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Proton-induced dismutation of superoxide in aprotic media by bile pigments
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Summary. Cyclic voltammetry of molecular oxygen in aprotic media (dimethylformamide) and in the presence of
bilirubin and other bile pigments shows that superoxide anion (O; ) undergoes proton-induced dismutation. Lactam
hydrogens of bile pigments are sufficiently acid to induce O; disproportionation to O, and H,0,. Because of its
characteristic lipophilic behavior, a biological role for natural bilirubin similar to that of other non-enzymatic

lipophilic scavengers of O; is suggested.
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In normal intermediary metabolism molecular oxygen is
reduced to superoxide anion (O; ) and hydrogen perox-
ide (H,0,)*. These oxygen derivatives have the potential
for generating other reactive oxygen species. The biolog-
ical consequences of uncontrolled production of such
oxygen species are mutations, cytotoxicity, carcinogene-
sis, cellular degeneration, etc?~*, Aerobic organisms
have antioxidant processes which defend them. These
processes can be enzymatic (action of superoxide dismu-
tase and catalase) or non-enzymatic (e.g. reaction with
tocopherols, and ascorbic acid) >

In a paper® based on the general hypothesis that end
products of degradative metabolic pathways may play an
important role as protective agents, the in vitro behavior
of BR as a chain-breaking antioxidant in lipid autoxida-
tion was shown ® 7. Here we study the chemical interac-
tion of bilirubin, and of bile pigments in general, with
O; , the primary biological reactive species formed by
one electron transfer to dioxygen. Some authors®~1!2
have already reported chemical or biological interaction
"between O; and bile pigments, but the chemical process
involved was not clarified and, moreover, these papers
are dispersed over a wide scientific field and there are no
cross-references among them.

Material and methods

O; is unstable in protic media but can be easily obtained
in an aprotic solvent, e.g. in dimethylformamide (DMF),
where its behavior is well known 13, The electrochemical
behavior of bile pigments has also been extensively stud-
ied 14-1 9.

Bilirubin IXa (BR) was of commercial origin (Sigma), its
purity was controlled by HPLC. Bilirubin IX« dimethyl
ester (BR-DME) was obtained from BR following Mec-
Donagh 2%¢, and mesobilirubin IXo (MBR) from BR fol-
lowing Kuenzle et al.?!. Mesobiliverdin IXo« dimethyl
ester (BV-DME) was obtained following McDonagh 2°¢
from mesobiliverdin IXo, which was obtained from
MBR according to Landen et al.?2, (2)-3,8-diethyl-2,7,9-
trimethyl dipyrrin-1 (10 H)-one (DPN) was obtained ac-
cording to Falk et al.?®. Voltammetry: a hanging mer-

cury drop electrode (HMDE) was used: area 1.56 mm?,

sweep range 2—-200 mV s~ !; potential values are given
with reference to s.c.e.. For more experimental details see
Claret et al.*®. Dioxygen solutions were obtained by bub-
bling fixed volumes of air through Ar degassed solutions:
intensity reproducibility of the peak corresponding to the
O, formation was better than + 10%. Dioxygen con-
centrations in the solution were estimated from the peak
intensities: ~ 15 pA at 100 mV s~ * for an O, saturated
DMF solution (against air) (0.4 mM at 1 bar)?**. Each
substrate was tested at three different bile pigment con-
centrations (1 x 107* M, 2.5x 10™* M, and 5 x 10™% M)
and at least at four O, concentrations between
1x107°M and saturation. A supporting electrolyte
which does not interact with O;, such as tetrabutyl am-
monium perchlorate (TBAP), must be used; in similar
experiments performed using LiClO, as supporting elec-
trolyte the same splitting effect was observed on addition
of bile pigments, but the formation of peak 2, corre-
sponding to one electron dioxygen reduction, was
changed to an irreversible process and new peaks at more
negative potentials were built up (stabilizing the effect of
lithium as O; ligand 3).

Results and discussion

The corresponding blank solutions (O, in anhydrous
DMEF solutions, 0.1 M in TBAP as supporting elec-
trolyte) show, as has already been described 13:2° a re-
versible diffusion-controlled peak at about— 0.8 V (s.c.e.)
(see fig. 3a: peak 2 in the figures), corresponding to the
one electron reduction of dioxygen to O; . In the pres-
ence of bile pigment (see formula scheme) a new voltam-
metric reduction peak (peak 1) is observed at more posi-
tive potentials ( & 200—-100 mV: table and figures show
electroanalytical data of representative results). The peak
1 appears at —0.72—- —0.73 V for DPN, MBV-DME
and BR-DME, and at —0.64 - —0.65V for the tested
bile pigments with free carboxylic acid groups, i.e. MBR
and BR. Neutralization of the free carboxylic acid
groups of BR with 1,1,3,3-tetramethylguanidine (TMG)
displaces peak 1 to a potential value similar to that of
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Potential values (s.c.e) of voltammetric peaks (HMDE, 100 mV-s™')”
corresponding to the process O, + e~ 20 , in presence of bile pigments
(2.5%x107* M), 0.1 M TBAP, 1 x10™*M O,.

Uy, (V)Y U,, (V)7

Blank solution -—-- —0.84
DPN —0.73 — 0.84
BR-DME —0.73 -0.83
MBV-DME —0.72 —0.83
MBR —0.65 - 0.84
BR —0.64 —0.83

Blank solution with TMG
(26107*M) —0.88
BR with TMG —0.73 —0.87

Afor experimental details see !’ 18; Pirreversible peak; © reversible peak.

BR-DME (peak 1 at — 0.73 V). At constant O, concen-
tration the peak current of peak 1 increases with bile
pigment concentration at the expense of peak 2. After
reaching a constant value when the peak current of peak
2 has fallen to zero, the voltammogram pattern remains
unchanged by further addition of bile pigment (fig. 1).

At very low O, concentrations only peak 1 is observed in,

the voltammetric pattern. However, if the O, concentra-
tion increases whilst the bile pigment concentration is
kept constant, the peak current of peak 1 reaches a con-
stant value; in these conditions, peak 2 begins to appear
and its peak current increases with O, concentration
(fig. 2). The peak potential of peak 2 seems to be concen-
tration-independent, but by increasing the oxygen con-
centration the peak potential of peak 1 is shifted to more
positive values (fig. 2). By the addition of acetic acid to
a blank solution the same splitting (peak 1 at 0.15 V more
positive potential than peak 2) was obtained. Traces of
water also give a small peak 1 at similar potential values
(fig. 3a). v

An important difference between the two reduction
peaks is observed by cyclic voltammetry. Peak 2 is re-
versible and it corresponds to the generation of stable O;
in the aprotic DMF solution, but peak 1 is clearly irre-
versible (fig. 3). As is shown in the example of figure 3c,
irreversibility of peak 1 is even observed when both peaks
appear at very similar potentials.
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Figure 1. Voltammetry (100 mV:s™*) of O, 1 x10™* M in DMF, 0.1 M
TBAP at several MBR concentrations: ¢ 1.25x 10™* M. 52.5x 107% M.
c5x1074 M.

Furthermore, in the presence of O, the typical reduction
peak pattern of the corresponding bile pigment in DMF
is changed, with new species appearing, together with
those represented by the normal voltammogram. In the
absence of dioxygen such changes in the voltammogram
can be reproduced by the addition of a strong base such
as TMG. Consequently, it appears that the changes are
due to the formation of a bile pigment anion by interac-
tion with O, . This deprotonation of the bile pigment by
O, was confirmed by adding the bile pigments to O;
solutions in DMF (obtained by potentiostatic electrolysis
of 0,), and by recording their UV/Vis spectra. These
spectra were comparable to those of the bile pigment
anions (NH deprotonation: i.e. DPN™, MBV-DME",
BR-DME~, MBR?*~, and BR3") obtained by the addi-
tion of an excess of TMG to DMF solutions. Both types
of experiments were reversible by acid neutralization.

All these results can be accounted for by the well-known
process of the reduction of O, to O; in aprotic solvents
and its proton-induced dismutation to O, and H,0, in
the presence of weak acid substrates **2° 728 It may be
observed by cyclic voltammetry in aprotic solvents that
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Figure 2. Voltammetry (100 mV's™!) of O, in DMF, 0.1 M TBAP, and
25x107*M MBR. « 1x107°M. b 2x107"5M. ¢ 7x10"5M.
d15x107* M. e 2x107* M.

the originally reversible monoelectronic peak (peak 2),
corresponding to O, + e~ 2 0;, becomes an irre-
versible process of overall stoichiometry when weak acid
substrates are added (in our case peak 1),

O, +2¢~ + 2HB—O0,H, + 2B~

This new process is due to the dismutation of O accord-
ing to the overall process,

20; + 2HB -0, + O,H, + 2B~

This process determines that, despite the fact that 0,H-
only has a pK, = 4.69, the proton-driven disproportion-

Experientia 46 (1990), Birkhiuser Verlag, CH-4010 Basel/Switzerland 65

ation causes O; to have an apparently unique strong
basicity in aprotic media . It is relevant here that it has
been stated that the lactam proton of bile pigments has
pK,s values between 14 and 20 (bilirubins:
pK, = 15)*%:39 i.e. values of the order of those found for
many substrates which generate proton-induced dismu-
tation, e.g. nitromethane 2°.

The dismutation process can be explained by several
mechanisms. Sawyer 7+ *? concluded, from his electroan-
alytical results and on the basis of drive force arguments,
that the mechanism was, in the case of weak acid sub-
strates in DMF, the protonation of O; and later recom-
bination of the O,H- formed radicals to give H,O, and
O,. However, recently Savéant?*, using kinetic analysis
of double potential step chronoamperometry, concluded
that the mechanism which is at work in the presence of
weak acids, such as phenols, is the corresponding one to
one electron transfer from O; to O,H:,

O; +HB20,H  + B~
0; + O,H- - HO; + 0,
HO; + HB=2H,0, + B~

The chemical reaction between O; and BV and its
dimethyl ester has been studied in DMSO and DMSO/
water solutions>!3? (O; from KO, and from xanthine-
xanthine oxidase system), and the formation of the radi-
cal anion of the bile pigment has been reported. The
results reported here clarify the nature of the chemical
interaction between O; and BR. The results reported in
the literature®!-3? can be explained through the forma-
tion of BR*~ (or BR*~?), which can then — more easily
than BR?~ or BR - be oxidized by the H,0, obtained in
the O; dismutation. Moreover, these results show that,
in vitro, BR may be as good an O3 scavenger as a-toco-
pherol 33

Chemists and biologists are still puzzled by the metabolic
pathway in mammals reducing BV to BR. In mammals,
in contrast to birds, reptiles and amphibians, biliverdin
reductase, in most of the organs studied, is more active
than heme oxidase, which accounts for the fact that BV
is rarely detected in mammalian plasma or tissues2°#®,
It is not clear why BR is the end product of heme
catabolism in mammals; in contrast to BV, BR is not
readily excreted, and requires many transport and conju-
gation processes for its removal and elimination
(= 300 mg BR/day in humans)**. In addition, it is cyto-
toxic. BR considered from a chemical point of view,
despite the fact that it has two free carboxylic acid
groups, shows surprisingly strong lipophilic characteris-
tics and solubility behavior when it is compared to
BV 29¢33 Consequently, BR may interact with O in
lipophilic surroundings in living organisms, acting as a
biological non-enzymatic O, scavenger. Other facts re-
ported in the literature support this hypothesis: a)
molybdenum-flavin oxidases which have O, as electron
acceptor are characteristic enzymes of mammals; they
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Figure 3. Cyclic voltammetry of O, in DMF, 0.1 M TBAP, showing the
reversibility of the normal process O, + e~ 205 (peak 2), and the irre-
versibility of peak 1, which appears on bile pigment addition. a blank
solution 1 x 107* M O,: the small peak { = — 0.6 V) is due to the pres-

are widespread, but are especially abundant in liver and
small intestine tissues and in milk *%, b) an inverse rela-
tionship has been reported between superoxide dismu-
tase activity and hyperbilirubinemia in newborns>’, and
¢) vitamin E level is lower in newborns than in adults *®.
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Summary. The glucose-evoked recovery of Type I thyroxine 5’-deiodinase activity in the hepatic microsomes of fasted
rat was not inhibited by either cycloheximide, puromycin or actinomycin D during 3 h after glucose feeding; however,
[*H]-leucine uptake by the liver or the hepatic microsomal fraction was significantly inhibited by cycloheximide and
puromycin but not by actinomycin D. These results indicate that the glucose-evoked recovery of deiodinase activity

may be independent of de novo protein synthesis.

Key words. Thyroxine 5’-deiodinase; starvation; caloric ingestion; cycloheximide; puromycin; actionomycin D.

Dietary intake is one of the modulatory factors of thy-
roid hormone metabolism in the peripheral tissues®.
Starvation reduces the conversion of hepatic thyroxine
(T,) to 3,5,3’-triiodothyronine (T,) and results in a de-
crease of serum T, level2, whereas refeeding a starved
subject with a simple carbohydrate such as glucose re-
turns both the enzyme activity and hormonal concentra-
tion to normal levels®. Since serum insulin level is also
clevated by refeeding, one explanation for the glucose-
evoked increase of 5°-deiodinase activity can be a de novo
synthesis of the enzyme protein via an insulin-mediated
pathway of energy supply in the tissue*. To examine this
hypothetical explanation, the present study was designed
to determine whether inhibitors of protein synthesis also
suppress the elevation of glucose-dependent activity of
thyroxine 5’-deiodinase in fasted rats.

Materials and methods

125-1 labeled T ( > 1200 uCi/ng) and T, ( > 1200 uCi/
ng) were purchased from Amersham Chemical Co. (Ar-
lington Heights, IL, USA). Tritiated leucine ([*H]-Leu,
146.5 Ci/nM) was acquired from New England Nuclear
(Boston, MA, USA). Dithioerythritol (DTE), T, T,,
bovine serum albumin (BSA), cycloheximide (CH) and
actinomyein D (AD) were obtained from Sigma Chemi-
cal Co. (St. Louis, MO, USA). Puromycin (PM) was

purchased from Nutritional Chemical Co. (Cleveland,
OH, USA).

Male Sprague-Dawley rats, weighing 220 g, were main-
tained on Purina chow pellets (Wayne Lab. USA) and
tap water ad libitum. The dosages of protein inhibitors
were chosen as the highest dose which the test animals
survived 48 h after injection. The animals received a daily
subcutaneous injection of T, at 0.75 ug/100 g b.wt for
five consecutive days before fasting °. The T, supplement
was continued during fasting until the day before sacri-
fice. The animals were divided into three groups and each
fasted for 48 h before experiment. The control group was
given a bolus of water through an intragastric tube. The
second and third groups were refed with a bolus of 50 %
glucose (1 ml/100 g b.wt) in the samie way. The second
group was given a protein synthesis inhibitor by in-
traperitoneal injection (i.p.) as described in the legends
while the third group was given an i.p. injection contain-
ing 0.9 % NaCl solution only. All animals were sacrificed
3 h after refeeding. Under anesthesia, blood was with-
drawn from the abdominal vein; then the liver was per-
fused with 0.9% NacCl solution containing 10 y/ml hep-
arin, excised and minced. Homogenization took place
with 0.05 M Tris-HCL containing 5§ mM DTE, 10 mM
EDTA, 0.25 M sucrose at.pH 7.2. The microsomal frac-
tion was harvested according to the method of
Hogeboom ©. The resulting pellet after centrifugation at



