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OXIDATIVE GLYCATION AND FREE RADICAL 
PRODUCTION: A CAUSAL MECHANISM OF 

DIABETIC COMPLICATIONS 

JAMES V. HUNT and SIMON P. WOLFF 

Department of Clinical Pharmacology. University College London, 5 University 
Street. London WCI 655 

Glucose may oxidise under physiological conditions and lead to the production of protein reactive 
ketoaldehydes, hydrogen peroxide and highly reactive oxidants. Glucose is thus able to modify proteins by 
the attachment of its oxidation derived aldehydes, leading to the development of novel protein fluoro- 
phores, a s  well as fragment protein via free radical mechanisms. 

The fragmentation of protein by glucose is inhibitable by metal chelators such as  diethylenetriamine 
pentaacetic acid (DETAPAC) and free radical scavengers such as benzoic acid, and sorbitol. The enzymic 
antioxidant, catalase, also inhibits protein fragmentation. 

Protein glycation and protein oxidation are inextricably linked. Indeed, using boronate affinity chro- 
matography to separate glycated from non-glycated material, we demonstrate that proteins which arc 
glycated exhibit an enhanced tryptophan oxidation. Our observation that both glycation and oxidation 
occur simultaneously further supports the hypothesis that tissue damage associated with diabetes and 
ageing has an oxidative origin. 

KEY WORDS: Glucose oxidation, protein modification, free radicals. 

INTRODUCTION 

The in vitro exposure of macromolecules to glucose, at concentrations representative 
of hyperglycaemia, is widely accepted as a relevant model for tissue damage occurring 
in diabetes mellitus and ageing.' Proteins, for example, undergo structural changes 
and develop novel fluorophores' reminiscent of those found to correlate with patholo- 
gical tissues obtained from diabetic individuals.' Such alterations have long been 
assumed to occur via the traditional Amadori However, glucose is prone 
to transition metal-catalysed oxidation, generating hydrogen peroxide, hydroxyl 
radicals and protein-reactive ket~aldehydes.~ Oxidative chemistry of glucose could 
well account for macromolecular alterations associated with experimental glyca- 
t i ~ n . ~ ' ~  This has led us to propose that tissue damage occuring in vivo may also involve 
oxidative reactiom6 Indeed, there is considerable evidence suggesting that oxidative 
stress plays a role in tissue damage associated with diabetes6 and ageing.' For 
example, plasma peroxide and copper levels, the latter catalysing free radical produc- 
tion from hydrogen peroxide (possibly generated by increasing glucose and other 
monosaccharide levels), is increased in both age' and diabete~.~."' Also, a number of 
antioxidant defences would seem to be compromised in diabetic individuals. These 
include decreases in the levels of glutathione." ascorbic acid," vitamin El' and uric 
acid.I4 The activity of certain antioxidant enzymes are also decreased in diabetic 
individuals, these include superoxide dismutase" and catalase.I6 

In further support to our hypothesis that oxidative reactions play a significant role 
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in glucose-mediated protein damage we demonstrate that glucose attachment, be it 
via the traditional Amadori pathwayi4 or the novel oxidative path~ay,'.~.''. is accom- 
panied by oxidative damage which is inextricably associated with glucose attachment. 

MATERIALS AND METHODS 

Protein fragmentation 

Bovine serum albumin (Boehringer; Fraction V) was radiomethylated and assessed 
for fragmentation to trichloroacetic acid-soluble peptides by glucose as described 
previously. Sodium dodecyl sulphate gel electrophoresis was also performed as 
previously de~cribed.".'~ 

Hydrogen peroxide measurement 

The prodution of hydrogen peroxide on incubating glucose under physiological 
conditions was monitored using horse radish peroxidase coupled phenol and amino 
antipyrine oxidation as previously described." 

Tryp ophan fluorescence measurement 

Alterations in tryptophan fluorescence of radiomethylated bovine serum albumin 
after exposure to buffer with or without glucose was determined in either buffer or 
buffer and 4 M guanidine hydrochloride (exciting at 280 nm and emmiting at 
350 nm).'7*'8 In all cases tryptophan fluorescence was corrected for protein concentra- 
tion, determined by the presence of radiolabel. 

Novel fluorophore formation and Glucose Incorporation 

Glucose attachment (incorporation) to bovine serum albumin, determined as 
previously described," leads to the development of novel protein fluorophores which 
were assessed by measuring emission between 350 nm and 500 nm when exciting at 
350 nm." 

Ketoaldehyde (Dicarbonyl) measurement 

The oxidation of glucose results in  the production of ketoaldehydes (dicarbonyls). 
The measurement of these oxidation products was performed using Girard T reagent 
(carboxymethyl trimethyl ammonium chloride hydrazide) as previously described.I7.l8 
Gloxal standards were utilised to quantify the extent of dicarbonyl formation. 

Boronale ajinity chromatography 

Glyco Gel B (Pierce No. 20248) was used to separate glycated from non-glycated 
radiolabelled bovine serum albumin." The column ( I  .5 cm x 8 cm) was first equi- 
libriated with IOOmM glycine (adjusted to pH9.2-10) and sample then loaded. 
Non-glycated protein was eluted with this buffer. Clycated protein which adhered to 
the resin was eluted from the column with 100mM citric acid (adjusted to pH 5.8). 
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FIGURE 1 Glucose-Mediated Protein Fragmentation. Sodium dodecyl sulphate polyacrylamide gel elec- 
trophoresis of I mgjml bovine serum albumin was exposed over 8 days to various reaction mixtures 
performed at 37°C in buffer (100mM potassium phosphate pH7.2). Lanes A-D = Molecular weight 
standards, lane I = buffer alone, lane 2 = buffer and 100 uM copper sulphate. land 3 = 25 mM glucose, 
100 uM copper and I mM DETAPAC and lane 4 = 25 mM glucose. 

RESULTS AND DISCUSSION 

Glucose Fragments Proteiti 

The incubation of radiomethylated bovine serum albumin with glucose under phy- 
siological conditions leads to frank protein scission to fragments of a finite size as 
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FIGURE 2 Glucose-Mediated Protein Fragmentation: The Inhibitory Eflect 01 Free Radical Scavengers. 
Radiomethylated bovine serum albumin (I mg/ml) was incubated with 25mM glucose alone or i n  the 
presence of I mM DETAPAC. 250mM sorbitol, I mM benzoic acid together with l00uM copper in 
l00mM potassium phosphate (pH 7.2). Incubations were performed at 37°C over a period of 8 days. All 
reaction mixtures were filter sterilised prior to incubation. Protein fragmentation was determined as the 
production of trichloroacetic acid-soluble radiomethylated peptida. 
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demonstrated by SDS-PAGE studies (Figure I).  The addition of DETAPAC inhibit- 
ed fragmentation, indicating that transition metals are necessary catalysts in  this 
proccess.” The production of fragments of a finite size; similar to those previously 
reported on exposure of bovine serum albumin to ascorbic acidZZ and hyd- 
r~peroxides’~ in the presence of added copper; is due to site specificity of fragmenta- 
tion resulting from a “site restricted” free radical production at copper chelation sites 
on this protein.’’ 

Fragmentation may also be demonstrated in a quantitive fashion by the detection 
of changes in the trichloroacetic acid-soluble fraction of radiolabelled protein exposed 
to free radical generating systems.” Figure 2 demonstrates that fragmentation of 
bovine serum albumin by glucose containing reaction systems is inhibited by the metal 
chelator, DETAPAC, and also the free radical scavengers, sorbitol and benzoic acid. 
The use of benzoic acid as a free radical scavenger led to the production of fluorescent 
hydroxylation products, indicating the role of hydroxyl radicals” in fragmentation 
(data not shown). The oxidative origin of fragmentation has also been demonstrated 
by the loss in tryptophan fluorescence. The exposure of bovine serum albumin to 
25 mM glucose led to 22% loss in tryptophan fluorescence, the addition of 100 uM 
copper increased this to 70%. Again, the addition of DETAPAC inhibited trytophan 
loss ( 5 %  loss). 
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FIGURE 3 The Role o/ Hydrogen Peroxide in Glucose-Mediared Protein Damage. Radiomethylated 
bovine serum albium ( I  mg/ml) was incubated for 3 days with 2SmM glucose and IOOuM copper in the 
presence on absence of I mM DETAPAC and lO00IU catalasc. Denatured catalax was prepared by 
incubation of protein at 100°C for I5 minutes prior to use in studies. Protein fragmentation was determined 
as the production of trichloroacetic acid-soluble radiornethylated peptides. Inset: The production of 
hydrogen peroxide in the absence of protein on incubating 2SmM glucose with or without IOOuM copper 
was determined after 3 days. A control including I mM DETAPAC is included. All reactions were 
performed in the presence of IOOrnM potassium phosphate (pH 7.2) at 37°C. 
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TABLE I 
Glucose Oxidation and Dicarbonyl Production 

Ncuba tion pM Methylglyoxal equivalents 

Glucose 0.7 f 0.05 
GI ucose/ D ETAPAC 0.35 f 0.01 

25mM glucose in the presence and absence of I rnM DETAPAC was incubated at  37'C for 3 days in 
100 m M  potassium phosphate (pH 7.2). Dicarbonyl production was measured using the Girard T assay and 
quantified as  methylglyoxal equivalent. 

A I 

FIGURE 4 Glucose Artachmenr 10 Prorein and rile Development o/ Novel Protein Fluorophores. UPPER: 
The attachment of radiolabelled glucose to 5 mg/ml bovine serum albumin over an 8 day period was 
determined in the presence and absence of 1 rnM DETAPAC. Incubations were carried out at 37°C under 
sterile conditions in the presence of IOOmM potassium phosphate. LOWER: The development of novel 
protein fluorophores was determined on incubating 5 mg/ml bovine serum albumin with [A] 25mM 
glucose, [B] 25 mM glucose in the presence of I mM DETAPAC and [C] buffer alone (100 mM potassium 
phosphate pH 7.2). Fluorescence was determined using excitation at  350 nm and monitoring emission 
between 350 nm asnd 500 nm. 
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The Origin of Hydroxyl Radicals 
The oxidation of glucose results in the production of measurable amounts of hyd- 
rogen peroxide, the extent of which is dependent on the presence of copper (Figure 
3 inset). The role of hydrogen peroxide in the fragrnenatation of bovine serum 
albumin, which is inhabitable by hydroxyl radical scavengers such as sorbitol (Figure 
2), is demonstrated by the inhibitory effect of catalase (Figure 3). Also shown in 
Figure 3 is the effect of heat denatured catalase which led to a slight inhibition of 
fragmentation. The inhibitory effect of denatured catalase was due to the free radical 
scavenging activity of protein.” 

J. V. HUNT AND S. P. WOLFF 

Glucose Oxidation and Atrachment to Protein 
Glucose oxidation leads to the production of Girard T reactive material, ketoal- 
dehydes (dicarbonyls).” Table 1 demonstrates that, in the absence of protein, glucose 
oxidation and the formation of dicarbonyl products is a transition metal dependent 
process. The attachment of radiolabelled glucose to bovine serum albumin is similarly 
partially dependent on the presence of transition metals (upper half of Figure 4). This 

15.5 +/- 0.04 

28.0 +/- 0.011 

FIGURE 5 Glucose Attachment and Prorein Oxidation are Inextricably Associated. Radiomethylated 
bovine serum albumin (25 mg/ml) was incubated for 3 weeks at 37°C in the presence of IOOmM potassium 
phosphate (pH 7.2) with or without 25mM glucose. Incubations were prepared and carried out under 
sterile conditions. The reaction mixtures were then subjected to boronate affinity chromatography. The 
extent of attachment to the column, assessed by the presence of radioactivity in the adhering fraction, is 
shown in the inset. Glycated material separated by boronate affinity chromatography was then assessed for 
trytophan content in the presence or absence of 4 M guanidine hydrochloride. The extent of fluorescence 
was corrected for protein concentration (determined by radioactivity content). The percentage loss o f  
tryptophan fluorescence occurring due to exposure to glucose, when compared to incubating in buffer 
alone. is shown. 
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OXIDATIVE GLYCATION BY TREE RADICALS 121 

is also the case for the generation of novel protein fluorophores (lower half of Figure 
4). Metal-catalysed glucose oxidation may thus lead to in vitro protein glycation and 
the generation of fluorophores similar to that found in viva.'-' 

Glucose Attachment and Protein Oxidation are Inextricably Associated 

So far, our studies have demonstrated that the oxidation of glucose leads to the 
production of oxidants capable of damaging protein (measured as either fragmenta- 
tion or alterations in tryptophan fluorescence) and the production of protein reactive 
ketoaldehydes. We therefore considered the possibility that glycated protein is also 
oxidatively modified. Boronate affinity chromatography enables the separation of 
glycated protein.” The exposure of bovine serum albumin to glucose under physiolo- 
gical conditions leads to the generation of fluorophores (not shown) and also in an 
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SCHEME I Subsirore Oxidmion-Derived Dnmnge.Autoxidisable substrates such as glucose lead to the, 
production of dicarbonyls and oxidants. This is depicted in the scheme. Glucose oxidation is a transition 
metal catalysed reaction, metals such as copper may be in free solution or attached to protein. Copper 
attached to protein may participate in glucose oxidation, and is involved in oxidative protein alterations 
involving hydrogen peroxide. The attachment of glucose to protein via the Amadori pathway is also shown. 

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

/0
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



I22 J. V. HUNT AND S. P. WOLFF 

increase in boronate affinity (ca. 29%, Figure 5 inset). Albumin incubated in buffer 
alone also exhibited a relatively high level of boronate affinity (15%). This can be 
ascribed to in vivo glycation in the commercial product. 

The separation of glycated bovine serum albumin by boronate affinity chromato- 
graphy enabled the study of alterations in tryptophan fluorescence in glycated mat- 
erial. Figure 5 demonstrates that the exposure of bovine serum albumin to glucose 
leads to significant decreases in tryptophan fluorescence when compared to albumin 
exposed to buffer alone. This decrease in tryptophan fluorescence was due to its 
oxidation as well as conformational alterations induced by glucose. Our investiga- 
tions thus demonstrate that glucose attachment; be it via the oxidative path~ay ' .~ . '~  
or in combination with the Amadori pathway;I4 is invariably accompanied by protein 
oxidation. This has been pictorially represented in scheme 1 in which substrate 
oxidation-derived damage is depicted. 

CONCLUDING REMARKS 

The apparent assumption that the covalent attachment of glucose to amino groups via 
the Amadori pathway accounts for structural changes observed in experimental 
glycation studiesI4 is di~putable . '~~~'~* '*  Indeed, we have proposed an oxidative path- 
way by which products of glucose oxidation may contribute to protein glycation, 
leading to products indistinguishable from those produced by the Amadori path- 

Glucose oxidation also results in the prodution of oxidants identical in reactivity 
to hydroxyl radicals.'.'' Our investigations indicate that the attachment of glucose to 
protein, probably via a combination of the Amadori and oxidative pathway,6'I7 is 
inextricably associated with protein oxidation. The combination of both oxidation 
and glycation may thus account for the wide variety of structural and functional 
alterations associated with exposure of proteins and other macromolecules to glucose 
in vitro, and perhaps also in vivo. 
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