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Abstract

Diabetes, a risk factor for stroke, leads to elevated blood methylglyoxal (MG) levels. This is due to 

increased MG generation from the high glucose levels, and because diabetes impairs the 

glutathione (GSH)-glyoxalase system for MG elimination. MG glycates proteins and causes 

dicarbonyl stress. We investigated the contribution of MG and GSH to stroke outcome. Cerebral 

ischemia/reperfusion was performed in chemical-induced (streptozotocin) and genetic Akita 

mouse models of Type 1 diabetes. Brain infarction and functions of the GSH-dependent MG 

elimination pathway were determined. Diabetes increased post-ischemia-reperfusion cerebral 

infarct area in association with elevated MG and diminished GSH levels. Infarct size correlated 

with brain MG-to-GSH ratio. Expression of glutamate-cysteine ligase catalytic subunit (GCLc) 

was increased in diabetic brain. GCL activity was unchanged. MG-adducts were elevated in the 

diabetic brain and, using immunoprecipitation, we identified one of the bands as glycated 

occludin. This was accompanied by increased blood-brain barrier permeability. Total protein 

carbonyls were elevated, indicative of oxidative/carbonyl stress. N-acetylcysteine (NAC) corrected 

MG-to-GSH ratio, and reduced diabetic brain infarct area, occludin glycation and permeability. In 

addition, protein carbonyls were decreased by NAC. We showed that the diabetic brain exhibited a 

lower GSH-dependent potential for MG elimination, which contributed to increased protein 
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glycation, and oxidative/carbonyl stress. The consequence of these changes was aggravated post-

stroke brain injury. NAC administration protected against the exacerbated brain damage via 

restored GSH generation and normalization of the MG-to-GSH ratio and possibly by attenuating 

oxidative/carbonyl stress. This treatment could contribute to the successful management of stroke 

risk/outcome in diabetes.
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Introduction

Diabetes mellitus is an independent risk factor for the development of cardiovascular and 

cerebrovascular disease. Stroke occurs twice as frequently in hypertensive individuals with 

diabetes than those with hypertension alone [1]. Moreover, stroke patients with diabetes 

have a 3-fold higher mortality than their non-diabetic counterparts [2]. The plasma glycemic 

status is typically used as a predictor of increased cardiovascular disease risk in diabetes, 

and risk of heart disease and stroke is exaggerated in diabetics with poor glycemic control 

[3]. However, increased cardiovascular disease risk remains in diabetic individuals with 

well-controlled blood sugar levels, suggesting involvement of other factors. One candidate is 

methylglyoxal (MG), a highly reactive dicarbonyl metabolite of α-oxoaldehydes [4] and a 

potent glycating agent. MG is a precursor of advanced glycation end-products (AGEs), and 

MG-derived protein modification [5], known as glycation, is a patho-physiologically 

relevant process.

MG levels are elevated in diabetes [6], and have been implicated in diabetic complications. 

MG can increase inflammatory cytokine release, upregulate adhesion molecule expression 

and promote leukocyte adhesion [7]. While all of these responses are implicated in stroke, it 

is unclear whether MG levels rise sufficiently to contribute to post-stroke injury in non-

diabetics. In contrast, these findings do suggest a possible role for MG in the exacerbation of 

stroke-induced injury by diabetes. We previously demonstrated that MG treatment of human 

brain microvascular endothelial cells (IHECs) increases barrier permeability [8]. 

Furthermore, the barrier disruption was worse in the presence of hyperglycemia [9], 

suggesting that, in addition to being a source of increased MG generation, high glucose 

levels potentiate the injury caused by MG.

Interestingly, MG-induced IHEC dysfunction was preceded by cellular glutathione (GSH) 

loss and was prevented by N-acetylcysteine (NAC) [8], a precursor of GSH synthesis, 

suggesting a role for GSH in endothelial preservation. GSH is decreased during diabetes and 

after brain ischemia-reperfusion (I/R) [10, 11]. GSH is a rate-limiting co-factor in the 

elimination of MG via the glyoxalase (Glo) system. Thus it follows that MG-induced 

disruption of IHEC integrity is potentiated by inhibition of GSH synthesis [8]. Depletion of 

GSH also exacerbated infarct size and edema following stroke [12], underscoring the 

importance of endogenous GSH in protection against post-stroke lesion formation. GSH 

synthesis is controlled by glutamate-cysteine ligase (GCL), the rate-limiting enzyme. GCL is 
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comprised of a catalytic (GCLc) and a modulatory (GCLm) subunit. GCLc and GCLm 

expressions are attenuated in mesenteric vessels of diabetic (db/db) mice [13] and GCLc is 

decreased in the retina of streptozotocin-induced diabetic rats [14]. The glyoxalase pathway 

comprises the glyoxalase I (Glo I) and glyoxalase II (Glo II) enzymes. To date, reports on 

changes in Glo I and Glo II during diabetes are conflicting [15-22], although Glo I 

overexpression has been shown to protect against diabetic complications [23, 24].

The glycation reaction of MG with amino acids can generate superoxide radical anions [25]. 

Hence, protein damage by MG can be mediated by protein glycation, and/or oxidative stress 

through reactive oxygen species (ROS) generation, which may lead to protein carbonyl 

formation [26]. GSH also acts as an antioxidant, thus oxidative stress could result from both 

decreased GSH levels and increased MG. However, we previously showed that MG 

stimulates only very low levels of ROS generation in IHECs, and even more importantly, 

MG-induced barrier disruption was not protected by antioxidants. Collectively, these results 

support our hypothesis that increased MG and diminished GSH during diabetes could 

worsen post-stroke injury, and that this is more likely to be via glycation than carbonylation. 

Previous studies have shown diabetes exacerbates cerebral I/R injury in mice [27, 28], 

however the exact mechanisms remain unclear. The current project seeks to determine the: a) 

contributions of MG, Glo enzymes, and GSH to I/R brain injury during diabetes; b) 

mechanism of GSH decrease in diabetic brain.

Materials and Methods

Materials

From Sigma (St. Louis MO, USA): GSH, MG, NAC, STZ, L-buthionine-(S, R)-sulfoximine 

(BSO), D-lactate, D-lactic dehydrogenase, glutamic-pyruvate transaminase, β-nicotinamide 

adenine dinucleotide hydrate, S-D-lactoylglutathione, evans blue. Antibodies: Abcam, 

Cambridge, MA (rabbit-anti-mouse GCLc, HRP-conjugated goat-anti-rabbit IgG); 

Invitrogen, Camerillo, CA (rabbit-anti-mouse occludin); Genox Corporation, Baltimore, MD 

(anti-MG); Amersham, Piscataway, NJ (HRP-conjugated sheep-anti-mouse IgG); BD 

Biosciences, La Jolla, CA (mouse-anti-actin). ECL reagent: BIO-RAD (Berkeley, CA, 

USA).

Animal Preparation

Four-week-old male C57BL/6J mice (WT), weighing 18-20 g, were purchased from Jackson 

Laboratory. The genetically diabetic Akita mice (InsAkita+/-), mice deficient in GCLm 
(GCLm-/-) or their wildtype littermates (InsAkita+/+ and GCLm+/+ respectively) were 

provided by Drs Harris and Pattillo from their respective breeding colonies at LSUHSC-

Shreveport. For the Akita mice, breeding pairs were purchased from Jackson Laboratories, 

and offspring were produced by crossing InsAkita+/- with InsAkita+/+ mice. Diabetic 

InsAkita+/- mice were identified by their plasma glucose levels. The Gclm-/- mice were 

developed by Dr. Terrance Kavanagh, who provided breeding pairs for our colony [29]. Dr. 

Pattillo generated the experimental mice by crossing heterozygous pairs. The WT and 

knockout offspring genotypes were determined by PCR of genomic DNA isolated from tail 

clips, using a two tube reaction system. They shared the same forward primer (5′-
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GCCCGCTCGCCATCTCTC-3′). The sequence of the reverse primer for the knockout was 

5′-CAGTTTGAGGGGACGACGACA-3′, and for the WT was 5′-
GTTGAGCAGGTTCCCGGTCT -3′. All animal procedures were approved by the 

LSUHSC-S Institutional Animal Care and Use Committee and were in accordance with the 

US NIH guidelines in the Guide for the Care and Use of Laboratory Animals. WT mice 

were divided randomly into non-diabetic (received citrate buffer vehicle (Veh) IP for 5 

consecutive days) or diabetic (received 50 mg/kg of STZ IP for consecutive 5 days) groups. 

On day 7, mice with non-fasting plasma glucose >16.7 mmol/l were deemed diabetic 

(“diabetes onset”). Some groups received 2 mmol/l NAC in the drinking water (refreshed 

every 2 days to avoid autoxidation) starting at 1 wk after diabetes onset for 1 wk or 3 wks. 

This dose was chosen to give within the mouse equivalent dose range (326-570 mg kg-1 

day-1) for the human dose of 20-30 mg kg-1 day-1. Based on body weight and water 

consumption our diabetic mice received 400±70 mg kg-1. I/R (or sham operation) was 

performed in mice 5 wks post-STZ (i.e. @ 4 wks diabetes) or post-Veh. In one STZ+NAC 

group, I/R was performed at 2 wks diabetes (1 wk NAC). Thus the 7 WT groups were:

1. NT-sham group (n=6): non-treated sham operated group

2. NT-I/R group (n=5): non-treated I/R group

3. Veh-I/R group (n=7): vehicle-treated I/R group

4. STZ-2wk I/R group (n=9): STZ with I/R @2 wks diabetes

5. STZ-I/R group (n=7): STZ group with I/R @4 wks diabetes

6. STZ+NAC 1wk-I/R group (n=9): STZ group with I/R @2 wks diabetes; 

NAC for 1 wk before I/R

7. STZ+NAC 3wk-I/R group (n=6): STZ group with I/R at @4 wks diabetes; 

NAC for 3 wks before I/R

Akita non-diabetic (InsAkita+/+) and diabetic (InsAkita+/-) mice, as well as GCLm-/- and 

wildtype littermates (GCLm+/+) underwent I/R at 12 wks and 10 wks age, respectively.

Middle Cerebral Artery Occlusion/Reperfusion (MCAo/R) and brain infarction

Mice were anesthetized with ketamine (125 mg/kg) and xylazine (6.25 mg/kg) IP. The 

Koizumi method was employed to induce stroke [30]. The left common, internal, and 

external carotid arteries were exposed, and the external carotid artery was ligated. A 6-0 

silicone-coated nylon filament was introduced through the common carotid artery. The 

filament was advanced into the internal carotid artery 9.0 to 11.0 mm beyond the carotid 

bifurcation until an elastic resistance indicated that the tip was properly lodged in the 

anterior cerebral artery and thus blocked blood flow to the MCA for 45 min (45 min 

ischemia). Then the filament was pulled out and the blood flow was restored for 24 h (24 h 

reperfusion). In the sham operation, the filament was removed immediately after proper 

placement in the anterior cerebral artery.

The mice were euthanized by ketamine/xylazine at 24h after reperfusion, and brains were 

quickly removed. Six 2-mm-thick coronal sections were cut every 1 mm from posterior of 

the olfactory bulb. The 1st, 2nd, 5th and 6th slices were rapidly frozen in liquid nitrogen for 
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later GSH, MG, and protein carbonyl content assays (slices 1 and 2) and enzyme activity 

assay (slice 5) and western blot (slice 6; primarily reflecting the effects of diabetes rather 

than ischemia). The 3rd and 4th slices were weighed and used to determine infarct size and 

water content. Brain infarct area was determined using 2,3,5-triphenyltetrazolium chloride 

(TTC) staining as previously described [31]. Infarct areas were calculated by the formula: 

100%×(contralateral hemisphere area – non-infarct ipsilateral hemisphere area)/contralateral 

hemisphere area, and expressed as the average of the two brain slices. After obtaining the 

photos of infarct area, the brain slices were dried at 50°C for 72h to determine the water 

content. The water content in brain was calculated by the formula: 100% × (wet brain 

weight - dry brain weight)/wet brain weight.

High-performance liquid chromatography (HPLC) quantification of GSH, cysteine, γ-
glutamylcysteine (γ-GC) and MG

Determination of GSH, cysteine and γ-GC was performed as previously described [32]. 

Briefly, TCA-soluble acid supernatants of brain homogenates were derivatized with 6 

mmol/l iodoacetic acid and 1% 2,4-dinitrophenyl fluorobenzene (pH adjusted to 7-8 and 7.0, 

respectively) to yield the S-carboxymethyl and 2,4-dinitrophenyl derivatives, respectively. 

GSH, cysteine and γ-GC derivatives were separated on a 250×4.6-mm Alltech Lichrosorb 

NH2 10μm anion-exchange column and detected at 365nm. The tissue contents, expressed as 

nmol/mg protein, were quantified by comparison to standards derivatized in the same 

manner.

To confirm that cysteine utilization for GSH synthesis was reflected in its steady-state tissue 

levels, 2 additional groups of mice were performed: Veh+NAC group (n=7): vehicle-treated 

WT mice receiving 2 mmol/l NAC in drinking water for 2 wks; Veh+BSO group (n=8): 

vehicle-treated WT mice receiving 300 μl of BSO (0.5 mol/l in 0.9 % of saline), 

administered IP every 12 h for 24 h. BSO is a glutathione-synthesis inhibitor that acts by 

irreversibly inhibiting γ-glutamylcysteine ligase.

Determination of MG was as described [33]. In brief, brain homogenates were treated with 

60% perchloric acid (29:1 v/v) and the acid supernatants were derivatized with 0.1 mol/l of 

o-phenylenediamine for 24h. MG derivatives were separated on a 250×4.6-mm 

Chromegabond Ultra C-18 reversed phase column, and detected at 315nm. Tissue MG 

contents, expressed as nmol/mg protein, were quantified by comparison to MG standards 

derivatized with o-phenylenediamine.

Assay of GCL activity

Brain tissues were homogenized with TES/SE buffer (PH=7.0 - 7.4) containing 20 mmol/l 

Tris, 1 mmol/l EDTA, 250 mmol/l sucrose, 20 mmol/l sodium borate and 2 mol/l serine. 

Post-15,000 g supernatants were used in an assay of GCL activity as described with 

modifications [34]. The GCL reaction cocktail contained 400 mmol/l Tris, 40 mmol/l ATP, 

20 mmol/l L-glutamate, 2 mmol/l EDTA, 20 mmol/l sodium borate, 2 mmol/l serine and 40 

mmol/l MgCl2. Reaction and baseline samples were prepared. The reaction sample 

contained the cocktail mixture plus brain supernatant, 20 mmol/l DTT, and 2 mmol/l 

cysteine to start the reaction. TES/SB buffer replaced cysteine in the baseline sample. The 
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samples were incubated for 45 min at RT, and the reactions were stopped by addition of 50% 

TCA. The amount of γ-GC formed was quantified by HPLC as above. GCL activity, 

expressed as nmol (mg protein)-1 min-1, was calculated as the difference in γ-GC 

concentration in the reaction versus baseline samples, normalized to protein.

Assay of glyoxalase I and II activity

Brain tissues were homogenized (1:20, w/v) in 10 mmol/l Tris-HCl pH 7.4 containing a 

cocktail of proteinase inhibitors. Post-12,000 g supernatants were used for 

spectrophotometric assays of GloI and Glo II activities. Glo I activity was determined by S-

D- lactoylglutathione (SDL) formation [35]. Glo II activity was determined by GSH 

regeneration [36]. Glo I and Glo II activities were expressed as nmoles of SDL or GSH 

formed respectively, per min per mg protein.

Western blot of occludin, GCLc and MG-modified proteins, and Immunoprecipitation

Western immunoblotting was performed on brain tissue homogenates to detect occludin, 

GCLc and MG-modified proteins as previously described [8]. Brain tissues were 

homogenized in RIPA lysis buffer containing 50 mmol/l Tris, pH 8.0, 150 mmol/l NaCl, 

0.5% sodium deoxycholate, 0.1% SDS and protease inhibitor cocktail. Twenty μg protein 

per sample was loaded on 10% SDS-polyacrylamide gels. Electrophoresis was performed, 

followed by transfer, and blocking, with dried milk in the blocking buffer. Although there is 

some evidence that dried milk contains AGEs and may result in non-specific bands on the 

western blot, we compared milk, bovine serum albumin and no blocking, and found dried 

milk gave the least number of, and very distinct, bands, and these were stronger in the 

diabetic samples, suggesting they were not non-specific. PVDF membranes were probed 

with the following primary antibodies: rabbit-anti-mouse occludin (1:2000), rabbit-anti-

mouse GCLc (1:2000) or mouse anti-MG-modified protein (1:2000), followed by secondary 

HRP-conjugated goat-anti-rabbit or sheep-anti-mouse (1:10000) antibodies, as appropriate. 

Protein expression was detected using enhanced chemiluminescence (BIO-RAD) per 

manufacturer's instructions. Equal protein loading was normalized to actin.

Immunoprecipitation was performed as previously shown [8] to determine if occludin was 

glycated. Brain tissues were lysed with NP-40 buffer (150 mmol/l NaCl, 50 mmol/l Tris-

HCl, 1.0% NP-40 and protease inhibitor cocktail) and pre-cleared with protein A/G–agarose 

beads for 1h at 4 °C. After centrifugation, the supernatant (1.2 mg lysate protein/reaction) 

was incubated with 5 μg of rabbit anti-occludin or 1.5 μg of rabbit anti-GCLc antibody or 

rabbit IgG (as a negative control) at 4°C overnight with gentle rotation. Then the samples 

were added to 30 μl of protein A/G–agarose beads and incubated for another 6h at 4°C. 

After centrifugation, the agarose beads were washed four times in lysis buffer and the 

protein was eluted in 40 μl of 2× loading buffer and boiled (100°C, 5min). 20 μl of the 

supernatant collected by centrifugation was loaded onto a 10% SDS–PAGE gel and blotted 

with anti-MG as described above.

Assessment of blood-brain barrier (BBB) integrity

BBB breach was assessed by Evans Blue (EB) extravasation. As described previously [31], a 

2% EB solution was injected into the femoral vein of mice (4 ml/kg). At 24 h, blood was 
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obtained by cardiac puncture, and the brain is harvested after transcardial perfusion with 

PBS (100 mmHg, over 5 mins). EB concentrations in plasma and TCA soluble extracts of 

brain tissues were measured by fluorescence spectrophotometry. Permeability was quantified 

by: tissue [EB]/plasma [EB].

Assay for protein carbonyls

Total protein carbonyls was determined in brain homogenates as described [37]. Briefly, 

brain homogenates were incubated with 10 mmol/l 2, 4-dinitrophenylhydrazine (DNPH) in 2 

mol/l hydrochloric acid (1:2 v/v) and precipitated with 10% TCA. After washing, protein 

pellets were redissolved in 6 mol/l guanidine hydrochloride containing 20 mmol/l potassium 

phosphate (pH 2.3). Absorbance of post-11000 g supernatants was measured at 366nm. 

Protein carbonyl contents were quantified using the extinction coefficient, 22000 M-1 cm-1.

Statistical analysis

All data are expressed as mean ± SEM. Significance of difference was assessed by Student t 
test (single comparisons) or by one-way ANOVA with Newman-Keuls post-hoc tests 

(multiple comparisons). Spearman rank correlation analysis was used to determine the 

association between glucose, MG, GSH or MG-to-GSH ratio and infarct area. Differences or 

correlations were considered significant at P < 0.05.

Results

Diabetes potentiates ischemia-reperfusion brain injury

Four weeks of STZ-induced diabetes led to a 2-fold increase in post-stroke infarct versus 

non-diabetic controls (Fig. 1a&b). Although the experiments were not performed in a 

blinded manner, the individual data points show the variability in both controls and STZ 

mice, suggesting bias did not play a role in the findings. Genetically diabetic Akita mice 

behaved similarly (Fig. 1b&c)

Cerebral infarct area correlates with plasma glucose, brain GSH and MG-to-GSH ratio

Diabetes was characterized by a significant elevation in plasma glucose levels (Fig. 2a). The 

brain injury was statistically positively correlated with plasma glucose. However, the data 

from the non-diabetic and diabetic mice appeared to divide into two distinct groups. This 

may have been because we did not have mice with intermediate glucose levels (Fig. 2b), or 

that glucose does not affect infarct size in a concentration-dependent manner, but rather 

exerts a threshold effect. Tissue GSH levels were significantly lowered (Fig. 2c) while MG 

levels were significantly elevated (Fig. 2d) in the diabetic brain. A similar glucose-infarct 

area relationship, and changes in GSH and MG levels were observed in the Akita diabetic 

model (Figs. 2e-h).

We combined the data from the chemical and genetic models to test if there was a true 

correlation between infarct size and GSH, MG or MG:GSH ratio. Regardless of the diabetic 

model, infarct size inversely correlated with the brain GSH levels (Fig. 2i). Brain infarct was 

directly correlated with the MG-to-GSH ratio (Fig. 2j), rather than MG contents per se (data 
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not shown), suggesting that post-IR brain injury is dependent on the GSH potential for MG 

elimination.

To determine if decreased tissue GSH per se would increase brain post-stroke injury, 

MCAo/R was performed on GCLm-/- mice. Gclm-/- mice exhibited increased infarct size 

compared with Gclm+/+ littermates (Fig. 3a) in accordance with lower brain GSH levels in 

these knockout animals (Fig. 3b).

NAC increases brain GSH and attenuates I/R induced diabetic brain infarct

To test for a role for GSH in post-I/R diabetic brain injury, STZ-treated mice were given the 

GSH precursor, NAC for 1 or 3 wks before MCAo/R. NAC treatment for 3 wks abrogated 

the exacerbated infarct area at 4wk diabetes (Fig. 4a) that corresponded to significant 

increases in brain GSH (Fig. 4c). As brief as 2wks diabetes exacerbated infarct size (Fig. 

4b), albeit this effect was less than the longer duration of diabetes, indicating a relationship 

between duration of diabetes and post-stroke injury severity. The infarct in the 2 wks 

diabetic mice was attenuated by one wk of NAC, which also significantly elevated brain 

GSH contents (Fig. 4d). Brain infarct area was inversely related to tissue GSH levels (Fig. 

4e), consistent with a protective role for GSH.

NAC is a cysteine source and increases the GSH potential for MG elimination

GSH is generated in the cytosol in two steps. In the first, and rate-limiting step, GCL 

catalyzes the formation of the intermediate, γ-glutamylcysteine (γ-GC), from glutamate and 

cysteine. To further investigate the contribution of NAC to GSH production, we measured 

brain levels of cysteine as well as γ-GC as an indicator of GCL function. γ-GC contents 

were not different between veh- or STZ-treated mice at 4 wks (Fig. 5a), suggesting that 

diabetes did not alter GCL activity per se. The cysteine levels in diabetic brain trended lower 

than controls, albeit not significant (Fig. 5b). Unexpectedly, although NAC is a cysteine 

source, the steady-state cysteine levels were further decreased in NAC-treated STZ mice 

(Fig. 5c). To address if the steady-state cysteine pool within the brain reflects GSH 

production, veh-treated mice were administered NAC or BSO, an inhibitor of GSH 

synthesis. BSO significantly increased brain cysteine levels versus NAC-treated animals 

(Fig. 5c). This is consistent with the notion that enhanced GSH production (e.g., with NAC) 

would decrease the free cysteine pool; conversely inhibited GSH synthesis (e.g., with BSO) 

would correlate with tissue accumulation of free cysteine. Brain glutamate levels were 

unchanged under these conditions (data not shown), further supporting the paradigm that 

cysteine is the rate-limiting substrate in GSH production.

Three wks of NAC treatment did not alter plasma glucose levels at 4 wk diabetes (Fig. 6a), 

indicating that NAC did not act by normalizing plasma glucose. While trending lower, NAC 

did not significantly attenuate MG levels in the diabetic brain (Fig. 6b). However, NAC 

treatment significantly decreased the MG-to-GSH ratio (Fig. 6c).

NAC protects against diabetes induced MG-adduct formation, but not GCLc expression

MG-adduct formation in the diabetic mouse brain in vivo was significantly elevated (Fig. 

7a), which was decreased by NAC. Taken together with the higher GSH levels, and lower 
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MG:GSH ratio in the NAC group, these data suggest that NAC promotes GSH-catalyzed 

MG elimination. The two major MG-modified proteins had Mws of 50 kD and 65 kD. 

Expression of occludin (a 65kD protein) was attenuated in the diabetic brain, although this 

did not reach statistical significance, and was not altered by NAC (Fig. 7b). However, the 

65kD glycated protein was confirmed to be occludin-MG adduct by immunoprecipitating 

occludin followed by immunoblotting for MG (Fig 7d). Both of these findings are consistent 

with our previous observations in microvessels from diabetic rat brain [9]. A likely 

pathophysiological consequence of these changes would be increased blood-brain barrier 

(BBB) permeability. In agreement with this, Fig. 7e shows that plasma-to-tissue leakage of 

Evans Blue in diabetic brains was higher than in non-diabetic counterparts, indicating a 

substantial BBB breach during diabetes. Brain water content was also elevated (data not 

shown). After treating with NAC for 3 wks, both the occludin glycation as well as the 

leakage of Evans blue were significantly decreased versus their untreated counterparts.

Based on the Mw, we hypothesized that the 50kD glycated-protein adduct might be an 

isoform of mouse GCLc. The expression of GCLc protein was elevated (Fig. 7c). NAC did 

not reverse this. Unfortunately, we were unable to confirm the glycation of GCLc and if 

NAC could reverse this using co-immunoprecipitation because the GCLc band overlapped 

with the IgG heavy chain (which was also obtained in the negative control). Mass 

spectrometry is being employed in ongoing studies to identify MG-GCLc adducts.

NAC attenuates protein carbonyls in diabetic brain

Given that: i) infarct was correlated with increased MG:GSH; ii) both increased MG and 

decreased GSH can cause oxidative stress; iii) oxidative stress can promote protein 

carbonylation, we quantified protein carbonyl levels as a broad indicator of oxidative/

carbonyl stress in the diabetic brain, and tested the impact of NAC treatment. Total protein 

carbonyls were increased in a time-dependent manner after diabetes induction (Fig. 8). To 

test if NAC could prevent the early rise in protein carbonylation, brain protein carbonyls 

were determined at 1wk following NAC treatment in 2wks post-STZ diabetic animals. The 

result shows that NAC abrogated protein carbonyl formation (Fig. 8).

The activities of Glo I and II were determined to assess if differences in enzyme function 

may contribute to the elevated glycation and oxidative/carbonyl stress in the diabetic brain. 

Unexpectedly we found no difference in activity of either enzyme in control and diabetic 

brains (data not shown).

Discussion

Despite the availability of anti-glycemic drugs, diabetic individuals remain at elevated risk 

for cardiovascular disease and stroke, even when blood glucose levels are well-controlled 

[3], suggesting factors other than high glucose are also important. One possibility is MG, a 

dicarbonyl metabolite of glucose. In the current study, we showed that diabetic mice 

experienced larger infarcts following stroke (in agreement with others [27, 28]) and that 

infarct size inversely correlated with the GSH-dependent capacity of the brain to eliminate 

MG. Accordingly, the diabetic brain was associated with increased protein glycation, and 

oxidative/carbonyl stress. NAC provided cysteine for GSH production, and was therefore, 
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effective at decreasing MG stress and MG-adduct formation, and preventing diabetes-

induced exacerbation of stroke injury.

Diabetic patients exhibit increased stroke risk and worse stroke outcome [38, 39], likely a 

result of large and small vessel disease [40]. Here we showed in murine models of chemical-

or genetic-induced Type 1 diabetes that diabetes (without the deleterious effects of other 

metabolic risk factors) increases infarct size following stroke in agreement with others [27, 

28]. The positive correlation between plasma glucose levels and infarct area supports a role 

for hyperglycemia in stroke exacerbation. In fact, hyperglycemia at stroke onset is associated 

with increased mortality even in non-diabetic individuals. Curiously, diabetic patients with 

well-controlled blood glucose levels remain at elevated risk for cardiovascular disease, 

suggesting other factors are involved [3]. Our recent studies demonstrated a role for MG in 

IHEC apoptosis [41] and barrier dysfunction [8]. The latter was exaggerated under 

conditions of decreased intracellular GSH, consistent with a relationship between MG stress 

and GSH in barrier function. This relationship was recapitulated in vivo in the current study 

in that the brains of both diabetic models exhibited higher MG and lower GSH levels, and 

the MG-to-GSH ratio linearly correlated with infarct size. Thus, the potential for GSH-

driven elimination of MG is a critical determinant of stroke outcome.

Several studies have identified GSH and NAC as antioxidants in protection against ischemic 

injury, including stroke [10, 42-46]. Our finding that GCLm-/- mice, in the absence of 

diabetes, had substantially larger infarcts than their wildtype controls underscores the 

importance of maintaining endogenous GSH homeostasis against I/R brain injury. We found 

that NAC was highly effective at protecting against the exacerbated infarct in diabetic mice 

even when administered after diabetes induction. This was associated with restoration of 

normal GSH levels and attenuation of the MG-to-GSH ratio in the diabetic brain, and is 

consistent with NAC promoting both GSH synthesis and the capacity for MG elimination. 

The finding that the steady-state cysteine pool was lower after NAC treatment is in line with 

enhanced cysteine utilization for GSH production. It is further consistent with cysteine 

supply being a limiting factor in GSH synthesis. The impact of the NAC effect was a 

decrease in infarct, dicarbonyl and oxidative/carbonyl stress.

Part of the stress response to oxidative stress, as would occur in diabetes, is an upregulation 

of the NF-E2-related factor (Nrf2)/antioxidant response element pathway and expression of 

antioxidant enzymes [47, 48]. Since Nrf2-mediated upregulation of GCL subunits is a 

primary transcriptional mechanism for increasing GCL activity, it was not surprising that 

GCLc protein expression was increased 2-fold by diabetes. However, GCL activity in the 

diabetic brain was proportionally lower than can be accounted for by this increased protein 

expression, suggesting that the overall function of GCL is diminished during diabetes. This 

is consistent with decreased brain GSH levels. The presence of a major MG-glycated protein 

band at 50kD that corresponded to the Mw of mouse GCLc isoform suggests that GCLc may 

be glycated during diabetes, perhaps leading to compromised function of GCL. We are 

currently investigating this hypothesis, although we are aware that GCLc function may be 

disrupted through other mechanisms. We also cannot exclude the alternative possibility that 

the decrease in GSH levels was due to elevated consumption in the diabetic animals.
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A second major MG-modified protein at 65kD was confirmed to be MG-occludin by co-

immunoprecipitation, in agreement with our previous findings in IHECs [8] and diabetic rat 

brain [9]. This was abrogated by NAC. In IHECs, occludin-glycation was implicated in 

endothelial barrier damage [8]. In this study, the elevated BBB permeability in diabetic mice 

indicates a breach in endothelial barrier integrity, which was also reversed with NAC. Recent 

findings of extensive MG-protein glycation, including glycation of occludin, in microvessels 

in diabetic rat brain [9] support our contention that dicarbonyl stress underlies brain 

microvascular endothelial dysfunction in vivo during diabetes, and provides further support 

for a role for NAC in increasing GSH for MG elimination. In previous IHEC studies, we 

found that ROS played a minimal role in MG-induced endothelial dysfunction, although 

others have found that NAC may protect against cerebral I/R injury by decreasing oxidative 

stress. Whether oxidative stress, directly, or indirectly via carbonyl stress, contributes to 

BBB breach and the exacerbated I/R brain injury in diabetic mice in vivo remain unclear. 

Alternatively HSP90-HIF-1a interactions [49], or decreased inflammation [10] have been 

implicated in the protection afforded by NAC in the brain, albeit in non-diabetic models, 

therefore it is plausible these pathways work in concert with the decrease in dicarbonyl and 

carbonyl stress we observed in NAC-treated mice to confer protection.

The literature is conflicted regarding diabetes-associated changes in Glo I and Glo II. In a 

Type 1 diabetes mouse model, Glo I expression was downregulated in the kidney [18]. Glo I, 

and to a lesser extent Glo II, activity was decreased during diabetes in the Goto-Kakisaki 

model [20]. The overexpression of Glo I was shown to decrease AGE-adduct formation [23] 

and protect against progressive diabetic rat retinal lesions. In contrast, other investigators 

demonstrated that activities of Glo I and II are elevated during diabetes [16, 17, 21]. More 

recently, Glo I was shown to be upregulated as part of the Nrf2 stress response to carbonyl 

stress [50] and GSH is central to the redox control of Nrf2 [51]. Our results that GCLc 

expression was increased in the diabetic brain is consistent with enhanced Nrf2 function. It 

is somewhat unexpected that we found no alterations in the glyoxalase enzymes, but our 

results are in agreement with several studies [15, 19, 22]. Whether the conflicting findings 

are a function of specific models, tissues, or time-points examined is unclear. Studies 

investigating whether, like GCLc, expressions of Glo I and II proteins are elevated despite 

their unchanged activities are ongoing.

Conclusion

In summary, our study demonstrated a key role for elevated dicarbonyl stress in the 

worsening of the stroke-induced infarct during diabetes. The build-up of MG is likely due to 

both increased generation from the higher glucose levels seen during the diabetic state, and 

the impaired metabolism of MG to D-lactate. The MG glycates proteins, and our finding that 

the junctional protein occludin was glycated, and that this was associated with decreased 

BBB function, indicates the glycation leads to protein dysfunction. GSH-dependent 

elimination of MG was improved by NAC treatment with associated attenuation of 

dicarbonyl stress and protection against exacerbated I/R brain injury. This suggests that the 

disruption of MG elimination is at least in part due to diabetes-associated decreases in GSH 

available for this pathway. Since Type 2 diabetics also exhibit dicarbonyl stress, increased 

MG levels and decreased glyoxalase-catalyzed MG elimination [52-54], our current findings 
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could apply to this larger diabetic population, and indicate a prophylactic approach to 

diminish dicarbonyl stress may offer protection against the worse stroke outcome seen in 

diabetics.
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BBB blood-brain barrier

BSO L-buthionine-(S, R)-sulfoximine

EB evans blue

GCLc glutamate-cysteine ligase catalytic subunit

GCLm glutamate-cysteine ligase modulatory subunit

Glo glyoxalase

GSH glutathione

HPLC high-performance liquid chromatography

I/R ischemia/reperfusion

MCAo middle Cerebral Artery Occlusion

MG methylglyoxal

NAC N-acetylcysteine

ROS reactive oxygen species

SDL S-D- lactoylglutathione

STZ streptozotocin

TCA trichloroacetic acid

TTC 2,3,5-triphenyltetrazolium chloride

γ-GC γ-glutamylcysteine
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Highlights

• Diabetes increases dicarbonyl stress and exacerbates stroke-induced 

brain injury.

• The capacity for glutathione to eliminate methylglyoxal is decreased in 

diabetes.

• Methylglyoxal:glutathione correlates with severity of brain injury in 

diabetic stroke.

• Occludin is glycated and blood-brain barrier is disrupted in diabetic 

brain.

• NAC, via GSH synthesis, reverses these changes & protects versus 

stroke in diabetes.
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Figure 1. Diabetes exacerbates brain infarct following stroke
I/R injury in brains of controls and chemically induced diabetic mice (STZ; n=7) (a&b) or 

genetically diabetic (InsAkita+/-; n=6) mice (b&c). NT=non-treated; n=5; Veh=citrate buffer; 

n=7; InsAkita+/+=non-diabetic Akita littermates (n=5). The post I/R infarct area is 

represented by the unstained (white) regions of left brain sections (b). n=6 in Sham. *P<0.05 

STZ vs. Sham, NT and Veh, †P<0.05 Sham vs. NT and Veh, ‡P<0.05 InsAkita+/- vs. 

InsAkita+/+. Data is expressed as mean ± SEM.
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Figure 2. Diabetes Increases the MG-to-GSH Ratio in the Brain, and This Correlates With 
Infarct Area
Measurements in chemically-induced (STZ@4wks; n=7: a-d) or genetic (InsAkita+/-; n=6: 

e-h) models of diabetes compared to their respective controls (Veh; n=7, InsAkita+/+; n=5). 

a&d: Plasma glucose levels. b&f: correlations of % brain infarct area with plasma glucose 

levels. c&g: brain GSH levels. d&h: brain MG concentrations. i: correlation of infarct area 

with GSH for both models combined. j: correlation of infarct area with MG-to-GSH ratio for 

both models combined. *P<0.05 STZ vs. Veh or InsAkita+/- vs. InsAkita+/+. Correlations: 

black circles =non-diabetic; white squares =diabetic.
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Figure 3. Deficiency in Gclm Increases Post-Stroke Infarct Area and Decreases Brain GSH 
Levels
Infarct area (a) and brain GSH (b) in GCLm-/- mice and their littermate controls (GCLm+/+). 

*P<0.05 vs. GCLm+/+. n=5/grp.
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Figure 4. NAC Corrects Post-Stroke Infarct Area and Brain GSH Levels in Diabetic Mice
Infarct area (a&b) and brain GSH levels (c&d) in STZ-treated diabetic mice receiving no 

treatment or 2mmol/l NAC in drinking water for 1 or 3 weeks before MCAoR (a&c: 

diabetes 4 wks; b&d: diabetes 2 wks). *P<0.05 vs. STZ. (e): correlation between % infarct 

area and GSH levels. n=7 in STZ (4wk) group; n=6 in STZ (4wk)+3wk NAC group; n=9 in 

STZ (2wk) group; n=9 in STZ (2wk)+1wk NAC group.
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Figure 5. GCL function and Cysteine Levels in the Brain of Diabetic Mice
Brain GCL function, determined by γ -glutamylcysteine formation (a), and tissue cysteine 

levels (b) in Veh- or STZ-treated mice at 4wks diabetes. Cysteine levels were also measured 

in diabetic mice treated with NAC for 3wks (b), and in NAC-treated non-diabetic mice (n=7) 

or BSO (n=8) (c). *P<0.05 vs. Veh and STZ; †P<0.05 vs. Veh+NAC.
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Figure 6. Levels of Glucose in Plasma, and MG and MG-to-GSH Ratios in Brain During 
Diabetes
Plasma glucose levels (a), brain MG levels (b) and brain MG-to-GSH ratio (c) in Veh-treated 

non-diabetic mice and STZ-treated diabetic mice given water (STZ, n=7) or 2mmol/l NAC 

for 3wks (STZ+3wk NAC, n=6). *P<0.05 vs. Veh; †P<0.05 vs. STZ.
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Figure 7. Western blot analysis of MG-protein adducts, occludin and GCLc in the brain of 
diabetic mice
Expression of MG-protein adducts (a), occludin (b) and GCLc (c) in the brain of non-

diabetic (Veh) and diabetic (STZ) mice, as measured by Western blot. Representative 

immunoblots are shown. The bar graphs show the quantitation of the protein band intensities 

normalized to β-actin; n=5/grp. (d): IP for occludin followed by immunoblot for MG, with 

quantification of the MG band intensity normalized to occludin. (e) The BBB permeability 

measured by Evans blue extrusion in control and diabetic mice-/+NAC, n=4/grp. *P<0.05 

vs. Veh and STZ+3wk NAC; †P<0.05 vs. Veh; ‡P<0.05 vs. STZ.
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Figure 8. Total Protein Carbonyl Content in the Brain of Diabetic Mice
Total protein carbonyl contents, a measure of tissue oxidative/carbonyl stress, were 

quantified in Veh-treated controls (n=7), mice at 2wk (n=9) and 4wk (n=7) after STZ, and 

2wk STZ mice treated with NAC (n=9) for 1wk. *P<0.05 vs. Veh; †P<0.05 vs. STZ 2wk; 

‡P<0.05 vs. both STZ groups.
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