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Abstract
We recently demonstrated that methylglyoxal (MG) induced apoptosis of brain microvascular
endothelial cells (IHECs) that was preceded by glutathione (GSH) depletion. Here, we test the
hypothesis that MG induces occludin glycation and disrupts IHEC barrier function, which is
prevented by GSH-dependent MG metabolism. Exposure of IHECs to MG decreased
transendothelial electrical resistance (TEER) in association with MG-adduct formation. A 65-kDa
MG-glycated protein corresponded to occludin, which was confirmed by immunoprecipitation.
Moreover, immunofluorescence staining showed that MG disrupted the architectural organization
of ZO-1. Occludin glycation and ZO-1 disruption were prevented by N-acetylcysteine (NAC).
Accordingly, TEER loss was abrogated by NAC (via GSH synthesis) and exacerbated by
buthionine sulfoximine (BSO; GSH synthesis inhibitor). BSO treatment attenuated D-lactate
production, consistent with a role for GSH in glyoxalase I-catalyzed MG elimination. Although
MG increased reactive oxygen species (ROS) generation, the ROS scavengers tempol and tiron
did not block barrier disruption. This suggests that endogenously generated ROS were unlikely to
be a major cause of or did not reach a threshold to elicit barrier failure as elicited by exogenous
hydrogen peroxide (300–400 μM). Immunohistochemistry revealed a lower percentage of
microvessels stained with anti-occludin, but a higher percentage stained with anti-MG in diabetic
rat brain compared to controls. Western analyses confirmed the decrease in diabetic brain occludin
expression, but an increase in glycated occludin levels. These results provide novel evidence that
reactive carbonyl species can mediate occludin glycation in cerebral microvessels and in
microvascular endothelial cells that contribute to barrier dysfunction, a process that was prevented
by GSH through enhanced MG catabolism.
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It is well appreciated that reactive oxygen species (ROS)1 are major contributors to
attenuated endothelial-dependent vascular function in a variety of vascular pathologies [1].
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However, a role for elevated reactive carbonyl species (RCS) in endothelial dysfunction is
less well understood. Methylglyoxal (MG) is a highly reactive dicarbonyl species of α-
oxoaldehyde produced mainly from cellular glycolytic intermediates and is a potent
glycating agent. All macromolecules, viz., proteins, DNA, and lipids, can be glycated [2],
and MG-induced formation of protein adducts (advanced glycation end products) with cell
surface or intracellular targets has been shown to initiate tyrosine kinase signaling [3],
mitochondrial dysfunction [4], and activation of the caspase cascade [5]. MG–protein
adducts are generated by irreversible nonenzymatic modification of free amino groups of
proteins, and carbonyl stress results from an imbalance between RCS levels, efficiency of
scavenger and detoxification pathways, and accumulation of MG–protein adducts [2].
Moreover, the crosslinking reaction during MG amino acid glycation has been shown to
yield the superoxide radical anion [6]. Consequently, protein damage by MG can be
mediated not only via carbonyl stress through formation of protein carbonyls, but possibly
also via oxidative stress through enhanced ROS formation [6]. However, the relative
quantitative importance of MG-induced protein glycation and/or ROS generation in
endothelial barrier function has not been previously explored.

Recently, MG-mediated glycation of extracellular matrix laminin and fibronectin and their
accumulation in the endoneurium were shown to inhibit neurite outgrowth from sensory
neurons, indicating that formation of protein carbonyls mediated the neurodegenerative
pathology of the central nervous system [7]. Other studies have shown that MG can induce
apoptosis in several cell types including Schwann cells [8], pheochromocytoma cells [9],
and renal tubular cells [10], although the mechanism by which MG induced apoptotic death
remains unclear. We found that MG-mediated apoptosis of human brain microvascular
endothelial cells was initiated by an early disruption in the glutathione/glutathione disulfide
(GSH/GSSG) status and was prevented by a restored cellular GSH state [11]. These findings
demonstrated the vulnerability of brain endothelial cells to MG stress and the centrality of
GSH in endothelial cell survival. Therefore, MG-induced carbonyl and/or oxidative stress
could play an important role in neurovascular pathology, with the endothelium being an
early and significant MG target site [11].

The endothelial monolayer that constitutes the blood–brain barrier (BBB) possesses no
fenestrations and exhibits high transendothelial resistance, a property that is attributed to
intercellular tight junctions between apposed endothelial cells [12]. Among the several tight-
junctional proteins, occludin and cytoplasmic accessory zonula occludens proteins
(ZO-1,−2, and −3) are pivotal in the regulation of endothelial monolayer electrical
resistance, paracellular solute permeability, and normal barrier function [12]. Therefore,
MG-mediated disruption of occludin and/or ZO-1 is expected to increase endothelial
permeability, and the attenuation of MG stress would preserve barrier integrity. Cellular
GSH can exhibit dual roles in MG detoxification, serving possibly as a reductant in the
removal of superoxide anions generated by MG glycation reactions or as a cofactor in MG
metabolism by the glyoxalase I/glyoxalase II system [13,14]. Evidence supporting a role for
GSH in MG elimination comes from findings that physiological GSH levels maintain low
intracellular levels of triosephosphate-derived MG (1–5 μM) [15]. Central to the
maintenance of cellular GSH homeostasis is de novo synthesis, rate-limited by γ-
glutamylcysteine ligase activity [16]. Thus, altered endothelial GSH synthesis could
significantly influence MG effects on endothelial junctional integrity and barrier function.

In this study, we sought to investigate whether MG perturbs occludin and ZO-1 status and to
determine the potential impact of such disruptions on endothelial barrier function. Given that
GSH is central to MG elimination, we further examined how an alteration in GSH synthesis
and GSH-dependent MG catabolism would affect MG–occludin formation and barrier
integrity. Our working hypothesis, as summarized in Fig. 1, proposes that MG, probably
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through glycation of occludin and/or disruption of ZO-1 structure, induces endothelial
barrier dysfunction, an event that is prevented by endothelial GSH. Consistent with the
hypothesis, we found that MG mediated a loss of barrier function in immortalized human
brain microvascular endothelial cells (IHECs), a surrogate for the BBB endothelium in vivo
in conjunction with increased MG–occludin adduct formation and disruption of ZO-1
organization. Although ROS production was detectable, MG-induced endothelial barrier
dysfunction was ROS-independent. Notably, diabetic rat brains exhibited decreased total
occludin and elevated glycated occludin contents, as well as fewer occludin-positive, but
more MG-positive, cerebral microvessels.

Methods
Reagents

The following reagents were purchased from Sigma (St. Louis, MO, USA): MG, N-acetyl-L

-cysteine (NAC), L-buthionine-(S,R)-sulfoximine (BSO), insulin-transferrin sodium selenite
solution, fluorescein isothiocyanate (FITC), FITC–Dextran 150, dihydrorhodamine 123
(DHR), dihydroethidium (DHE), hydrogen peroxide (H2O2), tempol, tiron, 2-amino-2-
methylpropanol hydrochloride, sodium L-lactate, D-lactate, L-glutamic acid monosodium salt
hydrate (L-glutamate), β-nicotinamide adenine dinucleotide hydrate, L-lactic dehydrogenase
(L-LDH), D-LDH, glutamic– pyruvate transaminase (GPT), medium 199 (M199),
horseradish peroxidase (HRP)-linked goat anti-rabbit and goat anti-mouse secondary
antibodies. Anti-ZO-1 rabbit polyclonal antibody and anti-occludin rabbit polyclonal
antibody were obtained from Invitrogen (Carlsbad, CA, USA), anti-MG mouse monoclonal
antibody was from JcICA (Fukuroi, Japan), and anti-actin mouse monoclonal antibody was
from BD Biosciences (San Jose, CA, USA). HRP-linked donkey anti-rabbit and sheep anti-
mouse secondary antibodies, ECL kit, and chemiluminescence detection reagents were
purchased from Amersham Biopharmacia (Piscataway, NJ, USA). TRITC-conjugated
donkey anti-rabbit secondary antibody was obtained from Jackson Immunoresearch
Laboratories (West Grove, PA, USA). Fetal bovine serum (FBS) was purchased from
Atlanta Biologicals (Atlanta, GA, USA). All other chemicals were reagent grade and
purchased from Sigma.

Cell culture and cell incubations
The IHEC cell line was kindly supplied by Dr. Danica Stanimirovic of the National
Research Council Canada's Institute for Biological Sciences. IHECs were cultured in M199
with 10% FBS, 1% insulin–transferrin–sodium selenite solution, and 1 × antibiotic/
antimycotic at 37 °C in 5% CO2 for 5 days. Before experiments, M199 was replaced with
Hanks' balanced salt solution (HBSS) containing 25 mM Hepes and 0.5% bovine serum
albumin (BSA; pH 7.35).

The following conditions were used in the various studies. IHECs (3 × 104) were cultured on
8-μm inserts in 24-well plates in full medium in studies of cell permeability and
transendothelial electrical resistance (TEER), and 3 × 104 IHECs were cultured in 96-well
plates in full medium in assays of ROS. In studies of GSH/GSSG, immunoprecipitation, and
Western blot analyses, IHECs were cultured at 0.87 × 106 in 6-well plates in complete
medium. In each instance, cells at confluency were used for experimentation (5 days
postseeding). In experiments in which NAC or BSO was used to promote or inhibit GSH
synthesis, respectively, cells were first pretreated overnight with 1 mM NAC or 50 μM
BSO. Additionally, 2 mM NAC or 300 μM BSO was present throughout the experiment to
maintain high or low cellular GSH status. To study the effect of tempol and tiron on ROS
generation, cells were pretreated with 1 mM tempol or 10 mM tiron for 1 h before the
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experiment, followed by the addition of the ROS scavengers at the same concentrations
during cell incubations.

Assessment of IHEC barrier dysfunction
MG-mediated changes in IHEC barrier function were determined by leakage of different-
sized fluorescence tracers, FITC or FITC–Dextran 150 (FITC-150, 150 kDa), and TEER.

Monolayer solute permeability
To determine monolayer solute permeability, the medium in the upper compartment of
inserts was replaced with HBSS containing FITC-tagged tracers of different molecular sizes,
viz., FITC (∼390 Da) and FITC-150 (150 kDa). The lower chambers contained HBSS alone.
IHEC monolayers were allowed to adjust to HBSS for 1 h; thereafter cells were treated with
various doses of MG (0, 100 μM, 300 μM, 600 μM, and 1 mM) without or with NAC or
BSO (described above). At various time points (0, 0.5, 1, 2, 3, 4, 5, and 6 h), 50-μl aliquots
were sampled from the lower compartment and transferred to 96-well plates and the
fluorescence was measured using a fluorimeter at excitation/emission wavelengths of 485
nm/520 nm.

Transendothelial electrical resistance
TEER studies were performed in HBSS containing 25 mM Hepes and 0.5% BSA (pH 7.35)
at 37 °C and 5% CO2. After an initial 1 h adjustment of IHEC monolayers to the medium,
changes in electrical resistance at various concentrations of MG (0–1 mM) or H2O2 (0,100,
200, 300, and 400 μM) without or with NAC, BSO, tempol, or tiron (as above) were
recorded for up to 10 h using an epithelial voltohmmeter (EVOM, World Precision
Instruments, Sarasota, FL, USA). Only inserts with a minimum baseline monolayer
resistance of 200 Ω/0.33 cm2 were used. TEER was expressed as a percentage of the
baseline to account for batch-to-batch variation. There was no significant cytotoxicity at all
MG or H2O2 doses as determined by LDH leakage over the time course of the experiments.

Quantification of GSH and GSSG
At the specified times after incubation with MG without or with NAC or BSO, cells were
harvested for GSH determination. Cellular contents of GSH and GSSG were determined by
high-performance liquid chromatography as we previously described [9], as modified from
Reed et al. [17]. Briefly cells were lysed in 5% trichloroacetic acid and scraped into 1.5-ml
microcentrifuge tubes. The acid supernatants were derivatized with 6 mM iodoacetic acid
and 1% 2,4-dinitrophenyl fluorobenzene to yield the S-carboxymethyl and 2,4-dinitrophenyl
derivatives of GSH, respectively. Separation of GSH and GSSG derivatives was performed
on a 250 × 4.6-mm Alltech Lichrosorb NH2 10 μm anion-exchange column. GSH and
GSSG contents were quantified by comparison to standards derivatized in the same manner.
Protein pellets were dissolved in 0.1 M NaOH for protein quantitation and GSH and GSSG
concentrations were expressed as nanomoles per milligram of protein.

Determination of ROS
ROS formation was measured using two probes, namely, the cell-permeative oxidant-
sensitive probe DHR, which is oxidized by ROS to highly fluorescent rhodamine 123, and
DHE, a sensitive superoxide probe. Monolayers of IHECs grown on 96-well plates were
incubated with 5 μM DHR or 10 μM DHE in HBSS containing 25 mM Hepes and 0.5%
BSA (pH 7.35) for 1 h; thereafter cells were treated with various doses of MG in the absence
or presence of NAC, BSO, tempol, or tiron. At various time points (0, 1, 2, 4, 6 h),
rhodamine or DHE fluorescence was determined using excitation/emission wavelengths of
485/520 and 530/640 nm, respectively.

Li et al. Page 4

Free Radic Biol Med. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Assay for lactate
Cellular and extracellular contents of D-lactate and L-lactate were determined in IHECs (0.6 ×
106) treated with 1 mM MG in the presence or absence of NAC or BSO for 0–2 h by
enzymecoupled assays [18,19]. Briefly, cells were harvested into 6% perchloric acid and
acid extracts were adjusted to pH 7.4. The incubation buffer (1 ml) for D-lactate assay
contained 100 ml cell extract, 3 mM NAD+, 30 mM glutamate, 40 U/ml D-LDH, 8 U/ml
GPT, and propanol buffer (pH 10), and that for L-lactate contained 25 μl cell extract, 1.5
mM NAD+, 50 mM glutamate, 40 U/ml L-LDH, 8 U/ml GPT, and 206 mM glycylglycine
buffer (pH 10). Reactions were performed at 37 °C for 1 h, and NADH formation
(stoichiometric with D- or L-lactate levels) was monitored spectrophotometrically at 340 nm.

Western blot analysis of cell lysates
At designated times after incubation with 300 μM or 1 mM MG, IHECs were lysed in
radioimmunoprecipitation assay buffer (RIPA), containing 50 mM Tris, 150 mM NaCl,
0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, in the presence of aprotinin,
phenylmethanesulfonyl fluoride, okadaic acid, and leupeptin. Total protein (30 μg) per
sample was loaded onto either 6% (for ZO-1 proteins) or 12% SDS–polyacrylamide gels and
separated at 100 V followed by transfer to polyvinylidene difluoride (PVDF) membranes for
2 h at 200 mA at 4 °C. Membranes were blocked in 5% nonfat milk in 0.1 M phosphate-
buffered saline (PBS), pH 7.4, at room temperature for 1 h and then incubated with rabbit
anti-ZO-1 polyclonal antibody (1:1000) or rabbit anti-occludin polyclonal antibody (1:1000)
or mouse anti-MG monoclonal antibody (1:1000). After being washed, the membranes were
incubated in HRP-conjugated donkey anti-rabbit or sheep anti-mouse secondary antibody
(1:1000) for 2 h at room temperature followed by washing and 5 min incubation with ECL
reagents. The membranes were stripped and equal protein loading was determined by β-
actin expression using a mouse monoclonal antibody (1:75,000).

Immunoprecipitation
Studies were performed in IHECs treated with 1 mM MG for 4 and 6 h. Cells were lysed
with RIPA buffer and cell lysates were precleared with protein A–agarose beads for 1 h at 4
°C. After centrifugation, the supernatant was transferred to a new tube and 5 μg of rabbit
anti-occludin or rabbit IgG (as a negative control) was added to each reaction mixture (900
μg lysate protein/reaction) followed by incubation at 4 °C overnight with rocking.
Thereafter 60 μl of protein A–agarose beads was added, and the sample was incubated for
an additional 6 h at 4 °C. Agarose beads were washed four times in cell lysis buffer and
bound protein was eluted in 20 μl sample buffer and boiled (100 °C, 12 min). The
supernatant was collected by centrifugation and loaded onto a 10% SDS–PAGE gel and
blotted with anti-MG as described above.

Immunofluorescence staining for ZO-1
IHECs were cultured on glass coverslips, and at confluency, the cells were treated with 1
mM MG with or without 2 mM NAC for 6 h. Thereafter, IHECs were fixed with ice-cold
acetone (3 min) and then methanol (10 min), air dried at room temperature, and then
incubated with rabbit anti-ZO-1 primary antibody (1:20) overnight at 4 °C. Coverslips were
washed three times (5 min each) with 0.1% milk/PBS solution with 0.02% Triton and then
incubated with fluorescently labeled donkey anti-rabbit TRITC secondary antibody (1:100)
at 37 °C for 4 h in the dark. Coverslips were again washed three times with 0.1% milk/PBS
solution with 0.02% Triton and mounted with Vectashield containing DAPI. ZO-1
immunostaining was visualized using a Zeiss Axio Observer.Z1 fluorescence microscope
and images were captured with a Zeiss AxioCam MRm CCD camera.
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Assessment of occludin and glycated occludin in control and diabetic rat brain
Induction of diabetes—Diabetes was induced in 4-week-old male Wistar rats (weighing
140 to 170 g; Harlan Laboratories) with injections of streptozotocin (STZ; 60 mg/kg in
sodium citrate buffer, pH 4.5). Control animals received injections of sodium citrate buffer
alone. Rats were housed one per cage and received standard chow and water. Nonfasting
blood glucose levels were checked via a tail vein puncture using a One Touch Ultra
glucometer (LifeScan, Milpitas, CA, USA) at 6 days after STZ injection and again on the
day of sacrifice at 9 weeks after STZ or citrate buffer injections. STZ-injected rats exhibiting
glucose values equal to or exceeding 300 mg/dl were considered diabetic and were used in
the study. Animals were sacrificed by decapitation and brains were quickly removed and
processed for immunohistochemistry or Western blot analyses. All animal protocols were
approved by the Institutional Animal Care and Use Committee.

Immunohistochemistry—Harvested rat brains were placed in a rat brain slicer matrix
(Zivic Instruments, Pittsburgh, PA, USA) ventral side up, and 2-mm coronal sections
located 8 mm from the anterior portion of the cerebrum were cut using PBS-premoistened
razor blades. The sections were placed in separate vials containing 4% cold
paraformaldehyde in PBS and stored at 4 °C for at least 24 h, followed by tissue dehydration
(graded 70-to-100% ethanol and xylene) and paraffin infusion. From this coronal section, 3-
μm slices were cut and mounted on glass slides, two or three slices per slide. Brain slices
were oven-baked for 30 min at 75 °C, deparaffinized in xylene, and rehydrated by passage
through a graded series of ethanol solutions (100 to 80%) and then distilled water.
Thereafter tissue slices were incubated with 1.5 mg/ml serine protease at 37 °C for 10 min
followed by overnight incubation at 4 °C with 5 μg/ml anti-occludin or anti-MG polyclonal
antibody in antibody dilution buffer. The next day the slides were washed three times (5 min
each) with 1 × ProHisto washing solution, followed by 30 min incubation in 0.3% H2O2 in
50% methanol to block endogenous peroxidase activity. HRP-conjugated goat anti-rabbit or
goat antimouse secondary antibody (1:200) was added and incubated with the slides for 1.5
h at room temperature. Diaminobenzidine solution was applied per the manufacturer's
recommendation. Brain tissues were counterstained in hematoxylin, mounted, and dried.
Immunohistochemistry staining was visualized using a Nikon Diaphot microscope equipped
with a Nikon D90 camera. An average of three to five different images per brain slice were
photographed and five or six microvessels were counted per image to determine the
percentage of vessels that were positive for occludin or MG. Coronal sections from five
control and five diabetic rat brains were analyzed.

Tissue Western blot analysis—Western blot was performed as described above for
IHEC cell lysates with some modifications. Briefly, rat brains were homogenized in RIPA
buffer by passing through an 18-gauge needle followed by homogenization with a polytron
(10 pulses). Tissue homogenates were centrifuged at 14,000 rpm for 10 min at 4 1C, and the
supernatants, representing whole-brain lysates, were used for Western blot analyses. Thirty
micrograms of protein per sample was loaded onto 10% SDS–polyacrylamide gels, and
electrophoresis was performed at 110 V for 2 h. Subsequent protein transfer onto PVDF
membranes, blocking with nonfat milk, and incubations with anti-MG or anti-occludin
antibodies were similar to those described above for IHEC cell lysates.

Protein assay
Protein concentration was determined using the Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA, USA) according to the manufacturer's protocol.
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Statistical analysis
Data from all experiments were analyzed by one-way ANOVA using Bonferroni's posttest
for comparison of sample groups. p < 0.05 was considered statistically significant. Results
are expressed as the mean ± SEM for 3 or 4 separate cell preparations for determinations of
TEER, permeability, GSH, D-lactate, and L-lactate; 6 to 12 preparations for assay of ROS;
and 3 to 5 preparations for Western blot analyses.

Results
MG induces brain endothelial barrier dysfunction that is coincident with formation of MG–
occludin adducts and prevented by NAC

Fig. 2A shows that MG elicited dose- and time-dependent increases in FITC-150 leakage in
IHEC monolayers, consistent with increased solute permeability. The extent of endothelial
permeability to smaller sized FITC (390 Da) was greater (Fig. 2B), indicating that
pathophysiologic concentrations of MG induced severe IHEC barrier dysfunction to small-
and large-molecular-weight species. Coincidently, MG used at doses that mediated
permeability also induced significant loss of TEER from 4 to 10 h (Fig. 2C), indicating that
increased solute permeability and disruption of barrier electrical resistance were closely
associated events.

The integrity of occludin and accessory ZO proteins is pivotal in maintaining high electrical
resistance of brain endothelial monolayers (Fig. 3A) [12]. Therefore, increased solute
permeability and loss of TEER would reflect a disruption or destabilization of tight-junction
organization. Because MG is a glycating agent [20], we determined the presence of MG-
glycated proteins. Fig. 3B shows that MG induced time-dependent formation of MG adducts
in two distinct proteins of molecular size 130 and 65 kDa (left), consistent with increased
protein glycation. Notably, the 65-kDa protein band corresponded to occludin (Fig. 3B,
right). Occludin– MG adduct formation was significantly increased at 24 h, which was
prevented by pretreatment of cells with NAC (Fig. 3C). To confirm the formation of the
MG–occludin adduct, total cellular occludin was immunoprecipitated with anti-occludin
antibody followed by blotting with anti-MG. Fig. 3D shows a single MG-positive band at 4
and 6 h in MG-treated IHECs that was quantitatively higher than in control cells. MG did
not alter occludin expression (Fig. 3E). These data suggest that occludin is a target of MG
modification and that occludin glycation may be a mechanism in MG-induced loss of barrier
integrity. The 130-kDa glycated protein has not yet been identified.

Because occludin–ZO protein interactions are central to barrier preservation (Fig. 3A), we
examined whether MG also affected ZO-1. A ZO-1 (225 kDa)–MG adduct was not
detectable (Fig. 3B) and ZO-1 protein content was unchanged by MG (Fig. 3E). However,
ZO-1 distribution along the periphery of IHECs was disrupted after MG treatment for 6 h
(Fig. 4). NAC alone did not affect ZO-1 localization, but NAC pretreatment completely
preserved ZO-1 junctional organization post-MG exposure. We also examined occludin
distribution, but a demonstration of occludin association at cell junctions proved to be a
challenge. The quality of the occludin antibody for immunostaining may be an issue or it
may be that IHECs, like bEND.3, another immortalized brain microvascular endothelial cell
line, do not exhibit distinct cell junctional localization of occludin [21].

Exogenous H2O2 induces endothelial barrier dysfunction, but endogenous ROS
generation is not linked to MG-induced loss of barrier function

We next examined the possibility that MG-induced superoxide anion formation (Fig. 1) [6]
could contribute to endothelial barrier dysfunction. Fig. 5A shows that TEER was time- and
dose-dependently decreased by exogenously administered H2O2, a model ROS. Significant
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loss of TEER was achieved at 300 and 400 μM H2O2 (2–6 h), indicating that ROS can
disrupt IHEC barrier integrity at moderately high concentrations. The ROS levels associated
with 400 μM H2O2 were significantly, though not completely, blocked by tempol or tiron
(Fig. 5B), but these ROS scavengers significantly attenuated H2O2-induced TEER loss (Fig.
5C). Interestingly, for reasons yet unclear, barrier protection by tiron was more effective at
earlier (1–3 h) and tempol was effective at later times (3–6 h) post-H2O2 treatment.

We next determined if MG caused ROS production and whether these ROS mediated IHEC
barrier dysfunction. Fig. 5D shows that MG at 1 mM elicited significant DHR oxidation at 6
h that was attenuated by tiron and tempol, consistent with ROS formation. However, the
extent of MG-induced ROS formation was substantially lower than 10 μM H2O2 (Fig. 5D),
consistent with low endogenous ROS production even at this MG level. Using DHR as well
as DHE as a ROS probe, we found that MG did not elicit significant DHR or DHE oxidation
compared to H2O2 (DHR oxidation) or a superoxide generator, menadione (DHE oxidation)
(Fig. 5E), in agreement with minimal ROS formation caused by MG. Accordingly,
pretreatment with tiron and tempol did not prevent MG-induced TEER loss, indicating that
MG-mediated barrier dysfunction was not caused by endogenously generated ROS under
these conditions (Fig. 5F).

MG mediates early loss of endothelial GSH levels, and MG-induced TEER disruption is
exacerbated or prevented by inhibition or promotion of GSH synthesis

The finding that MG–protein adduct formation was prevented by NAC suggests a role for
GSH in barrier maintenance. To examine this, we first determined the intracellular GSH
levels after MG treatment and the influence of BSO or NAC. As shown in Fig. 6A, MG
significantly decreased cellular GSH at 2 h, a time point that preceded the loss of barrier
function at 4 h (see Fig. 2). A 300 μM MG dose that did not elicit barrier dysfunction also
did not alter cellular GSH status, supporting the idea that loss of cellular GSH was an early
event that could contribute to barrier disruption induced by MG. Cellular levels of GSSG
were not altered under these conditions (Fig. 6C), indicating a lack of oxidative stress.
Pretreatment of cells with NAC elevated cellular GSH to levels that were higher than those
in MG-treated cells (Fig. 6B) without changes in GSSG levels (Fig. 6D). This indicates that
NAC treatment caused net increases in GSH production. In contrast, BSO caused an overall
loss in the total cellular GSH and GSSG pools beyond the decrease induced by MG (Figs.
6B and 6D), which is consistent with a significant reduction in intracellular GSH synthetic
capacity.

Fig. 7 illustrates the relationship between MG-induced IHEC barrier dysfunction and
cellular GSH status as manipulated by BSO or NAC. As shown in Fig. 7A, IHEC
permeability to FITC-150 induced by 1 mM MG was blunted by NAC and exacerbated by
BSO. The presence of BSO potentiated IHEC barrier permeability to FITC-150 at 300 μM
MG (Fig. 7B), a dose that, per se, did not increase solute permeativity (Fig. 2A). Similarly,
MG-mediated TEER loss was significantly exacerbated by BSO, achieving significance as
early as 2 h, whereas the level of TEER was preserved by NAC (Fig. 7C). Importantly, the
protective effect of NAC was prevented by BSO (Fig. 7C), confirming that NAC served as a
GSH precursor in GSH synthesis.

Endothelial GSH status is important in cellular MG metabolism
Because MG-induced barrier dysfunction was sensitive to agents that altered cellular GSH
(Fig. 7), and NAC prevented MG protein glycation (Fig. 3), we examined the importance of
the GSH-dependent glyoxalase system (Fig. 8A) in determining MG availability. Fig. 8B
shows that cellular d-lactate production was rapid within 30 min and decayed to near
baseline levels by 2 h. Moreover, d-lactate formation was significantly decreased by BSO
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treatment and increased by NAC, indicating that MG was effectively metabolized by GSH-
dependent glyoxalase I. Concurrent with decreased cellular D-lactate was its accumulation in
the extracellular medium, which accounted for > 97% of the total produced (Fig. 8C),
consistent with major metabolite export. At 1 h, ∼70% of the MG administered was
metabolized, a percentage that was increased by NAC ( > 80%) and attenuated by BSO
(∼60%) (Fig. 8D). Under these conditions, MG-derived l-lactate was low regardless of the
presence NAC or BSO (data not shown), suggesting a minimal involvement of the MG
reductase/aldehyde dehydrogenase pathway in MG metabolism (Fig. 8A). The lack of
changes in l-lactate (the physiological metabolite of glycolysis) further suggests that MG did
not have a major effect on the metabolic and/or bioenergetic status of the cells under these
conditions.

Diabetic rat brain microvessels are associated with decreased occludin content and
increased protein glycation

Given that occludin glycation and endothelial barrier dysfunction in IHEC cultures were
elicited at supraphysiological MG concentrations, we determined if protein glycation can
occur in vivo in physiological conditions, such as in diabetes, a condition that is
characterized by systemic hyperglycemia and elevated advanced glycation end products
[22]. Brain expression of occludin and glycated adducts were examined by
immunohistochemistry in STZ-induced diabetic rats. As shown in Fig. 9A, diabetic brains
displayed 30% less occludin-positive but 40% higher MG-positive microvessels compared
to nondiabetic brains. Western blot analyses of whole-brain homogenates confirm that the
expression of occludin was attenuated (30%), whereas the ratio of glycated occludin to total
occludin was significantly elevated (50%) in diabetic brains. These results suggest that
occludin modification by carbonyl stress in diabetes is a physiologically relevant process in
the cerebral microvasculature in vivo.

Discussion
This study provides novel evidence that MG, a model RCS, can induce glycation of the
tight-junctional protein occludin in brain microvascular endothelial cells in culture, as well
as in cerebral microvessels, in diabetic rat brain in vivo. In IHECs, MG-induced occludin
glycation and ZO-1 disruption paralleled endothelial barrier dysfunction, a process that is
sensitive to cellular GSH status. The findings that (a) MG-induced barrier failure was
preceded by marked decreases in cellular GSH, (b) manipulation of cellular GSH content via
inhibition or induction of GSH synthesis modified the kinetics and magnitude of MG-
induced barrier dysfunction, and (c) the preservation of the endothelial barrier by NAC was
preceded by NAC prevention of MG-adduct formation demonstrate that GSH has a major
role in endothelial barrier integrity and that MG-induced cellular GSH loss was an early
event that occurred before evidence of barrier dysfunction. Although MG also promoted
ROS formation, the level of ROS produced was quantitatively low, and the lack of an effect
of tempol and tiron suggests a minimal role for endogenous ROS in endothelial barrier
dysfunction.

Previously we have demonstrated that IHEC apoptosis caused by MG also closely paralleled
MG-mediated disruption of endothelial GSH redox balance [11]. However, MG induction of
cellular GSH imbalance is not limited to endothelial cells. MG-induced decreases in GSH as
well as in GSH-dependent enzymes, such as GSSG reductase and GSH S-transferase, have
been demonstrated in rat vascular smooth muscle cells [23] and even in plant cells [24],
indicating a common cross-species effect of MG in cellular GSH disruption. Our data are
consistent with the notion that MG-associated consumption of cellular GSH is the result of
glyoxalase I-catalyzed MG metabolism (Fig. 8A). Moreover, cellular GSH supply or store,
and not altered enzyme activity, seems to be a determinant in the availability of MG for
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MG–protein crosslink reactions. Although MG has been shown to decrease glyoxalase I and
II activities through posttranslational protein modification [25], our results showing that D-
lactate formation accounted for >80% of the administered MG dose (Fig. 8) are consistent
with active enzyme function. Because the glyoxalase system accounts for >90% of
intracellular MG removal [26], decreased GSH, such as with BSO treatment, is expected to
result in enhanced MG availability for glycation reactions.

Significantly, the tight-junctional proteins occludin and ZO-1 were respectively targets of
protein glycation or disruption, both of which were prevented by NAC (Figs. 3 and 4).
Neither protein level was altered by MG. Previous studies have shown that oxidants such as
H2O2, peroxynitrite, and superoxide decreased the expression of ZO-1 and occludin and
disrupted their architectural organization [27–29]. Moreover, H2O2 exposure was shown to
redistribute occludin and dissociate it from ZO-1 [27]. A loss of the expression of these
proteins has been linked to an increase in BBB permeability in diabetes [30]. As a glycating
agent, MG can react irreversibly with free arginine residues of proteins, which results in the
formation of advanced glycated end products [20]. MG-derived argpyrimidine has been
detected in human lens and kidney, in atherosclerotic lesions of diabetic patients, and in
familial amyloidotic polyneuropathy [31–35]. In endothelial cells, the heat shock protein 27
is a major argpyrimidine-modified protein and is a contributor to altered endothelial cell
function in diabetes [36].

The potential sites of occludin chemical modification are unknown. We infer from the lack
of ZO-1–MG adduct formation that MG–occludin glycation probably occurs outside of
cells. We previously found that the LYHY (leucine-tyrosine-histidine-tyrosine) motif
represents an important intercellular adhesion recognition sequence in the second
extracellular loop of occludin, which mediates barrier function [37]. Given the recent
discovery that l-leucine can react with MG to form a stable ketoamine [38], the leucine in
the LYHY sequence would probably be susceptible to modification by MG. Moreover, we
found that experimental blockade of the LYHY motif using a cyclized peptide containing
this sequence disturbed junction-mediated barrier integrity. Therefore, junctional disruption
and loss of barrier function could result from MG-induced chemical modification of the
LYHY sequence of occludin. Interestingly, although occludin is important in establishing
and maintaining tight junctions [39], the knockdown of occludin in animal models did not
adversely affect endothelial barrier function. For reasons yet unclear, occludin-null mice
exhibited only minor alterations in barrier function [40]. One possible explanation may be
that genetic deletion of the occludin gene could result in an altered phenotype compared to
the wild type. Indeed, we have demonstrated that pharmacologic modification of the native
occludin LYHY binding motif in wild-type rats by subcutaneous administration of a
cyclized peptide bearing this sequence can induce a loss of barrier function [37].

Importantly, the results of this study suggest that carbonyl stress-induced tight-junctional
disruption could be a mechanism in barrier impairment associated with vascular pathology,
such as in diabetes [41,42]. Because IHECs functionally exhibit BBB properties [43], and
are a reasonable model for the BBB in vivo, our results may be meaningful for
understanding BBB endothelial response to systemic carbonyl stress. We recognize that the
physiological relevance of our findings in IHEC cultures is limited by the
supraphysiological levels of MG that were needed to induce microvascular permeability, a
common concern in cell culture studies. However, the studies in diabetic rats demonstrated
that the cerebral microvasculature was, in fact, affected in diabetes. Notably, diabetic rat
brains exhibited two features that were distinct from control brains, namely, (a) lower total
occludin levels and smaller number of occludin-positive cerebral micro-vessels and (b)
higher percentage of MG-positive microvessels and elevated glycated occludin. This means
that the threshold for eliciting brain microvascular pathology in vivo during the diabetic
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state could be achieved at physiologically relevant systemic MG levels. Very likely,
carbonyl stress-mediated cerebral endothelial barrier dysfunction in vivo is modulated by
other factors, such as the presence of astrocytes, a major pervascular cell in the brain
capillary neurovascular unit of the BBB [12]; the hyperglycemic state and hence sustained
generation of MG in the local environment of the endothelium; or diabetes-associated
decrease in endothelial GSH [44]. It has been documented that a dose of 5 μM MG coupled
with high glucose (15–30 mM) can induce apoptosis and necrosis in endothelial and
mononuclear cells [45,46]. In ongoing studies, we similarly found that hyperglycemia (25
mM glucose, 5 days) can sensitize IHECs to MG-induced TEER loss (greater than fivefold),
perhaps by lowering the MG threshold in mediating barrier dysfunction.

Decreased occludin levels have been reported in the cerebral microvasculature of type 2
diabetic rats [47] and diabetic rat retina [48,49]; interestingly, the latter was temporally
associated with an increase in blood–retinal barrier permeability [48]. The mechanism of
endothelial occludin decrease is unknown. In retinal endothelial cells, a role for VEGF was
implicated in occludin decrease, whereas insulin was shown to reverse occludin loss [48,49].
Here, a novel finding is diabetes-associated elevated protein (occludin) glycation in cerebral
microvessels. At present, the biological significance of protein glycation in diabetic cerebral
microvascular pathology is unclear and warrants further investigation. Previous studies have
detected glycated protein adducts in the arterial wall of the large middle cerebral artery after
occlusion and reperfusion [31], but it remains unclear whether protein adduct formation
affects stroke outcome.

In summary, this study has provided new insights into the relationship between carbonyl
stress and brain microvascular endothelial barrier function and the role of GSH. This
information could have important implications for the pathophysiologic state of diabetes and
other degenerative disorders that are associated with systemic or elevated carbonyl stress.
And, MG-lowering agents could offer a promising therapeutic strategy under these
conditions.
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Fig. 1.
Proposed mechanism by which MG mediates endothelial barrier dysfunction and its
protection by GSH. MG-induced endothelial barrier dysfunction can be caused by MG
protein glycation that results in MG–occludin adduct formation or ZO-1 disruption. GSH
protection of barrier integrity can occur through GSH-dependent, glyoxalase I-catalyzed
metabolism of MG. The effects of NAC or BSO relate to their respective stimulation or
inhibition of cellular GSH synthesis. A possibility that barrier damage may also result from
ROS generation during protein glycation is indicated by the dotted line. MG, methylglyoxal;
GSH, reduced glutathione; , superoxide anion; NAC, N-acetylcysteine; BSO, buthionine
sulfoximine.
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Fig. 2.
MG mediates human brain endothelial barrier dysfunction. (A) IHEC permeability to FITC-
Dextran 150 (FITC-150). IHECs were exposed to 100 μM, 300 μM, 600 μM, or 1 mM MG
in transwell assays. FITC-150 was added to the upper chamber and cell permeability is
expressed as FITC-150 concentration in the lower chamber. *p < 0.05 vs control, n=4. (B)
Comparison of IHEC permeability to small (FITC)- and large (FITC-150)-molecular-weight
species at 4 and 6 h post-MG treatment. *p < 0.05 vs control, #p < 0.05, 1 mM MG vs 300
μM MG, n=3. (C) Loss of transendothelial electrical resistance (TEER) induced by various
doses of MG. TEER changes in IHECs grown on inserts were recorded hourly for 10 h using
an epithelial voltohmmeter. Only inserts with a minimum baseline monolayer resistance of
200 Ω/0.33 cm2 were used. TEER was expressed as the percentage of the baseline to account
for batch-to-batch variation. *p < 0.05 vs control, n=3.
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Fig. 3.
MG induces occludin glycation. (A) Schematic of architectural organization of tight-
junctional proteins of capillary cell–cell junction that controls brain endothelial barrier
resistance and paracellular flux. Redrawn from Shusta [50]. (B) MG-mediated time-
dependent increase in glycation of proteins, including occludin. IHECs were treated with 1
mM MG for 0–24 h and total MG-protein adducts were examined in whole-cell lysates by
Western blot analyses using anti-MG antibody. Left shows time-dependent increase in
protein adducts, notably in proteins of molecular weights of 65 and 130 kDa. Right shows
the same membrane reprobed for occludin, which corresponded to the 65-kDa band. (C)
NAC attenuates occludin–MG adduct formation. IHECs were treated with 1 mM MG in the
absence or presence of 2 mM NAC, and MG-adduct formation was determined at 4, 6, and
24 h by Western blot analyses. Shown below is the quantitation of band intensity relative to
β-actin, mean ± SEM for six separate blots. *p <0.05 vs 0 h; #p <0.05 vs corresponding MG
treatment. (D) Whole-cell extracts were prepared from IHECs treated with 1 mM MG for 4
or 6 h, and occludin was immunoprecipitated with anti-occludin antibody followed by
Western blot analysis with anti-MG. IgG served as negative control. Shown below is the
quantitation of occludin–MG band intensity normalized to IgG, mean ± SEM for three
separate blots. *p <0.05 vs control. (E) Protein expression of ZO-1 (225 kDa) and occludin
(65 kDa) in whole-cell lysates was examined after treatment of IHECs with 300 μM or 1
mM MG. Quantitation of ZO-1 and occludin contents relative to β-actin (mean ± SEM) is
shown for six separate blots.
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Fig. 4.
MG disrupts the architectural organization of ZO-1. (A) IHECs were grown on glass
coverslips, and confluent cells were treated with 1 mM MG with or without 2 mM NAC for
6 h. Immunostaining was performed with anti-ZO-1 primary antibody and fluorescently
labeled anti-rabbit TRITC secondary antibody as described under Materials and methods.
Control IHECs exhibited normal ZO-1 distribution along the cell periphery, which was
disrupted after MG treatment, and prevented by NAC pretreatment. Higher magnification
images are shown in (B).
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Fig. 5.
Endothelial barrier dysfunction is mediated by exogenous H2O2, but not by endogenous
MG-induced ROS. (A) H2O2 induced time- and dose-dependent TEER loss. IHECs were
exposed to 100, 200, 300, or 400 μM H2O2, and TEER was monitored for 0–6 h. *p < 0.05
vs control, n=4. (B) IHECs were treated with 400 μM H2O2 for 0–6 h in the absence or
presence of 1 mM tempol or 10 mM tiron. ROS production was significantly attenuated, but
not completely blocked by the ROS scavengers. *p < 0.05 vs control; #p < 0.05 vs 400 μM
H2O2, n=6 preparations performed in quadruplicate. (C) Tempol and tiron exhibited
different kinetics of protection against H2O2-induced TEER loss. IHECs were treated with
400 μM H2O2 in the absence or presence of 1 mM tempol or 10 mM tiron, and TEER was
recorded for 0–6 h. *p < 0.05 vs control; #p < 0.05 vs 400 μM H2O2, n = 4. (D) MG-
induced ROS were significantly lower than 10 μM H2O2. *p < 0.05 vs control, #p < 0.05 vs
1 mM MG, n=6 preparations performed in quadruplicate. (E) MG induced minimal ROS
formation in comparison to H2O2 (DHR oxidation) or a superoxide generator, menadione
(MQ; DHE oxidation). The numbers associated with H2O2, MQ, and MG represent their
concentrations in μM. *p < 0.05 vs control, n = 6 preparations performed in quadruplicate.
(F) MG-induced ROS did not mediate TEER changes. IHECs were pretreated with tempol
or tiron for 1 h and thereafter exposed to 1 mM MG. TEER were monitored for 0 to 6 h. *p
< 0.05 vs control, n=3.
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Fig. 6.
MG decreases brain endothelial GSH, which is prevented by NAC and exacerbated by BSO.
IHECs were pretreated overnight with 1 mM NAC or 50 μM BSO and then challenged with
300 μM or 1 mM MG in the absence or presence of additional 2 mM NAC or 300 μM BSO.
(A, C) Kinetics of MG-induced changes in endothelial GSH and GSSG. *p < 0.05 vs
control, n=4. (B, D) MG decreased endothelial cell GSH, which was blocked or exaggerated
by NAC or BSO, respectively (B). Endothelial GSSG was significantly attenuated by NAC
(D). *p < 0.05 vs MG alone at 300 μM or 1 mM, n=4.
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Fig. 7.
MG-mediated brain endothelial barrier dysfunction is sensitive to intracellular GSH status.
IHECs were pretreated overnight with 1 mM NAC or 50 μM BSO and thereafter exposed to
300 μM or 1 mM MG in the presence of 2 mM NAC or 300 μM BSO. Permeability to
FITC-150 and TEER were determined as measures of barrier function. (A) Protection or
exacerbation of MG-induced FITC-150 permeativity by NAC or BSO treatment,
respectively. *p < 0.05 vs control, #p < 0.05 vs 1 mM MG, n=4. (B) Potentiation of
FITC-150 permeativity by BSO at 300 μM MG, a dose that did not per se increase cell
permeability. *p < 0.05 vs control, n=3. (C) MG-induced TEER loss was prevented or
exacerbated by NAC or BSO, respectively. The protective effect of NAC was blocked by
BSO, consistent with NAC promoting endothelial GSH synthesis. *p < 0.05 vs control, #p <
0.05 vs MG alone, n=3.
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Fig. 8.
D-Lactate formation is respectively decreased or increased under conditions of inhibition or
stimulation of endothelial GSH synthesis. (A) Cellular pathways of MG metabolism. MG
can be metabolized by two possible pathways: (a) GSH-dependent glyoxalase I/II pathway
with S-D-lactoylglutathione and D-lactate as the intermediate and final metabolites or (b)
GSH-independent MG reductase/aldose reductase pathway with L-lactate as the final
product. (B, C) Intracellular d-lactate formation (B) and its extracellular accumulation (C)
were determined in IHECs treated with 1 mM MG in the absence or presence of NAC or
BSO. IHEC extracts and extracellular media were obtained from 0 to 2 h, and D-lactate
levels were determined by enzyme-coupled assays [18,19]. (D) Percentage of administered
MG remaining after 1 h (maximal appearance in extracellular medium) in control or NAC-
or BSO-treated IHECs was calculated by subtracting the nanomoles of D-lactate produced
from the total nanomoles of MG added. The results are expressed as a percentage. *p < 0.05
vs MG+NAC; #p < 0.05 vs MG alone, n=3.
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Fig. 9.
Diabetic brain is associated with decreased total occludin but increased glycated protein. (A)
Immunohistochemistry of occludin and glycated protein in cerebral microvessels in diabetic
rat brain. Arrowheads indicate occludin- or MG-positive cells in representative cerebral
microvessels. The number of occludin- or MG-positive cerebral microvessels is expressed as
a percentage of the total vessels counted as described under Methods. (B) Protein expression
of occludin and MG–occludin adducts in whole brain extracts. Quantitation of protein shows
a significant decrease in occludin content, but increased MG–occludin adducts compared to
total occludin. Data are means ± SEM, n=5 separate immunoblots each with brain
homogenates from two control or diabetic rats performed in duplicate. *p < 0.05 vs control.
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