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Metal ions such as iron and copper are implicated in the generation of free radicals in vivo, but the dynamics 
of free radical production in the decomposition of hydrogen peroxide and hydroperoxides by iron complexes 
have not been shown unequivocally due to their rapid rates. In the present study, we have devised a 
stopped-flow chemiluminescence system and succeeded in elucidating the time course of the free radical 
formation in the decomposition of hydrogen peroxide and organic hydroperoxides by haemproteins. The 
rate of free radical formation was very much dependent on the metal complexes and peroxides. Methemo- 
globin and cytochrome c decomposed hydrogen peroxide slower than microperoxidase but generated free 
radicals continuously. Methyl linoleate hydroperoxide was decomposed more rapidly than hydrogen perox- 
ide. The chemiluminescence intensity was directly proportional to the amount of hydroperoxide, and the 
chemiluminescence progress curve reflected the time course of free radical flux. These results show that this 
stopped-flow chemiluminescence system is suitable to follow the radical flux from the decomposition of 
peroxides by metal ions. 

KEY WORDS: free radical, haemprotein, active oxygens, chemiluminescence, oxidative damage, 
stopped-flow analysis. 

INTRODUCTION 

Oxygen toxicity has been one of the most extensively studied subjects in biochemistry 
during the last two decades. Recent experimental, clinical and epidemiological data 
suggest that active oxygen species and free radicals play an important causative role in 
various diseases including atherosclerosis, cataract, neurological disorders, cancer and 
aging.' There is now an ample evidence which shows that the free radical-mediated 
oxidations of low density lipoprotein is an important initial event of atherosclerosis,* 
and the presence of iron and copper in the interior of human advanced atherosclerotic 
lesions has been r e p ~ r t e d . ~  The involvement of iron has been also suggested in neu- 
rodegenerative  disorder^.^ Furthermore, recent reports have proposed a hypothesis 
that oxygen radicals may be involved in the pathway of apoptotic cell death. 36 It has 
been reported' that hydrogen peroxide enhances while desferrioxamine which has 
iron-binding and antioxidant properties protects neuronal cell death. 

Corresponding author: Etsuo Niki, Research Centre for Advanced Science and Technology, University 
ofTokyo,4-6-1 Komaba, Meguro, Tokyo 153, Japan, Fax: +81-3-34814574, Tel: +81-3-34814453 

329 

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
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



330 N. NOGUCHI AND E. NIKI 

It has been proposed that, under many circumstances, the production of hydroxyl 
radical may contribute to the pathophysiology of these  condition^.^.' In 1894, just 100 
years ago, Fenton' found that hydrogen peroxide, although inactive alone, promotes 
the oxidation of organic compounds in the presence of ferrous ion, and the combina- 
tion of ferrous salts and hydrogen peroxide is called Fenton reagent." Forty years later, 
Haber and Weiss" proposed that the hydroxyl radical is formed as the oxidant via the 
decomposition of hydrogen peroxide by ferrous ion. Despite numerous studies on this 
apparently simple reaction, the detailed mechanism is still controversial." l 4  

The previous studies on Fenton reaction has centred on simple iron or its chelates, 
but substantially all iron in vivo is present as a complex with protein such as ferritin or 
in haem roteins. The possible role of haemproteins as a Fenton reagent has been 
argued.'e" Recently, theeffect of haemoglobin and hematin on neutrophil inactivation 
in superoxide generating systems has been reported." It is quite probable that metal 
complexes and peroxides play a vital role in the initiation of oxidative damage in vivo. 
The precise elucidation of the dynamics of free radical formation in metal catalyzed 
decomposition of peroxide is important to an understanding of their role and action. 
It is also important and essential in the in vitro kinetic study to quantify the radical flux. 
In the present work, we have tried and succeeded in elucidating the time course of the 
formation of free radicals in the decomposition of hydrogen peroxide and organic 
hydroperoxides by biologically relevant iron complexes by using a stopped-flow chemi- 
luminescence technique. 

MATERIALS AND METHODS 

Chemicals 
Microperoxidase, methemoglobin, cytochrome c and isoluminol were purchased from 
Sigma Chem. Co. (St. Louis, MO) and used as received. Commercial hydrogen 
peroxide was used without further purification. Commercial tert-butyl hydroperoxide 
was distilled under reduced pressure before use, 35"C/15 torr. The concentrations of 
hydrogen peroxide and tert-butyl hydroperoxide were measured by iodometric titra- 
tion. Methyl linoleate hydroperoxide was prepared by a spontaneous autoxidation of 
methyl linoleate followed by purification with a silica-gel column." Its concentration 
was calculated from the absorption at 234 nm ( E  = 28,000 M-'cm-').20 

METHODS 

The schematic diagram of the analytical system used in this study is shown in Figure 1. 
This is based on the high performance liquid chromatography (HPLC)- 
chemiluminescence LC-900 system obtained from JASCO (Tokyo, Japan). The 
chemiluminescence intensity was measured in 2 different systems: one conventional 
flow system and the other a stopped-flow system. In the flow system, 20 pl sample 
containing an appropriate amount of hydrogen peroxide or organic hydroperoxide was 
injected into a flow of eluent A (water, flow rate = 1 .O ml/min), which was mixed with 
eluent B (flow rate = 1.5 ml/min) a sodium borate (50 mM) buffer (pH 10.0) containing 
the iron complex and isoluminol. For the analysis of methyl linoleate hydroperoxide, 
methanol and borate buffer (pH 10.0) containing 50% methanol were used as eluent A 
and B, respectively. A rapid mixing of peroxide and iron was attained by a special 
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T-joint mixer. The mixed solution follows the solid line in Figure 1. The cell was 
swirl-shaped (tube inner and outer diameter being 0.5 and 1.5 mm and total length 
800 mm, respectively) and had a volume of 0.157 ml. In a stopped-flow system, the flow 
was stopped by a 6-way valve after the sample went into a cell so that the time course 
of chemiluminescence emission could be followed. When the flow is stopped, the eluent 
flows thereafter along the broken line in Figure 1. This simple apparatus made it 
possible to follow the radical flux from the fast decomposition of peroxides by iron 
complexes without conventional stopped flow apparatus which is quite expensive. 

eluent A 

RESULTS 

eluent B 

Figure 2 shows, as an example, how chemiluminescence emission was observed in the 
decomposition of hydrogen peroxide by microperoxidase with both flow and stopped- 
flow systems. Only transient chemiluminescence was observed in a flow system between 
3 and 13 sec after injection (Figure 2, panel A). The area on the chart increased with 
increasing concentration of hydrogen peroxide. When the flow was stopped at 6.0 sec 
after injection by use of a six-way valve and the reaction mixture was kept in a cell, the 
chemiluminescence intensity increased at first and then decreased with time (Figure 2, 
panel B). This reflects the time course for formation of free radicals in the decornposi- 
tion of hydrogen peroxide by microperoxidase. The area, which corresponds to the 
total chemiluminescence, was larger than that in panel A and increased with increasing 
hydrogen peroxide. 

It was found that the chemiluminescence emission profile depended on the type of 

)c chemil uminescence 
detector 

1 

FIGURE 1 Schematic diagram of the stopped-flow chemiluminescence system. In the flow system, the 
mixed solution goes through the line indicated by a solid line, while in the stopped-flow system, the flow is 
stopped by a 6-way valve after the sample enters in the detector cell so that the time course of chemilumin- 
escence emission, that is, free radical formation, can be followed. Under such circumstances, the eluent flows 
along a broken line. (See Materials and Methods) 
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FIGURE 2 The time course profile of chemiluminescence emission in the decomposition of hydrogen 
peroxide by microperoxidase. The left panel (A) shows a chemiluminescence in the flow system. Twenty pl 
of hydrogen peroxide solution (5-15 pM) was injected into the flow of water (1.0 mllmin) and mixed with 
another solution of 50 mM borate buffer (pH 10.0) containing 5 mg/ml(2.5pM assuming a molecular weight 
of 2000) microperoxidase and 1 mM isoluminol. The right panel (B) shows the change in the chemilumin- 
escence intensity when the flow was stopped and the reaction mixture was held in the cell. The chemilumin- 
escence intensity reflects the formation of free radicals in the cell. (see Materials and Methods) 

b '  
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............................................................................ 

b . . .  . . . . . . .  . . .  
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FIGURE 3 Peroxide-dependent chemiluminescence in the reaction with microperoxidase by (A) flow and 
(B) stopped-flow systems. Methanol and methanol/water (1/1 by vol) solution containing 50 mM sodium 
borate (pH 10.0), 5 mgll(2.5 pM, see above) microperoxidase and 1 mM isoluminol were used as eluent A 
and B respectively. a: Methyl linoleate hydroperoxide (50 pmole); b: hydrogen peroxide (300 pmole); c: 
tert-butyl hydroperoxide (300 pmole). 
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FIGURE 4 Plots of total chemiluminescence intensity as a function of methyl linoleate hydroperoxide 
(MeLOOH) observed in the reaction with microperoxidase (2.5pM, see above) by flow (0) and stopped flow 
(B) systems. Eluent A and B were the same as in Fig. 3. 

peroxide (Figure 3). In the flow system, methyl linoleate hydroperoxide gave the highest 
chemiluminescence intensity. Hydrogen peroxide gave stronger chemiluminescence 
than tert-butyl hydroperoxide (Figure 3-A). The chemiluminescence intensity was 
proportional to the peroxide concentration (Figure 4). Figure 3-B shows that the 
chemiluminescence intensity from methyl linoleate hydroperoxide declined rapidly, 
less rapidly from hydrogen peroxide but slowly from tert-butyl hydroperoxide. The 
total chemiluminescence counts measured from the area in Figure 3B were directly 
proportional to the concentration of peroxide as shown in Figure 4 for methyl linoleate 
hydroperoxide. 

It was also found that the chemiluminescence intensity and time course profile 
depended on the type of iron complexes. Figure 5 shows the chemiluminescence 
observed in the decomposition of hydrogen peroxide by methemoglobin and cyto- 
chrome c. Both methemoglobin and cytochrome c gave chemiluminescence for a longer 
time than microperoxidase (Figure 2). In Figure 6 is shown the chemiluminescence 
observed in the decomposition of hydroperoxide by 3 iron complexes under the same 
conditions. It clearly shows that microperoxidase gave the strongest chemilumin- 
escence, whereas those by methemoglobin and cytochrome c were undetectable under 
these conditions. 
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FIGURE 5 Chemiluminescence observed in the decomposition of hydrogen peroxide by (I) methemoglobin 
and (11) cytochrome c in (A) flow and (B) stopped-flow system. Hydrogen peroxide solution was injected into 
a flow of water, which was mixed with 50 mM borate buffer (pH 10.0) containing either (I) 2.5 ,uM 
methemoglobin or (11) 2.5jiM cytochrome c and 1 mM isoluminol and the cherniluminescence emission was 
measured as described in Materials and Methods. 

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
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FREE RADICAL FLUX STUDIED BY STOPPED-FLOW CHEMILUMINESCENCE 335 

h a > 
a 
a 
.- c. - 
L Y I ,  

b b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

C C 

0 1 0 2 4 6 1 Time (min) I !top Time (min) 
inject inject 

FIGURE 6 Chemiluminescence intensity observed in the decomposition of 10 pM hydrogen peroxide by 
2.5pM either (I)microperoxidase, (1I)methemoglobin or (111) cytochromec in (A) flow and (B) stopped-flow 
system. 

DISCUSSION 

The above results show that strong chemiluminescence is emitted in the decomposition 
of hydrogen peroxide and hydroperoxides by iron complexes in the presence of 
isoluminol. It was previously reported that the decomposition of hydroperoxide by 
cytochrome c in the presence of luminol gave chemiluminescence.2' Interestingly, the 
chemiluminescence intensity and time course profile were dependent on both peroxides 
and iron complex (Figures 2,3,5 and 6). 

It is now accepted that chemiluminescence arose from isoluminol by a following 
scheme,22 

LH- + radical X* + L'- + XH 
L^ + 0 2  -+ L + 0 2 -  

L'- + 0 2 -  + endoperoxide -+ light 

( 1 )  

(2 )  

( 3 )  

where LH- and L'- are isoluminol anion and isoluminol semiquinone radical respect- 
ively. It was confirmed that, when any one of the components, isoluminol, peroxide or 
iron complex, was omitted, little chemiluminescence was observed. Furthermore, as 
expected, a radical-scavenging antioxidant such as 2-carboxyl-2,5,7,8-tetramethyl-6- 
chromanol (Trolox), a water-soluble vitamin E analogue, and superoxide dismutase 
(SOD) suppressed the chemiluminescence (data not shown). Trolox scavenges oxygen 
radicals rapidly and inhibits the reaction 1 and SOD scavenges superoxide and inhibits 
the reaction 3. It was also found in the present study that a chemiluminescence with a 
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constant intensity was emitted when a water-soluble radical initiator, 2,2’-azobis 
(2-amidinopropane) dihydrochloride (AAPH), was incubated in place of metal and 
hydroperoxide in PBS in the presence of isoluminol under the same conditions as in 
Figure 2 as reported by Lissi et al.23 The chemiluminescence intensity was directly 
proportional to the concentration of AAPH (data not shown). 

These results show that the oxygen radicals generated from AAPH or metal- 
dependent decomposition of hydrogen peroxide or hydroperoxides attack luminol or 
isoluminol to eventually emit light and that the chemiluminescence intensity and time 
course profile reflect the amount and rate of radical flux. The chemiluminescence 
intensity is determined by a rate of generation of free radicals that can attack 
isoluminol, that is, the rate of decomposition of hydroperoxide by iron complex and 
the fraction ‘of the radicals that attack isoluminol. The chemiluminescence progress 
curve observed in the stopped-flow system reflects the time course of radical flux. It is 
not clear at present what is the active radical that attacks isoluminol. It may be free 
hydroxyl, alkoxyl or peroxyl radical. We have previously observed that haem irons 
such as hemoglobin and methernoglob$ initiate the oxidations of lipids and lipopro- 
teins in the presence of hydroperoxide and it is accepted that the decomposition of 
hydrogen peroxide and/or hydroperoxides by metal complexes is the essential initial 
event for lipid per~xidat ion.~’-~~ It has been reported that the reaction of methemoglo- 
bin with hydrogen peroxide gives an iron (1V)-0x0 species and the second oxidizing 
equivalent which is rapidly transferred to the surrounding globin generating a protein 
~adical,~’.~’ implying that not all radicals formed from peroxides are free. In any event, 
the chemiluminescence from isoluminol observed in the decomposition of peroxides 
by iron complexes show the formation of free active oxygen species capable of attacking 
substrates such as lipids and proteins and its time course profile observed in the present 
stopped-flow chemiluminescence system reflects the change in flux of such active 
oxygen species with time. 

The present study shows that methemoglobin and cytochrome c decompose perox- 
ides relatively slowly and generate active oxygen species continuously, whereas 
microperoxidase decomposes peroxides rapidly. It may be noteworthy that smaller 
molecule such as ferrous chloride decomposes hydrogen peroxide more rapidly than 
microperoxidase (data not shown). These points should be taken into consideration in 
the in vitro oxidation study induced by iron. 

The chemiluminescence has been applied to the measurement of hydroperoxide in 
biological samples such as The above results show that the relative chemi- 
luminescence intensity, that is, analytical sensitivity, depends markedly on the type of 
hydroperoxide and iron complex, and also on the analytical conditions such as dead 
volume in a flow system and flow rate of the eluent. 

In conclusion, the present study shows that the stopped-flow chemiluminescence 
system is convenient to follow the flux of active oxygen species capable of causing 
oxidative damage in the decomposition of peroxides by iron complexes. 
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