
Free Rad. Res. Comms., Vol. 19. No. I ,  pp. 17-28 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1993 Harwood Academic Publishers GmbH 
Printed in the United Kingdom 

REACTION KINETICS OF a-TOCOPHEROXYL 
RADICAL WITH BIOLOGICALLY AND 

PHARMACOLOGICALLY ACTIVE SUBSTANCES 

KAROL ONDRIAS", VLADIMiR MISfKa, VLASTA BREZOVAb and 
ANDREJ S T A S K O * . b  

"Institute of Experimental Pharmacology, Slovak Academy of Sciences, 842 16 
Bratislava, bFacuIty of Chemical Technology, Slovak Technical University, 

812 37 Bratislava, Slovak Republic 

(Received January 13, 1993; in final form, April 13, 1993) 

The a-tocopheroxyl radical (aTR')  generated in the reaction with l,l-diphenyl-2-picrylhydrazyl in n- 
butanol decayed according to second-order kinetics with a rate constant k, = 3.103 M - l s - '  as deter- 
mined by EPR spectroscopy. Various biologically and pharmacologically active substances like 
isoprenaline (ISO), epi nephrine (EPI), histamine (HIS), stobadine (STO), nafazatrom (NAF) and 
Kampo C medicine (KMC) accelerated the decay rate of aTR' .  The whole process is formally a third- 
order reaction with the rate constants (in 10' M-*s-' ): k,(ISO) = 1.28, k,(NAF) = I .25, 
k,(EPI) = 0.6, k,(HIS) = 0.4, and k,(STO) = 0.1. In the kinetics of the reaction mechanism, 
bimolecular intermediates are assumed and the rate constants of their formation were determined. 
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INTRODUCTION 

a-Tocopherol (aTOC) functions as an important natural anti-oxidant in biological 
systems by scavenging deleterious radicals in cell membranes such as lipid peroxyl 
radicals'.*. In the process of radical scavenging aTOC is oxidized to  the relatively 
stable a-tocopheroxyl radical (aTR'). The a-tocopheroxyl radical may be regene- 
rated back to the aTOC by ascorbic acid as suggested by Packer et ~ 1 . ~ .  

In this work we studied interaction of aTR'  with variety of biologically and 
pharmacologically active compounds, known to play a role in free radical mediated 
damage: catecholamines epi nephrine (EPI) and isoprenaline (ISO) are thought to 
be involved in myocardial ischemia/reperfusion damage and induce peroxidation 
in myocardium4*'. In the absence of catalytical iron or copper ions, significant 
antioxidant properties of those compounds were found (K. OndriaS, M. 
Hromadova, unpublished results). Nafazatrom (NAF) is an antithrombotic agent 
which stimulates endothelial release of prostacyclin, inhibits arachidonate 
metabolism by lipoxygenase enzymes', and was found to protect cardiac lipids 
against oxidative injury*. Stobadine (STO) is a new cardio-protective drug with 
antihypoxic and antiarrhythmic effects', which seem to  be associated with the 
antioxidant properties of this druglo,". Histamine (HIS), a naturally occurring 

*Correspondence: Andrej StaSko, Slovak Technical University, Faculty of Chemical Techno- 
logy, Department of Physical Chemistry, Radlinsk6ho 9, 812 37 Bratislava, Slovak Republic. 
Fax: + (42-7)-493- 198 
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18 K .  ONDRiAS ET AL. 

amine, was shown to be released from granules of mast cells upon attack of free 
radicals'*. The Japanese herbal Kampo medicines exert positive effects on cardio- 
vascular circulation13* l 4  and in a model of chronic cerebral ischemia. Antioxidant 
properties of Kampo medicines against oxidation of membrane lipids'' and 
low density lipoproteins16 and their OH' radical scavenging abilities were also 
demonstrated". 

MATERIALS AND METHODS 

Chemicals were obtained from the following sources: a-tocopherol (aTOC) from 
Sigma, DPPH' (l,l-diphenyl-2-picryl-hydrazyl) from Fluka, TEMPO (2,2,6,6- 
tetramethylpiperidinyl-N-oxyl) from Sigma, L-epinephrine bitartate (EPI) from 
Calbiochem, isoprenaline hydrochloride (ISO), nafazatrom (NAF) from the 
Institute of Drug Research, Modra (Czechoslovakia), stobadine ((-)-cis-2,8- 
dimethy1-2,3,4,4a,5,9b-hexahydro-lH-pyrido (4,3b) indole dihydrochloride; STO) 
was synthesized at the Institute of Organic Chemistry and Biochemistry, Prague 
(Czechoslovakia), Kampo C medicine (KMC) was from Tsumura & Co. (Japan). 
All other chemicals were of analytical grade from commercial sources. 

a-Tocopherol free radicals were generated in a reaction of aTOC with DPPH' 
according to Eq. (1) as described by Rousseau-Richard et a/.'*. 

(1) 

The consumption of DPPH' was monitored by visible spectroscopy observing 
the absorbance of DPPH' at 520 nm. The reaction of DPPH' with aTOC was 
fast: DPPH' disappeared within 30 seconds after mixing of 0.2 mM DPPH' with 
0.3 mM aTOC in n-butanol. 

Concentrations of the aTR. were determined using TEMPO radical as a stan- 
dard. The spectra of TEMPO standard and aTR' ,  both in n-butanol solutions, 
were compared under identical physical arrangements of the samples and identical 
instrumental settings, except for receiver gain. The concentration of aTR' ,  60 
seconds after mixing DPPH' with aTOC, was 4 pM. As the line shape did not 
change during the experiments, the relative integral intensity of EPR spectra, 1::;. 
was described with the line heights. 

aTOC + DPPH' -+ aTR'  + DPPHH 

RESULTS AND DISCUSSION 

Generation of aTR' 

DPPH' as well as a-tocopherol entering the reaction was characterized by the 
EPR spectra shown in the inset of Figure 1: DPPH' with a typical quintet 
(Figure 1. l), and aTOC solution was EPR silent (Figure 1.2). 30 seconds after mix- 
ing DPPH' with aTOC, the spectrum of DPPH' disappeared completely and the 
spectrum of aTR' was observed as shown in the same inset (Figure 1.3). The 
immediately measured self decay of aTR'  is illustrated in Figure la.  This is 
described by second order reaction kinetics with a very good reproducibility 
throughout the measurements. Such self decay measurements are quoted in the cor- 
responding Figures as reference. 
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REACTION OF DRUGS WITH ALPHA-TOCOPHEROXYL RADICAL 19 
! 

1 )  0.2MDPPH' 

\r 
2) 03M aTOC 

b) 4pM aTR' +20pM EPI 

c) 4pM aTK+ 10pM ASC 

I I I I I 

60 180 300 420 540 

-seconds + 

FIGURE 1 
Trace a): 4 pM uTR' in n-butanol, trace b): same in the presence of 20 p M  epinephrine, trace c): same 
as a) in the presence of 10 p M  of ascorbic acid. 

The time dependence of EPR spectra of or-tocopherol radical orTR'. 
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20 K .  ONDRIAS ET AL. 

The time resolution and the kinetics 

30 seconds after mixing DPPH' with aTOC, a defined source of aTR'  was 
obtained. This point in time is referred in the kinetic measurements as zero ( t  = 0). 
Exactly at this time, various substrates were added to the resulting solution of 
aTR',  vortexed, put into the EPR tubes, and spectra were recorded. This took an 
additional 40 to 60 seconds. What about the kinetics between t = 0 and the first 
EPR measurement? Let us consider two alternatives: i) the reaction with substrate 
was rapid and finished before the first EPR measurement begun; ii) the reaction 
was slower and at least a part of its kinetics was monitored by EPR measurements. 

Rapid reaction of a TR' with substrates 

Ascorbic acid as a substrate may be used as an example for a rapid decay. Figure lc  
shows the time decay of aTR'  after addition of 10 pM of ascorbic acid. A 
substantial decrease of aTR'  was found in Figure l c  if compared with Figure la.  
Similar experiments were carried out for various concentrations of ascorbic acid. 
The kinetic evaluation of such measurements is shown in Figure 2. We assume that 
the reaction of aTR' with ascorbic acid was rapid and was finished before the first 
EPR measurement. Then actually, only the self decay of aTR'  at its various initial 
concentrations was monitored from the first EPR measurement. The kinetic evalua- 
tion of systems with such a rapid reaction between substrate and aTR'  shows a 
characteristic kinetic pattern. Namely, that the time dependence of 1 /[aTR'] gives 
straight lines with similar parallel slopes but shifted for various ascorbic acid con- 
centrations and having different intercepts on the l /[aTR'] axis. This is demon- 
strated in Figure 2. Such a kinetic pattern was not observed when other substrates 
were investigated. 

0.050 

rl 
I 

@ 
W 

0.025 

0.000 I I L 
50 250 450 

time ( s e c )  
FIGURE 2 The time dependence of reciprocal intensity of EPR spectra (IEfi.)-' of a-tocopherol 
radical aTR' at various initial concentrations of ascorbic acid, [AX'] .  
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REACTION OF DRUGS WITH ALPHA-TOCOPHEROXYL RADICAL 21 

The time resolved reactions of aTR' with substrates 

If the reactions between aTR'  and substrates were considerably longer than 60 
seconds, their time profile can be readily followed with the technique described. 
Mathematical evaluation of the kinetics allows the decay function of aTR'  to  be 
reliably approximated from 0 to 60 seconds time. Figure l b  illustrates the aTR'  
decay after the addition of 20 pM epinephrine. If Figure 1 b is compared with those 
of Figure l a  and Figure lc, a considerable acceleration of aTR'  decay is obvious 
in Figure lb .  Similar kinetic evaluations as described by the rapid reaction above 
resulted in a kinetic pattern, where the slopes of the lines are dependent on the 
substrate concentrations. This holds for all investigated substrates as shown in 
Figure 3. According to the model suggested below and from the slope dependence, 
kapp, of those line on the initial substrate, [SX]', (kapp = k, + k,[SX]'), not only the 
rate constants k, for the reaction substrate - aTR'  but also k, for the simul- 
taneous aTR' self decay can be evaluated. A characteristic feature of such kinetic 
model is that the lines show various slopes and have approximately the same 
intercept on the l/IE!g. axis. This holds for all investigated substrates shown in 
Figure 3.  

Kinetics of aTR' self decay 
The decay of aTR'  is a bimolecular reaction and can be described by the second 
order kinetics according to the Equations (2) and (3): 

aTR'  + aTR'  2 non-radical products (2) 

-d[aTR' ] /d t  = k,[aTR']* (3) 
Solution of the Equation (3) gives Equation (4) for the following boundary condi- 
tions: at the time to the concentration of aTR'  was [aTR'],. and at the time t the 
concentration of aTR'  was [aTR']. 

l / [ a T R ' ]  - l / [c~TR' ]o  = k , ( t  - to) (4) 
Thus, if the decay of the aTR'  were a second-order reaction, a linear dependence 
of the l/[aTR'] vs. time should be found. This was confirmed indeed as shown in 
Figures 3a-f for all control samples (i.e. the samples in the absence of substrate). 
From the slope of I/[aTR'] vs. time the rate constant, k,, of the birnolecular 
decay of aTR'  was determined according to  Equation (4) and a value of k, = 
3.103 M-ls-'  was found. The magnitude of this rate constant fell within the range 
reported by others for the bimolecular decay of aTR'  in different solvents: 
1.4 x lo3 M-'s-l in ethanol'*, 560 M-ls-' in heptanol", 1.6 x lo3 M-ls-' in 
benzene", and 1 x lo4 M-ls-' in ethanol2'. 

The bimolecular decay of aTR'  is a very complex process which may lead to the 
formation of tocopheryl quinone and regeneration of CXTOC'~. Other reaction 
pathways include formation of dimers and trimers6, formed via radical isomeriza- 
tion of a ~ ~ ' 2 1 .  

Kinetics of a TR ' decay with various substrates 

Further studies were focused on the kinetics of aTR'-decay in the presence of 
various substrates. Figures 3a-f illustrate the decay of aTR'  upon addition of 
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J [KrnC]'/~1(400 PI)-' 
0 0  
0 120 
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R 240 

a) iooprenaline 

0.250 - 
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U-6 
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0.125 

0.000 

c) epinephrine bitartate 
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0.1 

0.c 
I 250 450 

t ime (sec) 

e) histamine 
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time (sec) 

1 .a 
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b) nafazatrom 

350 
t ime  (sec) ' 

d) stobadine 

80 

350 650 
t ime  (sec) 

f) Kampo C 
0.150 I 

0.075 

0.000 
I 250 4 

t ime  (sec) 

FIGURE 3 Plot of the reciprocal I::$ values (see legend to Fig. 1) against time at various initial cc 
centrations of [SX]' of the following substrates, SX: a) isoprenaline, b) stobadine, c) epinephrine, 
nafazatrorn, e) histamine, f) Karnpo C. 
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REACTION OF DRUGS WITH ALPHA-TOCOPHEROXYL RADICAL 23 

various concentrations of the test compounds: isoprenaline (Figure 3a), epinephrine 
(Figure 3c), histamine (Figure 3e), stobadine (Figure 3d), nafazatrom (Figure 3b), 
Kampo C (Figure 3 0  . All substrates accelerated the decay of aTR'  which was 
increased with increasing substrate concentrations. In the presence of these 
substrates a linear time dependence of [aTR'] - '  was confirmed for all investigated 
compounds as shown in Figure 3; that is, the reaction of aTR' radicals with the 
test compounds obeys second-order kinetics with regard to aTR' . A deviation 
from linearity was observed only with nafazatrom in advanced stages of the reaction 
(Figure 3d) which probably was caused by the participation of some secondary reac- 
tion products in aTR'-decay. 

To describe the kinetics in a system containing aTR'  and the test substrate, two 
reactions are to be considered: decay of aTR'  by its bimolecular recombination 
(Equation 2), and the reaction of aTR'  with the substrate (Equation 5 ) .  During 
the reaction of aTR' with the test substrates aTOC may be regenerated as sug- 
gested for ascorbic acid3, but formation of other reaction products of aTOC in 
this reaction cannot be excluded. The whole process is a complex multi-step reaction 
and can be best described as: 

A ,  +A2& ( A ,  . . . A2)*-,Pa (5a), 

k s  
A ,  + A, + A3---*P, + P b  5(a + b) 

In the first step (Equation 5a) aTR' interacts with either a second molecule of 
aTR'  ( A ,  = A ,  =aTR';  model I) or with the substrate SX ( A ,  =aTR' ,  A, = SX; 
model 11) under the formation of intermediates ( A ,  . . . A , ) * .  These 
intermediates may decay in a minor-consecutive reaction to  product Pa, but more 
likely, due to the third order kinetics, the intermediates ( A ,  . . . A , ) *  react 
rapidly with A, and form products P, according to Equation (5b), (A3 =SX in 
model I, and A ,  = aTR' in model 11). The net process can be described by Equa- 
tion 5 (a+b) .  For both models I and I1 Equation 5(a+b) may be expressed as: 

2aTR. + SX-% Po + Pb ( 5 )  

The decay of aTR' in a system containing both aTR' and substrate (SX) is a 

(6)  

The concentration of a substrate [SX], can be approximated in the initial stage as 
[SX] = [SX]' - 2[aTR'], where [SX]' is the initial substrate concentration. Gener- 
ally [SXI'n [aTR'] then [SX] = [SX]' and Equation (6) may be simplified to: 

sum of reactions 2 and 5 :  

- d[aTR' ] /d t  = k,[aTR'12 + ~S[CYTR'] '[SX] 

d [aTR ' ]  
dt  

- = [ aTR ' l2  ( k ,  + k , [ S X ] ' )  (7) 

The solution of Equation (7) gives: 
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24 K .  ONDRIAS ET AL. 

1 1 -- - (k, + k , [ S X ] O ) ( t  - to)  + 
[ aTR' ] [UTR. 1 0  

The experimental data shown in Figures 3a-f are well described by Equation (S), 
where a linear dependence of l /[aTR'] on the time, t ,  is expected. The slopes 
kapp (kapp = k, + k, [SX]') determined from the data on Figure 3 were plotted 
against initial substrate concentrations [SX]' (Figure 4a,b). From the slopes and 
intercepts of these graphs the rate constants k, and k, were determined (Table 2). 
Isoprenaline and nafazatrom exhibited the highest potency to reduce aTR'  , 
followed by epinephrine and considerably less potent stobadine and histamine. The 
relative ratio of their rate constants k, was: 

k,,, : k,,, : k,,, : k,,, : k,,, = 32 : 31 : 15 : 2.5 : 1 

0' I L 
0.0 0.3 0.f 

FIGURE 4 The dependence of the slopes kapp (kapp = k, + k, [SX]'), determined from Figure 3,  on 
the initial substrate concentrations [SX]' for various substrates: a)  isoprenaline, epinephrine and 
nafazatrom, b) histamine and stobadine. 
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REACTION OF DRUGS WITH ALPHA-TOCOPHEROXYL RADICAL 25 

Further, the ability of 0.6 mg/ml Kampo C to reduce the aTR' was comparable 
to a 16 pM solution of epinephrine. Recently Steenken et a/.24 showed that 
stobadine did not reduce vitamin E radical effectively. According to our results the 
reaction between aTR'and stobadine was taking place. 

The k, values obtained from the intercept of the plots are very close to those 
found in the absence of substrate as stated above and confirm the assumption that 
Equation (2) and Equation ( 5 )  are two independent simultaneous reactions. This 
implies the preference for the kinetic model I1 as discussed below. 

From the obtained k, values, the bimolecular rate constants ks,a of the reaction 
5a, for both models I and 11, can be estimated according to the following procedure: 

Model I .  According to this model aTR' interacts in the primary step with a 
second molecule of aTR'  (Equation (5a)J forming intermediate (aTR'  . . . 
aTR']*.  This reacts immediately in a coupled reaction with the substrate SX 
according to Equation (5b),. The whole reaction is described by Equation (5 ) .  

(5a) 
A S .  a ,  I l d ,  I a-TR' + a-TR' - ( a-TR' . . . a-TR' ) * --+ Pa, I 

(5b) 
The decay rate d[aTR']/dt in reaction (5a), is at the same time the decay rate of 
aTR'  for the whole reaction ( 5 )  

kS.  b. I (U-TR' . . . a-TR')*SX-Pb, I 

k,, a, I [ aTR.1' = ks [ aTR']  ' [ SX] 

and thereof: 

k S . a . 1  = k, [SXI 
Model 11. 
assumed: 

In model I1 the primary (5a),, and the secondary (5b),, steps are 

Ps.  a, II %d. 11 aTR'  + SX- (aTR'  . . , SX)*---+P,,,, (5ah 

(5bh (aTR'  . . . s x ] *  4- aTR'-Pb, 1 1  

Applying the steady-state analysis for intermediate (d[ { aTR'  . . . SX ] *]/dt = 0) 
Equation 11 was obtained: 

kS,  b, I I  

kS,a ,  I l [ a T R ' l  LSx1 = t (aTR' - * sx)*l  (kd, I1 + kS,  b. Il[aTR'l (I1) 
and 

The decay rate d[aTR']/dt in model I1 consists of the contributions of reactions 
(sa),, and (5b),, and is equal to the aTR'-decay rate in the whole reaction ( 5 )  . 
Therefore, we can write: 

k, , , , , , [aTR'][SX] + k s , b , I l [ a T R ' ] [ [ a T R '  . . . SX)*]  =k,[aTR.] '(SX] 
(13) 

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
1/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



26 K .  ONDRIAS ET AL. 

From (12) and (13) Equation 14 is obtained: 

Since our experiments verified the formal third order of the reaction 5 ,  reaction for- 
malism requires that the formation of product Pa, in (5a),, is negligible. 

That is, kd, II << ks, b, II [aTR'] and Equation 14 is simplified to: 

ks, a ,  11 = (1/2)ks[aTR'l  (15) 

The rate constants ks, a, II were calculated from Equation 15, taking into account 
that the concentration of aTR'  at the time of mixing with substrates (30 s after the 
reaction was initiated with DPPH') was [aTR']' = 6.3 pM are summarized in 
Table 2. The so calculated bimolecular rate constants ks, a ,  enable us to compare 
the ability of the test compounds to reduce aTR'  with that of biologically most 
important reductant ascorbic acid. As seen from the Table 2, the bimolecular rate 
constants, ks, a, II were in the order of lo3 M-ls-'. The rate constants in the order 
of 104-10' M-'s-' were reported for the reduction of aTR. by ascorbic acid in 
various systems3. 22, 23. 

From the obtained results model I1 is preferred. Approximately the same values 
ka were found for bimolecular self-decay of aTR'  both in experiments with and 
without substrates SX (compare Tables 1 and 2). Therefore, it can be assumed that 
substrate SX does not affect the self-decay reaction of aTR' .  Model I ,  however, 
predicts an effect of the substrate on the bimolecular decay of aTR'  (Equa- 
tion 10). These facts, therefore, support the validity of model 11. Thus, in the 
primary step aTR' probably interacts with substrate SX (reaction 5aII model 11), 
rather than with the second molecule of aTR'  (reaction 5all, model I). 

I t  is important to note, that our results do not bring any evidence whether or not 
the aTOC was regenerated from aTR'  in the reaction with the test compounds, 
although biological ubiquinones were reported to regenerate vitamin EZ5. 
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TABLE I 
The decay rate constants of the bimolecular self-decay of aTR'. kEPR values are slopes of the graphs 
with control samples in relative EPR units (Figures 2 and 3), k, values are bimolecular decay rates 

calculated from the kFPR based on the determined concentration of aTR' 

Fig. No. kEPR x 105 ( s - 9  k, (M-ls-') 

3a 
3c 
3e 
3f 
2 

average 

9.3 f 0.3 
9.5 f 0.3 
9.1 & 0.3 
9.0 + 0.2 
8.8 f 0.2 
9.1 f 0.2 

3139 
3206 
307 1 
3038 
2970 
3085 f 90 
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REACTION O F  DRUGS WITH ALPHA-TOCOPHEROXYL RADICAL 

TABLE 2 
Rate constants of the aTR'  reactions with various substrates SX. kEPR- slopes of the graphs (Figure 4) 
in relative units, ks- apparent trimolecular rate constants of the reaction 5 (in M-'s-') calculated from 
the kEPR values based on determined concentrations of CYTR'. k,, a, - bimolecular rate constants of 

the reaction 5a, model 11, calculated from the k ,  values using Equation 15 

27 

isoprenaline 38 f 1 
nafazatrom 37 f 3 
epinephrine 18 f 2 
stobadine 3.1 f 0.1 
histamine 1.1 f 0.1 

I .28 
I .25 
0.6 
0.1 
0.04 

3.2 
3.13 
1.5 
0.25 
0.1 

~ 
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