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Methylglyoxal (MG) was identified as an intermediate in 
non-enzymatic glycation and increased levels were reported in 
patients with diabetes. In this study, we evaluated the effects of 
MG on the modification of ferritin. When ferritin was 
incubated with MG, covalent crosslinking of the protein 
increased in a time- and MG dose-dependent manner. 
Reactive oxygen species (ROS) scavengers, N-acetyl-L-cysteine 
and thiourea suppressed the MG-mediated ferritin 
modification. The formation of dityrosine was observed in 
MG-mediated ferritin aggregates and ROS scavengers inhibited 
the formation of dityrosine. During the reaction between 
ferritin and MG, the generation of ROS was increased as a 
function of incubation time. These results suggest that ROS 
may play a role in the modification of ferritin by MG. The 
reaction between ferritin and MG led to the release of iron 
ions from the protein. Ferritin exposure to MG resulted in a 
loss of arginine, histidine and lysine residues. It was assumed 
that oxidative damage to ferritin caused by MG may induce an 
increase in the iron content in cells, which is deleterious to 
cells. This mechanism, in part, may provide an explanation or 
the deterioration of organs under diabetic conditions. [BMB 
reports 2012; 45(3): 147-152]

INTRODUCTION

Methylglyoxal (MG) is an α-oxoaldehyde that can rise from vari-
ous precursors, including glycolytic intermediates, amino ace-
tone and threonine (1). MG is extremely reactive with the amino 
groups of proteins and can form cross-linked, stable end prod-
ucts called advanced glycation end products (AGEs) (2). MG 
readily reacts with protein lysine and arginine residues to pro-
duce high molecular weight, cross-linked products (3). AGEs are 
irreversibly formed and found to accumulate with aging, athero-
sclerosis, and diabetes mellitus and are especially associated 
with long-lived proteins such as collagens (4), lens crystallines 

(5), and nerve proteins (6).
　Ferritin is a ubiquitous intracellular iron storage protein, con-
sisting of 24 subunits that can a cavity, which can store ferric 
ions (7). There are subunits are two types of subunits, termed H 
(heavy) and L (light), which are present in varying ratios in differ-
ent tissues. Type L subunits contribute to the nucleation of the 
iron core, but lack the ferroxidase activity necessary for the up-
take of ferrous (Fe2+) iron. Type H subunits possess ferroxidase 
activity and promote rapid uptake and oxidation of ferrous iron 
(8). Iron is necessary for the transport of oxygen and the function 
of enzymes. However, iron also donates electrons for the gen-
eration of reactive oxygen species (ROS) via the Fenton reaction. 
The toxicity of iron in cellular systems has been attributed in 
large part to its capacity to participate in the generation of ROS, 
which can directly damage proteins, DNA and lipids, leading to 
profound cellular toxicity (9). Recent reports have linked in-
creased serum ferritin concentrations in nonpathogenic con-
ditions, reflecting subclinical iron overload, to insulin resistance 
(10-12) and an increased risk of type 2 diabetes mellitus (13, 14). 
　In this study, we assessed oxidative damage to ferritin caused 
by MG. Our results suggest that the modifications of ferritin in-
duced by MG may be due to oxidative damage resulting from 
ROS, which were produced after the release of iron ions from 
damaged ferritin, generated via the Fenton reaction. 

RESULTS

Aggregation of ferritin induced by MG 
We first investigated whether the structure of ferritin was af-
fected by MG. When ferritin was incubated with MG at 37oC, 
the frequency of protein aggregation increased in a time and 
dose dependent manner (Fig. 1A and C). In the SDS-PAGE analy-
sis, a gradual decline in the intensity of the band corresponding 
to ferritin was observed (Fig. 1B and D). The participation of 
ROS in the modification of ferritin by MG was studied by exam-
ining the inhibition of ROS scavengers during the reaction be-
tween ferritin and MG. The modification of ferritin was shown to 
be effectively suppressed in the presence of N-acetyl-L-cysteine 
and thiourea (Fig. 1E and F). These results suggest that ROS may 
be involved in the MG-induced ferritin modification. 

Detection of dityrosine
Dityrosine production was shown to be a useful biomarker for 
protein modification by ROS. Previous studies reported that 
ㆍOH could react with proteins to produce dityrosine (15, 16). 
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Fig. 1. Modification of ferritin by MG and the effects of ROS 
scavengers on MG-mediated ferritin modifiction. (A) Ferritin (1 
mg/ml) was incubated with 50 mM MG in 10 mM phosphate 
buffer (pH 7.4) at 37oC for various periods of incubation time. 
Lane 1, ferritin control; lane 2-5, for 9, 18, 36, 72 h. (C) 
Ferritin (1 mg/ml) was incubated with various concentrations
of MG in 10 mM phosphate buffer (pH 7.4) at 37oC for 72 h. 
Lane 1, ferritin control; lane 2-5, with 0.1, 1, 10, 50 mM MG. 
(E) Ferritin (1 mg/ml) was incubated with 50 mM MG in 10 
mM phosphate buffer (pH 7.4) at 37oC for 72 h in the presence 
of ROS scavengers. Lane 1, ferritin control; lane 2, oxidized 
ferritin (without ROS scavengers); lane 3, 100 mM urate; lane 
4, 100 mM glutathione; lane 5, 100 mM N-acetyl-L-cysteine; 
lane 6, 100 mM thiourea. (B, D and F) The relative intensity of 
SDS-PAGE bands were analyzed by densitometric scanning. 
The positions of the molecular weight markers (kDa) are in-
dicated on the left. 

Fig. 2. Formation of dityrosine during MG-mediated ferritin 
modification and the effects of ROS scavengers on dityrosine 
formation. (A) The fluorescence spectra of dityrosine formation 
were observed when ferritin (1 mg/ml) was incubated with var-
ious concentrations of MG in 10 mM phosphate buffer (pH 
7.4) at 37oC for 72 h. (a) 0 mM MG, (b) 0.1 mM MG, (c) 1 mM 
MG, (d) 10 mM MG, (e) 50 mM MG. (B) Ferritin (1 mg/ml) was 
incubated with 50 mM MG in 10 mM phosphate buffer (pH 
7.4) at 37oC for 72 h in the presence of ROS scavengers. 
Control, ferritin alone; Oxidized, ferritin+50 mM MG; GSH, 
oxidized ferritin+100 mM glutathione; NAC, oxidized ferri-
tin+100 mM N-acetyl-L-cysteine; Thiourea, oxidized ferri-
tin+100 mM thiourea. 

We determined the levels of o,o’-dityrosine in MG-mediated fer-
ritin aggregates by measuring the fluorescence emission spec-
trum between 340 and 500 nm with an excitation at 325 nm. The 
reactions were carried out with ferritin and various concentration 
of MG for 72 h at 37oC. As the concentration of MG was in-
creased, the formation of o,o’-dityrosine crosslink was increased 
(Fig. 2A). We investigated the effects of ROS scavengers on the 
formation of dityrosine. ROS scavengers, glutathione, N-ace-
tyl-L-cysteine and thiourea inhibited the formation of dityrosine 
(Fig. 2B). Intermolecular dityrosine formation is certainly one 
mechanism for protein aggregation, although other cross-links 
can be formed (16-19). Our results suggested that the tyrosine-ty-
rosine crosslink formation might participate in MG-mediated fer-
ritin aggregation. 

Formation of ROS
Attack of ROS on the sugar 2-deoxyribose produces a huge varie-
ty of different products, some of which are mutagenic in bacterial 
systems. Some of the fragmentation products can be detected by 
adding thiobarbituric acid (TBA) to the reaction mixture, which 
result in the formation of a pink (TBA)2-MDA chromogen (20). To 
examine ROS generation during the reaction between ferritin 
and MG, we measured the level of thiobarbituric acid reactive 
substance (TBARS). When ferritin was incubated with MG for 
various periods of incubation time, TBARS increased in a time de-
pendent manner (Fig. 3A). These results suggest that ROS may 
participate in MG-mediated ferritin modification.

Release of free iron ions from ferritin
The reaction of ferritin with MG resulted in a time-dependent in-
crease in the release of free iron ions (Fig. 3B). This occurred be-
cause loosely bound iron ions were released from the ferritin. 
Hydroxyl radicals, ㆍOH, can be formed from H2O2 in the pres-
ence of transition metal ions such as iron or copper through the 
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Fig. 3. The generation of ROS and the release of iron from fer-
ritin during the reaction between ferritin and MG. (A) The re-
action mixture contained ferritin and 50 mM MG in 10 mM 
potassium phosphate buffer (pH 7.4) for various periods of in-
cubation time under the following conditions: ferritin alone 
(■); MG alone (▲); ferritin plus MG (●). (B) The reaction 
mixture contained ferritin (1 mg/ml), and 50 mM MG in 10 
mM phosphate buffer at pH 7.4 for various periods of time un-
der the following conditions: ferritin alone (▲); ferritin+MG 
(●). Free iron ions were determined with a colorimetic re-
agent using bathophenanthroline sulfonate. 

Fig. 4. Modification of amino acid residues in ferritin by MG. 
Ferritin was incubated without (gray bar) or with 50 mM MG 
(black bar). After incubation for 72 h, the amino acid composi-
tion of acid and alkaline hydrolysates was determined as de-
scribed in the Materials and methods.

Fenton-like reaction. Therefore, iron ions released by MG-dam-
aged ferritin may lead to a pro-oxidant condition in cells.

Analysis of amino acid composition 
In order to determine the MG target site on ferritin, MG that had 
been reacted with ferritin was subjected to amino acid analysis 
following acid and alkaline hydrolysis of the modified proteins. 
In the amino acid analysis of the MG-treated ferritin, a significant 
loss of arginine, histidine, and lysine residues was observed (Fig. 
4). This suggests that the modification of these amino acids con-
tributed to protein degradation and the release of iron ions from 
ferritin. Trace metals such as iron and copper, which are present 
in a variety of biological systems, may interact with ROS, ioniz-
ing radiation or microwave radiation to damage macro-
molecules (21). In some biological cells, the cleavage of metal-
loproteins through oxidative damage may lead to increased lev-
els of metal ions (22, 23). 

DISCUSSION

Iron in heme is necessary for the transport, binding, and release 
of oxygen throughout body. Iron is also essential for the pro-
duction of cellular energy by serving as a key component in the 
electron transfer chain. In addition, iron is utilized as an enzy-
matic cofactor in numerous other reactions. However, it also has 
the potential to be highly toxic by facilitating the formation of 
ROS (24). In some biological cells, cleavage of metalloproteins 
through oxidative damage may lead to increased in levels of 
metal ions (22, 23). This mechanism produces ROS and may be 
involved in pathological conditions such as type 2 diabetes mel-
litus, atherosclerosis and neurodegenerative disorders (25-28). 
Our results indicate that the modification of ferritin by MG lead 
to protein aggregation. In this respect, the MG-mediated ferritin 
modifications are similar to those reported for the oxidation of 
other proteins by lipid peroxides (29, 30) and by exposure of 
proteins to ionizing radiation (31). 
　The concentration of MG in blood samples from normal con-
trols was about 1 μM whereas this level was increased 5-6 fold in 
the blood samples of insulin-dependent diabetes mellitus 
(IDDM) patients and 2-3 folds in the blood samples of non-
insulin-dependent diabetes mellitus (NIDDM) patients (32). The 
concentration of MG in human lenses is normally about 20 
times higher than in plasma (33). The present results showed that 
ferritin modification was able to occur at physiological concen-
trations of MG. However, in some of the present experiments 
very much higher concentrations of MG were employed (50 
mM). Whilst such values might be physiological questionable, 
they were necessary to demonstrate clear ferritin modification 
that were used to provoke protein damage in a relatively short 
period of time. 
　All cellular components are vulnerable to oxidative stress. 
The damage that oxidative stress causes to proteins includes side 
chain modification and main chain fragmentation. One of the bi-
ological markers for oxidative damage in proteins is the for-
mation of dityrosine (31). In the present study, MG induced the 
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formation of dityrosine in ferritin. Metal catalyzed oxidation 
may result in covalent modification of proteins by introducing 
tyrosine radicals and then the protein can become cross-linked 
through dityrosine formation (34). Such oxidative modifications 
are an indicator of oxidative stress and may be significant in sev-
eral physiological and pathological processes (35, 36).
　A recent study reported that impairment of iron homeostasis 
in diabetic eyes lead to iron overload (37). Levels of plasma ferri-
tin, a biomarker of iron stores, are elevated in individuals with 
prevalent diabetes when compared with nondiabetic controls 
(14, 38). Markers of iron status are also correlated with the preva-
lence of the metabolic syndrome (39, 40) and insulin resistance, 
such as elevated glucose and insulin levels (10, 39, 41, 42). 
α-Ketoaldehydes, such as MG, have been found as a normal me-
tabolite in mammals and microorganisms. The increased for-
mation of MG was observed in hyperglycemia associated with 
diabetes mellitus (32, 43). It has been reported that MG-medi-
ated protein modifications led to the formation of free radicals 
(44). We show here that ROS scavengers inhibited the 
MG-mediated ferritin modification. We also detected the for-
mation of ROS in the reaction between ferritin and MG. These 
results together suggest that ROS might be involved in the 
MG-mediated ferritin modification. 
　All amino acid residues in proteins are susceptible to oxida-
tive modification by ROS; however, methionine, cysteine, ty-
rosine, phenylalanine, and tryptophan are the most sensitive tar-
gets (45). In addition, it has been suggested that each form of 
ROS elicits a different pattern of protein oxidation (46, 47). In 
this study, treatment of ferritin with MG led to a significant loss 
of arginine, histidine and lysine residues. It has been reported 
that ROS-dependent protein modifications led to a loss of lysine 
residues. A loss of lysine residues may due to formation of Schiff 
bases through a direct reaction between the lysine amino group 
and ROS (48). Thus, the lysine modification was the major cause 
for the MG-mediated ferritin aggregation. 
　The release of iron ions from ferritin may be closely associated 
with the loss of glutamate and histidine residues because both 
amino acids are essential for iron binding. X-ray crystallographic 
data of the mouse L-chain has uncovered a metal-binding site on 
the cavity surface, which contains the residues Glu57, Glu60, 
Glu61, and Glu64, and one in the hydrophilic 3-fold channel, 
which contains His118, Glu134, Asp131, and His136 (49). Our 
results suggested that the iron binding sites might have been 
modified when ferritin reacted with MG. Because of this oxida-
tive modification, most of the iron contained within the mole-
cule was liberated from the ligand, and released from the oxida-
tively-damaged protein. The fact that free iron ions were re-
leased from the MG-modified ferritin supports this mechanism.
　In conclusion, the results of this study suggest that MG modi-
fied ferritin and iron was released from the protein and this proc-
ess resulted the generation of ROS. Iron released from ferritin 
can enhance metal-catalyzed reaction to produce ROS which 
can cause oxidative damage to the macromolecules. This mech-
anism may contribute to the increased peroxidation of lipids 

when glycated proteins were added in vitro and may also con-
tribute to accelerating the oxidative modification of vascular 
wall lipids in diabetic complications. 

MATERIALS AND METHODS

Materials
Equine spleen ferritin (Calbiochem) was purified by gel filtra-
tion chromatography. N-Acetyl-L-cysteine, thiourea, and tri-
chloroacetic acid (TCA) were purchased from Sigma (St. Louis, 
MO, USA). Chelex 100 resin (sodium form) was obtained from 
Bio-Rad (Hercules, CA, USA). All solutions were treated with 
Chelex 100 resin to remove traces of transition metal ions.

Protein modification
Protein concentrations were determined via the BCA method 
(50). Ferritin (1 mg/ml) was modified by incubation with vari-
ous concentrations of MG in phosphate buffer (pH 7.4) at 
37oC. After incubation of the reaction mixtures, the mixtures 
were place into Vivaspin ultrafiltration spin column (Sartoius 
Stedim Biotech, Goettingen, Germany) and centrifuged for 1 h 
at 13,000 rpm to remove the MG. The mixture was then wash-
ed with Chelex 100-treated water and centrifuged for 1 h at 
the same speed to remove any remaining MG. This process 
was repeated four times. The filtrate was then dried in a freeze 
dryer and dissolved with 10 mM potassium phosphate buffer 
(pH 7.4). Protection against MG-mediated ferritin modification 
by free radical scavengers was evaluated by incubating ferritin 
with free radical scavengers at room temperature, and then al-
lowing this mixture to react with MG for 72 h at 37oC. The un-
reacted reagent was washed through a Vivaspin ultrafiltration 
spin column.

Analysis of ferritin modification
Samples (15 μl) were treated with 5 μl of 4× concentrated 
sample buffer (0.25 M Tris, 8% SDS, 40% glycerol, 20% 
β-mercaptoethanol, 0.01% bromophenolblue) and boiled for 
10 min at 100oC prior to electrophoresis. Each sample was 
subjected to SDS-PAGE as described by Laemmli (51), using 
an 18% acrylamide slab gel. The gels were stained with 0.15% 
Coomassie Brilliant Blue R-250. 

Detection of O,O’-dityrosine 
Reactions for the detection of O,O’-dityrosine were performed 
using ferritin (1 mg/ml) and  various concentrations of MG in 
10 mM potassium phosphate (pH 7.4). The fluorescence emis-
sion spectrum of the sample was then monitored between 340 
and 500 nm (exitation, 325 nm) using Spectrofluorometer SMF 
25 (Bio-Tek Instruments).

Measurement of ROS
ROS were detected by measuring thiobarbituric acid reactive 
substance (TBARS) using a method previously described, with 
slight modification (52). The assay mixture contained 10 mM 
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potassium phosphate buffer (pH 7.4), 10 mM 2-deoxy-D-rib-
ose, ferritin and 50 mM MG in a total volume of 100 μl. 
Reaction mixtures were incubated at 37oC for various periods. 
The degradation of 2-deoxy-D-ribose was measured by addi-
tion of 2.8% trichloroacetic acid (200 μl), PBS (200 μl), and 
1% thiobarbituric acid (200 μl), followed by heating at 100oC 
for 15 min. The samples were then cooled to room temper-
ature and centrifuged at 15,000 rpm for 10 min. The absorb-
ance of the samples at 532 nm was measured using a UV/vis 
spectrophotometer (Shimadzu, UV-1601) at 532 nm. 

Determination of free iron ions concentration
The concentration of iron ions released from oxidatively dam-
aged ferritin was determined by using bathophenanthroline 
sulfonate as described previously (53). The reaction mixture 
contained ferritin (1 mg/ml), various concentrations of 50 mM 
MG and 10 mM potassium phosphate buffer (pH 7.4) in a total 
volume of 0.5 ml. The reaction was initiated by the addition of 
MG and incubated for various periods of time at 37℃. After 
incubation, the mixture was placed into Vivaspin ultrafiltration 
spin column (sartoius stedim) and centrifuged at 13,000 rpm 
for 1 h. The colorimetric reagent was added to the filtrate and 
analyzed using a UV/vis spectrophotometer (Shimadzu, UV- 
1601) at 535 nm. The final concentrations of the color reagent 
were 1% ascorbate, 0.02% bathophenanthroline sulfonate and 
1% acetic acid-acetate buffer (pH 4.5).

Amino acid analysis
Aliquots of oxidized and native ferritin preparations were hy-
drolyzed at 110oC for 24 h after the addition of 6 N HCl. Since 
acid hydrolysis destroys tryptophan, the tryptophan content of 
oxidized and native ferritin preparations was determined by 
means of alkaline hydrolysis as described previously (54). The 
amino acid content of acid and alkaline hydrolysates was de-
termined by HPLC separation of their phenylisothiocyanate- 
derivatives using a Pico-tag column and 2487 UV detector 
(Waters, USA).

Statistical analysis
Values are expressed as the means ± S.D. of 3 to 5 separate 
experiments. Statistical differences between means were de-
termined by the Student t-test.
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