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ABSTRACT
Two mechanisms of the interconversion of NADH and NAD+ in
the coenzyme itself and in its analogues are discussed: a one-step
hydride transfer and a stepwise electron-proton-electron transfer.
Direct characterization of the transient species in the stepwise
process and inversion of the stability order of the keto and enol
tautomers is presented. The nonenzymatic and enzyme-mediated
reactions of selected pyridinium salts that affect the NADH / NAD+

equilibrium are discussed in terms of their potential cytotoxicity.

Introduction
Nicotinamide adenine dinucleotide (NAD+) and its re-
duced form (NADH), as well their 2′-phosphoric acid

derivatives, NADP+ and NADPH, play a crucial role in
biological systems as redox coenzymes.

In many enzymatic reactions, NAD(P)H acts as a source
of two electrons and a proton. In the overall reaction, a
hydride ion is transferred to a suitable substrate. In
biological systems, these reversible reactions require the

presence of enzymes, such as dehydrogenases. With the
aid of dehydrogenases, NAD(P)H hydrogenates functional
groups such as carbonyl and aldehyde groups or carbon-
carbon double bonds of target substrates.1

Over 400 enzymatic redox reactions depend on the
nicotinamide coenzymes, the action of which involves the
interconversion of NAD(P)H and NAD(P)+. Moreover, in
the mitochondria of many aerobic organisms, NADH
serves as a source of two electrons to reduce molecular
oxygen via the respiratory chain of reactions in which elec-
tron carriers such as flavins, quinones, and cytochromes
are reduced. In addition to enzymatic reactions, the re-
versible interconversion of NAD(P)H and NAD(P)+ is also
involved in chemical reactions of NAD(P)H with hydride
acceptors, such as thiobenzophenone,2 flavins,3 or quino-
nes,4 and a large group of NAD+ analogues, such as acri-
dinium or pyridinium salts.5,6 Investigations of nonenzy-
matic reactions may be helpful in understanding the
mechanism of the NAD(P)H / NAD(P)+ interconversion,
and these reactions can be of practical use, for exam-
ple, in organic synthesis.7 However, some of the nonen-
zymatic reactions can also have an effect on the cellular
metabolism. Not only do the absolute concentrations of
NADH and NAD+ affect the metabolic rates, but their
relative concentrations may also affect the rates of de-
pendent reactions when the NADH/NAD+ interconversion
constitutes a driving force for these reactions. Cells with
an impaired metabolism are more sensitive to cytotoxic
agents, and therefore substrates, capable of shifting the
NAD(P)H / NAD(P)+ equilibrium can significantly disturb
cell function and can, in extreme cases, lead to cellular
death.8

In redox reactions, the most important role is played
by the 1,4-dihydronicotinamide or the nicotinamide frag-
ment of NAD(P)H or NAD(P)+, respectively. In enzymatic
or nonenzymatic reactions of nicotinamide coenzymes,
a hydride anion is transferred from the 4-position of the
dihydropyridine ring to the substrate (Scheme 1). The
majority of mechanistic details related to the chemistry
of such coenzymes were deduced from investigations of
synthetic analogues containing 1,4-dihydropyridine or
pyridinium cation rings, and these investigations mainly
focused on the elucidation of the hydride transfer. Two
possible mechanisms are discussed for this reaction: a
one-step hydride ion transfer via a transition state, in
which the migrating hydrogen atom carries some frac-
tional negative charge, or a multistep hydride transfer. The
latter process can occur in two steps, where an initial
electron transfer is followed by the migration of a hydro-
gen atom, or in three steps involving an electron-proton-
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electron transfer (Scheme 2). In the stepwise processes,
radical ions or neutral radicals are formed as transient
species, and their detection in the course of the reaction
would constitute proof for a multistep process.

There is apparently overwhelming evidence supporting
the single-step hydride transfer mechanism for both enzy-
matic and nonenzymatic reactions. However, the evidence
against the multistep mechanism has rested largely on the
lack of observation of transient species in these reactions.
On this basis, arguments favoring the three- or the two-
step mechanism, obtained from substituent effects, kinetic
isotope effects, solvent effects, or influence of pH or
oxygen on the reactions rates, were often questioned.3,9

Moreover, the studies of hydride transfer reactions be-
tween NADH and NAD+ analogues by Bunting et al. and
Kreevoy et al. supported the conclusion that the reduction
of pyridinium, quinolinium, isoquinolinium, acridinium,
phenanthridinium, xanthylium, or tropylium cations (hy-
dride acceptors) by various 1,4-dihydropyridines, 9,10-
dihydroacridines, 1,4-dihydroquinolidines, or 5,6-dihy-
drophenanthridines (hydride donors) is a one-step process,
although with a highly variable transition state structure
(different fractional negative charge developing on the
migrating hydrogen atom, see Scheme 2).5,6

If multistep hydride transfer in the interconversion of
NAD(P)H and NAD(P)+ is limited to examples where
transient products such as radical ions or neutral radicals
were detected, only few examples can be found. The
explanation lies in the fact that the initial electron transfer
process is usually highly endothermic and a multistep
mechanism would follow if the gap of the redox potential
between the NADH model compound and the reducing
agent is considerably smaller than 1 V.10 Therefore only
powerful one-electron oxidants such as the ferricyanide
anion, the ferrocenium cation, or inorganic or organic
radicals are able to initiate a multistep process.6,11,12

The initial electron transfer can be significantly en-
hanced via photoexcitation of one of the substrates13,14 or
through catalysis by acids or metal ions.15 Intramolecular
rearrangements of transient products may provide an
additional driving force for electron-transfer reactions.
Because the follow-up reactions of multistep conversions
are often very rapid, the initial electron transfer is usually
the rate-determining step in the overall process. However,
the primary species formed upon electron transfer have
mostly very short lifetimes, and the final products and
kinetics are frequently indistinguishable for different

mechanisms. These features constitute a major source of
difficulties in deciding between possible interpretations
of experimental data. Therefore the transient species that
can participate in the NAD(P)H / NAD(P)+ interconver-
sion must be identified and their reactivity must be
understood to arrive at a complete understanding of the
mechanism of this reaction. These transient species may
be generated selectively by radiolytic and photochemical
methods, and their identification will be discussed in this
Account. We will also present examples of biological
systems and enzymatic reactions in which one-electron
oxidation and reduction products of interest are formed.

Transient Species in the NAD(P)H / NAD(P)+

Interconversion
According to the multistep mechanisms shown in Scheme
2, reactive species such as radical cations and neutral
radicals, both of the hydride donor and of the acceptor
molecules, are formed in the process. Such species are
very reactive because they possess unpaired electrons.
Localization of these electrons in different parts of a
molecule may lead to the shortening or elongation of
specific bonds. Determination of the spin density distri-
bution provides information on the nature of the elec-
tronic ground state as well as on dynamic features of a
species.16 In this Account, we summarize experimental
results supported by quantum mechanical calculations,
which nowadays often allow spectroscopic identification
and characterization of such transient species. Because
experimental results directly concerning NADH and NAD+

are scarce, most examples rest on analogues where the
adenine dinucleotide residue (R in Scheme 1) is replaced
by an alkyl or a benzyl group.

Radical Cations. Addition or removal of an electron
significantly alters the electronic absorption (and emis-
sion) spectra of radical ions compared to their neutral
precursors. Besides the electronic excitations from the
occupied to the virtual orbitals that are characteristic of
the parent molecules, their radical cations possess low-
energy transitions within the more closely spaced oc-
cupied orbitals. In addition, the HOMO f LUMO (the
highest occupied and the lowest unoccupied molecular
orbital) excitation is also shifted to lower energies on
removal of an electron from the HOMO, that is, on ioni-
zation.16 In fact, radical cations generated from NADH or
from its simple analogues such as N-methyl- or N-benzyl-
1,4-dihydropyridines possess characteristic absorption
bands in the visible region, although neutral NADH or its
models absorb only at 340-360 nm.

As an example, the electronic absorption (EA) spectrum
of the radical cation of N-methyl-3-formyl-1,4-dihydro-
pyridine (1H) embedded in an argon matrix is presented

Scheme 2
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in Figure 1 (spectrum a). The most prominent feature of
this spectrum is a strong band with distinct vibronic fine
structure located between 500 and 600 nm (λmax ) 575
nm). An assignment of this band to the radical cation of
1H can be confirmed with the help of excited state
calculations by the CASSCF/CASPT2 method, which has
been shown to give reliable predictions in closely related
cases. In addition to the lowest excitation, which carries,
however, very little oscillator strength, these calculations
predict an intense band of this radical cation (1H•+) at
575 nm (2.38 eV), in excellent agreement with the visible
band in spectrum a. Analysis of the calculation results
shows that this excitation corresponds mainly to electron
promotion from the highest doubly occupied to the singly
occupied MO (SOMO), mixed with some SOMO f LUMO
excitation.17

A much more intense transition is predicted at 355 nm
(predominantly SOMO f LUMO excitation), but it cannot
be verified for this compound because it is masked by a
strong absorption of the neutral precursor. However, it
can be compared to the spectrum obtained by Czochral-
ska et al. on photoionization of NADH,13 which indeed
possesses an intense band at 370 nm in addition to a
much weaker one at 550 nm.

It is somewhat surprising that the spectrum of the
radical cation of NADH is only observed on photoioniza-
tion of the coenzyme and that it was never detected in
any thermal chemical reaction. Only recently we have
succeeded to identify the NADH radical cation in the
reaction of NADH with one-electron oxidants such as
dibromide radical anion (Br2

•-), based on the presence of
the band at 500-600 nm (Figure 2A).18

The two characteristic absorption bands of 1,4-dihy-
dropyridine radical cations are also predicted by the much
more economical time-dependent density functional re-

sponse theory (e.g., by the TD-B3LYP/6-31G* method) for
other analogues of NADH.17

The electronic reorganization that accompanies the loss
of an electron invariably entails some structural relax-
ation. In the case of 1,4-dihydropyridines, the geometry
changes are very subtle. However, in the case of 9,10-
dihydroanthracenes, geometry relaxation accompanied by
the changes in the spectra can be comfortably ob-
served.19,20

10-Methylacridan (4H), a compound that is frequently
used to model the reactivity of NADH and its derivatives,

is not planar (the B3LYP/6-31G* method predicts that the
dihedral angle, Φ, between two aromatic rings is 148°).
On ionization, the dihedral angle increases to 162° in
4H•+.20 The calculated energy for the relaxation of 4H•+

from the neutral geometry is only 3.4 kcal/mol. This
means that the potential energy surface for the relaxation
is so flat that the process may be significantly inhibited
in a solid matrix. Indeed, the absorption maximum of 4H•+

is observed to gradually shift by over 50 nm (0.15 eV) on
continuous softening of the matrix, as the radical cation

FIGURE 1. Electronic absorption and IR spectra of radical cations
of 1H (a), 2H (b), and 3H (c). Spectrum c′ shows spontaneous
changes of spectrum c at 12 K.

FIGURE 2. Absorption spectra of transient species generated in
aqueous solution from NADH: (A) radical cation of NADH (λmax )
560 nm) formed in the reaction of NADH with Br2

•- (λmax ) 360
nm); (B) radical (a) and enol form of radical cation of NADH (b)
obtained on reduction of NAD+ at different pH. The inset shows
the titration curve determined at 460 nm.
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(which is initially “frozen” in the bent geometry of the
neutral precursor) relaxes to the thermodynamically more
stable flattened geometry.

According to calculations, the structural changes on
ionization of 1,4-dihydropyridines are limited to a small
flattening of the puckered pyridinium ring, yet the relax-
ation energy remains important (a few kcal/mol).

The Enol Form of the NADH Radical Cation and Its
Analogues. The inversion of the stability order of tauto-
meric systems on ionization is one of the unique features
of molecular ions. It was calculated and found experi-
mentally in the gas phase that such an inversion occurs
for keto-enol, alkyne-allene, imine-enamine, nitrile-
isonitrile, and aldimine-aminocarbene pairs.21 Inversion
of the keto-enol stability order was also observed in
condensed phase (Scheme 3).22 Enol radical cations are
thermodynamically favored over their corresponding keto
forms because it takes less energy to remove an electron
from the π-orbital of an enol than from the n-orbital of a
ketone. In addition, the structural changes of enols upon
ionization, which involve a shortening of the C-O bond
and an elongation of the CdC bond, are more pronounced
than those in the keto-tautomers, where ionization pre-
dominantly affects the carbonyl moiety.

Due to the above-mentioned reversal of relative stabili-
ties, it is possible under favorable circumstances to
observe spontaneous enolization upon ionization of mol-
ecules embedded in matrixes. Such favorable circum-
stances prevail, for example, in 1,5-hydrogen transfers
proceeding via six-membered ring transition states, as they
occur in compounds with aromatic rings carrying an alkyl
group adjacent to a carbonyl unit, for example, in o-car-
bonyl toluenes. Enolization of such compounds is strongly
endothermic due to the loss of aromatic resonance energy.
However, radical cations do not profit from this form of
stabilization; hence, the exothermicity of their enoliza-
tion is similar to that of simple ketone radical cations.22

According to calculations, radical cations generated
from NADH models possess a thermodynamically more
stable tautomer (by over 15 kcal/mol), that is, an inversion
of the keto-enol stability order on ionization exists for
this group of compounds (Scheme 4).17,23 In the case of
NADH radical cations, the intramolecular hydrogen atom
transfer must, however, proceed via a less favorable five-
membered ring transition state. Moreover, the hydrogen
atoms at the 4-position of the 1,4-dihydropyridine ring
lie outside the plane of the ring, whereas the accepting

carbonyl group lies in that plane. This may be an
important factor if the in-plane p lone pair of the oxygen
atom acts as the primary acceptor of the migrating H
atom.

In NADH and in 1,4-dihydropyridines with acetyl,
formyl, or amide substituents at the 3-position, no spon-
taneous hydrogen shift is observed. The radical cations
formed on ionization of these species remain in the keto
form, which was characterized as mentioned earlier.
Recently presented electron spin resonance (ESR) detec-
tion of radical cations formed on ionization of NADH
analogues provided definitive confirmation of the keto
form of these radical cations.24

Apparently, the process of 1,4-hydrogen shift in radical
cations of NADH analogues is associated with a relatively
high barrier and can only proceed efficiently if the radical
cations can assume a favorable geometry. To probe the
geometric requirements for efficient enolization in radical
cations of NADH models, we have chosen two bicyclic
derivatives: 1-methyl-1,4,7,8-tetrahydro-5(6H)-quinolino-
ne (2H) and 1-methyl-1,4-dihydro-6,7,8,9-tetrahydro-5H-
cyclohepta[b]pyridin-5-one (3H).

The spectra of the radical cations obtained on ioniza-
tion of these compounds in argon matrixes show the
characteristic 500-600 nm absorption bands of the keto
forms (see Figure 1). However, for 3H•+, this spectrum
slowly changes, even at 12 K, into that of a new species
with weak absorptions around 700-900 nm and a more
intense, sharp peak at 450 nm (spectra c f c′ in Figure
1). This change is accompanied by the growth of an IR
band at 3600 cm-1, that is, in the region of OH stretching
absorptions, typical of enol radical cations. CASSCF/
CASPT2 and TD-B3LYP calculations support the assign-
ment of the new UV-vis absorption bands to the enol
radical cation.

What is the difference between 2H and 3H that makes
that the latter radical cation undergo spontaneous tau-
tomerization at 12 K whereas the former does not? In both
compounds, the carbonyl group is incorporated into a ring
and is thus locked into a syn conformation with respect
to the C(4)H2 group, which is a necessary requirement for
intramolecular tautomerization. However, a proper ori-
entation of the migrating H atom with regard to the CO
group must also be secured. In the radical cations of 1H
and 2H, the carbonyl group lies almost in the plane of

Scheme 3 Scheme 4
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the dihydropyridine ring. However, on ionization of 3H,
the in-plane p-orbital of the CdO group aligns itself
almost perfectly to accept the migrating H atom and the
O‚‚‚H distance shrinks from 2.65 Å in 2H•+ to 2.47 Å in
3H•+ (see Figure 3).17 This clearly constitutes a more
favorable geometry for the intramolecular hydrogen shift.
Moreover, the structure of this radical cation mimics to
some extent the syn conformation (with the amide group
rotated 20°-30° out of plane) of the 1,4-dihydronicotina-
mide moiety of NADH observed in the enzymatically
active sites.12,25

However, the slowness of the process compared to
enolization of o-carbonyl toluenes22 indicates that even
the geometry of 3H•+ is a borderline case for spontaneous
enolization of radical cations generated from NADH
models. Does this mean that the enol form of the NADH
radical cation remains without significance in the redox
processes? The answer is no, and the pertinent discussion
will be presented in the following section.

Radicals. Radical cations are more acidic than their
neutral precursors, and some of them are even superacids
(for example, alkylated aromatics).26 Indeed, radical cat-
ions of NADH model compounds undergo fast deproto-
nation in solution.27 In some cases, the role of proton
acceptor can even be played by neutral compounds. The
resulting radicals can undergo rapid further decay through
dimerization or oxidation. Note that oxidation of a radical
is very exothermic and completes the overall process of
hydride ion detachment.28

Radicals can, however, be stabilized and spectroscopic-
ally characterized in inert matrixes, where they can be
formed through controlled deprotonation of radical cat-
ions or by one-electron reduction of closed-shell cations

in alcoholic matrixes.29,30 In aqueous solution, electron
addition can be monitored in pulse radiolysis experi-
ments.31

The spectra of the radicals obtained by one-electron
oxidation of N-benzyl-3-acetyl-1,4-dihydropyridine (5H)

or by one-electron reduction of its oxidized form (5+) are
presented in Figure 4. The most prominent feature of
these spectra is a band located at 400-500 nm. Under
matrix conditions, it shows some vibronic structure, but
it remains structureless in solution. CASSCF/CASPT2
calculations show that this band corresponds to the
second excited state (the lowest energy HOMO f LUMO
excitation in near-IR cannot be detected because it has a
very small oscillator strength). A much stronger band
predicted below 300 nm agrees well with the observed
strong increase in the absorption of the radical below 320
nm.

Under acidic conditions, the radical is unstable and it
is protonated so rapidly that the rate constant of the
process can only be estimated as >1010 M-1 s-1. Proto-
nation of the radical leads to the radical cation, and since
the keto radical cation (obtained by protonation at C-4)
is less stable than the corresponding enol form (obtained
by O-protonation), it is reasonable to assume that the
latter is being formed predominantly. Indeed, an absorp-

FIGURE 3. Different views of radical cations of 2H and 3H
according to B3LYP/6-31G* calculations. Only the region boxed by
the dashed line in the structural formulas is shown.

FIGURE 4. Transient absorption spectra of 5• obtained on (A)
deprotonation of radical cation 5H•+ (a) upon annealing of a
2-chlorobutane matrix (b), (B) reduction of 5+ in a 2-propanol matrix,
and (C) reduction of 5+ in aqueous solution at pH 7 (a) and pH 3 (b).
The inset shows the absorption at 500 nm vs pH.
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tion band of this new species lies at 400-450 nm (spec-
trum b in Figure 4c), and it agrees well with the sharp
band observed at 450 nm for the enol radical cation of
3H•+, which is formed by spontaneous intramolecular
proton transfer (spectrum c′ in Figure 1).

Monitoring the absorption of the radical at 500 nm as
a function of pH gave the titration curve shown as an inset
to Figure 4C. From the titration curves, we can deduce
pKa values of 4.3-4.5 for compounds carrying formyl or
acetyl substituents in the 3-position.29 For NADH ana-
logues carrying an amide group, these values are about
three units lower. We were also able to identify the enol
form of the radical cation of NADH itself, but its formation
from the NAD• radical requires extremely acidic conditions
(pKa < 0, see inset in Figure 2B).18

Although intramolecular tautomerization of NADH
analogues depends strongly on the geometry of the
molecule and can therefore not always be achieved easily,
this process may be assisted (or catalyzed) by the neutral
parent compound acting as a proton shuttle. Calculations
show that it is energetically feasible for the keto radical
cation to transfer a proton to a neutral molecule, which
in turn protonates a neutral radical to give the enol radical
cation.29,30,32 Moreover, there are examples of direct enol
radical cation formation upon photoionization of NADH
analogues.24,30

The cycle of reactions involved in the NAD(P)H a

NAD(P)+ interconversion is summarized in Scheme 5.
Note, however, that the removal of an electron from
NADH or its analogues initiates subsequent proton and
electron transfers, whereas the reverse process, initiated
by addition of an electron to the closed-shell cation NAD+,
cannot be easily accomplished. One-electron reduction
of NAD+ analogues does not lead to an overall hydride
ion addition in the same way that the one-electron
oxidation of NADH triggers multistep hydride anion
detachment.

Transient Species in Biological Systems
Two examples that show the importance of transient
species formed on oxidation and reduction of analogues
of NADH and NAD+, respectively, in biological systems
will be presented in this section. Acriflavine (6+) represents

a group of cationic DNA intercalators that possess out-
standing antimicrobial properties, despite the fact that
only a very small fraction of the molecules can penetrate
inside bacterial cells to interact with the genetic material,
mainly because of their charge.33 On the other hand, its
reduced form, 3,6-diamino-10-methylacridan (6H), is not
an efficient DNA intercalator because it is not planar.20

However, being an uncharged, hydrophobic acriflavine
precursor it readily penetrates cell membranes. It was in
fact found that 6H possesses much better antimicrobial
properties (against bacteria, fungi, and viruses) than
acriflavine itself.34 It was also shown that 6H can be
quantitatively oxidized to 6+ by molecular oxygen and
therefore serve as a source of both acriflavine and super-
oxide radical anion (O2

•-). Upon dissolution of 6H in
aerated water or other polar solvents, spontaneous oxida-
tion takes place (see Figure 5). Because of the relatively
low oxidation potential of 6H, its oxidation to 6+ may
involve a sequential electron-proton-electron transfer.
The superoxide radical anion that is formed simulta-
neously also has pronounced antimicrobial properties.
Over 99% of 6H reacts with molecular oxygen by this
route, while less than 1% leads to 3,6-diamino-10-methyl-
acridan-9-one, another oxidation product.

The above example shows that easily oxidized ana-
logues of NADH (the 1,4-dihydropyridine ring is a central
fragment of 6H) carry some potential as antimicrobial
agents.

As mentioned in the Introduction, pyridinium salts can
react reversibly with NADH by hydride anion transfer.
Introducing an agent capable of shifting the NAD(P)H /
NAD(P)+ equilibrium in a cell can disturb the cell function,
which may be lethal for cells with impaired metabolism.
Strategies to control cell growth by affecting the NADH
level and ensuing adenosine triphosphate depletion have
already been presented in the literature.8 Investigations
of a group of 1-methylpyridinium salts carrying various

Scheme 5
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substituents at the 3-position to tune their redox proper-
ties have indeed revealed cytotoxic properties of these
compounds in murine leukemia L1210 cell cultures. ED50

values (the drug concentration effective in inhibiting 50%
of the cell growth after 72 h exposure of L1210 cells to
the drug) show a correlation with the redox properties for
this group of compounds.35 A surprisingly strong effect is
observed for the 1-methyl-3-nitropyridinium cation (7+).36

Similarly to other compounds, 7+ can effectively oxidize
NADH in a nonenzymatic process, which probably in-
volves a one-step hydride transfer because no intermedi-
ates were detected in the course of the NADH oxidation.
However, in contrast to the other pyridinium salts, 7+ can
also effectively oxidize NADH in an enzyme-mediated
process.

It is known that NADH can be a substrate for a number
of flavoenzymes, for example, for xanthine oxidase (XO).37

XO-mediated oxidation of NADH to NAD+ results also in
the formation of superoxide radical anion (O2

•-). This
process can be activated by a number of easily reducible
agents, which catalyze formation of O2

•-.37 It was found
that 7+ can also activate oxidation of NADH mediated by
XO.

NADH interacting with the flavin center of XO causes
its reduction, and 7+ reoxidizes the enzyme (Scheme 6).
The formation of the radical 7• in this reaction is con-
firmed by the one-electron reduction of cytochrome c (cyt

c3+), which occurs at the same rate as the NADH oxidation
and is not affected by oxygen. The experiments conducted
in the presence of superoxide dismutase (SOD) exclude
formation of O2

•- in the enzymatic reaction. Also, pulse
radiolysis experiments show no reaction of 7• with oxygen
that is faster than its reaction with cyt c3+ (k ) 1.9 × 106

M-1 s-1).

On the basis of the evidence presented above that 7+

can effectively oxidize NADH in nonenzymatic or enzyme-
mediated processes with formation of radicals, one can
expect that 7+ can also function as the cytotoxic agent.
Indeed it was found that 7+ possesses remarkable cyto-
toxic activity against cultured murine leukemia L1210 cells.
In terms of ED50, 7+ was found to be a very active
antiproliferative agent (ED50 ) 3 µM) with activity com-
parable to that of the antitumor drug cisplatin.38 It is
conceivable that formation of radicals in the enzyme-
mediated processes activated by 7+ is mostly responsible
for the cytotoxicity observed.

The two examples presented above show the impor-
tance of the multistep NAD(P)H / NAD(P)+ interconver-
sion and the important role of the species generated in
this process. A significant pharmacological potential may
arise from the participation of the transient species
generated in these processes.

We are indebted to our co-workers and collaborators, whose
names are given in numerous references. Thanks are also due to
the referees for their suggestions regarding presentation form of
this Account. This work was supported by grants from the Ministry
of Science and Informatization (Grants 3/T09A/122/18 and 4/T09A/
020/24).
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(12) Almarsson, Ö.; Sinha, A.; Gopinath, E.; Bruice, T. C. Mechanism
of One-Electron Oxidation of NAD(P)H and Function of NADPH
Bound to Catalase. J. Am. Chem. Soc. 1993, 115, 7093-7102.

(13) Czochralska, B.; Lindqvist, L. Biphotonic One-Electron Oxidation
of NADH on Laser Excitation at 353 nm. Chem. Phys. Lett. 1983,
101, 297-299.

(14) Fukuzumi, S.; Tanaka, T. NAD(P)H, NAD+, and Analogues. In
Photoinduced Electron Transfer; Fox, M. A., Chanon, M., Eds.;
Elsevier: Amsterdam, 1988; Part C., pp 578-635.

(15) Fukuzumi, S. Catalysis on Electron Transfer and the Mechanistic
Insight into Redox Reactions. Bull. Chem. Soc. Jpn. 1997, 70,
1-28.
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