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The effect of different oxygen radical-generating sys-
tems on NAD(P)H was determined by incubating the
reduced forms of the pyridine coenzymes with either
Fe’*-H,0, or Fe’*-ascorbate and by analyzing the
reaction mixtures using a HPLC separation of adenine
nucleotide derivatives. The effect of the azo-initiator
2,2'-azobis(2-methylpropionamidine)dihydrochloride
was also tested. Results showed that, whilst all the three
free radical-producing systems induced, with different
extent, the oxidation of NAD(P)H to NAD(P)*, only
Fe’*-H,O, also caused the formation of equimolar
amounts of ADP-ribose(P) and nicotinamide. Dose-
dependent experiments, with increasing Fe®™ iron
(concentration range 3—180 pM) or H,O» (concentration
range 50-1000 uM), were carried outat pH 6.5 in 50 mM
ammonium acetate. NAD(P)", ADP-ribose(P) and
nicotinamide formation increased by increasing the
amount of hydroxyl radicals produced in the medium.
Under such incubation conditions NAD(P)*/ADP-
ribose(P) ratio was about 4 at any Fe*™ or H,0O,
concentration. By varying pH to 2.0, 3.0, 4.0, 45, 5.0,
55, 6.0, 7.0 and 7.4, NAD(P)"/ADP-ribose(P) ratio
changed to 5.5, 3.2, 1.8, 1.6, 2.0, 2.5, 3.0, 5.4 and 6.5,

respectively. Kinetic experiments indicated that
90-95% of all compounds were generated within 5s
from the beginning of the Fenton reaction. Inhibition of
ADP-ribose(P), nicotinamide and NAD(P)" production
of Fe*'~H,Ox-treated NAD(P)H samples, was achi-
eved by adding mannitol (10-50 mM) to the reaction
mixture. Differently, selective and total inhibition of
ADP-ribose(P) and nicotinamide formation was ob-
tained by performing the Fenton reaction in an almost
completely anhydrous medium, ie. in HPLC-grade
methanol. Experiments carried out in isolated post-
ischemic rat hearts perfused with 50 mM mannitol,
showed that, with respect to values of control hearts,
this hydroxyl radical scavenger prevented reperfusion-
associated pyridine coenzyme depletion and ADP-
ribose formation. On the basis of these results, a
possible mechanism of action of ADP-ribose(P) and
nicotinamide generation through the interaction be-
tween NAD(P)H and hydroxyl! radical (which does not
involve the C-center where “conventional” oxidation
occurs) is presented. The implication of this phenom-
enon in the pyridine coenzyme depletion observed in
postischemic tissues is also discussed.
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INTRODUCTION

Numerous in vitro and in vivo studies have
evidenced the potential toxicity of reactive oxy-
gen species (ROS) towards several molecules of
biological interest. For instance, interaction with
ROS is responsible for the oxidation of protein
SH-groups,!!! the irreversible modification of
polyunsaturated fatty acids of membrane phos-
pholipids,” the modification of the base moiety
of nucleic acid nucleotides,” etc. Due to ROS
involvement in many human pathologies, includ-
ing tissue ischemia and reperfusion,m cerebral
trauma,”’ aging,[(’] etc., studies are carried out
for determining either mechanisms of ROS pro-
duction,”! or the type of ROS responsible for
molecular damaging,'™ or new target molecules
sensitive to ROS oxidizing activity.'” Recently,
it has been determined that pyridine coenzyme
pool undergoes a significant depletion in different
cellular and animal models of increased ROS
production."®"! Results obtained by inducing
ROS generation following a reductive stress, 114
as it occurs in reperfused tissues after periods of
ischemia, are particularly intriguing because, at
present, no satisfying explanation of this phenom-
enon has yet been provided. Data available in
literature have shown that vanadium salts pro-
voke NAD(P)H oxidation via the formation of the
diperoxovanadate complex capable of oxidizing
reduced pyridine coenzymes."'>'¢! Under such
experimental conditions, it has been reported that
10-15% of the starting NAD(P)H is not oxidized
to NAD(P)T, but it is transformed in a different
compound, the chemical nature of which has
never been established."®! Furthermore, direct
consequences of ROS interaction with NAD(P)H
have not yet been evaluated.

By using HPLC for the quantification and char-
acterization of adenine nucleotide derivatives,
this study shows that NADP(H) is simultaneously
oxidized to NAD(P)" and hydrolyzed into ADP-
ribose(P) and nicotinamide, following the incu-
bation with certain ROS-generating systems. The
ROS responsible for this phenomenon, as well
as the possible reaction mechanism of ADP-
ribose(P) and nicotinamide formation which
does not involve the reactive center where “con-
ventional” NAD(P)H oxidation takes place, is
described. The biological relevance of this find-
ing, showing a role of NAD(P)H as novel targets
of ROS toxicity (assessed by experiments in iso-
lated postischemic rat hearts), is also presented.

MATERIALS AND METHODS

Chemicals

Ultrapure NAD(P)H and NAD(P) " were obtained
from Boehringer (Mannheim, Germany), ADP-
ribose(P) and nicotinamide were purchased from
Sigma (St. Louis, Mo., USA) and the azo-initiator
2,2'-azobis(2-methylpropionamidine)dihydro-
chloride was provided from Kodak (Eastman
Fine Chemicals, NY, USA). Tetrabutylammonium
hydroxide was supplied from Nova Chimica
(Milane, Italy) as a 55% water solution, and
HPLC-grade methanol was furnished from
]J.T. Baker (Deventer, Holland). All other reagents
were obtained at the highest purity available
from commercial sources.

Experimental Conditions for NAD(P)H
Oxidation and Hydrolysis

Reduced pyridine coenzymes were freshly pre-
pared as 5mM stock solutions and used at a
500 uM final concentration. The effects of the
following free radical-generating systems were
evaluated:

(1) FeCl, (3—180 uM) + H,O, (50-1000 pM);
(2) FeCl;  (3—-180 uM) 4+ ascorbic  acid  (10-
1000 uM);

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/21/11
For personal use only.

NAD(P)H HYDROLYSIS BY REACTIVE OXYGEN SPECIES 3

(3) azo-initiator 2,2-azobis(2-methylpropionami-
dine)dihydrochloride (1-10 mM);
(4) xanthine (1 mM) + xanthine oxidase (0.25 U).

As far as system (1) is concerned, dose-response
experiments, time-course studies and studies
on the influence of incubation conditions were
carried out. Referring to systems (2) and (3), only
dose-response experiments were carried out
while, for system (4), ambiguous results did not
allow to use this ROS-generating system. In fact,
xanthine—xanthine oxidase incubation with
NAD(P)H caused the unexpected hydrolysis of
the phosphoric ester bond and a consequent
production of AMP, which also occurred when
xanthine was omitted from the reaction mixture.
Such an effect, still persistent after a partial
purification of the commercial xanthine oxidase,
was evidenced also with other substrate usable
by phosphatases (ATP, ADF, NAD(P)"). There-
fore, we did not perform any experiment with
this superoxide-generating system.

In all the experimental conditions, except when
HPLC-grade methanol was used or unless in-
dicated, 50 mM ammonium acetate, pH 6.5, was
adopted as the incubation medium. The choice of
pH 6.5 was purposely done in order to perform
a relevant number of experiments at pH value
similar to that observable in postischemic tissues.
The most effective concentrations of Fe**
(180 uM) and H,O, (1000 uM) were incubated
with NAD(P)H either for various times (5-305s),
or for a fixed time (15 s) but at different pH values
(2.0, 3.0, 40, 45, 5.0, 55, 6.0, 7.0 and 7.4).
Incubations were carried out at 37°C and were
started by adding iron to the reaction system (1)
and (2), and azo-initiator to system (3); pH was
checked immediately before the beginning and
just before the end of each reaction carried out at
pH 6.5 and lasting for 1h (no appreciable pH
variations were observed). In all the experiments,
control was represented by NAD(P)H incubated
in the presence of buffer only. Additional controls
were represented by NAD(P)H incubated with
50mM ammonium acetate and the highest

concentrations of either Fe** only or H,O, only.
Incubations of systems (1) and (2) were stopped
by the addition of large EDTA excess (10 mM final
concentration), while reaction of system (3) was
stopped by loading samples onto the HPLC
column. Each reaction mixture (50 ul) was ana-
lyzed by HPLC for the determination of adenine
nucleotide derivatives."”!

Heart Perfusion and Tissue Preparation

In these experiments, male Wistar rats of 300-
350 g body weight (b.w.) were used exclusively.
Animals were anesthetized by intraperitoneal
injection of 50mg/kg b.w. of ketamine and
15001U of heparin were injected into the caudal
vena cava. Hearts were then excised, quickly
mounted through the aorta and perfused with
an oxygen-saturated (O2: CO,;19:1; v: v) Krebs—
Ringer buffer (pH 7.40) containing 2.5 mM CaCl,,
10mM glucose and 12IU/1 insulin according
to the retrograde non-recirculating Langendorff
mode. Buffer temperature was maintained at
37°C and perfusion pressure was kept constant
at7.85 kPa. After 30 min of normoxic preperfusion
(n = 6), hearts were subjected to 30 min of global
normothermic ischemia followed by 30min of
normoxic reperfusion (n=6). An equal number
of hearts was submitted to the same perfusion
scheme using a Krebs—Ringer buffer supplemen-
ted with 50 mM mannitol. After preperfusion or
reperfusion, all hearts were freeze-clamped,
deproteinized by homogenization in ice-cold
1.2M HCIO; and centrifuged at 20,190g at 4°C.
Supernatants were neutralized by 5 M K,COj; and
finally loaded (50 ul) onto a HPLC column for the
determination of NAD(P)" and ADP-ribose.""”!

HPLC Apparatus and Chromatographic
Conditions

A ConstaMetric 3500 HPLC dual pump system
(ThermoQuest Italia, Rodano, Milane, Italy) was
connected to a SpectraSystem UV-6000LP diode
array detector, set up for data acquisition between
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200 and 300 nm, and equipped with a Kromasil
C-18, 5pm particle size, 250 x 4.6 mm column
(Eka Chemicals AB, Bohus, Sweden), provided
of its own guard-column. Acquisition and analy-
sis of chromatograms were performed by the
software (ChromQuest) supported by HPLC
manufacturer. Sample analysis were carried out
according to a slight modification of a previous
method for the separation of adenine nucleo-
tides.!"”! Assignment and purity of peaks both of
NAD(P)H-treated samples and of heart tissue
extracts were performed by comparing retention
times and absorbance spectra of peaks of chro-
matographic runs of ultrapure standards.

RESULTS

System (1) for ROS Generation

Since NADH and NAD(P)H reactivity was almost
identical, we grouped results obtained with both
types of reduced coenzymes (Figures 3-5) and
we referred throughout the text to NAD(P)H,
NAD(P)" and ADP-ribose(P), unless differently
specified.

In Figure 1, a representative chromatogram of
control NADH (Panel A) and of NADH incubated
with the highest concentrations of Fe** (180 uM)
and H,O, (1000 pM) is reported. In chromatogram
of treated NADH (Panel B), in addition to the peak
of NADH itself, three peaks were attributed
to nicotinamide (k' =6.77) NAD™" (k/ =8.34) and
ADP-ribose (k' =17.50), on the basis of compar-
ison with k' values and absorbance spectra of
standard nicotinamide, NAD" and ADP-ribose,
as well as of cochromatograms of treated NADH
supplemented with external nicotinamide and
ADP-ribose. To show the similar reactivity of
NAD(P)H, we reported in Figure 2 a representa-
tive chromatogram of control NAD(P)H (Panel A)
and of NAD(P)H incubated with 180 uM Fe** and
1000 uM H,O, (Panel B). On the basis of compar-
isons of retention factors, absorbance spectra
and cochromatograms, the three main peaks
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FIGURE 1 Representative chromatogram of control (Panel
A) and Fe* + HyO,-treated NADH (Panel B). NADH
(500 uM) was incubated in the presence either of buffer
only (50mM CH3;COONH,, pH 6.5) or of 180 uM FeCl, +
1000 uM H>O,, for 1 h at 37°C. Samples (50 ul) were analyzed
by HPLC using a method for the separation of adenine
nucleotide derivatives. A =260 nm.

were attributed to nicotinamide, NADP" and
ADP-ribose(P), respectively. Figure 3 reports
NAD-(P)H, NAD()* and ADP-ribose(P) concen-
trations determined after incubation of NAD(P)H
either with increasing H,O, and fixed Fe®"
(Panel A) or with increasing Fe?" and fixed
H>O, (Panel B). Since variations of nicotinamide
were practically identical to those of ADP-
ribose(P) we omitted them from figures, just for
the sake of clarity. In both conditions, production
of NADMP)", nicotinamide and ADP-ribose(P)
correlated with the dose of H,O, or Fe*™ and
NAD(P)"/ ADP-ribose(P) ratio ranged between
3.7 and 4.6 (mean value =4.05; SD = 0.52), for any
concentration of the Fenton reagents used.
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FIGURE 2 Representative chromatogram of control
(Panel A) and Fe?* +HyOx-treated NAD(P)H (Panel B).
NAD(P)H (500 uM) was incubated in the presence either of
buffer only (50mM CH;COONH,, pH 6.5) or of 180 pM
FeCl, + 1000 pM H,Os, for 1h at 37°C. A=260nm.

Maximal generation of NAD(P)", nicotinamide
and ADP-ribose(P) was observed at the highest
concentrations of HyO, and Fe®t. The kinetic of
nicotinamide, ADP ribose(P) and NAD(P)" for-
mation was studied by incubating 500 uM NAD-
(P)H with the most effective dose of H,O,
(1000 uM) + Fe** (180 pM) at 37°C, pH 6.5, for
different times. For practical reasons, the minimal
incubation time was no shorter than 5 s. More than
90% of oxidation and hydrolysis of NAD(P)H
occurred within 5s from the beginning of the
Fenton reaction (Figure4). To test the involvement
of hydroxyl radicals in NAD(P)H oxidation
and hydrolysis, we performed experiments
in which increasing concentrations of mannitol
(10-50 mM) were added to NAD(P)H before the
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FIGURE 3 ADP-ribose(P) (x), NAD(P)" (O) and NAD(P)H
(®) as a function of increasing ROS generation. NAD(P)H
(500 uM) was incubated for 1h at 37°C (pH 6.5) either with
increasing H,O, (50-1000pM) and fixed FeCl, (180uM)
(Panel A), or with increasing FeCl, (3-180uM) and fixed
H,O, (1000uM) (Panel B). Each point is the mean of six
experiments (three of which were carried out with NADH
and three with NAD(P)H). Values of nicotinamide and
standard deviations have been omitted for the sake of clarity.

challenge with the highest concentrations of both
iron and hydrogen peroxide. Data summarized in
Table I show that mannitol decreased NAD(P)",
nicotinamide and ADP-ribose(P) production,
thus strongly suggesting that *OH plays a central
role in the formation of these compounds from
NAD(P)H.

We also evaluated in detail the effects of
changing the pH of the incubation medium on
the reaction of NAD(P)H with ROS, produced
by Fe** (180 uM) + H,O, (1000 uM). At pH lower
than 5.5 ammonium acetate was replaced by
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sodium acetate. Since incubations were also
carried out at low pH values, where acidic
NAD(@P)H hydrolysis might have occurred, their
duration never exceeded 15s, i.e. for a sufficient
time to complete the reaction (see Figure 4). Data
reported in Figure 5 show that the minimal value
of NAD(P)*/ ADP-ribose(P) ratio (1.6) occurred
at pH 4.5. Both higher and lower pH induced an
increase of the ratio which, at pH 2.0 and 7.4, had
similar values (5.5 and 6.5, respectively). Since the
minimal value of the ratio was very close to
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FIGURE 4 Time-course changes of ADP-ribose(P) (x),
NAD®P)* (O) and NAD(P)H (®) during incubation with
Fe®* + H,0,. NAD(P)H (500 uM) was challenged with
180 uM FeCl, and 1000 uM H>O, for different times (mini-
mum 5s). Reaction was stopped by adding large EDTA
excess (10mM). Each point is the mean of six experiments
(three of which were carried out with NADH and three
with NADPH). Values of nicotinamide and standard devia-
tions have been omitted for the sake of clarity.

the pK, of acetic acid, it raised the possibility
that acetate might participate in the reaction. For
this purpose, same experiments of Figure 5 were
carried out by replacing sodium acetate with
50mM sodium malonate (pK,,=05.7). Results
demonstrated that minimal value of the ratio
was again obtained at pH 4.5, thus excluding
participation in the reaction with NAD(P)H of
chemical species other than hydroxyl radicals
(data not shown). It should be accentuated that
changes of NAD(P)"/ADP-ribose(P) ratio (both

$

NAD(P)"/ADP-ribose(P)

pH

FIGURE 5 Influence of pH on hydroxyl radical-induced
NAD(P)H oxidation and hydrolysis. Incubations of 500 uM
NAD(P)H with 180 uM FeCl, and 1000 uM H,»O,, for 15s at
37°C, were carried out in 50 mM CH3;COONa (from pH 2.0
to 5.5) or 50mM CH;COONH, (from pH 5.5 to 7.4). Sam-
ples were analyzed by HPLC to determine ADP-ribose(P),
nicotinamide, NAD(P)* and NAD(P)H. Results are re-
ported as variations of NAD(P)"/ ADP-ribose(P) ratio as a
function of pH. Each point is the mean of six experiments
(three of which were carried out with NADH and three
with NAD(P)H).
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TABLE 1 Effect of increasing mannitol concentrations on ADP-ribose(P), nicotinamide and
NAD(P)™ production induced by challenging 500 M NADP)H with Fe*™ 180 M and H,O,
1000 pM, for 1h at 37°C in 50 mM ammonium acetate, pH 6.5

Added ADP-ribose(P) Nicotinamide NADP)* NADPYH
mannitol (mM) (M) (uM) (M) (M)

0 75.7 (6.85) 79.4 (7.55) 301.2 (22.76) 154.9 (10.65)
10 64.1 (4.32) 69.6 (5.16) 273.3 (18.91) 182.3(9.98)
20 58.3 (5.34) 56.9 (5.48) 253.8 (15.37) 2114 (11.56)
30 50.9 (4.01) 48.2 (3.77) 2154 (13.88) 269.8 (13.00)
40 46.0 (2.95) 41.1 (3.62) 189.6 (14.71) 291.5(17.63)
50 39.1(3.15) 31.3(1.94) 166.3 (12.03) 324.7 (21.80)

Values are the mean (SD) of six experiments (three of which were carried out with NADH and three
with NADP)H).
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with acetate and malonate) were due to modifica-
tions of ADP-ribose(P) values, since NAD(P)*
concentrations ranged from about 190 to about
250uM, at any pH used (mean NAD(P)"
value =217.6 pM; SD = 18.32). This demonstrates
that the efficiency of the Fenton reaction was not
significantly influenced by pH changes and
strongly indicates the existence of two distinct
mechanisms for ADP-ribose(P), nicotinamide and
NAD(P)" production. A further corroboration
of this hypothesis was obtained by performing
the Fenton reaction, in presence of NAD(P)H,
in an almost completely non-aqueous, polar
medium (100% HPLC-grade methanol; water
content =0.02%). Under such experimental con-
ditions, 75.9uM (SD=5.16) of NAD(P)* were
produced after 5 min incubation at 37°C, whilst
neither ADP-ribose(P) nor nicotinamide were
formed. It is worth noting that control NAD(P)H
did not undergo degradation at any pH tested, as
well as that the highest concentrations of H,O,
only (1000 pM) or Fe*" only (180 uM) did not cause
any nicotinamide and ADP-ribose(P) formation.
Furthermore, these last products were not
detected when NAD(P)" was challenged with
any Fe”" + H,0, concentration.

Systems (2) and (3) for ROS and Free
Radical Generation

The effects of incubation of NAD(P)H with the
highest doses of ascorbate (1000 M) and Fe®*
(180 pM) for 1h at 37°C, in CH;COONH, pH 6.5
(system 2), were minimal in terms of NAD(P)™*
production (mean value=153pM; SD=2.18)
and did not generate any nicotinamide and
ADP-ribose(P). Azo-initiator (system 3) oxidized
NADMP)H to NAD(P)" in a dose-dependent
manner (Table II) but did not induce any detect-
able nicotinamide and ADP-ribose(P) production.

Pyridine Coenzyme Depletion in
Postischemic Rat Heart

HPLC determination of pyridine coenzymes
(NAD" and NADP") and ADP-ribose of

perchloric acid tissue extracts showed that, at
the end of preperfusion, control and mannitol-
treated hearts did not significantly differ for their
NAD™, NADP" and ADP-ribose levels (Table III).
At the end of 30min of reperfusion following
30 min of global normothermic ischemia, NAD*
and NADP" concentrations of control hearts were
markedly decreased by 44.3% and 48.1%, respec-
tively, whilst that of ADP-ribose showed a 5.9
times increment. Heart perfusion with a 50 mM
mannitol-supplemented medium diminished
either nicotinic coenzyme depletion or ADP-
ribose increase. In fact, in this group of hearts,
NAD™" and NADP* were 25.8% and 28.2% lower

TABLE 1II Effect of increasing concenirations of the
azo-initiator  2,2-azobis(2-methylpropionamidine)dihydro-
chloride on ADP-ribose(P) and NAD(P)* production after
incubation of 500 yM NADMP)H for 1h at 37°C in 50 mM
ammonium acetate, pH 6.5

Added NAD(P)* NADMPH
azo-initiator (mM) (uM) (uM)
0 1.4 (0.28) 482.6 (30.47)
1 29.4 (1.96) 442.6 (32.35)
5 80.5 (6.11) 400.4 (31.29)
10 136.2 (9.05) 335.6 (23.40)

Values are the mean (SD) of six experiments (three of which
were carried out with NADH and three with NAD(P)H). ADP-
ribose(P) and nicotinamide were undetectable in all samples.

TABLEIII Effect of the ROS scavenger mannitol on nicotinic
coenzyme depletion and ADP-ribose production induced
by ischemia and reperfusion in isolated postischemic rat
hearts. Compounds were determined by HPLC on 50 ul of
neutralized perchloric acid tissue extracts

NAD™" NADP* ADP-ribose

Controls
Preperfusion  9.21(1.18)
Reperfusion 5.13%(0.97)

Mannitol (50 mM)
Preperfusion  9.43 (1.02) 0.68 (0.05) 0.26 (0.01)
Reperfusion ~ 7.00*° (0.88)  0.49°"(0.06) 059" (0.11)

0.72 (0.08) 0.28 (0.02)
0.377(0.05) 1.66%(0.33)

Each value is the mean (SD) of six hearts and is expressed
as umol/g dry weight. *Significantly different from preperfu-
sion (p <0.05). PSignificantly different from reperfusion of
control hearts (p < 0.05).
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than the respective values determined at the end
of preperfusion, and ADP-ribose was 2.3 times
higher than the concentration recorded in control
hearts (Table III), thereby suggesting that ROS
produced in postischemic hearts are directly
involved in the phenomenon of nicotinic coen-
zyme depletion. It is significant recalling that,
under the chromatographic conditions used to
analyze heart tissue extracts, ADP-ribose(P’) was
not resolved as a single, pure peak and was not
therefore possible to calculate its concentrations.

DISCUSSION

Data reported in the present study show, for
the first time to the best of our knowledge, the
capacity of "OH-generating system to form ADP-
ribose(P) and nicotinamide from NAD(P)H, con-
temporaneously to its oxidation into NAD(P)™*
At present, several reports showed that vanadium
salts, through the formation and action of diper-
oxovanadate complex, are able to oxidize NAD-
(P)H, probably via the abstraction of a *H from the
C4 of the pyridine ring with the consequent
formation of the transient *"NAD(P) radical.">¢!
Since in our experiments with system (1) hydroxyl
radicals are the main ROS formed in the reaction
mixture, the aforementioned mechanism might
be involved in the observed NAD(P)" formation
from NAD(P)H, with *OH functioning as, and in
place of, the diperoxovanadate complex. In our
opinion, generation of ADP-ribose(P) and nicoti-
namide from NAD(P)H should follow a different
reaction mechanism. As shown in Figure 6, the
first reaction with *OH should produce the *H
abstraction from the protonated N atom of the
pyridine ring thus producing an unusual nitro-
gen-centered "NAD(P)H radical (totally different
from the carbon-centered *NAD(P)H radical
formed during NADH photoexcitation®) and
a water molecule. In this unstable and peculiar
form, the *N might capture one electron of the
C atom of the N-C bond. This should cause
the scission of the N-glycosidic bond with the

consequent formation of ADP-ribose(P)” (having
a transient carbocation C* on the upper ribose
moiety) and reduced “nicotinamide (having the
“N atom with its lone pair). A second molecule of a
generic free radical (either *OH or some second-
ary free radical such as "NAD(P)H radical) should
interact with reduced *nicotinamide, causing a *H
abstraction from the C4 and the immediate
aromatization to nicotinamide. The nucleophilic
attack of a water molecule to the carbocation of
ADP-ribose(P)" should ultimately terminate the
reaction originating the other end products, ADP-
ribose(P) (Figure 7).

Our experimental data strongly support this
proposed mechanism, for the following reasons:
(i) the scission of the N-C bond of NAD(PYH
is promoted by *OH, since no ROS-generating
system but Fe’" + H,O, produced ADP-ribose(P)
and nicotinamide from NAD(P)H. Furthermore,
the direct involvement of hydroxyl radicals in
NAD(P)H hydrolysis was confirmed by the dose-
dependent inhibition of ADP-ribose(P) and nico-
tinamide production exerted by mannitol,
although remarkable at relatively high mannitol
concentrations; (ii) by lowering the pH of the
medium up to 4.5, only the increase of ADP-
ribose(P) and nicotinamide concentrations was
observed, whilst NAD(P)* was comprised in a
very narrow concentration range atany pH tested.
This suggests that protonation of the N atom of
the pyridine ring is a prerequisite for the occur-
rence of the reaction with *OH and reinforces
the idea of two distinct mechanisms leading to
NAD(P)" or to ADP-ribose(P) and nicotinamide
formation. The efficiency decrease of ADP-
ribose(P) and nicotinamide production, at pH
lower than 4.5, might be attributed to conforma-
tional changes of NAD(P)H induced by protona-
tion of other groups (phosphates, N atom of
adenine ring) that might result in a decrease
of accessibility towards *OH; (iii) reaction of
NAD(P)H with Fe*" + H,O, performed in 100%
HPLC-grade methanol, i.e. in a medium with a
water content of 0.02%, induced the formation of
NAD(P)" only, again supporting that H;O* and
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NAD(P)H + H*

wH

H.
L+ | ’

HO-

OH OH (OPO))

NAD(P)H Woon

OH  OH (OPO,)

FIGURE 6 Proposed scheme of NAD(P)H reaction with hydroxyl radical. Hydroxyl radical should produce the abstraction
of “H from the protonated N atom of the pyridine ring with the formation of the N-centered *NAD(P)H radical and of a
water molecule. As indicated by the arrow in the second part of the reaction, one electron of the N-C bond of "NAD(P)YH
radical might be attracted by *N. This should cause the scission of the N-C bond, generating as intermediates ADP-
ribose(P)* (with a carbocation on the ribose ring moiety) and the reduced form of nicotinamide (with the N atom presenting
the lone pair and one additional electron, temporarily not engaged in any bond).

OH™ are fundamental for allowing generation of  important to underline that the phenomenon
ADP-ribose(P) and nicotinamide. described in the present study in vitro might

Independently from the mechanism of ADP-  occur in wvivo, particularly in postischemic
ribose(P) and nicotinamide generation, it is  tissues. In this regard, it has been reported that
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R

o CH, o
O'——-L:o H
I H
[o]
l OH
O'—T::O
O-— CH, O
H
H
OH

RH o
L’ fj)l\ﬂnl
=-H. \N

nicotinamide

ADP-ribose(P)

FIGURE 7 Formation of ADP-ribose(P) and nicotinamide as the end products of hydroxyl radical-mediated NADP)H
hydrolysis. A generic free radical should cause the abstraction of a new “H from the C4 of the nicotinic ring, thus inducing
aromatization and production of nicotinamide. The nucleophilic addition of a water molecule to ADP-ribose(P)* should

terminate the reaction of ADP-ribose(P) formation.

[11-14,19] [20,21]
1 1

myocardia and cerebra ischemia
and reperfusion induce an unexplained marked
depletion of pyridine coenzyme pool that might
occur through the ROS-induced NAD(P)H de-
gradation into ADP-ribose(P) and nicotinamide.
Data obtained in the present study, by perfusing
isolated postischemic rat hearts with the hydroxyl
radical scavenger mannitol (Table III), strongly
suggest that the ROS-mediated chemical mechan-
ism of NAD(P)H hydrolysis is operative not only
in vitro, but also in vivo in postischemic tissues.
These results seem particularly interesting since,
at present, prior studies”* *1*~2? did not take
into consideration that depletion of pyridine coen-
zyme pool, occurring in conditions of increased
oxidative stress, might be produced through the
direct interaction of ROS with NAD(P)H. It is

warth underlining that ischemia and reperfusion
produce some simultaneous and peculiar cell
events that may foster the occurrence of hydroxyl
radical-mediated NAD(P)H hydrolysis: (i) reper-
fusion-associated ROS overproduction;m] (ii) the
presence of adequate NAD(P)H concentration at
the time of reperfusion produced by previous
ischemia through the occurrence of the so-called
“reductive stress”;** (iii) acidic pH values (ran-
ging between 5.9 and 6.4) reported in ischemic
tissues'>?® (that is reasonable to imagine are
not immediately normalized during reperfusion)
which should certainly favor the eventual ROS-
mediated ADP-ribose(P) and nicotinamide for-
mation from NAD(P)H. On the other hand, the
eventual enzymatic depletion of pyridine coen-
zymes should not be possible in these conditions
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either because NAD(PYH are not substrates
for NAD(P)-glycohydrolase!”’ or because the
catalytic activity of this enzyme (which has
been involved in NAD(P)* consumption as a
consequence of augmented ROS production with-
out preceding reductive stress’”®) has been re-
ported to decrease in reperfused myocardium.”**’

Although the biological significance of cellu-
lar ADP-ribose(P’) overproduction is not imme-
diately predictable, its meaning as NAD(P)H
degradation product is evident. In fact, ADP-
ribose(P) metabolic fate, at least in red blood cell,
does not seem related to pyridine coenzyme
resynthesis,‘BO] in fact, in conditions of low ATP
levels (as it also occurs in postischemic tissues),
ADP-ribose(P) is predominantly transformed
into AMP and, to a lesser extent, into ADP.P% In
the myocardium, part of ADP-ribose(l’) gener-
ated from ROS-mediated NAD(P)H degradation,
might be transformed into its corresponding
cyclic form. However, results of experiments that
we carried out in isolated postischemic rat hearts
strongly indicate that the net depletion of myo-
cardial pyridine coenzyme pool, certainly com-
promising the correct functioning of both energy
and oxidative-reductive cell metabolism, and
jeopardizing reperfusion efficacy, is very prob-
ably the ultimate consequence of NAD(P)H
interaction with hydroxyl radicals.

In conclusion, results reported in this study
demonstrate, for the first time to the best of our
knowledge, the existence of a new reaction center
inthe NAD(P)H molecule localized on the N atom
of the pyridine ring. The interaction of NAD(P)H
with hydroxyl radicals produces, at the same
time, oxidation to NAD(P)* (through the reaction
with the “conventional” reactive center) and
hydrolysis into ADP-ribose(P) and nicotinamide
(through the reaction with the “new” reactive
center). Data obtained in isolated postischemic
rat hearts indicate that pyridine coenzymes can
be considered new target molecules of ROS,
the severe cytotoxicity of which might also
be mediated (at least in postischemic tissues) by
the direct ROS-induced NAD(P)H depletion and

consequent ADP-ribose(P’) and nicotinamide pro-
duction. Further studies to validate the proposed
mechanism  of hydroxyl radical-mediated
NAD@P)H hydrolysis are in progress.

Acknowledgments

This work has been supported in part by research
funds of Catania and Rome “Tor Vergata” Uni-
versities and by a grant “ex-quota 40%: Nuovi
approcci valutativi in tossicologia”, from the
Italian Ministero dell’'Universita e della Ricerca
Scientifica e Tecnologica (M.U.R.S.T.).

References

[1] V. Ravindranath and D.J. Reed (1990). Glutathione
depletion and formation of glutathione-protein mixed
disulfide following exposure of brain mitochondria to
oxidative stress. Biochemical Biophysical Research Commu-
nication, 169, 1075-1079.

[2] D.E Louw, R. Bose, A AFE Sima and G.R. Sutherland
(1997). Evidence for a high free radical state in low-grade
astrocytomas. Neurosurgery, 41, 1146-1151.

[3] N.Islam, M. Aftabuddin, A. Moriwakiand Y. Hori (1995).
Detection of DNA damage induced by apoptosis in the
rat brain following incomplete ischemia. Neuroscience
Letters, 188, 159-162.

[4] A.Hamvas, R. Palazzo, L. Kaiser, ]. Cooper, T. Shuman,
M. Velazuez, B. Freeman and D.P. Schuster (1992).
Inflammation and oxygen free radical formation during
pulmonary ischemia—reperfusion injury. Journal of
Applied Physiology, 72, 621-628.

[51 R.L. Roof, 5.W. Hoffman and D.G. Stein (1997). Proges-
terone protects against lipid peroxidation following
traumatic brain injury in rats. Molecular and Chemical
Neuropathology, 31, 1-11.

[6] M. Sawada, U. Seter and J.C. Carlson (1992). Superoxide
radical formation and associated biochemical alterations
in the plasma membrane of brain, heart, and liver during
the lifetime of the rat. Journal of Cellular Biochemistry, 48,
296-304.

[71 S.L. Thompson-Gorman and J.L. Zweier (1990). Evalua-
tion of the role of xanthine oxidase in myocardial
reperfusion injury. Journal of Biological Chemistry, 265,
6656—6663.

[8] D. Yin, H. Lingnert, B. Ekstrand and U.T. Brunk (1992).
Fentonreagents may not initiate lipid peroxidationinand
emulsified linoleicacid model system. Free Radical Biology
and Medicine, 13, 543-546.

[9] S.D.Yan, A.M.Schmidt, G.M. Anderson, J. Zhang, J. Brett,
Y.S. Zou, D. Pinsky and D. Stern (1994). Enhanced cellular
oxidant stress by the interaction of advanced glycation
end products with their receptors/binding proteins.
Journal of Biological Chemistry, 269, 9889-9897.

[10] RL. Thies and AP Autor (1990). Reactive oxygen
injury to cultured pulmonary artery endothelial cells:
Mediation by poly(ADP-ribose) polymerase activation

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/21/11

For personal use only.

12

[11]

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

B. TAVAZZI et al.

causing NAD depletion and altered energy balance.
Archives of Biochemistry and Biophysics, 286, 353-363.

G. Lazzarino, M. Nuutinen, B. Tavazzi, L. Cerroni,
D. Di Pierro and B. Giardina (1991). Preserving effect of
fructose-1,6-bisphosphate on high-energy phosphate
compounds during anoxia and reperfusion in isolated
Langendorff-perfused rat hearts. Journal of Molecular and
Cellular Cardiology, 23, 13-23.

H.H. Klein, J. Schaper, S. Puschmann, C. Nienaber,
H. Kreuzer and W. Schaper (1981). Loss of canine
myocardial nicotinamide adenine dinucleotides deter-
mines the transition from reversible to irreversible
ischemic damage of myocardial cells. Basic Research in
Cardiology, 76, 612—621.

S.M. Humphrey, A. Cartner and D.G. Hollis (1987).
Critical early metabolic change associated with myocar-
dial recovery or failure after totalischemia in the rat heart.
Basic Research in Cardiology, 82, 304-316.

B. Tavazzi, G. Lazzarino, D. Di Pierro and B. Giardina
(1992). Malondialdehyde production and ascorbate de-
crease are associated to the reperfusion of the isolated
postischemic rat heart. Free Radical Biology and Medicine,
13, 75-78.

S.1. Liochev and I. Fridovich (1991). The roles of O; , HO®,
and secondarily derived radicals in oxidation reactions
catalyzed by vanadium salts. Archives of Biochemistry and
Biophysics, 291, 379-382.

H.N. Ravishankar and T. Ramasarma (1995). Require-
ment of a diperoxovanadate-derived intermediate for
the interdependent oxidation of vanadyl and NADH.
Archives of Biochemistry and Biophysics, 316, 319-326.

G. Lazzarino, D. Di Pierro, B. Tavazzi, L. Cerroni
and B. Giardina (1991). Simultaneous separation of
malondialdehyde, ascorbic acid and adenine nucleotide
derivatives from biological samples by ion-pairing high-
performance liquid chromatography. Analytical Biochem-
istry, 197, 191-196.

Y. Orii (1993). Immediate reduction of cytochrome ¢ by
photoexcited NADH: Reaction mechanism as revealed
by flow-flash and rapid-scan studies. Biochemistry, 32,
11910-11914.

B. Tavazzi, D. Di Pierro, M. Bartolini, M. Marino,
S. Distefano, M. Galvano, C. Villani, B. Giardina and
G. Lazzarino (1998). Lipid peroxidation, tissue necrosis,
and metabolic and mechanical recovery of isolated
reperfused rat heart as a function of increasing ischemia.
Free Radical Research, 28, 25-37.

G. Lazzarino, R. Vagnozzi, B. Tavazzi, ES. Pastore,
D. Di Pierro, P. Siragusa, A. Belli, R. Giuffre and

[21]

[22]

[23]

[24]

[25]

[26]

[29]

B. Giardina (1992). MDA, oxypurines, and nucleosides
relate to reperfusion in short-term incomplete cerebral
ischemia in the rat. Free Radical Biology and Medicine, 13,
489-498.

R. Vagnozzi, B. Tavazzi, D. Di Pierro, B. Giardina,
B. Fraioli, S. Signoretti, S. Distefano, M. Galvano and
G. Lazzarino (1997). Effects of increasing times of incom-
plete cerebral ischemia upon the energy state and lipid
peroxidation in the rat. Experimental Brain Research, 117,
411-418.

D.R. Janero, D. Hreniuk, H.M. Sharif and K.C. Prout
(1993). Hydroperoxide-induced oxidative stress alters
pyridine nucleotide metabolism in neonatal heart muscle
cells. American Journal of Physiology, 264, C1401-C1410.
S. Pietri, M. Culcasi and PJ. Cozzone (1989). Real-time
continuous-flow spin trapping of hydroxyl free radical in
the ischemic and post-ischemic myocardium. European
Journal of Biochemistry, 186, 163-173.

J.P. Kehrer and L.G. Lund (1994). Cellular reducing
equivalents and oxidative stress. Free Radical Biology and
Medicine, 17, 65-75.

V.V. Kupriyanov, V.L. Lakomkin, A.Y. Steinschneider,
M.Y. Severina, V.I. Kapelko, EK. Ruuge and V.A. Saks
(1988). Relationship between pre-ischemic ATP and
glycogen content and post-ischemic recovery of rat heart.
Journal of Molecular and Cellular Cardiololy, 260, 1151-1162.
M.X. He, M\W. Gorman, G.D. Romig and H.V. Sparks
(1991). Adenosine formation and energy status during
hypoperfusion and 2-deoxyglucose infusion. American
Journal of Physiology, 260, H917-H926.

P.H. Pekala and B.M. Anderson (1978). Studies of bovine
erythrocyte NAD glycohydrolase. Journal of Biological
Chemistry, 253, 7453-7459.

D. Lautier, ].C. Hoflack, J.B. Kirkland, D. Poirier and
G.G. Poirier (1994). The role of poly(ADP-ribose) meta-
bolism in response to active oxygen cytotoxicity. Bio-
chemica Biophysica Acta, 1221, 215-220.

R. Nufiez, E. Calva, M. Marsch, E. Briones and F. Lopez-
Soriano (1976). NAD glycohydrolase activity in hearts
with acute experimental infarction. American Journal of
Physiology., 231, 1173-1177.

E. Zocchi, L. Guida, L. Franco, L. Silvestro, M. Guerrini,
U. Benatti and A. De Flora (1993). Free ADP-ribose in
human erythrocytes: Pathways of intra-erythrocytic
conversion and non-enzymic binding to membrane pro-
teins. Biochemical Journal, 295, 121-130.

RIGHTS

i,



