
Supplementary Material  

 

Quantification of intracellular H2DCF and accumulated DCF 

Intracellular H2DCF.  

A suspension of RAW 264.7 cells in PBS/DTPA (60 × 106 cell/mL) was treated with 30 µM 

H2DCF-DA at constant stirring and 37 0C for 30 min, double washed by two cycles of 

centrifugation and resuspension in ice-cold PBS/DTPA, and kept on ice. This step minimizes the 

presence of extracellular H2DCF species. Then, the cells were lysed by three 20-second cycles of 

point sonication and centrifuged at 20,000 g, to sediment cell debris. The soluble fraction of the 

cell extract was saved for quantification of H2DCF and kept on ice bath (total of 3 mL). Then, 

200 µL of this cell extract was diluted in PBS/DTPA to a final volume of 1 mL. The absorption 

spectrum of this solution is shown in figure S1A (labelled as cell extract). It revealed only a 

negligible amount of DCF after this procedure. The reduced H2DCF in this solution was fully 

oxidized by addition of horseradish peroxidase (0.2 µM) and three successive additions of H2O2 

(2 µM), which was accompanied by the expected increase in absorption at 502 nm (HRP + 

H2O2). No changes were observed after the first addition of hydrogen peroxide.  

 
Figure S1. Quantification of total reduced intracellular H2DCF. A) Spectra of the cell extract before and 

after the oxidation of H2DCF. B) Addition of the internal standard addition. A standard solution of DCF 

(0.27 µM) was sequentially added to the resulting solution as shown in (B), inset; linear internal standard. 



The total concentration of DCF in the solution was determined by the Beer-Lambert law using 

the difference between the absorption at 502 nm in the final and initial spectra (Figure S1-A) 

and the internal standard addition method (Figure S1-B and inset). The two methods returned 

essentially the same concentration for the totally reduced H2DCF in solution (1.6 µM). The 

intracellular concentration of totally reduced H2DCF was calculated as being 400 µM by unit 

conversion, by using the following equation: ([H2DCF] × total volume of the assay/total volume 

of cells corresponding to 200 µL of cell extract). The diameter of the RAW 264.7 cells was taken 

as being 7 µm as reported elsewhere. 

Accumulated intracellular concentration of DCF after treatment with 

PQ/NO•.  

The intracellular concentration of DCF accumulated in the experiments of Figure 2 (main text) 

was also estimated after the typical exposure of RAW 264.7 cells to PQ/NO• for 60 min. The 

cellular PQ/NO• experiments were performed as usual, in 96-well plates along with control 

(H2DCF-unloaded) RAW 264.7 cells in the presence of increasing standard concentrations of 

DCF from the beginning. After exposure for 60 min, the final fluorescence signal of the DCF 

standards was used to build an analytical curve for DCF in the presence of the cells. This curve 

was used to determine the concentration of DCF accumulated in solution in the samples of cells 

exposed to PQ/NO• with or without SIH for 60 min. The intracellular concentration of DCF in 

these cells was determined by unit conversion, as described above, being 30 and 50 µM in the 

absence and presence of SIH, respectively. 

  



Generation of fluxes of NO2
 

To test whether H2DCF reacted with peroxynitrite-derived radicals under our experimental 

conditions, it was necessary to design a strategy to specifically deliver these species to the 

cellular suspension model. NO2
 was selected as the prototype species, and fluxes of this 

compound were generated by mixing a NO• donor and 2-phenyl-4,4,5,5-

tetramethylimidazoline-1-oxyl 3-oxide (PTIO), an imidazolineoxyl N-oxide that oxidizes NO• to 

NO2
 1, 2 (eq. 1). To ensure that the RAW 264.7 cells loaded with H2DCF were exposed to a 

continuous flux of NO2
, first the oxidation of H2DCF and the nitrosylation of 4,5-

diaminofluorescein (DAF2)3 were followed in the presence of sperNO and increasing 

concentrations of PTIO. This step was important to determine the concentration of PTIO that 

was necessary for oxidizing almost all of the NO• to NO2
 under our experimental conditions. 

PTIO + NO k=1 × 104Mష1sష1ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ   PTI + NO2
                                (1) 

According to us4 and Espey at al.5, the nitrosylation of DAF2 (eqs. 2-3) takes place primarily 

by a two-step radical process (oxidative nitrosylation) involving the oxidation of the indicator to 

a putative DAF2 radical (eq. 2) that, in turn, recombines with NO• and condenses to produce 

water and the fluorescent triazol product DAFT (eq. 3). Low concentrations of PTIO accelerate 

the oxidation of NO• to NO2
 relative to NO• autoxidation (eq. 1) while still leaving enough free 

NO• for the rapid recombination reaction that ultimately leads to DAFT (eq. 3), consequently 

increasing the rate of the nitrosylation of DAF25. Higher concentrations of PTIO, however, 

repress the rate at which DAF2 is nitrosylated due to increased NO• scavenging and prevention 

of reaction 3. The results of the experiments performed with RAW 264.7 cells loaded with DAF2 

were consistent with this interpretation given that 200 µM and higher concentrations of PTIO 

brought the rate at which DAFT was formed to control levels (Figure S2A) 

DAF2  +   NO2
     →    DAF2  +   NO2

                                (2) 

DAF2    +   NO     →    DAFT  +   H2O          (3) 



The rate at which H2DCF was oxidized, on the other hand, increased and reached a plateau as 

expected from the oxidation of NO• to NO2
 with increasing concentration of PTIO (Figure S2B). 

Therefore, at 200 µM PTIO, the nitrosylation of DAF2 decreased to a minimum and the 

oxidation of H2DCF increased to a maximum, thus suggesting that 200 µM PTIO maximized 

NO2
 production from sperNO and significantly depleted NO•. In addition, on the basis the rate 

at which DCF was formed, different NO2
 fluxes were generated by varying the concentration of 

the NO• donor used at the same concentration of PTIO (Figure S2B).  

 

Figure S2. The effect of increasing concentration of PTIO on the rate of the NO•-dependent 
nitrosylation of DAF2 and oxidation of H2DCF in cells. Rate of intracellular nitrosylation of DAF2 (A) 
and rate of intracellular oxidation of H2DCF (B) by the combination of sperNO and PTIO. A suspension of 
DAF2- or H2DCF-loaded RAW 264.7 cells was transferred to 96-well plates (1.2 × 107 cells/mL) and treated 
with sperNO (5 or 15 µM) and increasing concentrations of PTIO as indicated in the plots. The 
fluorescence was measured immediately after sperNO was introduced and registered every minute for at 
least one hour. The rate was determined by using the approach described in the legend of Figure 2. The 
data represent the mean of four independent experiments ± S.D. The experimental conditions and 
fluorescence acquisition parameter settings for H2DCF were described in the legend of Figure 2. For the 
experiments with DAF2, the excitation (λex) and emission (λem) wavelengths were 495 and 520 nm, 
respectively.  

PTIO can react with NO2
, producing NO2

 6 and a putative PTIO cation radical that could 

potentially oxidize H2DCF in the experiments presented in Figure S2, but that possibility was 

ruled out. In fact, the rate at which DCF was formed decreased slightly at high concentrations of 

PTIO, which could be tentatively attributed to PTIO-mediated NO2
 scavenging, excluding the 

possibility of PTIO and the PTIO cation radical being the oxidant of intracellular H2DCF. 

Additionally, PTIO7 and possibly the putative PTIO cation radical are cell membrane-

impermeable. Thus, NO2
  was most likely the species accounting for the intracellular oxidation 



of H2DCF in the experiments in Figure S2B. This notion was strengthened by performing 

experiments in the presence of rapid NO2
 scavengers, hexacyanoferrate (II) (FCN) 8, 9 and 

ascorbate (ASC−) 10. Neither FCN nor ASC−  reacts rapidly or at all with peroxynitrite, and both 

fully prevented the increase in DCF fluorescence induced by the combination of the NO• donor 

and PTIO without any filter effect on the fluorescence of DCF (Main text Figure 3C, right panel).  

The model for the oxidation of H2DCF by peroxynitrite-derived radical 

oxidants 

A simplified reaction model for the peroxynitrite-dependent intracellular oxidation of H2DCF 

in cells is presented below. The model considers the flux (eq. 4) and the SOD consumption of 

O2
, represented simply by the O2

 oxidase reaction (eq. 5). Formation of peroxynitrite is 

represented as the co-reaction of nitric oxide (NO•) and the paraquat-derived O2
 (eq 6). The 

acid-catalyzed decomposition of ONOO− was assumed to be negligible as compared to its CO2-

catalyzed decomposition under our experimental conditions. Also, the autoxidation of NO• was 

rationally and experimentally ruled out as a relevant source of NO2
. Thus, all the peroxynitrite-

derived radicals NO2
 and CO3

 were assumed to originate from the reaction between 

peroxynitrite and CO2 (eq. 7). These radicals are represented collectively as R• (NO2
 + CO3

) (eqs. 

7, 10, and 11). The steady-state concentrations of these radicals are probably very low, so 

dismutation and recombination reactions are justifiably irrelevant in cells.  

As mentioned in the text, peroxynitrite displays reactivity toward various intracellular 

targets. All of the direct reactions with peroxynitrite other than with CO2 (eq. 7) and the LIP (eq. 

9) and all the reactions of peroxynitrite-derived radicals other than with H2DCF (eq. 11) are 

represented generically (eqs. 8 and 10, respectively). TP includes peroxiredoxin, glutathione 

peroxidases, and iron peroxidases and proteins, while oxTP stands for the oxidized forms of 

these enzymes. CC stands for cell constituents (CC) that are susceptible to radical oxidation. 

Average rate constants were attributed to these generic reactions.  



The model is only valid for the initial phase of the reaction given that the possible reduction 

reactions of the oxidized forms of the LIP and TP were omitted for simplicity. Nonetheless, the 

peroxynitrite-dependent intracellular oxidation of H2DCF was constant throughout the 

experiments (Figure 4, from the main text), suggesting that the concentrations of the forms of 

TP and the LIP that are reactive toward peroxynitrite were in steady-state conditions, which 

allowed steady-state approximations to be use.  

         k4            ሱۛ ۛۛ ۛۛ ۛۛ ሮۛ O2
                         (4) 

O2
 + SOD 

         k5             ሱۛ ۛۛ ۛۛ ۛۛ ሮۛ O2              (5) 

NO + O2
          k6            ሱۛ ۛۛ ۛۛ ۛۛ ሮۛ  ONOO             (6) 

ONOO +  CO2
     k7            ሱۛ ۛۛ ۛۛ ۛۛ ሮ  1 3⁄  R(=NO2

  +CO3
)   + 2 3⁄  (NO3

+ CO2)   (7) 

ONOO +   TP  
          k8        ሱۛ ۛۛ ۛۛ ۛۛ ሮ   OxTP +  NO2

                             (8) 

ONOO+  LIP   
          k9         ሱۛ ۛۛ ۛۛ ۛۛ ሮۛ  LIP-Fe=O4+  +   NO2

                  (9) 

R   +  CC  
         k10              ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ   R  +  CC                                      (10) 

R   +  H2DCF  
         k11       ሱۛ ۛۛ ۛۛ ۛۛ ሮ   R  +  DCFH                          (11) 

DCFH  +  O2      
         k12       ሱۛ ۛۛ ۛۛ ۛۛ ሮ   O2

  +  DCF                           (12) 
  

Dismutation of DCFH• to produce H2DCF and DCF was assumed to be negligible due to the 

low steady-state concentrations of DCFH• and its rapid consumption through the reaction with 

O2 (eq. 12, k12 ≈ 1 x 109 M-1s-1). Under the study experimental conditions reaction 12 very likely 

produces negligible amounts of O2
  when compared to paraquat1.   

                                            
1 Formation of O2

 through this mechanism is predicted on the basis of the one-electron 
oxidation of H2DCF (eq. 11), in our case indirect peroxynitrite-dependent oxidation of H2DCF, 
given that only negligible oxidation of H2DCF was observed in the absence of NO• (even in the 
presence of paraquat) or in the presence of Ebselen. A rough estimation of the fraction of 
paraquat-derived O2

 that contributes to the oxidation of H2DCF can be made on the basis of the 
kinetic competition arguments. Competition of SOD and NO• for O2

:  Assuming 10 µM SOD 
and k5 = 2 x 109 M-1s-1 , the product k5 [SOD] = 2 x 104 s-1; assuming 200 nM for NO• (15 µM 



From the model, the rate at which DCF is formed intracellularly is given by eq. 13. 

d [DCF]
dt

 = k12 ሾDCFHሿ[O2]                               (13) 

The rate law for R• is given by eq. 14, where 2/3 is used as an adjustment that corrects for the 

yield of the combined formation of NO2
 and CO3

   in eq. 7. 

d[R] 
dt

 = 2 3⁄  k7 ሾONOOሿ[CO2] - k10 [CC][R] - k11 ሾH2DCFሿ[R]            (14) 

The steady-state conditions for the concentration of R• can be reasonably assumed in eq. 14 

because it represents the combined reactive species that are unlikely to accumulate, which leads 

to eq. 15 when it is solved for the steady-state concentration of peroxynitrite.  

 [ONOO] = [R] (k10 [CC] + k11 ሾH2DCFሿ)
2 3⁄ k7 [CO2]

                                                        (15) 

The rate law for peroxynitrite can be expressed by eq. 16, which is derived from eqs. 6-9. 

Assuming steady-state conditions and solving for peroxynitrite, eq. 17 is obtained.  

d [ONOO]
dt  = k6 [NO][O2

]   k7 ሾONOOሿ[CO2]   
                                              k8 ሾONOOሿ[TP]  k9 ሾONOOሿ[LIP]                            (16) ሾONOOሿ = k6 [NO][O2

]
(k7 [CO2] + k8 [TP] + k9 [LIP]) 

                                                                       (17) 

Now, equating eqs. 15 and 17 and solving for R• gives an expression for the steady-state 

concentration of R• (eq. 18).  

                                                                                                                                
sper/NO)4., ( k6 = 2 x 1010 M-1s-1), the product k6[NO] = 4 x 103 s-1; From these products, it can be 
calculated that about 20% of paraquat-derived O2

 reacts with NO• to form peroxynitrite. 
Competition between CO2 and other cellular targets for peroxynitrite: Assuming TP = 20 µM 
and k8 = 1 x 106 M-1s-1 (k8[TP] = 20 s-1), 200 µM CO2, and k7 = 6 x 104 M-1s-1 (k7 [CO2] = 12 s-1), about 
37.5% of peroxynitrite reacts with CO2. About 1/3 of the product of the reaction between 
peroxynitrite and CO2 decays to radicals, 2/3 if we consider the combined formation of 
NO2

 + CO3
 (eq 7). Competition between H2DCF and cell constituents for peroxynitrite 

derived radicals: Assuming H2DCF 400 µM and k11 = 2.6 x 108 M-1s-1 for  CO3
 (k11 [H2DCF] = 1.04 

x 105 s-1) and 5 mM GSH and k = 5.3 x 106 M-1s-1 (k [GSH] = 2.6 x 104 s-1), from these products, 
about 75% of  CO3

 reacts with H2DCF to yield DCFH•, the source of H2DCF-derived O2
 

according to eq. 12. From these successive fractions and the stoichiometry of the reactions, it is 
possible to calculate that only 6% of paraquat-derived O2

 ends up contributing to the oxidation 
of H2DCF to DCFH•. That is, roughly, the H2DCF-derived O2

 accounts for 6% of the paraquat-
derived O2

. That figure drops to less than 1% if we assume k8 = 1 x 107 M-1s-1.  
 



[R] = 2 3⁄ k6 [NO][O2
]k7 [CO2]

(k7 [CO2] + k8 [TP] + k9 [LIP]) (k10 [CC] + k11 ሾH2DCFሿ)                                      (18) 

 
 The rate law for the DCFH• radical is given by eq. 19. 

d [DCFH]
dt

 = k11  [R][ሾH2DCFሿ −  k12 [DCFH][O2]                                     (19) 

 Steady-state conditions can be reasonably assumed for this radical, giving an expression 

for its concentration (eq. 20).  

[DCFH] = k11  [R]ሾH2DCFሿ
 k12 [O2]

                                                                                         (20) 

 Substituting the solution of eq. 18 for the steady-state concentration of R• in the equation 

above gives 

[DCFH] = 2 3⁄  k6 [NO][O2
] k7 [CO2] k11 ሾH2DCFሿ

 (k7 [CO2] + k8 [TP] + k9 [LIP]) (k10 [CC] + k11 ሾH2DCFሿ) (k12 [O2])
                      (21) 

Substituting this solution for the steady-state concentration of [DCFH] in eq. 13 gives the rate 

at which DCF is formed in the absence of the chelator. 

d [DCF]
dt  =

  2 3⁄ k6  [NO][O2
] k7  [CO2]  k11 ሾH2DCFሿ

(k7 [CO2] + k8 [TP] + k9 [LIP]) (k10 [CC] + k11 ሾH2DCFሿ)       (22) 
According to eq. 22, the rate at which DCF is formed would increase with higher fluxes of 

NO• and O2
  (thus flux of peroxynitrite). As shown in Figure 2 in the main text, this is indeed 

the case. It is also expected that the rate will depend on the rate of the reaction between 

peroxynitrite and CO2, which generates the radicals, as well as on the rate of the reaction of 

peroxynitrite-derived radicals with H2DCF (eq. 11), albeit not in such a trivial manner. 

Moreover, the equation is consistent with the expectation that the rate at which DCF is formed 

should inversely depend on the rate of the competitive reactions of peroxynitrite with cellular 

constituents (e.g., TP; eq 8 and the LIP; eq. 9) and also between peroxynitrite-derived radicals 

and cell constituents (eq. 10). 

The rate at which DCF is formed in the presence of the chelator is 



d [DCF]
dt  =

 2 3⁄  k6[NO][O2
]k7 [CO2] k11 ሾH2DCFሿ

(k7 [CO2] + k8 [TP]) (k10 [CC] + k11 ሾH2DCFሿ)                            (23) 

given that the term k9 [LIP] vanishes from eq. 22. 

Now, dividing eq. 23 by eq. 22 yields the dimensionless parameter q, which represents the 

enhancement effect of the chelation of the LIP on the rate at which DCF is formed. This 

parameter can be experimentally determined by the ratio between the rates at which DCF is 

formed in the presence and absence of the chelator.  

q = 1 + k9 [LIP]
 k7 ൣCO2൧ + k8 [TP]                      (24) 

Solving eq. 24 for k9 yields an expression for the rate constant of the reaction between the LIP 

and peroxynitrite, eq. 25. 

k9 = (q - 1) k7 ሾCO2ሿ + k8 [TP]
[LIP]

                   (25) 

The steady-state concentration of O2
 can also be assumed as being 

[O2
] =  k4 

(k5ሾSODሿ+ k6[NO]) 
                      (26) 

by using eqs. 4 – 6. Substituting this result for the concentration of O2
 in eq. 22 gives eqs. 27 and 

28 for the rate at which DCF is formed in the absence and presence of the chelator, respectively  

d [DCF]
dt  = 

 k4 k6 [NO]  2 3⁄  k7  [CO2]  k11 ሾH2DCFሿ
(k5[SOD] +k6 [NO])  (k7 [CO2] + k8 [TP] + k9 [LIP]) (k10 [CC] + k11 ሾH2DCFሿ)              (27) 

d [DCF]
dt  = 

 k4 k6 [NO]  2 3⁄  k7  [CO2]  k11 ሾH2DCFሿ
(k5[SOD] +k6 [NO])  (k7 [CO2] + k8 [TP]) (k10 [CC] + k11 ሾH2DCFሿ)                          (28) 

Eq. 27 shows that the rate at which DCF is formed is inversely proportional to the 

concentration of SOD, as expected. Dividing eq. 28 by eq. 27 results in eq. 24. 
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