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ABSTRACT
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Bilirubin (BR) showed very weak antioxidant activity in a nonpolar medium of styrene or cumene in chlorobenzene. In contrast, BR exhibited
strong antioxidant activity in polar media such as aqueous lipid bilayers or SDS micelles/methyl linoleate (pH 7.4), where the rate with peroxyl
radicals, ki, = 5.0 x 10* M~ s71, was comparable to that with vitamin E analogues, Trolox, or PMHC. An electron-transfer mechanism
accounts for the effect of the medium on the antioxidant properties of BR.

Bilirubin, the common metabolite of hemoglobin, possesses propose a mechanism that accounts for its unusual antioxi-
both damaging and beneficial properties in biological dant properties, which depend markedly on the medium used
systems. The damaging effects are evident in the appearancéor the reaction.

of jaundice, especially in premature babies when it occurs The antioxidant properties of bilirubin were examined in
“free” in relatively high concentrations in the blood. Bilirubin  three different systems: (1) in a homogeneous solution of
is also known to sensitize photooxidation of biological chlorobenzene containing the substrates styrene or cumene;
molecules by singlet oxygenThe beneficial effects of  (2) in micelles of sodium dodecyl! sulfate (SDS) with methyl
bilirubin are due to its effects as an antioxidant, which have linoleate (ML) substrate; and (3) in lipid bilayers of egg
been reported by various groupscluding a claim that it lecithin (EL) and of 1-palmitoyl-2-linoleoyl-phosphatidyl

is a “major physiologic antioxidant cytoprotectaft"Sur- choline (PLPC). The rates of free radical initiatidR)(were
prisingly, reliable quantitative kinetic data on its antioxidant controlled by using azo initiators, azo-bis(isobutyronitrile)
activity are lacking. We now report on the rate constants (AIBN) in solution, and either lipid-soluble azo-bis(2,4-
and StOIChI.omemC faCt.or for. reacthn of blllrupm Wlth. (2) (a) Barafiano, D. E.; Rao, M.; Ferris, C. D.; Snyder, SPkbc. Natl.
peroxyl radicals, the main chain-carrying radicals in peroxi- acad. Sci. U.S.A2002,99, 16093. (b) Bara, H.; Hashizurme, N.; Hemmi,

dation, using quantitative methods of autoxidation, and H.; Yoshida, M.J. Anal. Bio-Sci2000,23, 425. (c) lhara, H.; Aoki, Y ;
Hashizume, N.; Aoki, T.; Yoshida, M.; Osawa, Glin. Chem. Enzymol.
Commun.1998,8, 31. (d) Dudnik, L. B.; Khrapova, N. GMlembr. Cell.
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sity. Phone (506) 364-2369. Fax (506) 364-2313. 16712. (f) Stocker, R.; Peterhans, BEochim. Biophys. Actd989,1002,
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dimethylvaleronitrile) (DMVN) or water-soluble azo-bis-
(amidinopropane)dihydrochloride (ABAP) in aqueous sys-
tems. The inhibited oxygen uptake (IOU) method was used

to determine rate constants of inhibitioki,,3, and the % i
inhibition provided by bilirubin compared with known Eg. 2
phenolic antioxidants. % 0 L
Phenolic antioxidants, ArOH, inhibit peroxidation by 0 20 40 60 0 30 60 90

trapping peroxyl radicals by a hydrogen atom transfer (HAT) Time {minutes) Time (minutes)

process (reaction .1)' The e_lryloxy radical, A,rCD_rap_s a . Figure 1. A. Oxygen uptake traces for the oxidation of styrene,
second peroxyl radical (reaction 2) so that the stoichiometric 5 17 v “in chlorobenzene, initiated with azo-bis(isobutyronitrile),

factor, n, for phenolic antioxidants is generally 2. AIBN, 22.7 mM, at 30°C. Curve a: uninhibited oxygen uptake.
Curve b: inhibited by bilirubin (BR), 0.98M. Curve c: inhibited

Ko by 2,2,5,7,8-tetramethyl-6-hydroxychroman (PMHC), 328 B.
ROCO + ArOH — ROOH+ ArO* Q) Oxygen uptake traces for the oxidation of cumene, 1.80 M, in
chlorobenzene, initiated with azo-bis(isobutyronitrile), AIBN, 24.3
ROC + ArO" 2 hon-radical products (2) MM, at 30°C. Curve a: uninhibited oxygen uptake. Curve b:

inhibited by BR, 10.1uM. Curve c: inhibited by 3,5-dtert-butyl-
{—d[O,)/dt} = kp[substrate]x R/nk, [ArOH] (3) 4-hydroxyanisole (DBHA), 4.7ZM.

During the induction period, the reduced rate of oxygen
uptake is given by eq 3, whellg is the propagation rate
constant for the reaction of the substrate with peroxyl radicals
andR is the rate of free radical initiation. For quantitative
studies,R must be controlled, and this is usually done by
using azo initiators that decompose at known rates to give
carbon-centered radicals that react rapidly with oxygen to
yield peroxyl radicals with known efficiency. ThB is
measured from the length of the induction perigdybtained
by a phenolic antioxidant:

induction period but only caused a slight reduction in oxygen
uptake. In this system, BR behaved as a “retarder” rather
than an active antioxidantA retarder reacts only compara-
tively slowly with peroxyl radicals so that chain termination
also occurs by bimolecular self-reaction of peroxyl radicals.
As a result, there is not a distinct induction period and the
oxidation rate is slightly reduced past the time when two
peroxyl radicals have been generated from the initiator for
every molecule of retarder, while the retarder is only partially
consumed. This was confirmed by UWis analysis of the
reaction mixture long after the induction period was expected
to terminate (eq 4), which showed that 90% of the BR was
unreacted. Next we changed to cumene as the substrate. The
For reliable determinations ok, there must be a  k, for cumene is only 0.18 M s! 5 compared to 41 M
measurable kinetic chain length, during the induction s for styrené so that even poor antioxidants are known to
period?® This is determined from the inhibited rate and the give well-defined induction periodsTypical results under
R (eq 5). Values ok, are calculated using the integrated these conditions are shown in Figure 1B. Here the relatively

R = n[ArOH]/t 4)

form of eq 3 (eq 6). weak antioxidant, 3,5-di-tert-butyl-4-hydroxyanisole (DB-
HA),® gave a measurable induction period, whereas BR again
v ={—d[O,})/dt}, /R (5) only caused a reduction in the rate.
The antioxidant properties of BR depended markedly on
—A[O,];= k[substrate] In(- t/z)/k, (6) the medium of the reaction. In contrast to its weak effect in

a hydrocarbon—chlorobenzene solution, it displayed strong

A plot of A[O3]; vs In(1— t/z) gives a straight line of slope ~ @ntioxidant activity in aqueous SDS micelles, phosphate
ko[substrate]/k, from which kqy is obtained by using a buffer, pH= 7.478 In this medium, bilirubin inhibited the
substrate with a knowk,. oxidation of methyl linoleate initiated with ABAP using the
The AIBN-initiated autoxidation of styrene has advantages ©Xygen electrode or the pressure transducer system. A typical
for quantitative studies of this kind and has been used to €xperimental trace is shown in Figure 2 for BR along with

determine théx,, of a wide variety of phenolic antioxidants. @) (2) Waters, W. A Wickham-J C.Chem. Sod951 51 812
H 1 HH . a, aters, . A.; Wickham-Jones, {L. em. S0 ,01, .

This method was therefor_e useq to test_ the ability of bilirubin (b) Howard. J. A Ingold, K. UCan. J. Chem1964,42, 2324,

(BR) to trap peroxyl radicals in solution. Oxygen uptake  (5) Howard, J. A;; Ingold, K. U.; Symons, Man. J. Chem1968,46,

P e ) 1017,
traces are shown in Figure 1A for the uninhibited rate; the (6) Horswil, E. C.. Howard, J. A.: Ingold, K. UCan. J. Chem1966,

effects of BR and of the phenolic antioxidant 2,2,5,7,8- 44, 9gs.

pentamethyl-6-hydroxychroman (PMHC) are also shown _ (7) Transition metal ions are well-known to mediate free radical reactions
. L o f in aqueous systems: Chevion, M.; Berenshtein, E.; Zhu, B.-Rdactive
during the inhibited oxidation of styrene in chlorobenzene. Oxygen Species in Biological Syste@dbert, D. L.; Colton, C. A., Eds.;

While PMHC gave &, of 407 x 10* M~1s7%, in agreement Plenum Press: New York 1998; Chapter 4, pp 4031. Therefore, the
; ; ; ; ; phosphate buffer was treated withk110~* M diethylenetriaminepentaacetic
with the literature valué,in contrast, BR did not give an acid and passed through a column of Chelex{500 mesh) before use.
The ascorbate tésshowed the treated buffer to be essentially free of heavy
(3) Burton, G. W.; Doba, T.; Gabe, E. J.; Hughes, L.; Lee, F. L.; Prasad, metal ions.
L.; Ingold, K. U.J. Am. Chem. S0d.985,107, 7053. (8) Buettner, G. RJ. Biochem. Biophys. Method988,16, 27.
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Figure 2. Oxygen uptake traces for the oxidation of methyl
linoleate (ML) in aqueous sodium dodecyl sulfate (SDS) micelles,
0.5 M, initiated with azo-bis(amidinopropane) dihydrochloride
(ABAP) at 37°C. Curve a: uninhibited oxygen uptake with 0.437
M ML, 18.9 mM ABAP. Curve b: 0.437 M ML, 18.9 mM ABAP,
inhibited by BR, 39.«M. Curve c: 0.495 M ML, 21.4 mM ABAP,
inhibited by 2,2,5,7,8-tetramethyl-6-hydroxychroman (PMHC), 42.7
uM.

that of PMHC. Under these conditions, BR exhibited
effective peroxyl trapping activity. A summary of the rate
constantskinn, for BR, PMHC, and 2,5,7,8-tetramethyl-6-
hydroxy-2-carboxychroman (Trolox) is given in Table 1. The

Table 1. Inhibition Rate Constant,,,, and Stoichiometric
Factors,n, of Bilirubin, BR, Trolox, and PMHC for the
Inhibited Oxidation of Methyl Linoleate, ML, in 0.50 M SDS
Micelles Initiated with ABAP in Phosphate Buffer, pH 7.4, at
37°C?

inhibitor Kinh
method® mol x 10° M-1s1x 1074¢ nd
OE BR®
1.85—-12.0 5.2 1.5
PT BR,f8.34 4.7 1.3
OE Trolox, 5.54 4.4 2
PT Trolox, 15.5 5.6 2
PT PMHC,f1.94 4.99 2

a|n all experiments, errors were less than 209E refers to the oxygen
electrode and PT the pressure transdut@alculated for the micellar
volume in 3.0 mL of 0.50 M SDS used with the OE and 2.0 mL with the
PT method® ¢ Stoichiometric value for phenols, Trolox, and PMHC is
2. The value for bilirubin was calculated from= R x ©/[BR], whereR
= 2 x [ArOH])/tr andr is the induction period of Trolox or PMHC.BR
was delivered in 0.05 M sodium hydroxide?PMHC and BR were injected
from a solution in 0.50 M SDS micelle8Literature value gavdin, =
5.37x 10* M~1s 1 using linoleic acid in 0.50 M SD&® Thekiyn of PMHC
was 407x 10* M~1 s71in chlorobenzene—styrene (see text).

mean BRkin , 5.0 x 10* M~1 s7%, is comparable with that
of the active phenolic antioxidants with= 1.4 somewhat
lower than that of the phenols.

Lipid bilayers are frequently used as mimics of biomem-
branes, and BR is known to partition into bilayérsp we
carried out some experiments using multilamellar bilayers
of egg lecithin and of PLPC in buffer, pH 774The bilayers
were prepared using the coevaporation metffday vortex

(9) (a) Brito, M. A.; Brondino, C. D.; Moura, J. J. G.; Brits, Burch.
Biochem Biophy<001,387, 57. (b) Leon, M.; Noy, N.; Zakim, 0. Biol.
Chem.1989,264, 5648. (c) Zucker, S. D.; Goessling, W.; Hoppin, AJG.
Biol. Chem.1999,274, 10852. (d) Hayward, D.; Schiff, D.; Fedunec, S.;
Chan, G.; Davis, P. J.; Poznansky, MBibchim. Biophys. Acta986 860Q
149. (e) Tipping, E.; Ketterer, B.; Christodoulides, Biochem. J.1979,
180, 327.

Org. Lett., Vol. 6, No. 10, 2004

stirring a film of the lipid containing DMVN and freeze
thaw cycles using liquid nitrogen under argon. The BR was
introduced either by injecting a solution in 0.05 M sodium
hydroxide during the oxidation or by coevaporating it with
the lipid from chloroform. BR gave effective inhibition of
lipid bilayer peroxidation, in both methods of addition, again
in stark contrast to its poor activity in chlorobenzene. BR
and DMVN were used in amounts designed to give long
induction periods, preferably several hours, so as to minimize
the error involved during temperature equilibration. Typical
examples are as shown in Figure 3A with EL and Figure
3B with PLPC.
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Figure 3. A. Oxygen uptake traces for the oxidation of egg lecithin
(EL), 1.05 M, initiated with azo-bis(amidinopropane)dihydrochlo-
ride (ABAP), 0.154 M, at 37°C. Curve a: uninhibited oxygen
uptake. Curve b: inhibited by BR, 0.421 mM, injected in sodium
hydroxide. Curve c: inhibited by BR, 1.01 mM, coevaporated with
the EL. B. Oxygen uptake traces for the oxidation of 1-palmitoyl-
2-linoleoylphosphatidyl choline (PLPC), 1.05 M, initiated with azo-
bis(2,4-dimethylvaleronitrile) (DMVN), 0.225 M, at 3TC. Curve

a: uninhibited oxygen uptake. Curve b: inhibited by 0.466 mM
BR, coevaporated with the PLPC. Inset: plot of data from curve b
according to eq 6 (see text).

Satisfactory linear plots according to eq 6 were obtained
in all cases, including those for long induction periods; for
example, the inset for Figure 3B gave h= 1.000. Using
the reporteds, = 16.6 M* s for PLPC}! the kinn for BR
was determined during inhibited oxidation initiated by
DMVN and is summarized in Table 2 compared with results
for Trolox. Bilirubin is about one-third as active as Trolox
under these conditions from thk,, values but has a
comparable stoichiometric factor of radical trapping. The
lower ki, of BR in bilayers compared to Trolox or compared
to the value in micelles is attributed to rate-limiting diffusion
between the lipid peroxyl radicals and BR since the ionic
form of BR at pH 7.4 is probably located at the membrane
water interface as suggest&dyhile the peroxyl radicals,
initiated with lipid-soluble DMVN, are formed deep in the
bilayer?

(10) (a) Barclay, L. R. C.; Baskin, K. A.; Locke, S. J.; Schaefer, T. D.
Can. J. Chem1987, 65, 2529. (b) Barclay, L. R. C.; Edwards, C. D.; Mukai,
K.; Egawa, Y.; Nishi, T.J. Org. Chem1995, 6Q 2739.
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Table 2. Inhibition Rate Constant;,n, andn Factors of BR
and Trolox for Inhibited Oxidation of PLPC Bilayers Initiated
with DMVN at 37 °C, pH 7.4

inhibitor Kinh
method® mol x 108 M-1s1x10°8¢ nd
coevap BR
3.02 3.0 1.9
3.02 3.2 1.8
injected in buffer Trolox
1.04 10.4 2
1.05 10.7 2

a|n all experiments, variation was less than 26%Amounts used were
PLPC, 6.83x 10°5 mol; DMVN, 1.46 x 105 mol. ¢ Calculated for the
lipid volume of the bilayerg® d Stoichiometric factors relative to = 2
for Trolox; see Table 1, footnote c.

In general, phenolic antioxidants lose much of their HAT
activity in polar, hydrogen-bond-accepting solvents (S)

because H-bonded ArOH molecules are unreactive toward

HAT.1® Therefore, phenols have reduced HAT activities
toward peroxyl radicals in aqueous lipid dispersi§hddue
to ArOH---S association (eq 7).

d
R
ArOH + S Rg

v

ArOH- - -8 //-» no reaction

Ar0* + ROOH
(N

PMHC is at least 80 times more active in chlorobenzene

of phenol*®* We propose that BR reacts with peroxyl radicals
by a single-electron transfer (SET) mechanism. A SET
reaction is expected to be favored in the polar media of
aqueous lipids. Known properties of pyrroles favor an SET
reaction. These include the relatively low ionization potential
of pyrrole compared to phen#lthe SET reaction observed
with oxygen to form cation radicalé,and a transient reported
for an SET reaction of dianionic bilirubin to haloperoxyl
radicals in alcohold® The SET reaction with ionized
bilirubin, 1, and peroxyl radicals2, known to be strongly
polarized!® is proposed for the reaction of BR with peroxyl
radicals (see Scheme 1). The initial SET would form an ion

Scheme 1
R—O-:
!
1 5 5
R-G-8: —> R-0:0-H

Scheme 1

pair, 3, and reactions o8 such as direct proton transfer or
via a separated ion pair would form a pyrrole radidaland
the hydroperoxide5. Since bilirubin possesses two pyrrole

styrene than in aqueous SDS micelles due to this mediumrings, it could deactivate two peroxyl radicals by SET giving,

effect (Table 1). In contrast, the antioxidant activity of BR
switched from little (or no) activity in chlorobenzene to

theoretically, an factor of 2. The factor is approximately 2
for reactions in PLPC bilayers during initiation by lipid-

increase markedly in aqueous SDS where it matched the ratesoluble DMVN. The n factor dropped to 1.3—1.5 for

constantsk,,, of the vitamin E analogues, PMHC, or Trolox
(Table 1). This remarkable difference for BR is attributed

reactions initiated by water-soluble ABAP (Table 1) most
likely due to some direct SET oxidatibhof BR in the

to the mechanism for the reaction between BR and peroxyl aqueous phase. The proposed SET mechanism (Scheme 1)

radicals. The hydrogen atom transfer (HAT) mechanism
common for phenolic antioxidants (reaction 1) is VERY
improbable for BR. For example, the proposed HAT reaction
from the connecting-C'*°H,— group is unlikely because

accounts for the remarkable effects of the reaction medium
on the antioxidant activity of BR, and earlier rep8is the
antioxidant properties of BR in aqueous lipid dispersions
probably also involved SET reactions.
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