling components, such as
nicotinamide. The 2-phosphorylation of NAD* converts it to
NADP*.

Selected assay for the measurement of the NADH
concentration

The measurement of the NADH concentration is based on the
protocol of Wagner and Scott [20].

Principle of the assay

The total NAD (NAD* and NADH) is extracted by the tissue
lysate, and then, most of the NAD" is destroyed by
heating the extracts at 60°C. Thus, the extracts contain
largely the reduced form of NAD, i.e. NADH, as well as
traces of NAD™, which remains stable as NADH is oxidized
back to NAD* via ex vivo oxidation (recycling assay). The
principle of the assay is based on the conversion of
ethanol to acetaldehyde, a reaction catalysed by ADH with
the concomitant reduction of the remaining amount of
NAD* to NADH (Figure 2(b)).
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Experimental procedure

For the extraction of NAD* and NADH, 200 pl of the tissue
homogenate (see note 5) is added to 1800 pl of extraction
buffer (containing 20 mM nicotinamide, 20 mM NaHCOs and
100 mM NayCOs). The samples are immediately frozen,
quickly thawed in a water bath (22°C), and centrifuged
(16,000 g, 30 seconds, 4°C). Then, the supernatant (the
tissue extract) is collected and kept on ice in the dark.

For the NADH concentration assay, 100 ul of the tissue
extract (see note 5) is incubated in the dark (at 60°C for 30
minutes) in a water bath. Heating destroys the oxidized form
of NAD (i.e. NAD"), while having no effect on the reduced
form (i.e. NADH). After heating, the samples are put on ice,
and the steps of the total NAD assay are followed as described
above, starting with the addition of the NAD cycling buffer.

Then, the tissue extract (see note 5) is added to 800 ul of
ice-cold freshly made NAD cycling buffer (containing
100 mM Tris—HCl at a pH of 8, 0.5 mM MTT, 0.2 mg of ADH
and 1% bovine serum albumin), the samples are incubated
in the dark (37°C for 5 minutes), and then 100 ul of 6 M
ethanol is added. The samples are centrifuged (16,000 g, 30
seconds, 4°C) to remove any insoluble materials, and the
absorbance change is monitored at 570 nm for 2 minutes.
The product of MTT reduction (formazan) exhibits a
maximum absorbance at 570 nm.

Important note: The tissue extract and cycling buffer must
not remain mixed for over 15 minutes, and the extracts
cannot remain on ice for more than 1 hour because of the sig-
nificant degradation of the total NAD concentration.

Calculations

The NADH concentration is calculated through the Beer-
Lambert law using the millimolar extinction coefficient of forma-
zan (13 I/mmol/cm), which means that a solution of 0.1 mM
would have an optical density equal to 0.13 in a 1-cm light path.

NAD" kinase
Biochemical background

NAD™ kinase catalyses the production of NADP™ via the phos-
phorylation of NAD*. This is the only known reaction to gen-
erate NADP*, and thus, NAD™ kinase is a key enzyme for the
regulation of cellular concentrations of NAD* and NADP*
and, accordingly, for cell survival [22]. Specifically, NAD*
kinase is essential for fundamental biological processes,
such as metabolism and redox homeostasis. NADP* is
reduced to NADPH via the pentose phosphate pathway, and
it is involved both in anabolic (e.g. fatty acid and nucleotide
biosynthesis) and catabolic (e.g. glycolysis and citric acid
cycle) pathways. NADPH provides reducing power in the cel-
lular environment regulating cell redox homeostasis. The
NAD™ kinase activity is regulated by the redox state of the
cell since it can modulate cell and tissue response to oxidative
stress by controlling NADP* and NADPH production [8,22].

Selected assay for the measurement of the NAD*
kinase activity

The measurement of the NAD* kinase activity is based on the pro-
tocol of Outten and Culotta [21] as modified by Pollak et al. [22].
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Principle of the assay

The assay is based on the production of NADP* by NAD"
kinase present in the sample. NADP* is then determined via
the phenazine methosulphate-induced reduction of MTT
forming formazan (Figure 2(c)).

Experimental procedure

The tissue lysate (see note 5) is added to a reaction mixture
containing 50 mM Tris—-HCI at a pH of 7.8, 10 mM MgCl,,
5 mM NAD", and 10 mM ATP in a final volume of 100 pl fol-
lowing incubation for 5 minutes at 30°C. The amount of
NADP* produced is then determined using a cycling assay
by transferring the mixture into 900 ul of 50 mM Tris—HCI at
a pH of 8.0, 5 mM MgCl,, 5 mM G6-P, 2 units of NADP*-specific
yeast G6-PD, 0.5 mM MTT and 1.5 mM phenazine methosul-
fate. The absorbance change is monitored at 570 nm for 5
minutes. The product of MTT reduction (formazan) exhibits
a maximum absorbance at 570 nm.

Calculations

The amount of NADP* produced by the reaction is quantified by
comparison to known concentrations of NADP* standards. The
NAD* kinase activity is calculated by subtracting the amount of
NADP* produced by the reaction from the amount of NADP*
produced without the addition of the tissue lysate. One unit
of NAD* kinase is defined as the amount of enzyme producing
1 umol of NADP* in 1 minute at 30°C.

NADPH oxidase
Biochemical background

NADPH oxidase is an enzyme complex that donates an elec-
tron from NADPH to molecular oxygen (O,) to produce a
superoxide anion (O3 ). NADPH oxidase present in phagocytes
initiates an oxidative burst by generating O . This is an
inflammatory-mediating mechanism leading to the elimin-
ation of invading microorganisms, bacteria and fungi [45].
The superoxide anion can be transformed to H,0,, which
can further give birth to other RONS with the ability to
control metabolic pathways [46,47]. The phagocyte NADPH
oxidase complex was the first system identified that generates
ROS not as a by-product but as a part of its function [48]. The
discovery of other members of the NADPH oxidase family
enlightened the implication of these enzymes in a wide spec-
trum of physiological and biological processes (e.g. cellular
signalling and gene expression) as well as several pathological
conditions and diseases (e.g. aging and cardiovascular
disease) [47,49].

Selected assay for the measurement of the NADPH
oxidase activity

The measurement of the NADPH oxidase activity is based on
the protocol of Someya et al. [23] as modified by Hua et al. [24].

Principle of the assay

The O3 generated by NADPH oxidase oxidizes cytochrome
. In the presence of superoxide dismutase (SOD), O3 is

converted to H,0,, and thus, cytochrome c oxidation is inhib-
ited (Figure 2(d)).

Experimental procedure

The assay mixture contains the homogenized tissue extract
(see note 5), 60 mM cytochrome ¢, TmM CaCl,, 1 mM
MgCl, and 1.6 mM 4b-phorbol 12-myristate 13-acetate
(PMA) with (for the samples) or without (for the blank)
20 mg/ml SOD in a total volume of 400 pl of phosphate buf-
fered saline (PBS, pH=7.4). After incubation (37°C for 5
minutes), the samples are centrifuged (800 g, 5 minutes,
RT), and the absorbance is monitored at 550 nm. The oxi-
dized form of cytochrome c exhibits a maximum absorbance
at 550 nm.

Calculations

The activity of NADPH oxidase is calculated through the Beer-
Lambert law using the millimolar extinction coefficient of oxi-
dized cytochrome ¢ (21 I/mmol/cm), which means that a sol-
ution of 0.1 mM would have an optical density equal to 0.21 in
a 1-cm light path.

Peroxiredoxins
Biochemical background

Peroxiredoxins are a family of cysteine-dependent peroxi-
dases that react with H,0,, aliphatic and aromatic hydroper-
oxide substrates, and peroxynitrite [50]. They comprise up
to 1% or more of cellular proteins in animals, and it has
been suggested that are responsible for the reduction of
more than 99% of cytosolic peroxides as well as 90% of
mitochondria peroxides in humans [51]. Furthermore, per-
oxiredoxins mediate signal transduction in mammalian
cells [52]. Regarding its peroxidase reaction mechanism,
the 2-Cys subgroup of peroxiredoxins is oxidized by H,0,
molecule and hinders the formation of a disulphide that is
normally generated by the chemical bond between a sul-
phonic group and a cysteine group. Then, it can react with
another H,0, and become over-oxidized to cysteine sulfinic
acid. Such over-oxidation leads to the inactivation of the
peroxidase activity, and finally, peroxiredoxin is reduced
back by an ATP-dependent reaction catalysed by a sulfire-
doxin or a thioredoxin [53].

Selected assay for the measurement of the
peroxiredoxin activity

The measurement of the peroxiredoxin activity is based on
the protocol of Nelson and Parsonage [25].

Principle of the assay

This assay directly monitors decreasing peroxide concen-
trations in the presence of Fe(ll) and xylenol orange [ocresol-
sulfonphthalein-3,3-bis(methyliminodiacetic acid sodium
salt)]. Under acidic conditions, peroxides oxidize Fe(ll) to Fe
(1), which forms a complex with xylenol orange. The pro-
duction of this complex generates a blue-purple colour,
with a maximum absorbance at 560 nm (Figure 2(e)).



Experimental procedure

In plastic tubes, the tissue homogenate (see note 5) is added
to 100 pM dithiothreitol (DTT) and 100 uM peroxide (final con-
centrations in the reaction mixture). The blank contains DTT
and peroxide but not the tissue homogenate. The samples
are incubated in the dark at RT, and the reaction is terminated
by the addition of 50 pl of the mixture to 950 pl of FOX
working reagent. To make FOX working reagent, mix 1
volume of FOX reagent A (containing 25 mM ammonium
ferrous sulphate diluted in 2.5 M sulphuric acid; the iron salt
must be dissolved directly in acid because ferrous ions are
prone to autoxidation at physiological pH) with 100
volumes of FOX reagent B (containing 100 mM sorbitol and
125 uM xylenol orange). The samples are mixed and incu-
bated at RT for 30 minutes, and the absorbance is monitored
at 560 nm. The complex formed by Fe(lll) and xylenol orange
exhibits a maximum absorbance at 560 nm.

Important note: Hydrogen peroxide, which is used in some
assays, is not recommended as a substrate since multiple
enzymes (e.g. catalase and GPx) use this substrate. In contrast,
t-butyl hydroperoxide, cumene hydroperoxide (dissolved in
dimethyl sulfoxide) and linoleic acid hydroperoxide (dissolved
in methanol) are much more efficiently reduced by peroxire-
doxins than by other peroxidases.

Calculations

The peroxiredoxin activity is calculated via the standard curve
of the peroxide of interest at known concentrations. Stan-
dards should include controls containing no peroxide. For
the standard curve, 5 uM peroxiredoxin, 100 uM DTT and per-
oxide concentrations from 10 to 200 uM are required. The
samples are incubated in the dark at RT, and the reaction is
terminated by adding 50 pl of the mixture to 950 ul of FOX
working reagent. The samples are mixed and incubated at
RT for 30 minutes, and the absorbance is monitored at
560 nm.

Thioredoxin
Biochemical background

Thioredoxin is a small redox enzyme present in all organisms.
It is implicated in numerous important biological processes,
including redox signalling and redox homeostasis. A mutation
that leads to the loss of function of either of the two human
thioredoxin genes is lethal for the developing embryo [54].
Thioredoxin is a thiol-disulphide oxidoreductase and acts as
an antioxidant catalysing the reduction of disulphides by
cysteine thiol-disulphide exchange, with the rates for proteins
being orders of magnitude faster than those for GSH [54,55].
Reduced thioredoxin has a dithiol group [Trx-(SH),] and is a
powerful protein disulphide reductase, whereas oxidized
thioredoxin has a disulphide group (Trx-S,). Thus, it plays a
key role in keeping the cell environment in a reduced state
[56]. Thioredoxin is kept in the reduced state by the TrxR in
a NADPH-dependent reaction [57]. Thioredoxins act as elec-
tron donors to peroxidases and ribonucleotide reductase
[54]. The decisive role of thioredoxin in reducing oxidative
stress is shown by the fact that transgenic mice that over-
express thioredoxin are more resistant to inflammation and
live 35% longer [58]. Thioredoxin has a metabolic role by
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also reactivating oxidized G6-PD in mammalian cells sub-
jected to oxidative stress [59].

Selected assay for the measurement of the
thioredoxin activity

The measurement of the thioredoxin activity is based on the
protocol of Kumar and Holmgren [26].

Principle of the assay

In the presence of tissue thioredoxin, NADPH is oxidized and
insulin is concomitantly reduced by the formation of -SH com-
pounds (thiol compounds) on its molecule. The thiol com-
pounds are conjugated with 5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB) forming 2-nitro-5-thiobenzoic acid (TNB), which
exhibits a maximum absorbance at 412 nm (Figure 2(f)).

Experimental procedure

In plastic tubes, 260 mM 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (HEPES) at a pH of 7.6, 10 mM EDTA, 2 mM
NADPH, T mM insulin, 100 nM purified calf thymus TrxR and
the tissue homogenate (see note 5) for the samples or
buffer for the blank are added into a final volume of 100 pl.
After incubation (37°C, for 20 minutes), the reaction is
stopped by the addition of 500 yl of 6 M guanidine-HCl,
200 mM Tris—HCl at a pH of 8.0, and 1 mM DTNB, and the
absorbance is monitored at 412nm. TNB exhibits a
maximum absorbance at 412 nm.

Calculations

The thioredoxin activity is calculated through the Beer-Lambert
law using the molar extinction coefficient of TNB (13.6 I/mmol/
c¢m), which means that a solution of 0.1 mM would have an
optical density equal to 1.36 in a 1-cm light path.

Thioredoxin reductase
Biochemical background

TrxR is the only enzyme known to catalyse the reduction of
thioredoxin using NADPH, and hence, its contribution to the
maintenance of cell and tissue redox homeostasis is of the
utmost importance [57]. It is a homodimer flavoprotein, and
each monomer contains a flavin adenine dinucleotide pros-
thetic group, an NADPH binding domain and a site containing
a redox-active disulphide bond [60]. TrxR, apart from operat-
ing as a potent NADPH-related reduction system, also acts
as a hydrogen donor for ribonucleotide reductase, an essen-
tial enzyme in DNA synthesis [61]. Thioredoxin, TrxR and
NADPH are collectively called ‘the thioredoxin system’. The
thioredoxin system exists in every living organism and is a
mechanism of defence against oxidative damage due to
oxygen metabolism and the propagation of redox signalling
from H,0, and NO’ [62,63].

Selected assay for the measurement of the TrxR
activity

The measurement of the TrxR activity is based on the protocol
of Kumar and Holmgren [26].
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Principle of the assay

In the presence of tissue TrxR, NADPH is oxidized, and insulin
is concomitantly reduced by the formation of thiol com-
pounds on its molecule. The thiol compounds are conjugated
with DTNB forming TNB, which has a maximum absorbance at
412 nm (Figure 2(g)).

Experimental procedure

In plastic tubes, 260 mM HEPES at a pH of 7.6, 10 mM EDTA,
2 mM NADPH, 1 mM insulin, 100 uM E. coli thioredoxin and
the tissue homogenate (see note 5) for the samples or
buffer for the blank are added into a final volume of 100 pl.
After incubation (37°C, for 20 minutes), the reaction is
stopped by the addition of 500 yl of 6 M guanidine-HCl,
200 mM Tris—HCl at a pH of 8.0, and T mM DTNB, and the
absorbance is monitored at 412 nm. TNB exhibits a
maximum absorbance at 412 nm.

Calculations

The activity of TrxR is calculated through the Beer-Lambert
law using the molar extinction coefficient of TNB (13.6 I/
mmol/cm), which means that a solution of 0.1 mM would
have an optical density equal to 1.36 in a 1-cm light path.

Nitric oxide synthase
Biochemical background

NOSs are a family of enzymes that catalyse the production of
nitric oxide (NO") and citrulline from L-arginine and O, with
NADPH as an electron donor. Nitric oxide is considered to
be an important signalling molecule regulating vascular
tone, insulin secretion, cardiac function, neural development
and angiogenesis [64]. Mammalian systems contain three iso-
forms of the enzyme, namely the neuronal isoform implicated
in neurotransmission, the inducible isoform that is involved in
immune response and the endothelial isoform that is the
primary signal generator in the control of vascular tone [65].

Selected assay for the measurement of the NOS
activity

The measurement of the total NOS activity is based on the
protocol of Abdelkawy and Salem [271].

Principle of the assay

In this recycling assay, NADPH is regenerated by G6-PD, which
converts NADP* to NADPH allowing NOS to produce nitric
oxide derived nitrate (NO3) and nitrite (NO;). NO3 is
reduced back to NO; via nitrate reductase, and the quantity
of the produced NO; expresses the activity of the NOS
(Figure 2(h)).

Experimental procedure

Into the tissue homogenate (see note 5), 1000 pl of absolute
alcohol is added, and the samples are centrifuged (3000 g,
20 minutes, 4°C) to precipitate unwanted proteins. Then, in
500 yl of the supernatant, 1000 yl of reaction buffer

(consisting of 50 mM HEPES and 0.5 mM EDTA adjusted to a
pH of 7.2), 50 ul of solution 1 (consisting of 0.2 mM NAD™,
0.17 mM G6-P and 0.36 mM L-arginine) and 50 ul of 40 mU/
ml G6-PD are added. The solution is mixed well, incubated
(6 hours, 37°C) and then chilled on ice for 5 minutes. Into
500 pl of the previous mixture, 500 pl of 50 mU/ml nitrate
reductase is added, and the samples are mixed well. Then,
250 pl of sulphanilamide in 5% HCI (2% w/v) and 250 pl of
N(1-naphthyl)ethylene diamine dihydrochloride (NEDD) in
H,O (0.1% w/v) are added, mixed well, and incubated (30
minutes, 37°C). The absorbance is monitored at 540 nm, as
nitrite compounds exhibit a maximum absorbance at 540 nm.

Calculations

The activity of NOS is calculated via the standard curve of
sodium nitrite (NaNO,) solutions with known concentrations.

General notes applicable to all assays

1. Tissue of reference

The experimental procedures of all assays refer to the
tissue tested in each reference paper. However, they can be
applied to different tissues and blood after being properly
modified. Regarding blood, we exclusively refer to erythro-
cytes. Should the described protocols be applied in the
measurement of the biomarkers of the NADPH network in
subcellular compartments, such as the mitochondria or
nucleus, it is certain that the methods, sample preparation
and precautions will be different. Therefore, this manuscript
presents assays of the NADPH-related biomarkers in tissue
homogenate and erythrocyte lysate as a whole and not in
subcellular compartments.

2. Tissue homogenization protocol

In preparation for analysis, tissue samples are initially
ground using a mortar and pestle under liquid nitrogen
(=196°C). A portion of the tissue powder is then homogenized
with 10 mM PBS (containing 138 mM NadCl, 2.7 mM KCI and
1 mM EDTA, pH=7.4) (1 mg of tissue powder/2 ml of PBS)
and a cocktail of protein inhibitors [T uM aprotinin, 100 uM
leupeptin and 1 mM phenylmethylsulfonyl fluoride (PMSF)].
The homogenate is vigorously mixed, and a brief sonication
treatment on ice is applied. The homogenate is then centri-
fuged (12,000g, 4°C, 30 minutes), and the supernatant is col-
lected and stored at —80°C until further analysis [18].

3. Erythrocyte lysis protocol

In an EDTA tube, 500 ml of whole blood is added, the
samples are centrifuged (1370g, 10 minutes, 4°C) and the
supernatant (plasma, platelets and white blood cells) is dis-
carded. An equal volume of saline is added to the packed
erythrocytes, and the samples are centrifuged (1370g, 10
minutes, 4°C) in order to discard the trapped white blood
cells. Then, the saline from the supernatant is removed, an
equal volume of dH,0 is added to the packed erythrocytes,
the samples are centrifuged (4000g, 15 minutes, 4°C) and
the supernatant, which is the haemolysate (i.e. erythrocyte
lysate), is collected [18,66]. The haemolysate can now be
stored at —80°C until further analysis.

4. Calculation of the tissue protein concentration and eryth-
rocyte haemoglobin concentration

The activities of the enzymes and the concentrations of the
molecules in blood are expressed in terms of the haemo-
globin concentration, whereas in other tissues, they are



expressed in terms of the total protein concentration. The
total protein concentration of tissue samples is measured
using the Bradford method via a standard curve of solutions
with known bovine serum albumin concentrations. The hae-
moglobin concentration of the erythrocytes is measured
using a commercially available kit.

5. Amounts of blood or tissue samples

We do not provide the exact volume of the blood or tissue
sample in any of the assays, since, even when it is indicated in
the reference paper, the treatment of the samples is mostly
unknown. Thus, pilot experiments are needed in order to opti-
mize the proposed protocols according to the specimen and
the homogenization procedure.

6. Storage of biological samples

In order to minimize ex vivo oxidation and/or other bio-
transformations, a strategy universally applied after sample
collection is the immediate freezing of biological samples
with liquid nitrogen. This strategy secures the best possible
conditions for reliable further analysis. According to the
instructions in the original assays presented in each biomarker
protocol, all biomarkers are sufficiently stable and can be
reliably measured in stored samples.

7. Solution preparation

Solutions, including NADPH and NADH extraction buffers,
Tris—HCI, MgCl,, CaCl,, PBS (pH=7.4), DTT, peroxide and
tissue homogenization buffer with protease inhibitors can
be stored at 4°C for 1 month. The remaining solutions
should be made fresh the day of the experiment.

Concluding remarks

NADH and NADPH along with their oxidized counterparts (i.e.
NAD" and NADP*) are molecules involved in fundamental
redox and metabolic processes. NADPH oxidation is the
initial step for a cascade of reactions with the utmost biologi-
cal importance. The molecules of this cascade form a network
with eminent translational potential in redox metabolism.
Therefore, in the present review, we provided the researchers
with reliable and valid spectrophotometric assays for the
measurement of the most important biomarkers of this
network in blood and other tissues given that a spectropho-
tometer is probably the simplest, most inexpensive and
most widely used tool in biochemistry.
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