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The simultaneous production of nitric oxide and 
superoxide anion leads to the formation of peroxy- 
nitrite, a potent oxidant which may be an important 
mediator of cellular injury. Oxidation of dichloro- 
fluorescin to the fluorescent dichlorofluorescein has 
been used as a marker for cellular oxidant produc- 
tion. The mechanisms of peroxynitrite-mediated oxi- 
dation of dichlorofluorescin to dichlorofluorescein 
were investigated. Chemically synthesized peroxy- 
nitrite (50-500 nM) induced the oxidation of dichloro- 
fluorescin to dichlorofluorescein in a linear fashion. 
In addition, the simultaneous generation of nitric 
oxide and superoxide anion induced the oxidation of 
dichlorofluorescin to dichlorofluorescein, while nitric 
oxide (1-10 pM) alone under aerobic conditions did 
not. Peroxynitrite-mediated oxidation of dichloro- 
fluorescin was not inhibited by the hydroxyl radical 
scavengers mannitol (100 mM) or dimethylsulfoxide 
(100 mM). Moreover, peroxynitrite-mediated oxida- 
tion of dichlorofluorescin was not dependent upon 
metal ion-catalyzed reactions. Furthermore, dichloro- 
fluorescein formation was diminished at alkaline pH. 
These findings suggest that peroxynitrite-mediated 
dichlorofluorescein formation results directly from 
the protonation of peroxynitrite to form the conjugate 
peroxynitrous acid. L-cysteine was an efficient 
inhibitor (K, = 25 pM) of dichlorofluorescin oxidation 
through competitive oxidation of free sulfhydryls. 
Urate was a less efficient with a maximum inhibition 
of only 49%. These results demonstrate that dichloro- 
fluorescin is efficiently oxidized by peroxynitrite. 

Therefore, under conditions where nitric oxide and 
superoxide are produced simultaneously, oxidation 
of dichlorofluorescin may be mediated by the 
formation of peroxynitrite. 

Keywords: Peroxynitrite, Nitric oxide, Superoxide, Dichloro- 
fluorescin, Dichlorofluorescein, Hydrogen peroxide 

INTRODUCTION 

Superoxide anion production is a critical compo- 
nent of an appropriate immune response, how- 
ever, superoxide anion production may also 
mediate tissue injury in a variety of pathological 
processes including inflammation, ischemia- 
reperfusion, and hyperoxia. Since the direct oxida- 
tive toxicity of superoxide is limited,[’] tissue 
injury results from the secondary formation of 
more potent oxidants, often proposed to be 
derived from hydrogen peroxide, the dismuta- 
tion product of superoxide. Oxidation of non- 
fluorescent 2’,7’-dichlorofluorescin to the fluores- 
cent compound, 2’,7’-dichlorofluorescein, has fre- 
quently been used to indicate the cellular 
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formation of reactive oxygen species.[*"] Although 
often interpreted as representing an increase in 
cellular hydrogen peroxide production, hydrogen 
peroxide-dependent oxidation of dichlorofluo- 
rescin is dependent on the secondary, metal- 
catalyzed formation of more potent oxidizing 
species such as hydroxyl radical or ferry1 ion and 
is not mediated by hydrogen peroxide dire~tly.[~,~] 

Independent of hydrogen peroxide formation, 
superoxide also reacts at a near diffusion-limited 
rate with Ntric oxide (k = 6.7 x lo9 M-' s-~)[~] to form 
the potent oxidant peroxynitrite. Peroxynitrite 
anion has a pK, of 6.8 and is therefore approxi- 
mately 20 percent protonated under physiological 
conditions. The resulting peroxynitrous acid 
decomposes yielding oxidants with reactivities 
similar to hydroxyl radical and nitrogen di0xide.m 
As a consequence, peroxynitrite has strong oxidiz- 
ing properties toward biological molecules, in- 
cluding protein and non-protein sulfhydryls,['I 
deoxyribonucleic acidj91 and membrane phospho- 
lipids.[l01 In isolated cell systems peroxynitrite 
production has been demonstrated from Kupffer 
cells,['lI alveolar macrophages,[l2l polymorpho- 
nuclear leukocytes,[131 and endothelial cells.[l4] In 
addition, in vivo studies have demonstrated the 
presence of peroxynitrite in animal models of 

as well as in human atherosclerotic 
adult respiratory distress myocardial 
inflammation,[z1 and multiple Peroxy- 
nitrite efficiently oxidizes the fluorescent probe 
dihydrorhodamine 123'"' and other organic 
molecules commonly used for the detection of 
hydrogen peroxide.[*5] Therefore, oxidation of 
dichlorofluorescin to dichlorofluorescein may not 
represent hydrogen peroxide production, but may 
be mediated, in part, by cellular peroxynitrite 
production. 

In this study, we evaluate the mechanisms of 
peroxynitrite-media ted oxidation of dichloro- 
fluorescin. These results demonstrate that 
dichlorofluorescin is efficiently oxidized by 
peroxynitrite. Therefore, under conditions where 
nitric oxide and superoxide are produced simul- 

endotoxemia,[EJ6I lung hjury,[16J71 a d  &,i&,mM 

taneously, oxidation of dichlorofluorescin may 
be mediated by the formation of peroxynitrite. 

MATERIALS AND METHODS 

Materials 

Dichlorofluorescin diacetate and dichlorofluo- 
rescein were from Eastman Kodak (Rochester, 
NY). Bovine liver Cu,Zn superoxide dismutase 
was from DDI Pharmaceuticals (Mountain 
View, CA). Peroxynitrite was synthesized in a 
quenched flow reactor as previously describedLa 
and stored in 0.3 N NaOH at -20°C. The concen- 
tration of the stock peroxynitrite was deter- 
mined daily by the absorbance at 302 nm (E = 
1670 M-' cm-l) of stock peroyxnitrite diluted in 
1 N NaOH versus stock peroxynitrite allowed to 
decompose in buffer. The buffer used for all 
studies was 90 mM sodium chloride, 50 mM 
sodium phosphate, 5 mM potassium chloride, 
pH 7.4, prepared with high quality deionized 
water and passed over a Chelex-100 column to 
remove residual iron. Subsequent to passage 
over the column, 100 pM diethylenetriamine- 
pentaacetic acid (DTPA) (Sigma Chemical Co., 
St. Louis, MO) was added. All other reagents 
were of analytical quality. 

Methods 

Stock solutions of dichlorofluorescin diacetate 
(33.4 mM) and dichlorofluorescein (9.97 mM) in 
ethanol were purged with nitrogen and stored at 
-20°C. Dichlorofluorescin was prepared from 
dichlorofluorescin diacetate by addition of 0.01 N 
NaOH at room temperature for 20 min followed 
by dilution in buffer and readjusting the pH to 
7.4 with HC1. Dichlorofluorescin was oxidized to 
dichlorofluorescein with 100 pM hydrogen per- 
oxide and 26 pg/ml horseradish peroxidase. 
Fluorescent intensity and peak excitation and 
emission wavelengths of 502 and 523 nm respec- 
tively were similar for both prepared and com- 
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OXIDATION OF DICHLOROFLOURESCIN 247 

mercially available dichlorofluorescein. The con- 
centration of dichlorofluorescein in experiments 
was determined by comparison with the fluores- 
cent intensity of a 0.05 pM dichlorofluorescein 
standard which was determined daily. In work- 
ing solutions, the concentration of dichlorofluo- 
rescin after deacetylation of dichlorofluorescin 
diacetate was determined by oxidation with 
hydrogen peroxide plus horseradish peroxidase 
and comparison to the 0.05 pM dichloro-fluores- 
cein standard. 

Studies were performed at 37°C using pre- 
equilibrated buffer and a thermostatically con- 
trolled cuvette holder. Working solutions of 
dichlorofluorescin were purged with nitrogen 
and placed on ice in the dark until immediately 
prior to the study, when they were placed in the 
water bath at 37°C. Peroxynitrite-mediated 
oxidation of dichlorofluorescin to dichloro- 
fluorescein was rapid and the resulting fluores- 
cent signal was stable. The final fluorescent 
intensity measurements were performed 5 min 
after addition of peroxynitrite. Reported values 
are the means f SD for the final fluorescent inten- 
sity minus background fluorescent intensity. For 
studies investigating the effect of change in pH 
on peroxynitrite-mediated dichlorofluorescin 
oxidation, pH of the dichlorofluorescin solution 
was measured prior to and after the addition of 
peroxynitrite. The addition of peroxynitrite 
resulted in relatively small changes in pH with 
maximum changes occurring at the extremes of 
pH used (from 3.6 to 4.1 and from 10.0 to 10.3) 
and changes in pH < 0.05 noted for pH values 
between 6.0 and 7.6. Results are given in relation 
to the pH values after peroxynitrite addition. 

RESULTS 

Peroxynitrite-Mediated Oxidation of 
Dichlorofluorescin 

Peroxynitrite-mediated oxidation of dichloro- 
fluorescin as a function of dichlorofluorescin con- 

centration is shown in Figure 1. Approximately 
20 pM dichlorofluorescin was required to com- 
pete with the spontaneous rate of isomerization 
of 200 nM peroxynitrite to nitrate at 37°C and pH 
7.4 At saturating dichlorofluorescin concen- 
trations the molar yield was 0.37 f 0.02 mole 
dichlorofluorescein formed per mole peroxy- 
nitrite. Dichlorofluorescin diacetate was not sus- 
ceptible to oxidation by peroxynitrite and 
concentrations of peroxynitrite up to 1 pM did 
not alter the fluorescent intensity of dichlorofluo- 
rescein. 

Peroxynitrite caused the oxidation of dichlo- 
rofluorescin (20 pM) to dichlorofluorescein in a 
linear fashion over the range from 0 to 500 nM 
(Fig. 2). The slope of the line reflects the stoi- 
chiometry of peroxynitrite-mediated oxidation 
of dichlorofluorescin. The change in dichloro- 
fluoroscein concentration was 0.33 f 0.04 mole 
dichlorofluorescein formed per mole peroxy- 
nitrite, consistent with the value obtained from 
Figure 1. 

Alterations in pH had profound effects on the 
apparent dichlorofluorescein yield from peroxy- 
nitrite-mediated oxidation of dichlorofluorescin 
(Fig. 3). Acidic pH also had a significant effect on 
the fluorescent intensity for a known concentra- 
tion of dichlorofluorescein (data not shown). 
When fluorescent intensity yields for the reaction 
of peroxynitrite with dichlorofluorescin were 
adjusted for the direct effect of pH on dichloro- 
fluorescein fluorescent intensity, there was still a 
significant reduction in the oxidation of dichloro- 
fluorescin to dichlorofluorescein at acidic and 
alkaline pH values (Fig 3). Time-dependent oxi- 
dation of 20 pM dichlorofluorescin by 200 nM 
peroxynitrite was measured at pH 4.0, 7.4, and 
9.0. For all pH values, stable fluorescent intensity 
was achieved in less than 2 min and remained 
stable for longer than the 5 min measurement 
period. Therefore, our results are end-point mea- 
surements under all experimental conditions. 

To eliminate the possibility that molecular 
changes which render dichlorofluorescein less 
fluorescent at acidic pH might also render 
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FIGURE 1 Peroxynitrite-mediated oxidation of dichlorofluorescin as a function of dichlorofluorescin concentration. Peroxynitrite 
(200 nM) was added to increasing concentrations of dichlorofluorescin at 37°C and pH 7.4. Dichlorofluorescein concentrations were 
determined from fluorescent intensity measurements. The curve shown is the result of non-linear regression analysis of the measured 
values. Values are means + SD, n = 4. 

dichlorofluorescin less susceptible to oxidation, 
the rate of oxidation of 20 pM dichlorofluorescin 
to dichlorofluorescein by 0.5 pg/ml horseradish 
peroxidase was measured at pH 7.4 and 5.0. The 
concentration of dichlorofluorescein was deter- 
mined from a 50 nM standard determined at each 
pH. At pH 7.4, dichlorofluorescein concentration 
increased at a rate of 0.49 k .005 nM/sec (n = 4) 
and at pH 5.0, dichlorofluorescein concentration 
increased at a rate of 0.86 f .006 nM/sec. There 
fore, dichlorofluorescin was readily oxidized by 
horseradish peroxidase at acidic pH. 

Effect of Oxidant Scavengers on Peroxynitrite- 
Mediated Dichlorofluorescin Oxidation 

The effects of oxidant scavengers on oxidation of 
dichlorofluorescin by peroxynitrite are shown in 
Figure 4. L-cysteine, as a source of sulfhydryl 
groups, was the most efficient inhibitor resulting 

in a 90% reduction in oxidation. In the presence 
of L-cystine, the oxidation product of cysteine 
which lacks sulfhydryl groups, oxidation was 
slightly (18%) but significantly enhanced. Urate 
resulted in a modest (25%) reduction in peroxy- 
nitrite-mediated oxidation while the urate 
analogs oxypurinol and allopurinol had no 
inhibitory effect. Desferrioxamine also had a 
modest inhibitory effect at both 0.1 mM (32% 
reduction) and 1 mM (30% reduction). The 
hydroxyl radical scavengers, mannitol and 
dimethylsulfoxide, and superoxide dismutase at 
1 yM and 10 pM, had no effect on dichlorofluo- 
rescin oxidation. The concentration dependent 
inhibition of peroxynitrite-mediated oxidation of 
dichlorofluorescin to dichlorofluorescein by 
L-cysteine is shown in Fig 5A. At an L-cysteine 
concentration of 25 pM, oxidation was reduced 
by 50% . The concentration dependent effects of 
urate are shown in Figure 5B. Even at high urate 
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FIGURE 2 Peroxynitrite-dependent oxidation of dichlorofluorescin. Increasing concentrations of peroxynitrite were added to 20 pM 
dichlorofluorescin at 37°C and pH 7.4. Dichlorofluorescein concentrations were determined from fluorescent intensity 
measurements. Values are means f SD, n = 4 

concentration (5 mM), the maximum reduction 
achieved was 49%. 

Oxidation of Dichlorofluorescin by Nitric 
Oxide and Superoxide 

Previous work has shown that hydrogen perox- 
ide will not oxidize dichlorofluorescin at concen- 
trations ranging from 10-100 mM. However, 
oxidants generated by either hydrogen peroxide 
plus metal or by xanthine oxidase can oxidaze 
dichlorofluorescin.~4~5~ Figure 6A demonstrates 
the rate of dichlorofluorescin oxidation by 
hypoxanthine plus xanthine oxidase. Bolus addi- 
tion of 1 mM nitric oxide in an identical reaction 
mixture of hypoxanthine plus xanthine oxidase 
increased the rate as well as the yield of dichloro- 
fluorescin oxidation. Bolus additions of nitric 
oxide up to 10 pM under aerobic conditions did 
not oxidize dichlorofluorescin at 37°C for over 
1 hour. These data demonstrate that the forma- 

tion of peroxynitrite from the reaction of nitric 
oxide and superoxide oxidizes dichlorofluo- 
rescin as shown for chemically synthesized per- 
oxynitrite. Confirmatory data is demonstrated in 
Figure 68. Base catalysis of SIN-1 will result in 
the release of both superoxide and nitric oxide in 
solution. The peroxynitrite formed from the 
decomposition of SIN-1 was found to oxidize 
organic molecules such as dihydrorhodamine 
123.'25] In the absence of superoxide dismutase, 
decomposition of SIN-1 at pH 7.4 and 37°C oxi- 
dized dichlorofluorescin. However, addition of 
sufficient superoxide dismutase to dismutate 
superoxide to hydrogen peroxide prevents the 
oxidation of dichlorofluorescin. This data con- 
firms previous and current observations that 
neither nitric oxide nor hydrogen peroxide will 
oxidize organic molecules such as dichlorofluo- 
rescin and dihydrorhodamine 123[25] whereas 
peroxynitrite will efficiently oxidize these mol- 
ecules. 
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FIGURE 3 Effect of pH on peroxynitrite-mediated oxidation of dichlorofluorescin. The buffer pH was adjusted approximately to the 
range shown. Peroxynitrite (200 nM) was added to 20 pM dichlorofluorescin at 37°C. Dichlorofluorescein concentrations were deter- 
mined from fluorescent intensity measurements. The pH values shown were determined from the reaction solution after completion 
of the fluorescent intensity measurement. The results are corrected for the effect of pH on dichlorofluorescein fluorescence. Values are 
means f SD, n = 4. 

DISCUSSION 

Dichlorofluorescin has been used as a probe for 
the detection of cellular hydrogen peroxide pro- 
duction, mainly in neutrophils, but also in a vari- 
ety of other cell types and organ preparations.[2p31 
We have previously shown that hydrogen perox- 
ide is not capable of directly oxidizing dichloro- 
fluorescein to dichlorofluorescein, but requires 
metal catalysis to form secondary reactive 
species such as hydroxyl radical or ferry1 
Hydrogen peroxide will also oxidize dichloro- 
fluorescin to dichlorofluorescein in the presence 
of a pero~idase.[~,~1 Superoxide and hydrogen 
peroxide generated simultaneously will not oxi- 
dize dichlorofluorescin in the absence of a metal 
~atalyst.[~,~I Higher oxides of nitrogen (NO,) will 
oxidize dichlorofluorescin, however, the rate of 
nitric oxide production must be higher than 
10 pM which is unlikely to occur in most patho- 
physiologic situations. Alternatively, herein we 

demonstrate the efficient oxidation of dichloro- 
fluorescin to dichlorofluorescein by either 
chemically synthesized peroxynitrite or the 
simultaneous generation of nitric oxide and 
superoxide. Peroxynitrite-mediated oxidation of 
dichlorofluorescin appears to be due to a direct 
reaction of the conjugate peroxynitrous acid 
with dichlorofluorescin. Therefore, oxidation of 
dichlorofluorescin to dichlorofluorescein in 
cellular and organ systems may not be related to 
hydrogen peroxide formation, but may reflect 
the formation of peroxynitrite under conditions 
where nitric oxide and superoxide are produced 
simultaneously. 

Peroxynitrite is a strong oxidant which is capa- 
ble of reacting by multiple mechanisms. The 
decomposition of the conjugate peroxynitrous 
acid yields an oxidant with the reactivity of 
hydroxyl radical and nitrogen dioxide, which 
appears to be mediated by a vibrationally excited 
intermediate derived from trans-peroxynitrous 
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FIGURE 4 Effect of inhibitors on peroxynitrite-dependent 
oxidation of dichlorofluorescin. Dichlorofluorescein concentra- 
tions for the reaction of 200 nM peroxynitrite with 20 p M  
dichlorofluorescin in the presence of inhibitors were compared 
to a control with buffer alone. Studies were performed at 37°C 
and pH 7.4. Inhibitors were 1 mM L-cysteine, 1 mM L-cystine, 
1 mM urate, 1 mM oxypurinol, 1 mM allopurinol, 0.1 mM 
desferrioxamine (DES), 1 mM desferrioxamine, 100 mM 
mannitol, 100 mM dimethylsulfoxide (DMSO), 1 pM super- 
oxide dismutase (SOD), and 10 pM superoxide dismutase. 
Values are means ?E SD, n = 4. 
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acid rather than physical separation into free 
hydroxyl radical and nitrogen d i o ~ i d e . ~ , * ~  The 
effects of pH on peroxynitrite-mediated oxidation 
of dichlorofluorescin demonstrate that peroxy- 
nitrous acid is responsible for the formation 
of dichlorofluorescein from dichlorofluorescin. 
The decrease in dichlorofluorescein formation at 
acidic pH is due to the increased rate of isomer- 
ization of peroxynitrite to nitrate under these 
conditions, while the decreased formation of 
dichlorofluorescein at alkaline pH reflects the 
slow formation of peroxynitrous acid under these 
conditions. The lack of an inhibitory effect by 
the hydroxyl radical scavengers mannitol and 
dimethylsulfoxide indicates that the oxidation 
reaction of peroxynitrite with dichiorofluorescin 
is not based on the formation of free hydroxyl 
radical. 

Heterolytic cleavage of peroxynitrite, catalyzed 
by low molecular mass metals and superoxide 
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FIGURE 6 A. Oxidation of dichlorofluorescin by hypoxan- 
thine (0.5 mM) plus xanthine oxidase (20 mU/ml) at 37°C and 
pH 7.4 in the absence of a metal chelator. Bolus additions of 
nitric oxide were added as indicated by the arrows. 
Dichlorofluorescin concentrations were determined from the 
absorbance at 500 nm. B. Oxidation of dichlorofluorescin by 
SIN-1 at 37°C and pH 7.4. in the presence of the metal chela- 
tor diethylenetriaminepentaacetic acid (100 pMJ with and with- 
out 2 mglml Cu, Zn superoxide dismutase (specific activity 
3,200 U/mg). Values are means f SD, n = 3. 

passed over a Chelex-100 column, followed by the 
addition of 100 pM DTPA. Metal catalysis, there- 
fore, was not required for efficient peroxynitrite- 
mediated dichlorofluorescin oxidation. Inhibition 
of peroxynitrite-mediated oxidation of dichloro- 
fluorescin by desferrioxamine was likely due to 
the direct reaction of desferrioxamine with 
peroxynitrite rather than through its metal chelat- 
ing effects.L71 

The free sulfhydryl group of L-cysteine effi- 
ciently inhibits peomynitrite-mediated oxidation 
of dichlorofluorescin on the basis of competitive 
inhibition, while L-cystine, the peroxynitrite- 
mediated oxidation product of cysteine actually 
increased peroxynitrite-mediated dichlorofluo- 
rescin oxidation. With a KI of 25 pM, L-cysteine 
has a similar inhibitory effect for peroxynitrite- 
mediated oxidation of dichlorofluorescin and 
dihydrorhodamine 123.[241 

In contrast, urate is much less efficient at 
inhibiting peroxynitrite-mediated oxidation of 
dichlorofluorescin compared to efficient inhibi- 
tion of peroxynitrite-mediated oxidation of di- 
hydrorhodamine 123 by urate. In previous 
studies,[24] we determined a K, of 2.5 pM for the 
oxidation of 50 pM dihydrorhodamine 123 by 
600 nM peroxynitrite. Near total inhibition of 
dihydrorhodamine 123 oxidation occurred at 
urate concentrations of 50 to 100 pM. In these 
studies using 200 nM peroxynitrite and 20 pM 
dichlorofluorescin, we found that efficient inhibi- 
tion of peroxynitrite-mediated oxidation of 
dichlorofluorescin did not occur. For urate con- 
centration of 0.5 mM to 5 mM similar levels of 
inhibition were noted (41% and 49% inhibition 
respectively). While urate may act as a competi- 
tive inhibitor through direct reaction with 
peroxynitrite, the difference in inhibition of 
dihydrorhodamine and dichlorofluorescin indi- 
cates that inhibition may be through the inter- 
action of urate with these molecules rather than 
with peroxynitrite. Both dihydrorhodamine and 
dichlorofluorescin require a two electron oxida- 
tion to form the respective fluorescent molecules 
rhodamine and dichlorofluorescein. A likely 
inhibitory mechanism for urate involves the 
reduction of the one electron oxidized radical to 
the parent compound. Under this mechanism, 
the rate of urate-induced inhibition would relate 
to the redox potential of dichlorofluorescin 
radical/dichlorofluorescein versus dihydrorho- 
damine radical/ rhodamine, suggesting that the 
potential is lower for dihydrorhodamine radical 
making reaction with urate more rapid. 
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In conclusion, we have demonstrated that 
dichlorofluorescin is efficiently oxidized to the 
fluorescent product dichlorofluorescein by either 
chemically synthesized peroxynitrite or the 
simultaneous generation of nitric oxide and 
superoxide. This reaction appears to be mediated 
directly by peroxynitrite and does not require the 
secondary formation of other free radicals such 
as hydroxyl radical, ferry1 radical, or nitronium 
ion. Therefore, peroxynitrite may contribute to 
the oxidation of dichlorofluorescin in cell and 
organ systems where it has been used to detect 
the presence of hydrogen peroxide. 

Acknowledgements 

This work was supported in part by National 
Institute of Child Health and Human Devel- 
opment Grant P30 HD28831 (JAR). Dr. Royall 
was an American Lung Association Edward 
Livingston Trudeau Scholar. Dr. Ischiropoulus 
was a Parker B. Francis Fellow for Pulmonary 
Research. 

References 

[l] Sawyer, D. T. and Valentine, J. S. (1981). How super is 
superoxide? Accounts in Chemical Research, 14,393-400. 

[2] Brigham, K. L., Meyrick, B., Berry, L. C. and Repine, J. E. 
(1987). Antioxidants protect cultured bovine lung 
endothelial cells from injury by endotoxin. Journal of 
Applied Physiology, 63,840-850. 

[3] Bass, D. A., Parce, J. W., Dechatelet, L. R., Szejda, P., 
Seeds, M. C. and Thomas, M. (1983). Flow cytometric 
studies of oxidative product formation by neutrophils a 
graded response to membrane stimulation. Journal of 
Immunology, 130, 1910-1917. 

[4] Lebel, C. P., Ischiropoulos, H. and Bondy, S. C. (1992). 
Evaluation of the probe 2’, 7’-dichlorofluorescin as an 
indicator of reactive oxygen species formation and 
oxidative stress. Chemical Reseavch and Toxicology, 5, 

[5] Royall, J. A. and Ischiropoulos, H. (1993). Evaluation of 
2’, 7-dichlorofluorescin and dihydrorhodamine 123 as 
fluorescent probes for intracellular H202 in cultured 
endothelial cells. Archives of BioChemistry and Biophysics, 
302,348-355. 

[6] Huie, R. E. and Padmaja, S. (1993). The reaction of NO 
with superoxide. Free Radical Research Communications, 

[7] Beckman, J. S., Beckman, T. W., Chen, J., Marshall, P. A. 
and Freeman, B. A. (1990). Apparent hydroxyl radical 
production by peroxynitrite: implications for endothelial 

227-231. 

18,195-199. 

injury from nitric oxide and superoxide. Proceedings of 
the National Academy of Science U.S.A., 87,1620-1624. 

[8] Radi, R., Beckman, J. S., Bush, K. M. and Freeman, B. A. 
(1991). Peroxynitrite oxidation of sulfhydryls. The cyto- 
toxic potential of superoxide and nitric oxide. Journal of 
Biological Chemistry, 226,4244-4250. 

[9] King, P. A., Anderson, V. E., Edwards, J. O., Gustafson, 
G., Plumb, R. C. and Suggs, J. W. (1992). A stable solid 
that generates hydroxyl radical upon dissolution in 
aqueous solutions: reaction with proteins and nucleic 
acid. Journal of the American Chemical Society, 114, 
5430-5432. 

[lo] Radi, R., Beckman, J. S., Bush, K. M. and Freeman, B. A. 
(1991). Peroxynitrite-induced membrane lipid peroxida- 
tion: the cytotoxic potential of superoxide and nitric 
oxide. Archives of Biochemistry and Biophysics, 288, 

111 Wang, J., Komarov, P., Sies, H. and DeGroot, H. (1991). 
Contribution of nitric oxide synthase to luminol- 
dependent chemiluminescence generated by phorbol- 
ester-activated Kupffer cells. Biochemical Journal, 279, 

121 Ischiropoulos, H., Zhu, L. and Beckman, J. S. (1992). 
Peroxynitrite formalin from macrophage-derived nitric 
oxide. Archives of Biochemistry and Biophysics, 298,446-451. 

[13] Carreras, M. C., Pargament, G. A,, Catz, S. D., Poderoso, 
J. J. and Boveris, A. (1994). Kinetics of nitric oxide and 
hydrogen peroxide production and formation of peroxy- 
nitrite during the respiratory burst of human neu- 
trophils. f EBS Letters, 341, 65-68. 

[14] Kooy, N. W. and Royall, J. A. (1994). Agonist-induced 
peroxynitrite production from endothelial cells. Archives 
of Biochemistry and Biophysics, 310,352-359. 

[15] Szabo, C., Salzman, A. L. and Ischiropoulos, H. (1995). 
Endotoxin triggers the expression of an inducible iso- 
form of nitric oxide synthase and the formation of per- 
oxynitrite in the rat aorta in vivo. FEBS Letters, 363, 
235238. 

[16] Wizeman, T. M., Gardner, C. R., Laskin, J. D., Quinones, 
S., Durham, K. D., Golle, N. L., Ohnishi, S. T. and Laskin, 
D. L. (1994). Production of nitric oxide and peroxynitrite 
in the lung during acute endotoxemia. Iournal of 
Leukocyte Biology, 56,759-768. 

(171 lschiropoulos, H., Al-Medhi, A. B. and Fisher, A. B. 
(1995). Reactive species in rat lung injury: contribution of 
peroxynitrite. Amcrican Journal of Physiology, 269, 

[l8] Seago, N. D., Thompson, J. H., Zhang, X.-J., Eloby- 
Childress, S., Sadowska-Krowicka, H., Rossi, J. L., 
Currie, M. G., Manning, P. T., Clark, D. A. and Miller, 
M. J. S. (1995). Inducible nitric oxide synthase and 
guinea-pig ileitis produced by adjuvant. Mediators of 
Inflammation, 4,19-24. 

[19] Miller, M. J. S., Thompson,J. H., Zhang, X.-J., Sadowska- 
Krowicka, H., Kakkis, J. L., Munshi, U. K., Sandoval, M., 
Rossi, J. L., Eloby-Childress, S., Beckman, J. S., Ye, Y. Z., 
Rodi, C. P., Manning, P. T., Currie, M. G. and Clark, 
D. A. (1995). Role of inducible nitric oxide synthase 
expression and peroxynitrite formation in the guinea pig 
ileitis. Gastroenterology, 109, 147551483, 

[20] Beckman, J. S., Ye, Y. Z.,  Anderson, P. G., Chen, J., 
Accavitti, M. A,, Tarpey, M. M. and White, C.  R. (1994). 
Extensive nitration of protein tyrosines in human ather- 
osclerosis detected by immunohistocheniistry. Biological 
Chemistry Hoppe-Seyler, 365,81433. 

481-487. 

331-314. 

L158-Ll64. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
6/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



254 N. W. KOOY et a / .  

[21] Kooy, N. W., Royall, J. A,, Ye, Y. Z., Kelly, D. R. and 
Beckman, J. S. (1995). Evidence for in v i m  peroxynitrite 
production in human acute lung injury. American Journal 
of Respiratory and Critical Care Medicine, 151,1250-1254. 

[Z] Kooy, N. W., Royall, J. A., Ye, Y. Z., Kelly, D. R. and 
Beckman, J. S. (1994). Nitration of myocardial protein 
tyrosines: evidence for peroxynitrite production in 
myocardial inflammation. Circulation, 90,1627. 

[23] Basarga, O., Michaels, F. H., Zheng, Y. M., Borboski, 
L. E., Spitsin, S. V., Fu, Z. F., Tawadros, R. and 
Koprowski, H. (1995). Activation of the inducible form 
of nitric oxide synthase in the brains of patients with 
multiple sclerosis. Proceedings of the National Academy of 
Science U.S.A., 92,12041-12045. 

[241 Kooy, N. W., Royall, J. A,, Ischiropoulos, H. and 
Beckman, J. S. (1994). Peroxynikite-mediated oxidation 
of dihydrorhodamine 123. Free Radical Biology and 
Medicine, 16,149-156. 

[25] Ischiropoulos, H., M a n ,  D., Nelson, J. and Al-Medhi, 
A. B. (1996). Reactions of nitric oxide and peroxynitrite 

with organic molecules and ferrihorseradish peroxidase: 
interference with the determination of hydrogen perox- 
ide. Free Radical Biology and Medicine, In Press. 

1261 Koppenol, W. H., Moreno, J. J., Pryor, W. A., Ischiro- 
poulos, H. and Beckman, J. S. (1992). Peroxynitrite, a 
cloaked oxidant is formed by nitric oxide and super- 
oxide. Chemical Research and Toxicology, 5,385. 

[27] Ischiropoulos, H., Zhu, L., Chen, J., Tsai, J. H. M., 
Martin, J. C., Smith, C. D. and Beckman, J. S. (1992). 
Peroxynitrite-mediated tyrosine nitration catalyzed by 
superoxide dismutase. Archives of Biochemistry and 

1281 Beckman, J. S., Ischiropoulos, H., Zhu, L., van der 
Woerd, M., Smith, C. D., Chen, J,, Harrison, J., Martin, 
J. C .  and Tsai, J. H. M. (1992). Kinetics of superoxide 
dismutase and iron-catalyzed nitration of phenolics by 
peroxynitrite. Archives of Biochemistry and Biophysics, 
298,438-445. 

Biophysics, 295,431-437. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
6/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


