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The production of peroxynitrite during 3-morpholinosydnonimine (SIN-1) decomposition can be con-
tinuously monitored, with a sensitivity≤ 0.1µM, from the kinetics of NADH fluorescence quenching
in phosphate buffers, as well as in buffers commonly used with cell cultures, like Locke’s buffer or Dul-
becco’s modified Eagle’s medium (DMEM-F12). The half-time for peroxynitrite production during
SIN-1 decomposition ranged from 14–18 min in DMEM-F12 (plus and minus phenol red) to 21.5 min
in Locke’s buffer and 26 min in DMEM-F12 supplemented with apotransferrin (0.1 mg/mL). The
concentration of peroxynitrite reached a peak that was linearly dependent upon SIN-1 concentration,
and that for 100µM SIN-1 amounted to 1.4± 0.2µM in Locke’s buffer, 3.2–3.6µM in DMEM-F12
(plus and minus phenol red) and 1.8µM in DMEM-F12 supplemented with apotransferrin. Thus, the
maximum concentration of peroxynitrite ranged from 1.2 to 3.6% of added SIN-1. NADH was found
to be less sensitive than dihydrorhodamine 123 and 2′,7′-dichlorodihydrofluorescein diacetate to oxi-
dation by H2O2, which is produced during SIN-1 decomposition in common buffers. It is shown that
peroxynitrite concentration can be controlled (±5%) during predetermined times by using sequential
SIN-1 pulses, to simulate chronic exposure of cells or subcellular components to peroxynitrite.
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INTRODUCTION

Peroxynitrite (ONOO−) has been shown to be in-
volved in a number of pathologies in which cell death
plays a major role [1–3]. However, ONOO− is a very
short-lived chemical molecule in the buffered solutions
used in cell culture studies (decomposition rate of 1.62
s−1 in phosphate buffer at pH 7 [3–6]), as well as in the
cytosol (half-life lower than 0.1 s [3,6–8]). Thus, much of
ONOO− added in a single pulse decomposes so rapidly
that the efficiency of the ONOO− treatment is much lower
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than that expected to be attained under conditions where
ONOO− release takes place smoothly, mimicking the “in
vivo” situation. This has been demonstrated by studies
carried out “in vitro” with isolated subcellular compo-
nents [3,9,10], which have shown that for the same total
exposure to ONOO−, chronic treatment with micromo-
lar ONOO− pulses produces much stronger effects than
a single pulse of ONOO− even when this is added under
strong vortexing conditions. An estimation of the expo-
sure caused by a single addition of ONOO− can be done
following the approach of Beckmanet al. [9], which re-
quires a previous measurement of the rate constant of the
first-order process of ONOO− decay in the solution, a

ABBREVIATIONS: DHR-123, dihydrorhodamine 123; DMEM-F12,
Dulbecco’s modified Eagle’s medium; H2DCF-DA, 2′,7′-dichlo-
rodihydrofluorescein diacetate; SIN-1, 3-morpholinosydnonimine.
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parameter that is dependent upon many variables, see, e.g.
[3,5,7,11].

Exposure of cells to slowly released ONOO− can
be mimicked by adding SIN-1, a peroxynitrite-producing
agent, to the cell culture medium [12–15]. However, ow-
ing to the poor stability of SIN-1 in water solutions [16],
and the time required to appropriately handle a number
of cell culture dishes in many experimental designs, there
is a need to measure the steady state ONOO− concentra-
tions attained in the medium during treatments of cells
with SIN-1. Noteworthy, the amplitude and duration of
the ONOO− pulse produced by a given addition of SIN-1
is not well defined in previous studies, nor the maximum
ONOO− concentration attained during SIN-1 decomposi-
tion, due to the lack of a simple method for directly mea-
suring steady state ONOO− in the buffered solutions used
for cell culture studies. An indirect approach following
the kinetics of decomposition of SIN-1 has been devel-
oped [16], but the high reactivity of superoxide anion and
nitric oxide with commonly used additives in bioassays
recommend the use of a more direct approach.

Dihydrodichlorofluorescein (H2DCF) and dihy-
drorhodamine 123 (DHR-123) can be used as indicators to
measure peroxynitrite, as they are efficiently oxidized by
ONOO− to their oxidized fluorescent forms dichlorofluo-
rescein and rhodamine 123, respectively [17]. However, it
has been noticed that both H2DCF and DHR-123 can also
be oxidized by many other reactive oxygen species (ROS)
produced by cells subjected to oxidative stress [18–21].

In water solutions NADH is rapidly oxidized to the
NAD• radical by ONOO− or by ONOO−-derived radi-
cals, finally leading to the formation of NAD+ [11]. We
show that NADH can be used to follow the kinetics of
ONOO− release upon SIN-1 decomposition, as well as to
measure the time dependence of the steady state concen-
tration of ONOO− attained during SIN-1 decomposition
in standard media used in cell culture studies, with sig-
nificant advantages over DHR-123 and H2DCF. NADH
measurements of peroxynitrite release during SIN-1 de-
composition allows for the development of protocols with
serial SIN-1 pulses to produce a controlled steady state
ONOO− concentration for a pre-fixed time period.

MATERIALS AND METHODS

Preparation of Peroxynitrite

Peroxynitrite was synthesized as in [22]. Briefly, a
solution of 0.6 M NaNO2 was mixed at 4◦C under vigor-
ous stirring with an equal volume of 0.7 M H2O2 acidified
with 0.6 M HCl. The product of this reaction was im-

mediately stabilized by addition of an equal volume of
3 M NaOH. This solution was then treated with excess
manganese dioxide (70–100 mg/mL) for 30 min at 4◦C
in order to eliminate the excess of H2O2. The concentra-
tion of H2O2 remaining after manganese dioxide treat-
ment was measured spectrophotometrically, as described
elsewhere [23] and found to be less than 0.1 moles H2O2

per mole of ONOO−. Peroxynitrite solution was split into
small aliquots and frozen at less than−25◦C until use.
Peroxynitrite concentration was measured spectrophoto-
metrically in aliquots thawed immediately before using for
the experiments reported in this paper, using an extinction
coefficient of 1670 M−1· cm−1 at 302 nm in 1.5 M NaOH
[4]. ONOO− solutions were tested following the nitration
of 4-hydroxyphenylacetic acid as described in [4].

Fluorescence and Absorbance Measurements

Fluorescence measurements have been carried out
with a Perkin-Elmer 650-40 spectrofluorometer, equipped
with a thermostated cell holder under continuous magnetic
stirring. Absorbance measurements have been done with
spectrophotometers (Kontron, Shimadzu) equipped with
thermostated cell holders. NADH fluorescence has been
measured with excitation and emission wavelengths of
340 and 460 nm, respectively. The composition of the
buffers and media used for fluorescence and absorbance
measurements were as follows:

Locke’s K25 buffer composition: 134 mM NaCl /4
mM NaHCO3 /25 mM KCl /10 mM HEPES /5 mM glu-
cose /2.3 mM CaCl2 /1 mM MgCl2 (pH 7,4).

Dulbecco’s modified Eagle’s medium, DMEM/F12
(1:1), as supplied by Sigma Chemical Co. (St. Louis,
MO.).

Materials

SIN-1 hydrochloride, NADH, dihydrorhodamine-
123 (DHR-123), 4-hydroxyphenylacetic acid, DMEM-
F12, apotransferrin, phenol red and hemin were supplied
by Sigma Chemical Co. (St. Louis, MO). Superoxide
dismutase and catalase were purchased from Roche
Molecular Biochemicals (Mannheim, Germany). 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCF-DA) was
obtained from Molecular Probes (Groningen, Nether-
lands). All other chemicals used were of, at least,
analytical grade and were supplied by Sigma or Merck.

RESULTS AND DISCUSSION

The ability to monitor ONOO− release by SIN-1 in
a standard Locke K25 buffer is shown by the kinetics of



P1: FOM

Journal of Fluorescence [JOFL] pp1125-jofl-478614 January 21, 2004 22:35 Style file version 29 Aug, 2003

Measurement of Peroxynitrite with NADH 19

0 20 40 60 80 100

30

35

40

45

50

55
F

lu
or

es
ce

nc
e 

(a
.u

.)

Time (min)

Fig. 1. Kinetics of NADH oxidation by SIN-1.Buffer: Locke K25 (pH
7.40, 37◦C). Kinetics of NADH oxidation (followed by the quenching
of NADH fluorescence) after addition of 15µM SIN-1 to the buffered
solution containing 25µM NADH. The dotted line (reference line) corre-
sponds to the air-dependent NADH oxidation upon irradiation at 340 nm
in the same cuvette holder.

fluorescence quenching (Fig. 1) after SIN-1 addition to
the solution containing NADH. The kinetics of NADH
fluorescence quenching by SIN-1 overlapped with the ki-
netics of NADH oxidation to NAD+ (monitored by the
decay of absorbance at 340 nm,data not shown), and was
more than 80% slowed down by addition of 1 U/µL su-
peroxide dismutase plus 1.5 U/µl catalase (to ensure rapid
superoxide anion removal) or by addition of 50µM hemin
(a NO scavenger). Therefore, NADH oxidation produced
by SIN-1 is largely due to ONOO− formed upon SIN-1
decomposition, as noticed by Kirsch and de Groot [11].

This point was further confirmed by the rapid
quenching of NADH fluorescence without significant
distortion of the fluorescence emission spectra by addition
of synthetic peroxynitrite (prepared as indicated in the
Materials and Methods) under magnetic stirring, while
addition of decomposed ONOO− (i.e., reverse order addi-
tions, with NADH added several minutes after dilution of
ONOO− in the phosphate buffer) did not produce quench-
ing of the NADH fluorescence. On average, with addition
of synthetic ONOO− under magnetic stirring of the
cuvette for fluorescence measurements we have obtained
values of 0.25–0.32 for the ratio (oxidized NADH/total
ONOO− added) at pH 7 (Fig. 2), in good agreement with
the results obtained from absorbance measurements by
Kirsch and de Groot [11]. The ratio between oxidized
NADH and total ONOO− added is lower than one due to
the kinetic competition between reaction of peroxynitrite
with NADH and spontaneous peroxynitrite decomposi-
tion [11]. Because of the pH dependence of the rate of
ONOO− decomposition [3], the sensitivity of NADH fluo-
rescence to detect ONOO− increases about 2.4-fold at pH
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Fig. 2. Stepwise titration of NADH fluorescence with ONOO− at low
NADH concentrations. Buffer: 50 mM phosphate (pH 7) at 25◦C.
Quenching of the fluorescence of 1µM (circles) and 5µM (squares)
NADH by addition of sequential 0.5 and 1µM (circles) and 2.5 and
5µM (squares) pulses of ONOO−. In abscissa it has been plotted the ra-
tio between added ONOO− concentration and the NADH concentration
in the cuvette before the first ONOO− addition. The average errors of the
data are indicated only in selected points, to avoid symbols confusion.

7.5, e.g. it raises to 0.60–0.77 moles of oxidized NADH
per mole of total ONOO− added under magnetic stirring
(data not shown). Therefore, when peroxynitrite is pro-
duced homogeneously in the NADH-containing solution
(such as during SIN-1 decomposition) the ratio of NADH
oxidized/peroxynitrite should be even higher.

From the limiting values of absorbance and fluores-
cence after completion of the kinetic process of SIN-1
decomposition in Locke’s buffer at pH 7.4 (Fig. 1) we can
obtain that the efficiency of detection by NADH of the
ONOO− produced upon SIN-1 decomposition is 80–90%,
as one mole of ONOO− is produced per mole of SIN-1
[16,24,25]. This demonstrated that NADH is an excellent
sensor for peroxynitrite in the submicromolar range.

The rate of production of ONOO− during SIN-1 de-
composition in Locke’s buffer at 37◦C (Fig. 3(A)) has
been calculated from the slope at different times (with
a time window of 1 min) of the kinetics of quench-
ing of NADH fluorescence (Fig. 1) and the efficiency of
ONOO− detection by NADH indicated above. The maxi-
mum peak for ONOO− production is attained 20–30 min
after SIN-1 addition to the solution, and it reaches 1.4±
0.2% of the added SIN-1 concentration (average of tripli-
cate experiment). From Fig. 3A, the time course of total
ONOO− production by SIN-1 can be obtained by integrat-
ing the area below the curve up to different times and the
results are shown in Fig. 3B. The fact that the maximum
rate of ONOO− production monitored with fluorescence
quenching is linearly dependent upon SIN-1 concentration
(Fig. 4), as expected on theoretical grounds since SIN-1
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Fig. 3. Peroxynitrite production during SIN-1 decomposition. Panel A. Time dependence of ONOO− pro-
duction, obtained from the decrease of NADH concentration (with 1 min intervals) derived from the ki-
netics of NADH fluorescence quenching shown in the Fig. 1, and the average fractional ratio [oxidized
NADH]/[ONOO−]T 0.90, derived from the data shown in the Fig. 1. The continuous line shows that the
data can be fit to a modified gaussian (nonlinear least squares fit done with OriginTM software, with a
chi-square value of 0.00024). Panel B. Total [ONOO−] produced at different times after addition of SIN-1
to the solution, obtained from the plot shown in Panel A (areas up to the time indicated in the abscissa).

decomposition can be treated as a pseudo-first order
kinetic process [16], further validates the reliability of
these measurements. Identical results were obtained from
measurements of the absorbance at 340 nm with higher
SIN-1 and NADH concentrations (data not shown).

Phosphate-buffered saline or Locke’s buffers are used
with cell cultures only to do relatively fast functional
measurements (like intracellular Ca2+ or reactive oxy-
gen species measurements), but DMEM is widely used
for most of mammalian cell culture handling and longer
treatments. The efficiency of NADH for detection of per-
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Fig. 4. Maximum steady state concentration of peroxynitrite at-
tained during SIN-1 decomposition versus SIN-1 concentration. Results
obtained from the kinetics of quenching of NADH fluorescence in
Locke K25 (pH 7.40, 37◦C), with an initial NADH concentration of
12.5–25µM.

oxynitrite produced by SIN-1 decomposition in a stan-
dard supplemented DMEM, DMEM-F12 (1:1), as well as
the maximum steady-state peroxynitrite concentration at-
tained during SIN-1 decomposition and half-time of the
SIN-1 decomposition process, have been obtained as indi-
cated above and are listed in the Table I. Also included in
this Table are the effects of DMEM-F12 supplementation
with phenol red and apotransferrin, two commonly used
additives to DMEM-F12 (see, e.g. [26,27]). These results
showed that NADH can be readily used to monitor perox-
ynitrite generated from SIN-1 decomposition in DMEM,
either using fluorescence quenching or absorbance mea-
surements as indicated above.

As H2O2 is produced simply by irradiation of cell
culture media (such as DMEM-F12), particularly when
supplemented with apotransferrin and other metallopro-
teins [28,29] and also during SIN-1 decomposition in com-
monly used buffers [11], it is particularly relevant to note
that NADH is more resistant against oxidation by H2O2

in DMEM-F12 or Locke’s buffer than the most frequently
used fluorescent indicators for detection of peroxynitrite,
namely DHR-123 and H2DCF-DA. This is illustrated by
the data shown in Fig. 5. The lack of significant oxidation
of NADH by direct titration with H2O2 (up to 0.5 mM) in
Locke’s buffer or in DMEM-F12 (minus or plus apotrans-
ferrin) contrasts with the strong enhancement produced in
the same range of H2O2 of the oxidation rate of DHR-
123 or of H2DCF-DA (Fig. 5). It is to be noted that both
synthetic peroxynitrite andin situgenerated peroxynitrite
by SIN-1 decomposition oxidizes tertiary amines present
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Table I. Production of Peroxynitrite During Decomposition of SIN-1 in Locke’s
Buffer and DMEM-F12 at pH 7.4 and 37◦C

Half-timeb [ONOO−]max

Medium Efficiencya (min) (µM/min)c

Locke’s buffer 0.85± 0.05 21.5± 0.5 1.4± 0.2
DMEM-F12 0.92± 0.05 17.5± 0.5 3.6± 0.2
DMEM-F12 plus phenol red 0.80± 0.05 14.5± 0.5 3.2± 0.2
DMEM-F12 plus 0.85± 0.05 26.0± 0.5 1.8± 0.2

0.1 mg/mL apotransferrin

Note.The data listed in this Table have been obtained from the kinetics of the decay
of absorbance at 340 nm of 0.22 mM NADH upon addition of 100µM SIN-1. Each
data is the average of experiments done by triplicate.
aIn moles NADH oxidized per mole of peroxynitrite released.
bTime for 50% of total peroxynitrite release.
cObtained from the maximum slope per min of the kinetics of NADH oxidation.

in widely used cell culture media, with continuous H2O2

formation leading to near 200µM after 2 h incubation
with 1.5 mM SIN-1 [30]. Moreover, both DHR-123 and
H2DCF-DA showed significant oxidation when exposed
to the excitation light-beam irradiation in the fluorescence
cuvette in DMEM-F12 medium (Figs. 5B and C), at a
rate equivalent to the rate of oxidation produced by 130
and 70µM H2O2 for DHR-123 and H2DCF-DA, respec-
tively, thus, further complicating their use to reliably mea-
sure the submicromolar to micromolar steady state perox-
ynitrite concentrations attained during decomposition of
up to 1 mM SIN-1 in commonly used cell culture medium
(see above). It is worth-noting that SIN-1 concentrations
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Fig. 5. Determination of the sensitivity to oxidation by H2O2 of NADH, DHR-123 and H2 DCF-DA in DMEM-F12 at 37◦C. Panel A.
Titration with H2O2 of NADH. In the Y-axis is plotted the steady-state absorbance at 340 nm recorded for 5–10 min after addition of
the H2O2 concentrations indicated in the abscissae to 0.22 mM NADH in DMEM-F12 (open circles) or in DMEM-F12 supplemented
with 0.1 mg/mL apotransferrin (solid circles). Panel B. Kinetics of DHR-123 oxidation monitored by the increase of fluorescence (with
excitation and emission wavelengths of 507 and 529 nm, respectively). The traces were obtained with 2.5µM DHR-123 in DMEM-F12
in presence of the following H2O2 concentrations: none (open circles), 0.15 mM (solid up-triangles), 0.3 mM (solid circles), and 0.5
mM (solid squares). Panel C. Kinetics of H2DCF-DA oxidation monitored by the increase of fluorescence (with excitation and emission
wavelengths of 504 and 529 nm, respectively). The traces were obtained with 2µM H2DCF-DA in DMEM-F12 in presence of the
following H2O2 concentrations: none (open circles), 0.1 mM (solid up-triangles), 0.3 mM (solid circles), and 0.5 mM (solid squares).

of 0.5–1 mM are toxic for many cell cultures, see e.g.
[12,15]. In addition, cell culture media are often supple-
mented with ascorbate and the DHR-123 radical is recy-
cled by ascorbate, but not the NAD· radical [31].

Therefore, we concluded that measurement of steady
state ONOO− concentration using NADH fluorescence is
more reliable than using H2DCF-DA or DHR-123.

From the results shown above, it follows that to main-
tain a constant steady state concentration of ONOO− pro-
duced by SIN-1 during a predetermined time (for example,
for cells culture exposure to ONOO− simulating a chronic
ONOO− exposure) it is necessary to apply several SIN-
1 pulses at defined time intervals. This is illustrated in
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Fig. 6. Sequential serial SIN-1 pulses protocol to maintain a nearly con-
stant steady state ONOO− concentration, [ONOO−]ss, of 1.05± 0.05
µM during approximately 105 min. Plot derived from the sum of the five
modified gaussian peaks corresponding to the kinetics of production of
ONOO− (Fig. 3A) by five sequential pulses of 60, 20, 20, 25, and 25µM
SIN-1 applied at times 0, 26.4, 52.7, 79.1, and 105.4 min, respectively.

the Fig. 6 with a simulation of the time dependence of
ONOO− production giving a steady state concentration
of ONOO− of 1.05± 0.05µM during a time window of
approximately 1 hr. Modifying each of the SIN-1 pulses
by the same factor, n, while leaving the times of each
pulse application unchanged, will result in a steady state
concentration of ONOO− of n·(1.05± 0.05)µM during
the same time window. For example, to obtain a steady
state concentration of ONOO− of 2.1± 0.1µM during
the time window indicated in the Fig. 6, the size of each
SIN-1 pulse should be multiplied by two and applied at
the times indicated in the legend to this Figure.

CONCLUSIONS

The results presented in this paper show that NADH
can be used as a tool to monitor peroxynitrite in buffered
solutions currently used for cells and subcellular or-
ganelles activity assays, with a limiting sensitivity lower
than 0.1µM peroxynitrite at pH 7.4 when SIN-1 is used to
generate ONOO− homogeneously in the solution. NADH
is by far less sensitive than DHR-123 or H2DCF-DA to
interferences coming from the concomitant production of
H2O2 during SIN-1 decomposition. In addition, as SIN-1
solutions are highly unstable at neutral pH, this provides a
useful and rapid test for the actual concentration of SIN-1
stock solutions before carrying out experiments with cell
cultures or doing bioassays.

Finally, during the kinetic process of SIN-1 decom-
position the peak ONOO− concentrations produced by

SIN-1 in Locke’s buffer have been found to be only 1.4
±0.2% of the total SIN-1 concentration added to the solu-
tion, and from the time dependence of the ONOO− con-
centration attained in the solution, serial SIN-1 pulse pro-
tocols can be developed to maintain the ONOO− steady
state concentration within a narrow range (e.g.±5%) dur-
ing different times, in order to simulate chronic long term
exposure of cells or subcellular components to ONOO−.
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