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A B S T R A C T

Objective: We previously demonstrated that diabetes exacerbates stroke-induced brain injury, and that this
correlates with brain methylglyoxal (MG)-to-glutathione (GSH) status. Cerebral injury was reversed by N-
acetylcysteine (NAC). Here we tested if the pro-thrombotic phenotype seen in the systemic circulation and brain
during diabetes was associated with increased MG-glycation of proteins, and if NAC could reverse this.
Methods: The streptozotocin (STZ)-induced mouse model of type 1 diabetes was used. Thrombus formation in
venules and arterioles (pial circulation) was determined by intravital videomicroscopy using the light-dye
method. Circulating blood platelet-leukocyte aggregates (PLAs) were analyzed by flow cytometry 1 wk before
other measurements. GSH and MG levels in platelets were measured by HPLC. MG-modified proteins, glu-
tathione peroxidase-1 (GPx-1), and superoxide dismutase-1 (SOD1) levels were detected in platelets by western
blot at 20 weeks. Proteins involved in coagulation were quantified by ELISA. NAC (2 mM) was given in drinking
water for 3 weeks before the terminal experiment.
Results: Thrombus development was accelerated by diabetes in a time-dependent manner. % PLAs were sig-
nificantly elevated by diabetes. Plasma activated plasminogen activator inhibitor type 1 levels were progres-
sively increased with diabetes duration, with tail bleeding time reduced by 20 wks diabetes. Diabetes lowered
platelet GSH levels, GPx-1 and SOD-1 expression. This was associated with higher MG levels, and increased MG-
adduct formation in platelets. NAC treatment partly or completely reversed the effects of diabetes.
Conclusion: Collectively, these results show that the diabetic blood and brain become progressively more sus-
ceptible to platelet activation and thrombosis. NAC, given after the establishment of diabetes, may offer pro-
tection against the risk for stroke by altering both systemic and vascular prothrombotic responses via enhancing
platelet GSH, and GSH-dependent MG elimination, as well as correcting levels of antioxidants such as SOD1 and
GPx-1.

1. Introduction

Diabetes affects 1 in 10 US adults and is associated with reduced
longevity [1]. One of the reasons for this is that diabetes leads to a
higher risk for stroke, transient ischemic attack (TIA), and cerebral
small vessel disease. Stroke is a leading cause of mortality and disability
worldwide [2], with approximately 795,000 people suffering a stroke
each year in the US. In 2013, stroke was the second-leading global

cause of death, and accounted for approximately 1 in 20 deaths in the
US [1]. Importantly, diabetic stroke patients have a 3-fold higher
mortality than their non-diabetic counterparts [3]. Ischemic stroke
(thrombotic and embolic) accounts for approximately 85% of all strokes
[1] and diabetic patients are at increased risk (3.35-fold greater) for
both types of ischemic stroke [4]. Activation of platelets and the coa-
gulation system are key events in the thrombotic event leading to is-
chemic stroke. The heightened platelet activation and hypercoagulable
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state found in the blood of diabetic patients suggests these systemic
changes are at least in part involved in the enhanced stroke risk in this
patient population. Furthermore, in thrombotic strokes, the thrombus
can form in large or small arteries within the brain [5], indicating a
prothrombotic environment in the brain vessels that may be ex-
acerbated by diabetes.

Plasma glycemic levels serve as a predictor of increased vascular
disease risk in diabetes, with stroke risk being exaggerated in diabetics
who have poor glycemic control. However, an increased risk still re-
mains, even in diabetic individuals with well-controlled blood glucose
levels. This suggests the involvement of other factors. One candidate is
the dicarbonyl metabolite of α-oxoaldehydes, methylglyoxal (MG) [6].
Because of its extremely high reactivity, and relatively high flux of
formation, MG is the precursor of the most quantitatively and func-
tionally significant advanced glycation endproducts [7]. MG levels are
elevated in diabetes [8,9], and have been implicated in diabetic com-
plications. While there is a report showing that MG may inhibit platelet
aggregation induced by several agonists, and ATP release induced by
thrombin [10], most of the limited data available support the concept
that MG is important in thrombosis during diabetes. In vitro incubation
of platelets with MG has been shown to activate them, and promote
platelet aggregation [11]. MG also promotes platelet-leukocyte ag-
gregate formation, indicative of crosstalk between these two cell types,
which leads to mutual activation of each other [12]. Although limited,
there is evidence that MG can impair the activity of anticoagulants such
as antithrombin III and plasminogen [13]. Furthermore, injection of
MG into mice led to acceleration of ferric chloride-induced thrombosis
in the carotid artery 30 min later [11]. While all of these studies focused
on the acute effects of MG, the evidence nonetheless points to a possible
role for MG in the enhanced risk for stroke in diabetic individuals, and
the potential benefit for targeting MG therapeutically in diabetic in-
dividuals.

Glutathione (GSH) is the rate-limiting co-factor in the glyoxalase
(Glo) elimination pathway for MG. GSH levels are decreased in dia-
betes, and there is some evidence that Glo enzymes may also be de-
creased/impaired [14,15]. Thus, not only is more MG generated as part
of glucose metabolism, but also the MG is not eliminated as efficiently.
This creates a greater potential for glycation of proteins. One way to
restore GSH levels is to provide N-acetylcysteine (NAC), a precursor of
GSH synthesis. Within 2 h of treatment, NAC reduces platelet-monocyte
aggregate formation and raises intra-platelet GSH levels in diabetics
with depleted GSH [16]. Because GSH is also a major cellular anti-
oxidant, the protection afforded by GSH or NAC in many studies has
been attributed to the antioxidant capacity of the NAC-generated GSH.
However, we have previously found that GSH protection against MG-
induced brain endothelial barrier disruption [17] was due to GSH
acting as a rate-limiting cofactor in MG metabolism [18,19]. We went
on to show that in a more chronic in vivo model, 3 wks NAC treatment
of diabetic mice not only decreased brain injury following stroke, but
also decreased the MG-to-GSH ratio in the brain and prevented the
glycation of proteins, in particular the junctional protein occludin, in
the brain [9]. Therefore, in this study we tested whether NAC could
prevent the platelet activation, pro-coagulation and exacerbated
thrombosis responses induced by diabetes, and if this is associated with
correction of platelet GSH, and attenuation of diabetes-enhanced pla-
telet MG levels and glycated protein content.

2. Materials and methods

The following reagents were purchased from Sigma: methylglyoxal,
N-acetyl-cysteine, fluorescein isothiocyanate dextran (FITC-dextran;
150,000 molecular weight), citrate-dextrose solution (ACD) and 4%
citrate solution. ELISAs were from Molecular Innovations Company
(activated plasminogen activator inhibitor type 1 (PAI-1)), LifeSpan
BioSciences company (activated protein C (APC) and tissue plasmi-
nogen activator (tPA)), and Abcam (thrombin-antithrombin (TAT)).

The following antibodies were used: Rabbit anti-glutathione perox-
idase-1 (GPx-1), rabbit anti-superoxide dismutase-1 (SOD1), HRP-con-
jugated goat-anti-rabbit IgG (Abcam), mouse anti-actin antibody, phy-
coerythrin (PE) anti-mouse Ly6G (BD company), HRP-conjugated
sheep-anti-mouse (Amersham), fluorescein isothiocyanate (FITC) anti-
mouse CD45.2, allophycocyanin anti-mouse CD41, pacific blue anti-
mouse F4/80 (eBiosciences). ECL reagent was from BIO-RAD company.
Fixative-free lysing solution, High yield lyse, was purchased from
Invitrogen.

2.1. Animal preparation

Four-week-old male C57BL/6J mice, weighing 18–20 g, were pur-
chased from Jackson Laboratory (Bar Habor, ME). All animal proce-
dures 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. The mice were
divided randomly into: vehicle (Veh) 6 wk group, Veh 20 wk group,
streptozotocin (STZ) 6wk group and STZ 20wk group. Experimental
diabetes was achieved in STZ groups by injecting 50 mg/kg STZ for 5
consecutive days. Veh mice were injected with citrate buffer for 5
consecutive days and served as vehicle controls. On day 7, the mice
whose plasma glucose was more than 300 mg/dl were deemed to be
diabetic. Diabetic mice were further divided into two subgroups for
treatment: 1) water ad libitum; 2) water ad libitum until 3 wks before
the terminal experiment, at which time they were switched to 2 mmol/l
of NAC in drinking water. This NAC dose took into account differences
in rodent and human metabolism, and was chosen to give within the
mouse equivalent dose range (326–570 mg/kg/day) for the human dose
of 20–30 mg/kg/day. Based on body weight and water consumption
our diabetic mice received 400±70 mg/kg/day. Two endpoints, 6 wks
and 20 wks, were used at which to measure tail bleed time and perform
intravital videomicroscopy for observation of thrombosis, or to harvest
blood for platelet isolation or plasma. 1 week before the experimental
endpoint, blood was sampled from the tail to measure platelet-leuko-
cyte aggregates (PLAs) by flow cytometry (denoted by 5wk or 19wk
groups respectively in figures).

2.2. Flow cytometric analysis of PLAs

Blood from a tail clip was drawn into a heparinized capillary tube
and incubated with Fc blocking antibody for 10 min at RT. The blood
was then diluted 1:5 with phosphate buffered saline (PBS, PH 7.4) and
incubated with anti-mouse CD45.2 FITC (1:200) to identify all leuko-
cytes, anti-mouse F4/80 Pacific Blue (1:200) to identify monocytes,
anti-mouse Ly6G PE (1:600) to label neutrophils, anti-mouse CD41 al-
lophycocyanin (1:300) to identify platelets, or appropriate isotype
controls for 45 min at RT in the dark. This was followed by red blood
cell lysis, centrifugation at 300 g for 5 min, and a wash step using PBS
before being resuspended in PBS for analysis by flow cytometry (n =
7–10/group). Total PLAs were expressed as a % of CD45.2+ cells, and
separate leukocyte subpopulations forming aggregates were expressed
as a % of CD45.2+ CD41+ positive cells.

2.3. Intravital videomicroscopy and light/dye induced thrombosis

As previously described [20], the mice were anesthetized with ke-
tamine (125 mg/kg) and xylazine (6.25 mg/kg) IP. The jugular vein
was canulated, and a craniectomy (3 mm diameter; 1 mm posterior,
4 mm lateral from the bregma) was performed on the opposite side and
covered with a cover-glass. The space between cover-glass and pia
mater was filled with artificial cerebrospinal fluid. The mouse was fixed
on the platform of an upright fluorescent microscope (BX51WI;
Olympus, Japan) and equilibrated for 20 min. 5% FITC-dextran
(10 mL/kg BW) was injected into the jugular vein and allowed to cir-
culate for 10 mins. Cerebral microvessels were visualized using a 40X
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water immersion objective lens (E Plan FI/IR 40×/0.65×; Olympus),
and videos were recorded on DVD. FITC photoactivation (excitation,
495 nm; emission, 519 nm) was induced by exposing 100 µm vessels to
epi-illumination with a xenon lamp (LB-LS/17, Novato, CA, US) cou-
pled with a fluorescein filter cube (HQ-FITC; Chroma Technology, US).
The excitation power density was calibrated daily and maintained
within 1% of 0.17 W/cm2, as previously described [20]. This light/dye
model of inducing thrombosis is a widely used model of thrombosis,
with acceptable limitations addressed elsewhere [21,22]. During con-
tinuous epi-illumination, thrombus formation was quantified in both
venules and arterioles (diameters: 20–40 µm) by determining the time
of onset of platelet deposition/aggregation on the vessel wall (onset
time) and the time to complete blood flow cessation for> 30 s (cessa-
tion time) (n = 6–11/group). Onset and cessation times were averaged
from 2 to 3 thrombi formed in both venules and arterioles in each
mouse.

2.4. Tail bleeding time

As a measure of the hemostatic function of platelets, tail bleeding
time was measured by placing the anesthetized mouse on a warm pad,
transecting the tail 5 mm from the tip and immediately immersing it
into a 15 mL falcon tube filled with 14 mL saline (37 °C) (n = 6–8/
group). The total time for cessation of bleeding was recorded, and if
necessary the bleeding was stopped by cauterization at 10 mins.

2.5. Separation of platelets for assay of GSH, GSSG and MG levels

Mice were anesthetized with ketamine (125 mg/kg) and xylazine
(6.25 mg/kg) IP. The carotid artery was canulated and blood was col-
lected in citrate-dextrose solution at a ratio of 9:1. The blood was
centrifuged at 1200 rpm for 8 min, and the platelet-rich plasma was
further centrifuged at 1200 rpm for 3 min to remove contaminating
leukocytes. The platelet-rich plasma was then centrifuged at 3000 rpm
for 10 min, and the platelet pellet collected and stored at −80 °C for
measuring GSH, GSSG and MG levels (n = 5–8/group), and to perform
western blots (n = 5/group for MG; n = 6/group for SOD1 and GPx-1).

2.6. Quantification of GSH, GSSG and MG in platelets

Determination of GSH and GSSG was performed as previously de-
scribed [23]. Trichloroacetic acid-soluble supernatants of platelets 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
and glutathione disulfide (GSSG) derivatives were separated on a 250
× 4.6-mm Alltech Lichrosorb NH2 10 µm anion-exchange column and
detected at 365 nm. The platelet GSH and GSSG contents, expressed as
nmol/mg protein, were quantified by comparison to standards deriva-
tized in the same manner.

Determination of MG was as previously described [24]. Platelet
homogenates in PBS were treated with 60% perchloric acid (29:1 v/v)
and the acid supernatants were derivatized with 0.1 mol/l of o-phe-
nylenediamine (100:1 v/v) for 24 h. MG derivatives were separated on
a 250 × 4.6-mm Chromegabond Ultra C-18 reversed phase column,
and detected at 315 nm. Platelet MG contents, expressed as nmol/mg
protein, were quantified by comparison to MG standards derivatized
with o-phenylenediamine.

2.7. ELISAs for proteins involved in coagulation

Mice were anesthetized with ketamine (125 mg/kg) and xylazine
(6.25 mg/kg) IP. Blood was collected via a carotid artery canula into
4% citrate concentrated solution, at a ratio of 9:1. The plasma was
separated as per the ELISA manufacturers recommendations, and stored
at −80 °C for analysis later (n = 6/group). ELISAs for APC, TAT,

activated PAI-1 and tPA were performed according to the manu-
facturers instructions. All samples were performed in triplicate, and the
minimal detectable concentrations were 0.05 pg/mL for PAI-1 and tPA,
78 pg/mL for APC, and 0.01 ng/mL for TAT.

2.8. Western blot assay for GPx-1, SOD1 and MG-modified protein

Platelets were homogenized with RIPA lysis buffer containing
50 mM Tris, 150 mM sodium chloride, 0.5% sodium deoxycholate,
0.1% SDS and protease inhibitor cocktail, pH 8.0. 20 μg protein per
sample was loaded on 15% SDS-polyacrylamide gels. Gel electrophor-
esis was performed @120 V, 140 min followed by transfer onto a PVDF
membrane, @100 V for 1 h. The membranes were blocked in 5% nonfat
milk in TBST buffer containing 20 mM Tris, 137 mM NaCl, 0.1%
Tween20, pH 7.6 for 1 h @RT. The membranes were then probed with
rabbit anti-GPx-1 monoclonal antibody (1:2000), rabbit anti-SOD1
polyclonal antibody (1:2000) or mouse anti-MG polyclonal antibody
(1:2000) at 4 °C overnight, followed by HRP-conjugated goat-anti-
rabbit or sheep-anti-mouse secondary antibodies (1:5000) as appro-
priate, for 2 h at RT. Protein expression was detected using enhanced
chemiluminescence (BIO-RAD) as per the manufacturer's instructions.
Protein expression was normalized to β-actin.

2.9. Statistical analysis

All data are mean± SEM. The significance of difference was as-
sessed by Student t-test (single comparisons) or by one-way ANOVA
with Newman-Keuls post hoc tests (multiple comparisons). Differences
were considered significant at P< 0.05.

3. Results

3.1. NAC partly reverses the accelerating effect of diabetes on thrombus
development in cerebral microvessels at 6 weeks

Six weeks after inducing diabetes, the time to thrombus onset was
shortened in both venules and arterioles. Time to complete cessation of
blood flow in arterioles was also reduced in the STZ 6wk group com-
pared with Veh controls. NAC significantly prolonged the onset times
and the arteriolar cessation time in the diabetic mice. These data are
consistent with an anti-thrombosis potential for NAC (Fig. 1).

3.2. NAC protects against systemic increases in platelet-leukocyte aggregates
and PAI-1 levels at early stage diabetes

Circulating % of blood leukocytes forming aggregates with platelets
was significantly increased in STZ 6wk mice compared with the Veh
group (Fig. 2A). This was primarily due to an elevation in platelet-
lymphocyte aggregates (Pl-Lymph). NAC treatment for 2 weeks sig-
nificantly decreased the levels of total PLAs and Pl-Lymph aggregates at
5 weeks of diabetes compared with levels in untreated diabetic mice.
The number of platelets in the aggregates, as indicated by mean CD41
fluorescence per aggregate, was not different between the groups for
total or individual leukocyte subpopulations (Fig. 2B).

Plasma activated PAI-1 levels were also elevated by diabetes at 6
wks (Fig. 2C). There were no changes observed between groups for
plasma tPA levels (Fig. 2D), but the tPA/PAI-1 ratio was significantly
decreased in diabetic mice (Fig. 2E). Treatment with NAC for 3 wks
increased the ratio by attenuating the PAI-1 levels. There was a slight
reduction in tail bleeding time in diabetic mice compared with Veh
mice. This was reversed by NAC (Fig. 2F).

3.3. Thrombus formation is further accelerated at 20 weeks diabetes, and
NAC protects against the thrombotic phenotype

The onset and cessation times of venules and arterioles were all
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reduced at 20 wks in diabetic mice compared with those of Veh mice
(Fig. 3A). Diabetes duration was found to be an important factor af-
fecting thrombus formation, in that the cessation time in venules and
both the onset and cessation times in arterioles were shorter at 20 wks
versus 6 wks of diabetes (Fig. 3B). Despite the further acceleration of
thrombosis times at 20 wks of diabetes, just 3 weeks of NAC treatment
was sufficient to reverse the faster thrombus formation in venules, and
offer partial protection in the arterioles (Fig. 3A).

3.4. Diabetes causes activation of systemic platelets, and coagulation, and
NAC affords protection

At 1 wk before the observation of thrombosis (i.e. 19 wks diabetes),
the % of circulating PLAs were elevated in STZ mice versus Veh con-
trols. At this time, not only were Pl-Lymph aggregates increased, but
also platelet-monocyte (Pl-Mono) and platelet-neutrophil (Pl-Neut)
aggregates were both higher than seen in controls (Fig. 4A and
Supplementary Fig. 1). Although the %’s of total PLAs were comparable
between the short and long duration of diabetes (Fig. 4B), the type of
aggregates that formed differed between the two diabetic time points.
Furthermore, the CD41 mean fluorescence intensity per aggregate was
significantly increased at 19 wks diabetes, both versus corresponding
controls (Fig. 4C) and compared with the 5 wks diabetic mice (Fig. 4D).
This suggests that, on average, the aggregates at 19wks diabetes con-
tained more platelets. The higher CD41 expression was observed in all
aggregate subtypes. NAC attenuated Pl-Neut and Pl-Mono aggregates
back to non-diabetic levels, and partly decreased Pl-Lymph aggregates
(Fig. 4A). NAC treatment also reduced the CD41 expression in each
aggregate subtype to control levels (Fig. 4C).

Plasma activated PAI-1 levels were elevated in STZ 20wk mice

compared with corresponding Veh controls (Fig. 4E). NAC alleviated
this response by approximately one third. The tPA levels were only
slightly decreased by diabetes (Fig. 4F), therefore the observed drop in
the ratio of tPA/PAI-1 in STZ 20wk mice was primarily attributed to the
elevated PAI-1 levels (Fig. 4G). NAC partially restored the tPA/PAI-1
ratio towards normal. When PAI-1 and tPA levels were compared
among diabetic mice at 6 wk and 20 wk, it was found that the PAI-1
levels increased progressively with diabetic duration, which con-
tributed to a more severe fall in the tPA/PAI-1 ratio in STZ 20wk versus
STZ 6wk mice (Figs. 4H, 4I). TAT and APC levels were unchanged by
diabetes (data not shown).

The tail bleeding time was significantly decreased by 20 wk dia-
betes, and NAC completely reversed the procoagulation effect of dia-
betes. (Fig. 4J). The tail bleeding time was shorter in the STZ 20wk
mice versus STZ 6wk mice, suggesting a progressive deterioration of
hemostatic function (Fig. 4K).

3.5. Diabetes decreases GSH and increases MG and MG-modified protein
levels; NAC blunts these effects

Platelet GSH and MG levels were unaltered early during diabetes
(STZ 6wk versus Veh controls) (Figs. 5A, 5B). However, as the disease
progressed, GSH levels in platelets declined alongside a rise in MG le-
vels and significant differences were found between STZ and Veh
groups at the 20 wk timepoint (Figs. 5C, 5D). After treatment with NAC
for 3 weeks, platelet GSH was restored to normal levels (Fig. 5C). In-
terestingly, while not complete, platelet MG levels were decreased in
diabetic mice treated with NAC compared with untreated diabetic
counterparts (Fig. 5D). NAC treatment resulted in an almost complete
normalization of MG-to-GSH ratio. Furthermore, GSSG levels were

Fig. 1. Effect of NAC on acceleration of thrombosis during
early diabetes: Thrombosis in blood vessels of the mouse brain
at 6 wks after injection with vehicle (Veh), or streptozotocin to
induce diabetes (STZ 6wk). One STZ 6wk group was treated with
N-acetylcysteine in drinking water for 3 wks before observation
(STZ 6wk +NAC). Times to thrombus onset and cessation are
shown in postcapillary venules (A & B) and arterioles (C & D). *
P< 0.01 vs. Veh; # P<0.05 vs. STZ 6wk.
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comparable between Veh, STZ and STZ+NAC groups (Figs. 5E, 5F),
and did not change with time (i.e. between 6 and 20 wks diabetes) in
any of the groups. Taken together, these data suggest that NAC-derived
GSH did not function primarily as an antioxidant, but instead NAC
promoted GSH-catalyzed MG elimination. Additionally, MG-adduct
formation in platelets was significantly elevated by 20 wks diabetes
(Fig. 5G). The two major MG-modified proteins had Mws of almost 24
kD and 54 kD. The glycation of the 54kD protein was prevented by NAC
treatment. NAC also decreased the glycation of the 24 kD protein to

levels comparable to the Veh group. Further work is required to identify
these MG-modified proteins.

3.6. NAC restores the antioxidant reserve of platelets during diabetes

There is evidence that MG not only acts as a glycating agent, but
also may enhance reactive oxygen species (most likely H2O2) genera-
tion in platelets [10]. Therefore we tested if diabetes altered levels of
antioxidants important in the generation and detoxification of H2O2.

Fig. 2. Impact of NAC on systemic platelet and coagulation changes induced by early diabetes: Mice were injected with vehicle (Veh) or streptozotocin (STZ) to induce diabetes. A
third group of mice was injected with STZ, and 3 weeks later started on NAC drinking water. 5 wks after injections, blood was drawn for flow cytometry to measure (A) the % of
leukocytes and leukocyte subsets forming aggregates with platelets, and (B) CD41 (platelet marker) expression on the aggregates. One week later, at 6 wks post-injection, (C-E) blood was
drawn to measure circulating plasma levels of PAI-1, tPA and the ratio of tPA/PAI-1, and (F) tail bleed time was determined. * P<0.05 vs. Veh; # P<0.05 vs. STZ.
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The expression of the antioxidant enzymes, SOD1 (Fig. 6A) and GPx-1
(Fig. 6B), in platelets at 20 wks diabetes was lower than levels in non-
diabetic mice. Notably, NAC treatment for 3 weeks prevented the
changes to SOD1 and GPx-1 induced by diabetes, suggesting NAC re-
stored the antioxidant reserve of the platelets.

4. Discussion

Diabetics are at increased risk for stroke and TIAs compared with
the non-diabetic population. Even diabetic patients with well-con-
trolled glucose levels remain at higher risk for cardiovascular disease,
suggesting there are factors other than hyperglycemia that also play a
role. A candidate molecule is MG, which is not only increased in dia-
betes, but has been implicated in diabetic complications such as ne-
phropathy [25]. More recently our group showed that MG interrupts
vascular endothelial integrity [17,26], and is associated with worse
stroke outcome in diabetes [9]. In the current study we found that MG
contributed to enhanced thrombosis during diabetes. Providing N-
acetylcysteine (NAC), a precursor of GSH, which is the rate-limiting
factor in the MG elimination pathway, attenuated platelet activation,
PAI-1 generation and thrombus formation in a mouse model of

diabetes. NAC administration was associated with decreased MG levels
and MG-adduct formation in platelets. Thus our findings suggest that
MG may also be important in the increased risk for stroke in diabetes.

Stroke or TIA occur when thrombosis interrupts blood flow to an
area of the brain. The thrombi often occur in arteries of, or supplying,
the brain. In order to test if the vasculature of the brain during diabetes
is more vulnerable to thrombus formation, we induced thrombi in pial
vessels of the brain. To our knowledge, this is the first time this has
been assessed in the diabetic brain. Both arterioles and venules ex-
hibited accelerated thrombosis early during diabetes and this worsened
as diabetes progressed (Figs. 1 and 3). In our study, NAC afforded
protection against thrombosis in both vessel types and at both time-
points, and was particularly effective in the venules. We previously
found that diabetes-induced formation of MG-adducts are observed
primarily in microvessels [17]. The venules may be particularly vul-
nerable to MG-glycation, in that our diabetes model causes increased
blood brain barrier permeability, a response that is typically seen in
venules, and is associated with glycation of an endothelial junctional
protein, occludin. We found that NAC protected against the perme-
ability and increased MG-glycation [9], suggesting venular en-
dothelium may at least be one of the targets of MG during diabetes.

Fig. 3. Outcome of NAC treatment for the acceleration of thrombosis at 5 months diabetes. (A) Thrombosis in blood vessels of the mouse brain at 20 wks after injection with vehicle
(Veh), or streptozotocin to induce diabetes (STZ 20wk). One STZ 20wk group was treated with N-acetylcysteine in drinking water for 3 wks before observation (STZ 20wk +NAC). (B)
Comparison of thrombosis times between STZ groups 6wk and 20wk after induction of diabetes. Times to thrombus onset and cessation are shown in postcapillary venules and arterioles
in both panels. * P< 0.05 vs. Veh; # P<0.05 vs. STZ 20wk; ^ P< 0.05 vs. STZ 6wk.
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Taken together, our previous and current findings are in line with the
idea that during diabetes, MG makes the vasculature more susceptible
to thrombosis by targeting the endothelium. We found a single report
showing that MG accelerates thrombosis [11], and several studies
showing MG affects key processes of the thrombotic process, namely the

coagulation/fibrinolytic pathways and platelet activation. Therefore we
also tested whether NAC could protect against these responses in our
diabetic model.

In diabetic patients, plasma levels of PAI-1 [27,28], factor VII and
fibrinogen are elevated, and anti-coagulant proteins (protein C,

Fig. 4. Effect of NAC on systemic platelet activation and coagulation during diabetes: Mice were injected with vehicle (Veh) or streptozotocin (STZ) to induce diabetes. A third
group of mice was injected with STZ, and 3 or 17 wks later started on NAC drinking water. At 2 wks of NAC, blood was drawn for flow cytometry to measure (A-B) the % of leukocytes and
leukocyte subsets forming aggregates with platelets, and (C-D) CD41 (platelet marker) expression on the aggregates. One week later, at 6 or 20 wks post-injection, (E-I) blood was drawn
to measure circulating plasma levels of PAI-1, tPA and the ratio of tPA/PAI-1, and (J-K) tail bleed time was determined. * P<0.05 vs. Veh; # P<0.05 vs. STZ; ^ P< 0.05 vs. STZ 6wk.
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antithrombin III (ATIII) and plasminogen) are decreased [29,30]. There
are several studies consistent with the concept that MG may be involved
in this dysregulation. For instance, MG increases the expression of
tissue factor (part of the extrinsic pathway) by isolated monocytes [12],
and can glycate fibrinogen in vitro, leading to enhanced polymerization
and decreased susceptibility to fibrinolysis [31]. In contrast, activities

of ATIII and plasminogen, are decreased by MG [13]. Although TAT,
tPA and APC levels were unchanged in our diabetes model, PAI-1 levels
were increased, a finding consistent with others [32]. High plasma PAI-
1 is an independent predictor of atherothrombotic ischemic stroke in
diabetics [33]. Because PAI-1 forms a complex with tPA to inhibit the
fibrinolytic activity of tPA, elevated PAI-1 levels may also be important

Fig. 5. Impact of NAC on diabetes-induced alterations in GSH and MG: HPLC was used to measure GSH, MG or GSSG (A-F) and western blot was used to probe for MG-adducts (G) in
platelets isolated from mice 6 or 20 wks after injection with vehicle (Veh), or streptozotocin to induce diabetes (STZ). Separate STZ groups were treated with N-acetylcysteine in drinking
water for 3 wks before obtaining platelets (STZ +NAC). In (G), a sample blot and the quantification of 24kD and 54kD protein band intensities normalized to β-actin are shown. *
P<0.01 vs. Veh; # P<0.01 vs. STZ.
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in efficacy of stroke therapy. In line with this, exogenous tPA has been
shown to be less effective in diabetic humans and rats following stroke
[34,35]. NAC has previously been shown to decrease hyperglycemia-
induced PAI-1 expression in cultured endothelial cells [36], and lower
PAI-1 levels in diabetic patients [27]. Here we showed that NAC de-
creased PAI-1 levels in diabetic mice, offering promise for reducing risk
for stroke, as well as improving the resolution of a thrombus in a dia-
betic individual. Importantly, NAC restored the tail bleed time to
normal, which suggests that although NAC exhibits anticoagulant
properties, it is not associated with disruption of hemostasis. Further
work is required to determine if NAC also decreases glycation of fi-
brinogen or other key proteins in the coagulation/fibrinolytic pro-
cesses.

Platelets in diabetic patients and animal models exhibit heightened
aggregability, not only with each other, but also with leukocytes
[37–39]. Incubation of whole blood with MG results in platelet acti-
vation and platelet-leukocyte interactions [12]. We observed increased
PLA formation as early as 6 wks of diabetes, made up primarily of
lymphocytes. As diabetes progressed, the type of PLAs forming evolved,
such that Pl-mono, Pl-neut and Pl-lymph aggregates were all increased
by 20 wks diabetes. Our CD41 expression data also suggested the PLAs
at 20 wks diabetes contained more platelets, perhaps reflecting a more
activated platelet state versus 6 wks diabetes. NAC decreased the PLA
formation towards control levels at both timepoints, and was more ef-
fective against the Pl-mono and Pl-neut aggregation. This could have
particular significance for diabetic patients in that Pl-neut and Pl-mono
aggregates are elevated in both type 1 and 2 diabetic humans, and are
both associated with the incidence of microvascular complications
[38]. Increased Pl-mono aggregation in individuals with well-controlled
diabetes is inversely proportional to intraplatelet GSH, suggesting that
platelet GSH plays a key role in limiting the formation of PLAs. NAC,
given for just 7 days decreased Pl-mono aggregates in these patients,
and increased GSH levels in platelets with low baseline GSH content
[16]. Our findings are in agreement with NAC as a potential anti-pla-
telet therapy in diabetes, in that platelet GSH levels were decreased in
our diabetic mice and NAC corrected not only the platelet GSH levels,
but also the Pl-mono and Pl-neut aggregate formation.

Our previous findings in endothelial cells show that the protection
afforded by NAC against MG-induced permeability was blocked by in-
hibiting GSH synthesis using buthionine sulfoximine, suggesting that
NAC is primarily functioning through the generation of GSH. Here, we
found that NAC also restored GSH in platelets from diabetic mice. While
this GSH could be used as an antioxidant and/or in the MG elimination

pathway, our data supports the later possibility. First, NAC decreased
the high levels of MG in platelets, and prevented MG-glycation of pla-
telet proteins in diabetic mice. Second, GSSG levels in platelets were
unchanged by diabetes, even at the 20 wk time point when significant
changes in platelet GSH and MG were observed. This suggests there was
no significant oxidative stress in these cells. Third, NAC did not sig-
nificantly alter GSSG levels. The fact that GPx-1 levels were decreased
in the diabetic group further suggests this antioxidant pathway was not
primarily responsible for the fall in platelet GSH levels during diabetes.
Nonetheless, it should be noted that the drop in GPx-1 and SOD1 levels
in diabetic platelets was reversed by NAC. While this indicates that NAC
restored the antioxidant reserve of the platelets, which could become
important as diabetes progresses, we acknowledge that increasing the
expression of antioxidant enzymes does not necessarily reflect en-
hancement of their activity. However, there is evidence that both SOD
and GPx-1 are not only susceptible to glycation by MG, but that in-
cubation with MG decreases the activity of both of these enzymes
[40,41]. Therefore, NAC may not only preserve the expression of an-
tioxidant enzymes, but may also protect their activity by preventing
their glycation by MG, although this requires further study. Overall, our
previous findings in endothelial cells are in agreement with events in
platelets during diabetes in that GSH supplied by NAC is being pri-
marily used to eliminate MG, and together this protects against
thrombosis and platelet activation.

5. Conclusions

In summary, our study demonstrated that diabetes aggravates
thrombosis by activating the coagulation system and platelets. These
responses were progressive, becoming more robust as the length of
diabetes increased. Furthermore, the phenotype of platelet-leukocyte
aggregates changed with diabetes duration, and aggregates began in-
volving more platelets. The platelets were undergoing dicarbonyl stress
at this time, characterized by decreased GSH levels, increased platelet
MG levels, and MG-adduct formation, and decreased GPx-1 and SOD1
expression. NAC was able to reverse all of the thrombosis-associated
changes in the platelet. By supplying GSH as a co-factor in MG elim-
ination, NAC protected against diabetes induced platelet and coagula-
tion activation, and thrombosis. Together with our previous work
showing NAC improves post-stroke outcome, we have now shown that
NAC, given after the establishment of diabetes, may offer protection
against the risk for stroke by altering both systemic and vascular pro-
thrombotic responses. Since Type 2 diabetics also exhibit dicarbonyl

Fig. 6. Expression of antioxidant enzymes in platelets from
diabetic mice without and with NAC treatment. Western im-
munoblotting was employed to measure levels of (A) SOD-1 and
(B) GPx-1 in platelets isolated from mice 20 wks after injection
with vehicle (Veh), or streptozotocin to induce diabetes (STZ
20wk). One STZ 20wk group was treated with N-acetylcysteine in
drinking water for 3 wks before obtaining platelets (STZ 20wk
+NAC). For both, sample immunoblots are shown at the top, and
the bar graphs show the quantification of protein band intensities
normalized to β-actin. * P< 0.05 vs. Veh; # P<0.05 vs. STZ
20wk.
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stress, increased MG levels and decreased glyoxalase-catalyzed MG
elimination, our current findings could apply to this larger diabetic
population, and indicate NAC as a prophylactic approach to diminish
dicarbonyl stress and offer protection against the thrombotic ischemic
strokes seen in diabetics.
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