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Monosaccharide Autoxidation in Health and

Disease
by Paul J. Thornalley*

The reduction of oxygen by the ene-diol tautomer of simple monosaccharides produces hydrogen peroxide
and c-oxoaldehydes. This process, termed monosaccharide autoxidation, occurs at physiological pH and
temperature and may contribute to the development of several pathological processes.

Enolization of the monosaccharide to an ene-diol tautomer is a prerequisite for the reaction of the
monosaccharides with oxygen. The reaction kinetics suggest a two step process: the enclization of the
monosaccharide to the ene-diol followed by the reaction of the ene-diol with oxygen, Free-radical reactive
intermediates are formed by the reaction of the ene-diol with oxygen: superoxide, semidione, and 1-
l]:ydmxyalkyl radicals are formed under physiclogical conditions (hydroxyl radicals are also detected at

igh pH).

The autoxidatien of monosaccharides stimulates the oxidation of oxyhemoglobin in erythrocytes, producing
methemoglobin and hydrogen peroxide, and the oxidation of reduced pyridine nucleotides NAIXP)H to the
oxidized congener NAD(P)* and enzymatically inactive nucleotide, This stimulates oxidative metabolism
{via the hexose monophosphate shunt) and c-oxealdehyde metabolism {via the giyoxalase system) in eryth-
rocytes in vitre. The oxidative challenge is relatively mild even with very high concentrations (50 mM) of
monosaccharide. However, crosslinking of membrane proteins by c-oxoaldehydes is enhanced; this effect may
exacerbate ageing and decrease the lifetime of erythrocytes in circulation.

In vive, the autoxidation of monosaccharides is expected to be a chronic oxidative process occurring in
biological tissue which utilises simple monosaccharides, e.g., in glycolysis and gluconeogenesis. Mono-
saccharide autoxidation is suggested to be a determinant in the control of cellular mitosis and ageing,
providing physiological substrates for the glyoxalase system, and may contribute to the chronic disease

processes associated with diabetes mellitus and the smoking of tobacco.

Introduction

Susceptibility of Monosaccharides to
Oxidative Degradation

The spontaneous reaction of monosaccharides with
oxygen in aqueous solution under physiological condi-
tions (pH 7.4, 37°C) is, perhaps, one aspect of chemistry
of monosaccharides which does not nermally give the
toxicologist cause for concern, Yet this process has been
known for many years (7) and produces potentially nox-
ious «-oxoaldehydes, otherwise known as osones and
glycosuloses. Qver the short term (hours), sterile
aqueous solutions of monomeric and oligomeric hexoses
can be stored without significant deterioration by no-
nenzymic oxidative processes. Over longer periods
(days, months), or much shorter periods (minutes) for
simple aldoses and ketoses existing predominantly as
acyclic e-hydroxyaldehydes and ketones (and their hy-
drates) in aqueous solution (glycolaldehyde, glyceral-
dehyde, dihydroxyacetone, erythrose), the nonenzymic
oxidative degradation of monosaecharides is pronounced

*Medical Research Council Mechanisms of Drug Toxicity Group,
Department of Pharmaceutical Sciences, Aston University, Aston
Triangle, Birmingham B4 TET, U.K.

and is not without deleterious effect on biological sys-
tems.

Monosaccharide Autoxidation: A
Definition

Monosaccharide autoxidation is defined as the nonen-
zymatic reaction of the o-hydroxycarbonyl group of
monosaccharides with oxygen, The predominant prod-
ucts are hydrogen peroxide and o-oxoaldehydes (2).

RCH(OH)COR' + 0, — RCOCOR’ + H.(» 9)]

Other products are: s-oxoacids, decarboxylation prod-
ucts, and water. The reaction is free radical-mediated,
although the enolization (and dehydration of hydrates)
of the monosaccharide to an ene-diol is an obligatory
first step.

OH OH
RCH(OH)COR' — RJ/=J}R’

It is axiomatic that enolization of the monosaccharide
is a prerequisite to autoxidation of the monosaccharide.
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Historical

Reduction of Oxygen by Menosaccharides. Studies
on the reactions of monosaccharides with oxygen have
historically centéred on the reaction of monosaccharides
under alkaline conditions {monosaccharide autoxidation
15 usually enhanced at high pH, but complex aldol con-
densation and retro-aldol reactions also occur).

The first systematic investigation of the reactions of
sugars in aqueous alkaline solution was reported by Nef
in 1907 (3). He found the b-glucose, in alkaline solution
in the presence of air, yields prineipally formic and D-
arabinonic acids, small amounts of CO, and saecharinic,
D-ribonie, D-erythronic, DL-glycerie, glycollie, and ox-
alic acids. He suggested that these produets (except for
saccharinie acids) are formed by oxidative cleavage of
1,2-, 1,3, and 1,4- ene-diols. Later workers have fol-
lowed the general thesis of Nef but there is still dispute
over the mechanisms of oxidative cleavage of the ene-
diol.

In 1934, Spoehr and Milner investigated the attack
of oxygen on D-glucose, D-glyceraldehyde, glycerol, and
related polyhydric aleohols in neutral aqueous solution
at 37.5°C (7). One mole of carbon dioxide was formed
per mole of D-glucose consumed. Sodium ferropyro-
phosphate was used as a catalyst. D-Fructose was much
more sensitive to oxidative degradation than p-glucese
in the presence of phosphate or arsenate. The rate de-
pends on the concentration of phosphate or arsenate
present but not so on pH (4). The major products found
were aldonic acids. (The author notes the results with
polyhydric aleohols are difficult to reproduce and may
reflect some impurity in the polyhydric alcohols of the
day).

In 1963, Stanek et al. (5) proposed a mechanism for
the autoxidation of hexoses which is close to our present
understanding of the mechanism of monosaccharide au-
toxidation under physical conditions. It was proposed
that the 1,2-ene-diol tautomer of the monosaccharide
reduces oxygen forming an a-oxoaldehyde, followed by
oxidation to a 2-oxoaldonic acid, which in turn gives the
next lower aldonic acid by decarboxylation.

CI)H (fH

RC==CH ", rcocHo % RCOCOH ZC2L RCO,H @)

This process has:now been observed in vitro for many
simple biologically active monosaccharides under phys-
iological conditions and may afford a chronic mild oxi-
dative stimulus and source of n-oxoaldehydes in biolog-
ical tissue (2,6).

The potential ability of oxygen radicals to mediate
oxidative damage, and a-oxoaldehydes to induce cross-
linking, in protein and membrane lipid of biological tis-
sue (7-9) suggests the time is ripe for a reappraisal of
our understanding of the biocidal, biostatic and degen-
erative (aging) effects of abnormal and senile carbo-
hydrate metabolism (10,11). Central to the theme of this
review is the reactivity and role of free radical inter-
mediates in these processes.

Free Radical Involvement in Monosaccharide Au-
toxidation. Historically, the involvement of free rad-
jcals in the oxidative degradation of sugars has been
more suspected than proven. For example, Isbell (12),
in reviewing enolization and oxidation of sugars in so-
lution, could find little relevant literature on free radical
involvement. Moreover, when Kasimura et al. (13) re-
ported the production of superoxide by autoxidizing
sugar and sugar phosphates, they were unable to cite
a precedent and mechanism for the mode of action of
autoxidizing sugars. Entwistle et al. (24) in 1949 sug-
gested the reaction of oxygen with cellulose under al-
kalinic conditions is free-radical-mediated and postu-
lated the formation of monosaccharides from trace
quantities of initiator.

Initiation step:

RH + Initiator' — R + Initiator—H
Propagation steps:

R + 0, — RO
ROO" + RH—- ROOH + R’

Termination steps:

2R"— RR
2RO0"— ROOR + 0,
ROO" + R"— ROOR

RH is the monosaccharide substrate.

In 1976, Isbell proposed a diradical mechanism for
the degradation of reducing sugars by oxygen (15). He
suggested that the ene-diolate anions (I) reacts with
oxygen to form a peroxy diradical (II). The diradical
(11} is proposed to undergo an internal disproportion-
ation to an a-hydroperoxyaidehyde III) or undergo spin
inversion and form a dioxetane I1V). Both (III) and (1V)
are suggested to decay to formic and aldonic acids (V).
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Yet there is no experimental evidence for monosac-
charide hydroperoxides, alkyperoxyl radicals or dirad-
icals in these autoxidative processes.

Inthis review, data are collected from radiolysis stud-






