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Macrophage Migration Inhibitory 
Factor is subjected to glucose 
modification and oxidation in 
Alzheimer’s Disease
Omar Kassaar1, Marta Pereira Morais1, Suying Xu1, Emily L. Adam1, 
Rosemary C. Chamberlain1, Bryony Jenkins1, Tony James2, Paul T. Francis3, Stephen Ward4, 
Robert J. Williams1 & Jean van den Elsen1

Glucose and glucose metabolites are able to adversely modify proteins through a non-enzymatic 
reaction called glycation, which is associated with the pathology of Alzheimer’s Disease (AD) and is 
a characteristic of the hyperglycaemia induced by diabetes. However, the precise protein glycation 
profile that characterises AD is poorly defined and the molecular link between hyperglycaemia and 
AD is unknown. In this study, we define an early glycation profile of human brain using fluorescent 
phenylboronate gel electrophoresis and identify early glycation and oxidation of macrophage 
migration inhibitory factor (MIF) in AD brain. This modification inhibits MIF enzyme activity and ability 
to stimulate glial cells. MIF is involved in immune response and insulin regulation, hyperglycaemia, 
oxidative stress and glycation are all implicated in AD. Our study indicates that glucose modified and 
oxidised MIF could be a molecular link between hyperglycaemia and the dysregulation of the innate 
immune system in AD.

Alzheimer’s Disease (AD) is the progressive degeneration of neurons ultimately leading to severe cognitive 
decline. The well characterised pathophysiology includes the presence of two hallmark proteins, amyloid-β  (Aβ )1,2  
and tau3,4, aggregated into insoluble plaques and neurofibrillary tangles. Several chronic metabolic states are 
associated with an increased incidence of AD. These include hyperglycaemia (as in diabetes), glycation5,6 and 
oxidative stress7,8 which could provide clues in elucidating a mechanism for AD etiology. However, the molecular 
link between glucose and AD are yet to be understood.

The prevalence of AD is increased in individuals with diabetes9, additionally, even in individuals without dia-
betes, higher glucose levels have been associated with an increased incidence of AD10. These findings suggest that 
hyperglycaemia, or any glucose dysregulation, could be a risk factor for AD. Accordingly, any factor involved in 
glucose homeostasis or insulin regulation may play a role in linking these diseases at the molecular level. Glucose, 
and the metabolites of glycolysis, are able to react directly with important cellular components such as DNA, 
lipids and protein molecules via a process known as glycation.

The process of glycation involves reducing sugar molecules such as glucose reacting with the amino groups of 
lysine, arginine or N-terminal amino acid residues of proteins; ultimately leading to the formation of complex and 
stable advanced glycation endproducts (AGEs). AGE-related modifications are present in the earliest stages of 
AD pathology and are thought to be involved in the formation of the pathological lesions (neurofibrillary tangles 
and senile plaques)5,6, since protein cross-linking is one of the effects of the AGE modification11. The presence of 
AGEs can also induce oxidative stress, either directly through their chemical development from initial glycation 
to end products or through interaction with cells via the AGE receptor (RAGE)12.

Traditionally, glycation has been detected by mass spectrometry or by using anti-AGE antibodies. More 
recently, a novel technique termed fluorescent phenylboronate gel electrophoresis (Flu-PAGE) has been 
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developed13. Flu-PAGE exploits the reversible covalent interaction between boronic acid and cis-diols, that are 
present in fructosamine-protein adducts in glycated proteins, strengthened by the additional charge interaction 
between the boronate and the fructosylysine aminogroup14. This allows for the specific identification of glycated 
proteins over glycosylated and unmodified proteins in complex samples such as plasma and brain homogen-
ates13. In N- and O-glycosylation these essential anomeric cis diols are absent precluding their interaction with 
the phenylboronate ligand. This highly sensitive technique detects the earliest stages of glycation, before AGEs 
are developed, and thus has been proposed as a tool for detecting glycated biomarkers in diseases where glyca-
tion is observed to be increased, such as diabetes15 and AD5,6. Our aim was to determine a glycation profile of 
soluble brain proteins, and to examine this glycation signature with respect to AD. Being able to assign a glyca-
tion signature specific to AD could have potential implications regarding mechanistic, diagnostic and prognostic 
approaches to study AD.

Here, we describe a brain glycation profile and identify macrophage migration inhibitory factor (MIF), an 
immune regulator and insulin regulator, as being glycated and oxidised in AD brain homogenates. The glyca-
tion completely inhibited the oxidoreductase activity of MIF, and severely attenuated its tautomerase activity. 
Glycation was also detrimental to the signalling effects of MIF on glia, strongly attenuating MIF-induced ERK 
phosphorylation, relative to unmodified MIF. These findings implicate MIF as a specific target of the precursory 
glycative and oxidative events in AD; providing a novel mechanistic link between diabetes and dementia.

Results
Glycation signature in AD brain. In order to assess an Alzheimer’s disease specific glycated protein sig-
nature of human brains, homogenised temporal cortex samples from severe/late AD (10 samples, Braak stages 
V-VI), mild/early AD (10 samples, Braak stages II-IV), and age-matched control brains (6 samples with no Braak 
classification, 4 samples ranging from Braak I to III) were subjected to Flu-PAGE analysis. A full definition of the 
Braak stage classification of each sample is provided in Supplementary Table 1. In total, ten samples of each were 
analysed for glycation using Flu-PAGE and subsequent MALDI-Tof MSMS mass spectrometry analysis revealed 
several glycated proteins including human serum albumin (HSA), glial fibrillary acid protein (GFAP), glutathione 
transferase (GST), haemoglobin (Hb), and MIF (Fig. 1), as summarised in Table 1.

The most striking difference between the disease and control samples was observed with MIF, appearing as 
a doublet in AD rather than as a single band as seen in the control samples (Fig. 1b). Although MIF is glycated 
in the control samples, the clear difference in the migratory behaviour of MIF identified from mild as well as 

Figure 1. Glycation in AD brain. (a) Representative coomassie stained SDS-PAGE (left) and Flu-PAGE 
analysis (right) of brain tissue lysates from the temporal cortex of severe/late AD (A1 and A2, Braak stages 
V-VI), mild/early AD (L1 and L2, Braak stage II) compared with age matched controls (C1, no Braak 
classification and C2, Braak stage I). Glycated proteins were identified as human serum albumin (HSA), 
glial fibrillary acid protein (GFAP), haemoglobin (Hb) and macrophage migration inhibitory factor (MIF). 
Molecular weight (MW) is given in kDa (b) Cropped and enlarged section of the gel shown in (a) highlighting 
the difference in MIF migratory behaviour in the AD samples, compared with controls. (c) Western blot analysis 
of brain tissue lysates using anti-MIF antibody (Abcam ab55445). A Full-length gel image of this blot is shown 
in Supplementary Figure S11. (d) Quantification of MIF fluorescence intensity, presented as a percentage 
relative to the weakest control signal. Early AD samples (Braak stage II) show an increase in fluorescence 
intensity of 20%, while late AD samples (Braak stages V-VI) show an increase just over 50% relative to controls. 
Errors are represented as s.e.m. with n =  3. Student’s t-test, **P <  0.0025.
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severe AD samples indicate a modification specific to AD which first occurs during the early stages (Braak II) of 
the disease. In addition, we observe a reduction of MIF levels in both mild and severe AD samples (by 56% and 
64% respectively), in comparison with age-matched controls (Fig. 1c). Conversely, quantification of the relative 
fluorescence intensity of glycated MIF showed an increase of 20% in early AD samples compared with controls. 
Significantly, the late AD samples show a 53% increase in intensity relative to controls (Fig. 1d). This analy-
sis indicates increasing glycation of MIF as AD progresses. Since the Flu-PAGE technology takes advantage of 
the inherent sensitivity of fluorescence, we were able to detect far beyond the limits of conventional SDS-PAGE 
staining procedures, as highlighted by the white box in Fig. 1a. The absence of MIF-AGE adducts in anti-AGE 
and anti-carboxy-methyl lysine (anti-CML) western blot analyses of the same brain homogenate samples (Supp
lementary Figure S1A and S1B) indicate that the MIF carbohydrate adducts detected by Flu-PAGE comprise of 
cis-diol containing early glycation modifications. No significant differences in HSA fluorescence intensity could 
be observed between disease and control samples. Because of the interference by neighbouring fluorescent bands 
and background fluorescence, no quantitative analysis of the relative fluorescence intensity of the GFAP, GST and 
Hb bands could be obtained.

MIF is glycated and oxidised in AD brain. Following the discovery of a modified, glycated MIF in AD 
brain, we recombinantly expressed and purified MIF to characterise the effect of glycation on MIF activity.  
In vitro glycation reactions of MIF were conducted with glucose and followed over the course of one week using 
SDS-PAGE and Flu-PAGE (Fig. 2a). Control experiments were conducted in parallel where glucose was excluded 
from the reaction. Flu-PAGE analysis show a steadily increase of glycation over the 7-day period. Similar to the 
AD brain homogenates (Fig. 1a and b) we observed the formation of a MIF doublet in both SDS-PAGE and 
Flu-PAGE as the reaction progressed. Due to the sensitivity of fluorescent phenyl boronate, the glycated MIF 
doublet was first observed in the Flu-PAGE, showing an increase over time until after day 5 when the top band 
appeared more diffuse and less defined (Fig. 2a). Since Flu-PAGE is specific for early stage glycation, the diffuse 
appearance of the band may represent the development of AGE-adducts that lack cis-diols, thereby precluding or 
hindering binding of the Flu-PAGE dye. Although an increase of Flu-PAGE fluorescence was absent in the control 
experiment, the formation of the doublet can be seen in both samples, suggesting that an additional process is 
involved in this modification of MIF (Supplementary Figure S2).

In an attempt to determine the specific glycating agent causing the MIF doublet in the AD brains, a similar 
glycation experiment was conducted using methylglyoxal (Fig. 2b). Whilst glucose is the main energy source of 
the brain, methylglyoxal is an important metabolite of glycolysis and itself a significantly more reactive glycation 
agent in vivo16. As shown in Fig. 2b, methylglyoxal was able to rapidly glycate MIF, almost immediately inducing 
MIF cross-linking to form thermally and SDS resistant dimers and trimers of MIF that are visible in Flu-PAGE. 
Significantly, the well-defined MIF doublet observed in the AD brain samples (Fig. 1) and in the in vitro glycation 
experiments with glucose (Fig. 2a) was not observed with methylglyoxal, indicating that glucose may be respon-
sible for the glycated MIF signature observed in the AD brains.

Although glycated MIF migrates as a doublet during gel electrophoresis, MS analysis of a glycated MIF sample 
revealed only a single species of the protein (Supplementary Figure S3). Glycation and oxidation are synergistic 
reactions and since the latter can affect the migration pattern of proteins, we repeated the MIF incubation experi-
ments in the presence of the antioxidants glutathione and DTT in order to elucidate the underlying cause of MIF’s 
migratory pattern. As shown in Fig. 2c, the presence of antioxidants significantly reduced the production of the 
MIF doublet by 74% and 33% respectively (Fig. 2c, lane 3 and 4). To further confirm that this migratory effect is 
caused by the oxidation of MIF, fresh purified MIF was oxidised in vitro with H2O2, S-nitrosoglutathione (GSNO) 
and oxidised glutathione (GSSG) for 1 hour at 37 °C (Fig. 2d). Under these conditions, both H2O2 and GSNO were 
able to replicate the doublet on SDS-PAGE; thus, we were able to mimic the MIF signature observed in AD brains 
under these glycating and oxidising conditions.

Glycated Protein Abbreviation
Molecular 

Weight (kDa) Association with AD Reference

Human serum albumin HSA 65
Regulates Aβ  fibril 
formation. Glycation 
induces cytotoxicity.

56,57

Glial fibrillary acidic protein GFAP 45
Increased expression. 
Modifications linked 
to AD.

58–60

Glutathione transferase GST 25 Decreased levels and 
activity. 13,61,62

Haemoglobin (β  chain) Hb 15
Decreased levels. 
Co-localised with Aβ  
plaques.

63,64

Macrophage migration 
inhibitory factor MIF 13

Binds Aβ. Increased 
levels in cerebrospinal 
fluid.

27,31

Table 1.  Glycation signature of aged human brain as determined by Flu-PAGE analsysis followed by 
mass spectrometry identification. Although the identified proteins are glycated in both AD and control brain 
samples they have been associated with AD in literature.
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Glycation reduces protease susceptibility of MIF. Trypsin is the most important protease in the brain 
and recognises glycation targets arginine and lysine as its substrates. Whilst incubation with trypsin led to a 
significant degradation of the MIF control, degradation of glucose glycated MIF was greatly reduced (Fig. 2e). 
Because the MIF control sample can become oxidised under these test conditions, its susceptibility to trypsin 
indicates that this modification does not affect arginine or lysine residues in the protein. The most likely oxida-
tion targets are MIF’s free thiols, exposed in a conserved cysteine sequence motif Cys57-Ala-Leu-Cys60 (CALC, 
Supplementary Figure S4), which are crucial for its enzymatic activity. The effects of glycation and oxidation on 
MIF function are investigated below.

Glycation affects MIF enzymatic function. MIF is part of the tautomerase superfamily17, and this func-
tion has been used to assess MIF activity. We utilised a tautomerase activity assay by measuring the reduction 
of red L-dopachrome methyl ester to colourless 5,6-dihydroxyindole-2-carboxylic acid (DHICA) at 450 nm18 
comparing the activities of glycated MIF (incubated at 37 °C for 7 days with glucose), oxidised MIF (incubated 
at 37 °C for 7 days without glucose) and fresh MIF with respect to each other (Fig. 3a). Glycation with glucose 
was shown to significantly decrease MIF activity by 80% (p <  0.0001), while methylglyoxal glycation was strong 
enough to completely inhibit the tautomerase activity. Modifying MIF by oxidation alone was also shown to 
strongly decrease MIF tautomerase activity by 70%.

In addition to its tautomerase ability, MIF demonstrates oxidoreductase activity via its CALC motif19. This 
redox activity was analysed by an insulin reduction assay, which follows the precipitation of the insulin beta chain 
at 650 nm20. Glucose glycation of MIF completely inhibits the redox activity of the protein (p =  0.0033), with 
the enzyme evolving precipitation no higher than baseline (Fig. 3b). Interestingly, there was no difference in the 
redox activity between fresh and oxidised MIF (Fig. 3c), indicating that the oxidation of the MIF molecule occurs 
away from the CALC active site. The aggressive nature of cross-linking induced by methylglyoxal precluded its 
inclusion in these assays, due to the precipitation of MIF.

The studies into both types of MIF activity clearly show the damage caused by these modifications on the protein, 
with glycation shown to have more wide and salient effects. To elucidate this further, experiments to determine the 
free thiol content of MIF were conducted (Fig. 3d). Since thiol groups are prone to oxidation, and MIF contains 
three free thiols (two of which for the redox active CALC motif), a change in the free thiol content between fresh, 
oxidised and glycated MIF could provide clues to as to which modification is causing which effect. Free thiol content 
was determined using Ellman’s reagent (Ellman, 1959)21. These tests showed that under native conditions, there was 
no statistical difference between the free thiol content of fresh MIF or MIF oxidised in vitro. However, there was a 
small yet significant decrease of 4.8% (p =  0.0003) between glycated MIF compared to both fresh and oxidised MIF. 
Under denaturing conditions, the same trend was observed but the difference in free thiol was lower (4%). These 
observations show that oxidation has no direct or allosteric effect on any of the MIF free cysteines. Although a small 

Figure 2. Glycation and oxidation of MIF. (a) Coomasie stained SDS-PAGE (top) and Flu-PAGE (bottom) 
analysis of recombinant MIF after glycation with glucose (50 mM) at 37 °C for 7 days. The MIF doublet can 
be observed developing over the time course, and is seen much earlier by Flu-PAGE. (b) Flu-PAGE analysis 
of recombinant MIF after glycating with methylglyoxal (50 mM) at 37 °C for 7 days. The MIF doublet was not 
reproducible using methylglyoxal, and can be seen to aggressively induce protein cross-linking. Molecular 
weight (MW) is given in kDa (c) MIF incubated in PBS alone, or in the presence of GSH (10 mM) or DTT 
(5 mM) at 37 °C for 4 days. Co-incubation of MIF with an antioxidant prevented or slowed the formation of the 
MIF doublet. (d) Oxidation of MIF by incubating in the presence of H2O2 (1 mM), GSSG (10 mM) or GSNO 
(400 μ M) at 37 °C for 1 hour. The MIF doublet could be mimicked by H2O2 and GSNO under the conditions 
described. (e) Trypsin digest of unmodified and glycated MIF with glucose or MG, followed over 4 hours at 
37 °C. Under these conditions, glycation was able to reduce or inhibit proteolysis by trypsin. Full-length gel 
images for Fig. 2(a), (c), (d) and (e) are included in Supplementary Figures S7–S9.
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percentage of the glycation of MIF likely occurs very close to the redox CALC site, the majority of the glycation 
occurs across the molecule, affecting the CALC site allosterically and inhibiting the redox activity.

Glycation affects MIF induced ERK phosphorylation in glia. Since MIF is known to have cytokine 
like activity and is involved in the regulation of both innate and adaptive immune response22 we investigated the 
effect of modified MIF on an astrocyte-microglia cell coculture. The cells were treated with fresh MIF or glycated 
MIF at 100 or 1,000 ng/ml. The effect of MIF on microglia activation and signalling was determined by measuring 
the levels of phosphorylated ERK1/2 (Fig. 4a). ERK phosphorylation was increased by almost 70% at 20 hours 
upon treatment with MIF (1,000 ng/ml), but remained at baseline when treated with glycated MIF. When the ERK 
activation was followed for 20 hours, glycation of MIF was shown to significantly attenuate its activity, but was not 
shown to be completely inactive. In line with the tautomerase activity assay results, glycated MIF was still active 
to a degree, being able to promote ERK phosphorylation after 2 and 4 hours. However, the ERK phosphorylation 
was returned to baseline by 20 hours, while fresh, unmodified MIF was still showing significant activity (Fig. 4b).

Discussion
Glycation and oxidation are both prominent and recurring features of AD pathology. AGE development is accel-
erated by reactive oxygen species and involves oxidation reactions; while in parallel, generates superoxide radicals 
and can trigger oxidative stress through AGE-RAGE interactions and microglia activation12. Hyperglycaemia, 
which leads to increased glycation, is also associated with AD; but a molecular link remains to be determined.

Figure 3. MIF enzyme activity affected by glycation and oxidation. (a) Tautomerase activity of MIF 
measured by the tautomerisation of L-dopachrome methyl ester at 450 nm. Data represents activity relative 
to unmodified MIF. Oxidation and glycation of MIF are observed to have a significant negative effect on 
tautomerase activity, with methylglyoxal (MG) completely inhibiting the catalysis. Errors are represented as 
s.e.m. with n =  7 or 8. Student’s t-test ****P =  <  0.0001, **P =  0.0012. (b) Insulin reduction assay, following the 
MIF catalysed precipitation of the insulin b chain at 650 nm. Glycated MIF was unable to catalyse the reduction 
of insulin by GSH, while (c) in vitro oxidised MIF showed no significant (ns) difference in activity relative to 
unmodified MIF. Plot shows the reaction endpoint, with s.e.m. and n =  11. Student’s t-test **P =  0.0036. (d) 
Ellman’s test to determine the free thiol content of MIF under native and denaturing conditions. Oxidation 
under these conditions did not affect the free thiol content, and glycation showed a small reduction in 
available thiols. Errors expressed as s.e.m., n =  3. Student’s t-test ***P <  0.0003. Glycated MIF was produced 
by incubation at 37 °C with glucose, oxidised MIF was produced by incubation at 37 °C without glucose, as 
described in text. Raw tautomerase activity and insulin reduction assays are shown in Supplementary Figure S5.
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Using Flu-PAGE to determine a glycation signature of human brain, we analysed AD and age-matched con-
trol brain samples and found HSA, GFAP, GST, Hb (β  subunit) and MIF to be glycated in AD and age-matched 
control brain samples (Table 1). HSA and Hb are among the most sensitive proteins for modification by glucose. 
Glycated HSA and Hb are abundant in Diabetes sufferers and can be used to assess glycemic control and to 
modify therapy. Glycated GFAP has been linked to AD before with the observation of intracellular AGE deposits 
co-localising with GFAP-positive astrocytes in AD brain23. Apart from MIF, no striking differential glycation pro-
files have been observed for these proteins between AD and control brain lysates. However, other, yet to be iden-
tified proteins show clearly distinct Flu-PAGE patterns, as illustrated by Supplementary Figure S6. Some of these 
include a significant number of proteins that fall within the molecular weight range expected of tau as observed 
by anti-tau western blot (Supplementary Figure S6B). Anti-AGE and anti-CML (Supplementary Figure S1A and 
B) suggest that protein bands in the tau protein molecular weight range are indeed modified with advanced glyca-
tion end products, consistent with the literature24. These proteins and others will be explored in future studies. In 
comparison with our previous study on a double transgenic AD mouse model13, TASTPM, only the detection of 
glycated GST correlates with the results from this human study although no significant changes in GST glycation 
patterns have yet been detected in the human brain samples. The TASTPM mouse model contains the Swedish 
mutation in APP and the M146V mutation in PSEN1, and thus develops the amyloidogenic pathology of AD, 
indicating that the glycation signature observed in human brains is probably not driven by APP processing but 
rather by other molecular mechanisms, such as oxidative stress.

Specifically, we identified significant differences in the glycation and migration profile of MIF between AD 
brain samples and age-matched controls. These differences appear to involve early carbohydrate modifica-
tions, as indicated by the absence of AGE-modified MIF in anti-AGE and anti-CML western blot analyses of 
the brain tissue lysates (Supplementary Figure S1A and S1B). MIF is an important immune regulatory mole-
cule with cytokine-like pro-inflammatory properties, which is upregulated in conditions of oxidative stress and 
chronic inflammation25,26. MIF is known to bind Aβ 27, activate microglia via the receptor CD7428–30 and has been 
observed in the cerebrospinal fluid of AD patients at significantly higher levels relative to controls31. MIF is also 
involved in insulin regulation, glucose homeostasis and diabetes32–35. There were three key outcomes from this 
part of the study within the wider context of AD: 1) the identification of a pro-inflammatory cytokine, MIF, which 
has been linked to neuroinflammation in early AD36, 2) MIF was detected using Flu-PAGE, which detects early 
glycation modifications on proteins, 3) glycation of MIF increases as AD progresses from Braak stages I to VI. 
Thus, an immunoregulatory and insulin regulating protein was shown to be modified in the early stages of AD 
progression, which is vital in developing of a chronology of the pathology in AD progression.

The most striking difference in the appearance of MIF in AD relative to controls is its migration pattern; MIF 
appeared as a distinct doublet with significantly increased fluorescence intensity on Flu-PAGE in the mild (Braak 
II-IV) and late (Braak V-VI) stage AD samples. The increased MIF fluorescence intensity observed in mild and 
late stage AD samples is not caused by increased levels of MIF protein in these samples, as anti-MIF western blot 
analysis shows the inverse result. The observation of reduced MIF levels in the disease samples, however, may 
result from a loss of specific binding by the anti-MIF antibodies caused by altered epitopes on the surface of MIF, 
as a consequence of the disease-linked glycoxidation. To determine the cause and significance of the doublet 
migratory pattern of MIF, in vitro glycation studies using recombinant MIF were conducted. These experiments 
showed that a glycation pattern similar to that observed in AD brain homogenates could be reproduced by incu-
bating MIF with glucose. Methylglyoxal glycation was unable to reproduce this pattern, leading instead to almost 
immediate MIF-crosslinking, aggregation and diffuse bands. These observations suggest that glucose may be 
responsible for the glycation observed in the brain homogenates, but does not rule out the possibility of the 

Figure 4. Effect of MIF glycation in primary mouse glial co-cultures of astrocytes and microglia. Cells were 
treated with MIF or glycated MIF (100 ng/ml or 1,000 ng/ml) and incubated at 37 °C for between 20 minutes 
and 20 hours. (a) Phosphorylation of ERK was assayed by Western blotting, with representative blots after 
20 hours presented. c =  PBS control, i =  U0126 inhibitor, 10 μ M (b) ERK phosphorylation at 20 minutes, 2, 4 and 
20 hours. MIF was able to induce ERK phosphorylation over the full course of the experiment. Glycated MIF 
was still active, with attenuated activity, but was not active by the end of the 20 hour experiment. Full-length 
western blot images for Fig. 4(a) are included in Supplementary Figure S10.
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involvement of other reducing sugars. Nevertheless, we can exclude glycation by methylglyoxal from the process 
identified in AD brain. This is significant since methylglyoxal is considered to be the main agent for glycation 
and therefore AGEs16. The body has evolved the capacity to regulate glycation by detoxifying glucose metabolites 
which form as byproducts of glycolysis37 (such as methylglyoxal and glyoxal), but no such system is currently 
known for glucose modified proteins.

The formation of a MIF doublet in the control samples of the in vitro glucose incubations indicate that gly-
cation alone cannot explain the migration behaviour of MIF identified in the AD brain samples. To understand 
this, in vitro redox experiments were designed to ascertain the effect of oxidation on MIF migration through 
SDS-PAGE, since oxidative stress has been a recurring theme in the field of AD research. In experiments where 
MIF was incubated in the presence of an antioxidant (GSH or DTT), the formation of the doublet was either 
significantly reduced or completely abrogated. To support this further, in vitro oxidation of MIF was shown to 
produce the doublet migration pattern when oxidising with H2O2 or GSNO. Although at this moment we cannot 
ascribe the oxidation of MIF that occurs in vivo to a specific oxidising agent, the fact that GSH is able to prevent 
MIF oxidation in vitro is an important observation within the context of AD. An imbalance in the redox state of 
the brain, particularly the levels of GSH which are significantly decreased, is now considered to be an important 
parameter of the disease state38. We were also able to replicate the MIF doublet using GSNO, an endogenous nitric 
oxide donor, suggesting that reactive nitrogen species may be involved in modifying MIF in AD. A homologue 
of MIF via the thioredoxin family, protein disulphide isomerase, has been shown to be nitrosylated in AD39. 
More recently, high glucose induced redox-mediated modifications of proteins have been suggested as a pathway 
linking hyperglycaemia to cognitive decline in AD40. Taken all together, these data show that MIF in AD brain 
was modified by both glycation and oxidation, to produce the observed pattern. These salient findings link two 
processes (glycation and oxidation) that have previously been considered as separate pathways which may be 
involved in AD, to one immune and glucose regulatory molecule, MIF.

To assess the activity of the modified MIF, we used two standard MIF enzymatic assays to determine its tau-
tomerase and oxidoreductase efficacy. Although no endogenous tautomerase substrate is currently known, inhib-
itors of the MIF tautomerase activity have been shown to attenuate and inhibit the immune response signal 
induced by MIF41. Glycation with glucose was shown to significantly reduce MIF tautomerase activity, while 
methylglyoxal completely inactivated tautomerase activity. Oxidation of MIF alone was also shown to have a 
significant effect; an effect which was compounded further by glycation. Another aspect of glycation is to cause 
cross-linking between molecules via adducts on lysine or arginine residues, in effect protecting the protein from 
degradation by trypsin; one of the predominant proteases spread widely across the brain42. This may enable MIF 
to persist, existing with a lowered activity, but a prolonged half-life since its clearance would be affected. MIF 
oxidoreductase activity was assayed for using an insulin precipitation assay, which showed glycation was able to 
completely inhibit the redox activity of the protein. Particularly in recent years, oxidative stress and the redox bal-
ance of the brain have been highlighted as potential triggers in the progression of AD7. With MIF being a redox 
active protein (and is part of the thioredoxin family43), any alteration in its redox behaviour could play a role in 
perturbing natural redox homeostasis. Interestingly, oxidation of MIF had no effect on its ability to catalyse the 
reduction of the insulin disulphide bridges. The tautomerase and oxidoreductase sites are at two different regions 
of the molecule, providing a structural clue for the site of the in vitro oxidation (since the tautomerase activity 
was affected, while the redox activity remained). The MIF monomer contains three free thiols, two of which are 
part of the redox CALC motif; an Ellman’s test to quantify the free thiol content of modified MIF was carried out. 
Oxidation was found to have no effect on the free thiol content, indicating that the oxidation of MIF occurs away 
from the CALC active site. Glycation was found to have a small, but statistically significant effect, decreasing the 
free thiol content by almost 5%. The fact that this was the same for both folded and unfolded MIF experiments 
suggests that at least some small proportion of the glycation occurs very close to (or even directly on) the cysteine 
residues of the CALC motif. Nevertheless, the majority of the impact on MIF redox activity is likely to come from 
allosteric modulation of the MIF structure from glycation around the molecule, or by reducing the flexibility of 
the MIF molecule. However, this test cannot rule out the possibility of the in vivo oxidation of MIF occurring at 
one of the free thiols, such as S-nitrosylation, as mimicked earlier by incubating MIF with GSNO.

We have shown that glucose modification and oxidation of MIF can severely affect MIF activity. Modified 
MIF activity would have implications for the innate immune response to any nascent pathological AD lesions. 
Interestingly, MIF modulates insulin secretion, is involved in glucose homeostasis and has been associated with 
diabetes and hyperglycaemia32–34. Chronic inflammation, a common risk factor of diabetes and obesity, induced 
by the proinflammitory action of MIF is associated with insulin resistance and glucose intolerance35. In obesity, 
plasma MIF concentrations are increased, but treatment with the anti-diabetic and anti-glycation agent met-
formin, decreases the MIF levels to normal44. This context provides an intriguing basis for linking hyperglycaemia 
to dementia through glycation and inflammation.

The natural immune response to homeostatic disruption in the central nervous system is led by microglia 
cells, acting as sentinels over the cellular regulation of the brain by responding to pathogens, neuronal apoptosis 
and other signs of damage such as protein aggregates45. In AD, microglia are closely associated with the disease 
hallmarks; soluble and fibrillary Aβ  can be internalised and degraded by microglia, and pathological tau is able 
to strongly activate microglial response46. However, microglial activation is a dynamic process and questions 
remain as to whether microglia cells play a neuroprotective47–49 or a neurodegenerative50–52 role in AD progres-
sion. Recent reviews suggest that an aberrant microglial immune response develops in the course of the disease, 
switching from a beneficial to dystopic microglial mode of action, ultimately spreading AD pathology across the 
brain53. Since the enzymatic activity of MIF was shown to be severely hindered or even completely inhibited by 
glycation, we investigated the effect of this observation on the ability of MIF to communicate with cells.

A glial coculture of microglia and astrocytes was treated with fresh purified MIF or modified glycated MIF. 
These preliminary experiments looked at the phosphorylation of ERK as a signal induced by MIF over a period 
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of 20 hours. MIF was able to induce ERK phosphorylation for up 20 hours, correlating with previous studies54. 
However, glycated MIF was unable to sustain activity, and showed an attenuated profile over the 20 hour exper-
iment. Interestingly though, in parallel with the tautomerase activity experiments, glycated MIF was still active 
to some extent. These primary observations relate directly to the current trend in AD research, where microglia 
malfunction is being presented as the instigation from the clinically silent tau tangles and amyloid fibrils to the 
pathological neurodegeneration in AD53. If microglia are involved in internalising soluble forms of Aβ  fibrils or 
extracellularly degrading Aβ  plaques, their inability to respond in the early stages of AD could be the tipping 
point for disease progression. In addition, MIF has been shown to bind Aβ , and is associated around Aβ  plaques 
with microglia; indicating perhaps a directory role for MIF in the microglial response27. These initial studies on 
the effect of glycated MIF on glial cells present many questions, which when answered, could lead to a greater 
understanding of the mechanism of AD.

The study presented here identified MIF in AD brain to be both glycated and oxidised. Both processes are 
known to occur during the course of AD, and with this new evidence, we are able to conclude that the glycation 
and oxidation of MIF occurs during the early stages of the disease. Glycation has a significant effect on MIF activ-
ity, and its ability to communicate with the immune system, in this case glial cells. Since MIF is one of the first 
modulators of immune response, is implicated in diabetes and insulin secretion, these findings provide a perspec-
tive which resonates with current AD hypotheses; glucose modified and oxidised MIF may link hyperglycaemia, 
glycation, oxidative stress, and impaired immune response to the cognitive decline observed in dementia.

Conclusions
Glucose and glucose metabolites are known to adversely modify proteins through glycation, a character-
istic of hyperglycaemia. This study set out to define the protein glycation profile of human brain, using fluo-
rescent phenylboronate gel electrophoresis, with the aim to identify disease specific glucose modifications. 
This novel technique exploits the reversible covalent interaction between boronic acid and the cis-diols of the 
fructosamine-protein adduct in glycated proteins, allowing for their identification over unmodified proteins in 
a variety of complex samples, including plasma and brain homogenates. By applying this novel chemical tool we 
have been able to: 1) visualise and identify a profile of hitherto undetectable early glycation adducts in human 
brains that precede the formation of the advanced glycation end-products (AGEs), which are associated with AD 
pathology. 2) Significantly, we identified an oxidised variant of glucose-modified macrophage migration inhib-
itory factor (MIF) in both early and late stage AD brains. 3) We also show that these modifications can develop 
within a matter of days in vitro and can affect MIF activity and degradation long before the formation of irre-
versible AGEs. 4) Since MIF is a key immunoregulator and is also involved in insulin regulation, our findings 
implicate glucose modified and oxidised MIF as a molecular link between hyperglycaemia, oxidative stress and 
dysregulation of the innate immune system in AD.

Methods
Human AD brain samples. Tissue for this study was provided by the London Neurodegenerative Brain 
Bank which is funded by grants from the UK Medical Research Council and by Brains for Dementia Research, 
a joint venture between Alzheimer’s Society and Alzheimer’s Research UK. 10 samples were classified as severe/
late AD (Braak stage V-VI). 10 were classified as mild/early AD (Braak stage II-IV). Out of 10 controls, 6 were 
classified as normal or with mild ageing changes and 4 were classified as normal but with modified Braak stages 
ranging from I-III.

Flu-PAGE analysis. Glycated proteins were identified as previously described13. Briefly, brain homogenates 
were incubated with 0.5 mM fluorescent boronic acid at room temperature for one hour. Gel electrophoresis was 
performed using an Xcell surelock mini-cell (Invitrogen), separating proteins on 15% tris-glycine gels. Glycation 
was visualised prior to protein staining with a Dark Reader®  (Clare Chemicals Research Inc.; 420–520 nm, with 
530 or 595 nm filter). Gels were then stained with coomassie to visualise total protein content. Samples where only 
SDS-PAGE was required skipped the boronic acid incubation and visualisation stages. Quantification of protein 
band fluorescence and coomassie stain intensity was performed using Fusion software (Vilber Lourmat).

Identification of glycated proteins by mass spectrometry. Glycated protein bands identified by 
Flu-PAGE analysis were excised from the Coomassie stained gel and subjected to in-gel proteolytic trypsin diges-
tion using an automated DigestPro digestion unit at the University of Bristol Proteomics Facility. The resulting 
peptides were subsequently analysed by MALDI-Tof MSMS using a Bruker Daltonics UltrafleXtreme 2 mass 
spectrometer. Database searches were performed using the facility’s Mascot server to identify the protein.

Expression and purification of recombinant MIFh. His-tagged MIF was expressed in BL21 E.coli cells 
containing the pET15b-MIF vector, and purified using a HiTrap™  HP nickel column (GE) under standard con-
ditions. Elution of MIF was achieved with 500 mM imidazole. His-tag was removed by adding 50 U/ml bovine 
thrombin (CalBiochem®  MerckMillipore) and dialysed into PBS. Thrombin was removed by using a HiTrap™  
benzamidine FF (GE).

In vitro glycation and oxidation of MIF. Typically, protein glycation of recombinant MIF (0.5 mg/ml) 
was carried out over 7 days at 37 °C, with either glucose or methylglyoxal (50 mM) in PBS. Control samples were 
performed under the same conditions without carbohydrate. Samples were taken each day to observe a time 
course of the reaction.

To assess the effect of antioxidants on MIF over time, MIF (0.5 mg/ml) was incubated in PBS alone or in the 
presence of the reducing agents GSH (10 mM) or DTT (5 mM) at 37 °C and the reaction proceeded over 5 days. 
Conversely, MIF (0.5 mg/ml) was oxidised in vitro by incubated in PBS alone or in the presence of the oxidising 
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agents H2O2 (1 mM), GSSG (10 mM) or GSNO (400 μ M) at 37 °C and the reaction allowed to proceed for 1 hour. 
A fresh frozen MIF sample was used as control. Samples were separated by SDS-PAGE and stained as above.

Trypsin digestion of glycated MIFh. The proteolytic stability of glycated MIF was examined by trypsin 
digestion. Glycated MIF (0.5 mg/ml) prepared as above was incubated with trypsin at a 200:1 ratio. The solution 
was incubated at 37 °C for 4 hours. A control reaction with unmodified MIF was performed simultaneously. 
Samples were separated by SDS-PAGE and stained as above.

MIF activity assays. MIF tautomerase activity was measured by following a modified L-Dopachrome 
Methyl Ester Tautomerase assay protocol18. Reactions contained 1.82 μ M MIF, 0.57 mM NaI and 0.29 mM L-dopa 
in sodium phosphate buffer at pH 6.2. The decrease in absorbance at 450 nm was followed for 15 minutes. MIF 
oxidoreductase activity was measured using an insulin precipitation assay20. Briefly, the reaction mixture was 
comprised of 12.5 μ M MIF, 78 μ g/ml insulin solution, 10 mM GSH in PBS containing 2 mM EDTA at pH 7.5. 
Solution turbidity was measured at 650 nm for up to 2 hours.

Free thiol content determination. MIF free thiol levels were determined using Ellman’s reagent (Ellman, 
1959)21. MIF (0.5 mg/ml) was incubated with 5,5′ -dithio-bis-(2-nitrobenzoic acid) in PBS pH 8.0, containing 
1 mM EDTA and incubated at room temperature for 15 minutes. Absorbance was read at 415 nm, and a molar 
extinction coefficient of 14,150 M−1cm−1.

Primary cortical glial cell culture and treatment with MIF and glycated/oxidised MIF. Animal 
Ethics Statement. Primary cortical glial cultures were prepared from mouse embryos in accordance with UK 
Home Office Guidelines as stated in the Animals (Scientific Procedures) Act 1986 using Schedule 1 procedures 
approved by the University of Bath Animal Welfare and Ethical Review Body.

Primary cortical glial cell culture. Primary cortical glial cells from mouse embryos we prepared essentially as 
previously described55. Briefly, cortices were dissected from embryonic day 15 CD1 mouse embryos and mechan-
ically dissociated using a fire-polished glass Pasteur pipette in PBS (Ca2+- and Mg2+-free) supplemented with 
33 mM glucose. Cells were plated into Nunc (Rochester, NY) multiwell tissue culture plates that had been coated 
previously with 20 μ g/ml poly-D-lysine (Sigma, St. Louis, MO) and were maintained in DMEM-F12 medium, 
supplemented with 2 mM glutamine, 100 μ g/ml streptomycin, and 60 μ g/ml penicillin and 10% heat inactivated 
fetal bovine serum (Invitrogen, Carlsbad, CA), at 37 °C in a humidified atmosphere of 95% air and 5% CO2. 
Mixed glial cultures used after 14 days in vitro (DIV), were composed of ~80% astrocytes and ~15–20% microglia 
as judged by GFAP and CD11b staining respectively (not shown). Neuronal elements were typically less than 2%, 
based on β -tubulin III staining.

MIF treatment of primary cortical glial cells. MIF was purified and modified as described above. Cells were 
treated with 100 or 1,000 ng/ml of fresh purified or modified MIF and ERK phosphorylation detected over 
20 hours by Western Blot, using anti-phosphoERK (Cell Signalling) and anti-ERK2 (Santa Cruz Biotechnology). 
Blots were visualised on film and quantified by Fusion software (Viber Lourmat).

Statistical analysis. Statistical analysis was performed using Graphpad Prism software and data are pre-
sented as mean ±  s.e.m. Students t-tests were used to show statistical significance for single comparisons.
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