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Abstract
Background—The blood-brain-barrier, formed by specialized brain endothelial cells that are
interconnected by tight junctions, strictly regulates paracellular permeability to maintain an
optimal extracellular environment for brain homeostasis. Diabetes is known to compromise the
blood-brain-barrier although the underlying mechanism remains unknown.

Objective—The aim of this study was to elucidate the molecular mechanisms underlying
disruption of the blood-brain-barrier in diabetes and to determine whether activation of AMP-
activated protein kinase prevents diabetes-induced blood-brain-barrier dysfunction

Methods and Results—Exposure of human brain microvascular endothelial cells to high
glucose (25 mmol/L D-glucose), but not to high osmotic conditions (20 mmol/L L-glucose plus 5
mmol/L D-glucose), for 2 h to 1 week significantly increased the permeability of blood-brain-
barrier in parallel with lowered expression levels of zonula occludens-1, occludin, and claudin-5,
three proteins that are essential to maintain endothelial cell tight junctions. In addition, high
glucose significantly increased generation of superoxide anions. Adenoviral overexpression of
superoxide dismutase or catalase significantly attenuated the high glucose-induced reduction of
endothelial cell tight junction proteins. Furthermore, administration of apocynin reversed the
effects of high glucose on endothelial cell tight junction proteins. Finally, activation of AMP-
activated protein kinase with 5-amino-4-imidazole carboxamide riboside (AICAR) or adenoviral
overexpression of constitutively active AMP-activated protein kinase mutants (Ad-AMPK-CA)
abolished both induction of NAD(P)H oxidase-derived superoxide anions and tight junction
protein degradation induced by high glucose.

Conclusions—We conclude that high glucose increases blood-brain-barrier dysfunction in
diabetes through induction of superoxide anions and that the activation of AMP-activated protein
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kinase protects the integrity of the blood-brain-barrier by suppressing the induction of NAD(P)H
oxidase-derived superoxide anions.
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INTRODUCTION
The blood-brain barrier protects the brain from potentially neurotoxic substances and
facilitates the exchange of nutrients and waste products between the brain and blood, thus
maintaining an optimal extracellular environment for neuronal function. The first line of
defense is the endothelium, which presents a dynamic and highly regulated interface
between the blood and central nervous system. The endothelial cells of the blood-brain
barrier are distinguished from peripheral endothelial cells by their lack of fenestrations,
minimal pinocytotic activity, and the presence of endothelial cell tight junctions (1). A major
role of the blood-brain barrier is strict regulation of paracellular permeability. This is
primarily mediated by the tight junction between endothelial cells of the capillary, which
restrict paracellular movement of solutes, ions, and water.

Tight junction is dynamic and highly regulated structures, and decreased tight junction
protein expression or variations in subcellular localization are associated with alterations in
paracellular permeability. Preservation of the tight junction is governed by three essential
transmembrane proteins: occludin, claudins, and junction adhesion molecules. Occludin is a
tetraspaning membrane protein (~60–65 kDa) containing two extracellular loops separated
by a short cytosolic loop with both amino and carboxy-terminal domains within the cytosol.
Occludin expression is correlated with increased electrical resistance across the membrane
and decreased paracellular permeability. Occludin may act as a primary shock-absorber,
mediating tight junction responses to acute changes in vascular dynamics (2). Claudins
(~20–24 kDa) are a family of at least 24 proteins, among which claudins-3, -5, and -12 have
been shown to be present within blood-brain barrier endothelial cells. Claudin-5 is a critical
component of the blood-brain barrier as it closes the blood-brain barrier to small molecules
up to 800 Da (3). Junctional adhesion molecules (JAMs) are a family of immunoglobulin
superfamily proteins (~40 kDa) that have a single transmembrane domain localized within
the intercellular cleft of tight junction. The cytoplasmic regions of occludin, claudins, and
JAMs have been shown to bind to the zonula occludens protein family via their carboxy
terminals; in turn the zonula occludens proteins bind to the actin cytoskeleton, localizing
them to the cellular membrane(1). Tight junction proteins exist in various isoforms
depending on tissue origin. Generally, movement of these proteins away from the cellular
borders or decreased expression at the tight junction cleft indicates a loss of junction
integrity and increased paracellular permeability. Multiple factors regulate the expression,
trafficking, protein-protein interactions, and integrity of tight junction proteins over the
course of development and in disease(1). Previous studies suggest that tight junction
proteins can be modulated by numerous signaling pathways such as PI3 kinase, protein
kinase C, Ca2+, cAMP, and phospholipase C. Moreover, tight junction themselves may play
a role in signal transduction and participate in the regulation of growth, differentiation, and
gene expression(4). Blood-brain barrier dysfunction has been proposed to play a role in the
pathophysiology of neurological diseases such as inflammatory, infectious, and
neurodegenerative diseases(5) and accumulating evidence indicates blood-brain barrier
disruption in diabetic patients(6). In addition, blood-brain barrier compromise worsens with
the progression of diabetes. Increased blood-brain barrier permeability to small molecules
has been observed in the streptozotocin model of type 1 diabetic rats, along with decreased
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occludin and zonula occludens-1 content in brain microvessels(7;8). However, the molecular
mechanism by which diabetes leads to alterations of tight junction proteins is not clear.

Endothelial dysfunction in diabetes is characterized by enhanced production of reactive
oxygen species, which are important factors in the pathogenesis of diabetic vascular
disease(9;10). Evidence indicates that oxidative stress can disrupt endothelial tight junction,
resulting in increased paracellular permeability(11;12). Suppression of reactive oxygen
species production or an increase in reactive oxygen species scavengers have been shown to
effectively reduce blood-brain barrier hyperpermeability(13). However, the targets and
underlying mechanisms by which abnormal production of reactive oxygen species disrupts
blood-brain barrier functions remains unknown.

AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase involved in the
regulation of cellular and organismal metabolism. Our previous studies indicate that AMPK
activation counteracts oxidative stress by suppressing NAD(P)H oxidase-derived reactive
oxygen species production in endothelial cells(14). At present, the specific signaling
pathways within brain endothelial cells that target the tight junction to disengage remain
elusive. We hypothesized that AMPK activation via its suppression of reactive oxygen
species contributes to maintenance of blood-brain barrier integrity. Here we provide
evidence that hyperglycemia regulates tight junction dynamics in brain endothelial cells via
NAD(P)H oxidase-derived superoxide anions, and show that AMPK activation protects tight
junction proteins, and consequently blood-brain barrier integrity, by suppressing the
expression of NAD(P)H oxidase.

METHODS AND MATERIALS
Reagents

Human brain microvascular endothelial cells (HBMECs), human astrocytes, cell culture
media, and growth supplements were obtained from Sciencell (Carlsbad, CA). Antibodies
against phospho-AMPKα (Thr-172), AMPKα, and β-actin, and all secondary antibodies
were obtained from Cell Signaling Technology (Danvers, MA); antibodies against occludin,
zonula occludens-1, and Junctional adhesion molecules-1 were from Invitrogen Life
Technologies (Carlsbad, CA); anti-claudin-5 was from Abcam (Cambridge, MA); antibodies
against the NAD(P)H oxidase subunits (p47phox, p67phox, gp91phox, NOX1, NOX4, and
Rac1) were from Santa Cruz Biotechnology (Santa Cruz, CA); FITC-dextran and antibodies
against catalase were from Sigma-Aldrich (St. Louis, MO).

Cell culture
HBMECs were cultured in endothelial cell media mixed with astrocyte-conditioned medium
(1:1). All cells were incubated at 37°C in a humidified atmosphere of 5% CO2 and 95% air.
Confluent cells were maintained in 1% fetal calf serum and exposed to normal glucose (NG,
5 mmol/l) or high glucose (HG, D-glucose 25 mmol/l) for up to 1 week, with a media
change every 2 days. To account for media hyperosmolarity, control groups were exposed to
L-glucose (LG, 20 mmol/l) in normal medium containing D-glucose (5 mmol/l). In all
experiments, cells were used between passages 3 and 8.

Adenovirus infection
HBMECs were infected with adenoviruses encoding catalase, Cu-Zn-SOD, green
fluorescence protein (GFP), constitutively active AMPK (AMPK-CA), or a dominant
negative AMPK (AMPK-DN) (multiplicity of infection 50) as described previously (15).
Under these conditions, the infection efficiency was typically >80% as determined by green
fluorescence protein expression.
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Measurement of intracellular superoxide anions
Intracellular superoxide anions was measured using the dihydroethidium fluorescence/
HPLC assay with minor modification(16). Briefly, the growth medium was replaced by cell
culture media containing no glucose and HBMECs were incubated with 0.5 μmol/l
dihydroethidium for 30 min. After incubation, cells were harvested and extracted with
methanol. Oxyethidium (a product of dihydroethidium and superoxide anions) and ethidium
(a product of dihydroethidium auto-oxidation) were separated and quantified by C-18 HPLC
column (mobile phase: gradient of acetonitrile and 0.1% trifluoroacetic acid) coupled with
fluorescent detector. Superoxide anion production was determined by the conversion of
dihydroethidium into oxyethidium.

Permeability of the blood-brain barrier in vitro
HBMECs were cultured on Costar Transwell filters (pore size 0.4 μm; Corning, NY) that
were coated on the upper side with fibronectin (Sigma-Aldrich) in endothelial cell growth
medium mixed with astrocyte-conditioned medium at a 1:1 ratio(17;18). Permeability for
FITC-dextran (150 kDa) was assayed as described previously(19). At various time points
after HG treatment, samples were collected from the acceptor chambers for measurement of
fluorescence intensity at excitation 485 nm and emission 520 nm using a microplate reader
Synergy HT (BioTek Instruments, Inc, Winooski, VT).

Determination of trans-endothelial electrical resistance
Determination of trans-endothelial electrical resistance across the monolayers of HBMECs
was measured by the Millicell-ERS (Millipore). Briefly, 250 μl cell suspension (8×105 cells
per ml) was seeded in each collagen-coated well. When confluent monolayers reached
maximum resistance (~150 Ω·cm2) the endothelial integrity of HBMECs treated with or
without HG was measured in real-time as described previously(20). Values are presented as
Ω·cm2 of culture well. The trans-endothelial electrical resistance of cell-free wells was
subtracted from the obtained values.

Western blotting
Cells were washed with PBS and homogenized in RIPA lysis buffer (Cell Signaling
Technology). Cell lysates were sonicated twice for 10 s in an Ultrasonic Dismemberator
with 10% output (Model 500; Fisher Scientific) and centrifuged at 14000 × g for 20 min at
4°C. The supernatants were subjected to western blot analysis, as described preiously (14,
15). β-actin was used as an internal control.

Measurement of NAD(P)H oxidase activity
NAD(P)H oxidase activity was measured as described previously(21). Briefly, 20 μg protein
was incubated with dihydroethidium (10 μM) and DNA (1.25 μg/ml) in PBS with the
addition of NAD(P)H (50 μM), in a final volume of 120 μl. Incubations were performed for
30 min at 37°C in the dark. Fluorescence intensity was recorded in a microplate reader
(excitation 490 nm and emission 590 nm).

Statistical analysis
Data are expressed as mean ± standard error of the mean unless otherwise noted. Statistical
comparison was performed using a one-way analysis of variance followed the Student-
Newman-Keuls test by SPSS 10.0 software. Differences were considered significant at P <
0.05.
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RESULTS
High glucose disrupts blood-brain barrier integrity

We first determined the paracellular permeability toward large hydrophilic molecules.
Exposure of a HBMEC monolayer on transwell filters to HG, but not the osmotic control,
increased leakage of FITC-dextran (150 kDa). As depicted in Fig. 1A, the leakage of FITC-
detran increased by 67±15.1% at 72 h and by 85±23.3% at 1 week (P < 0.05).

To investigate the influence of HG on the integrity of the brain endothelial barrier in vitro,
trans-endothelial electrical resistance of confluent human brain endothelial monolayers was
measured at different time points after HG exposure. As shown in Fig. 1B, HG reduced
trans-endothelial electrical resistance across a monolayer of human brain microvascular
endothelial cell in a time-dependent manner. The maximal effect of HG was seen at 72 h
(39±5.3% decrease, P < 0.05).

High glucose reduces expression of tight junction proteins
Blood-brain barrier integrity is mainly dependent on the presence of tight junction.
Therefore, HG-induced alterations in tight junction may be responsible for the increased
blood-brain barrier permeability. To determine the effect of HG on tight junction in brain
endothelium, we measured real-time dynamics of the expression of the tight junction protein
zonula occludens -1, and JAM-1, occludin, and claudin-5, three proteins that are essential
for tight junction maintenance. As shown in Fig. 2A and 2B, expression levels of zonula
occludens -1, claudin-5, and occludin were significantly decreased by HG, but not LG,
although expression of JAM-1 was not significantly affected. These results suggest that
blood-brain barrier leakage under HG conditions was due to the loss of tight junction
proteins.

High glucose increases production of superoxide anions
There is evidence suggesting that reactive oxygen species disrupt endothelial cell tight
junction resulting in increased paracellular permeability(12). To determine whether reactive
oxygen species caused the tight junction alterations induced by HG, we next assayed
superoxide anion levels in HBMECs after exposure to NG, HG, or LG for 72 h. Exposure to
HG, but not LG, caused a greater than two-fold increase in superoxide anions in HBMECs
(Fig. 3A).

Overexpression of SOD or catalase prevents high glucose-induced reduction of tight
junction proteins

To further confirm whether the loss of tight junction proteins was induced by reactive
oxygen species, HBMECs were injected with adenoviruses encoding Cu-ZnSOD or catalase,
two major antioxidant enzymes. Adenoviral overexpression of Cu-ZnSOD or catalase
increased the levels of SOD or catalase respectively in HBMECs (Fig. 3B). Overexpression
of Cu-ZnSOD or catalase did not alter the expression of zonula occludens -1, occludin, and
claudin-5 in HBMECs exposed to NG but did abolish the reduction of zonula occludens -1,
occludin, and claudin-5 expression in HG-treated HBMECs (Fig. 3C and 3D). Taken
together, these results suggest that the suppression of tight junction proteins by HG is
mediated by superoxide anions.

Inhibition of NAD(P)H oxidase attenuates high glucose-induced reduction of tight junction
proteins

NAD(P)H oxidase is the major source of reactive oxygen species in endothelial cells. To
study the role of NAD(P)H oxidase in reactive oxygen species -induced tight junction
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alterations, we measured NAD(P)H oxidase activity in HBMECs following exposure to HG.
As shown in Fig. 4A, the activity of NAD(P)H oxidase was markedly increased by HG but
not by the osmotic control. Apocynin, a potent pharmacologic inhibitor of NAD(P)H
oxidase, significantly reduced the HG-induced increase in reactive oxygen species (Fig. 4B).

We further determined whether pharmacological inhibition of NAD(P)H oxidase affected
the level of tight junction proteins. As expected, apocynin significantly attenuated the
reduction of zonula occludens -1, occludin, and claudin-5 caused by HG (Fig. 4C). Taken
together, these results suggest that HG reduces the level of tight junction proteins via
NAD(P)H oxidase.

High glucose decreases AMPK phosphorylation
AMPK is reported to play a key role in maintaining redox homeostasis in endothelial cells
and inhibition of AMPK causes aberrant oxidative stress(14). We next determined the
effects of HG on AMPK Thr172 phosphorylation, a key index of AMPK activity. As shown
in Fig. 5A, 72-h treatment of HBMECs with HG significantly decreased AMPK Thr172
phosphorylation. AICAR, a potent AMPK activator, markedly increased the level of
AMPK- Thr-172 phosphorylation in HBMECs exposed to NG or HG (Fig. 5A). Conversely,
Compound C, a potent AMPK inhibitor, further decreased AMPK Thr172 phosphorylation
in HBMECs exposed to NG or LG (Fig. 5A).

AMPK inhibits reactive oxygen species production induced by high glucose in HBMECs
A recent study suggested that AMPK activation counteracts oxidative stress in endothelial
cells by suppressing the expression and activation of NAD(P)H oxidase (14). We reasoned
that AMPK activation might prevent the HG-induced reduction of tight junction. We
therefore examined whether alteration of AMPK activity affected reactive oxygen species
production following exposure of HBMECs to HG for 72 h. As expected, activation of
AMPK by AICAR significantly attenuated the HG-induced elevation of reactive oxygen
species (Fig. 5B). Consistently, adenoviral overexpression of constitutively active AMPK
mutants (AMPK-CA), but not the GFP control, significantly decreased the induction of
superoxide anions by HG (Fig. 5C).

AMPK activation prevents high glucose-induced reduction of tight junction proteins
Next, we examined the effects of AMPK activation on tight junction proteins. To determine
whether AMPK activation can prevent loss of tight junction proteins, we tested the effects of
AICAR and compound C on the expression of zonula occludens -1, occludin, and claudin-5
after HG exposure. As expected, AICAR significantly alleviated the HG-induced loss of
tight junction proteins (Fig. 6A). Conversely, inhibition of AMPK with compound C further
reduced tight junction protein expression (Fig. 6A).

To exclude potential off-target effects of AICAR or compound C, we also investigated the
effects of AMPK on tight junction proteins using genetic approaches. Adenoviral
overexpression of constitutively active AMPK mutants (AMPK-CA) accentuated the
reduction of tight junction proteins caused by HG, whereas overexpression of dominant
negative mutants (AMPK-DN) enhanced tight junction protein degradation (Fig. 6B).

AMPK activation prevents high glucose-induced upregulation of NAD(P)H oxidase
NAD(P)H oxidase consists of membrane-bound gp91phox and p22phox as well as cytosolic
subunits such as p47phox, p67phox and small GTPase Rac. Further analysis was performed to
define the subunits of NAD(P)H oxidase involved in tight junction alterations induced by
HG. As shown in Fig. 7A, expression of the essential subunits, p67phox, gp91phox, and the
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small GTPase Rac1 was markedly increased by HG exposure compared with normal
conditions and osmotic control.

As AMPK activation suppressed HG-induced reactive oxygen species production (Fig. 4)
and the loss of tight junction in HBMECs (Fig. 5), we next determined whether these effects
of AMPK were mediated by decreasing NAD(P)H oxidase activity and by inhibiting HG-
induced upregulation of these NAD(P)H oxidase subunits. As expected, activation of AMPK
with AICAR significantly alleviated the increased expression of p67phox, gp91phox, and
Rac1 caused by HG in HBMECs (Fig. 7B). Consistently, overexpression of AMPK-CA
prevented HG-induced upregulation of p67phox, gp91phox, and Rac1 (Fig. 7C). Taken
together, these data suggest that AMPK activation maintains the levels of tight junction
protein in HBMECs by inhibiting HG-enhanced NAD(P)H oxidase expression.

DISCUSSION
In the present study, we demonstrated that HG reduces the levels of zonula occludens -1,
occludin, and claudin-5, tight junction proteins in HBMECs that are essential for
maintaining the integrity of the blood-brain barrier. With respect to the underlying
mechanism, we have found that HG significantly increased generation of superoxide anions
and that adenoviral overexpression of SOD or catalase significantly attenuated HG-induced
tight junction protein reduction. Moreover, administration of the NAD(P)H oxidase inhibitor
apocynin reversed the reduction of tight junction protein expression. Finally, AMPK
activation by AICAR or by adenoviral overexpression of AMPK abolished HG-induced
superoxide anions, upregulation of NAD(P)H oxidase subunits, and the reduction of tight
junction protein expression. Taken together, our results suggest that HG causes blood-brain
barrier dysfunction via NAD(P)H oxidase-derived superoxide anions and that AMPK
activation might be effective in preventing blood-brain barrier dysfunction in diabetes by
inhibiting HG-enhanced NAD(P)H oxidase expression in endothelial cells.

The cerebral vasculature is particularly susceptible to oxidative stress. Reactive oxygen
species can rapidly overwhelm endogenous scavenging mechanisms and damage cellular
macromolecules such as lipids, proteins, and nucleic acids(30–33). Reactive oxygen species
are also mediators in signaling involving mitochondria, DNA repair enzymes, and
transcription factors(34). Compromise of the blood-brain barrier is a complication of
neurodegenerative disease and brain injury(5). One of the most important findings of the
present study is that HG reduces the level of tight junction proteins. Additionally, we found
that HG significantly increased levels of superoxide anions and that adenoviral
overexpression of SOD or catalase significantly attenuated the HG-induced suppression of
tight junction proteins. Thus, it is likely that the HG-induced reduction in tight junction
proteins is mediated by endogenous superoxide anions. Our observations are consistent with
published studies indicating that oxidative stress disrupts endothelial tight junction resulting
in increased paracellular permeability that is associated with occludin and zonula occludens
-1 and mediated through the Src or Rho/PI3K/Akt pathway(11;12;26–29).

Generally, brain microvascular endothelial cells containing tight junction are characterized
by a high trans-endothelial electrical resistance and low permeability(24;25). High trans-
endothelial electrical resistance values reflect the integrity of the junctional complexes of
cultured brain endothelial cells. Paracellular transport of hydrophilic and relative large
molecules across the blood-brain barrier is limited by the tight junction. In this study, we
found that administration of HG to monolayers of HBMECs induced a time-dependent
decrease in the trans-endothelial electrical resistance. The drop in trans-endothelial electrical
resistance caused by HG was accompanied by an enhanced permeability of the monolayers
to the hydrophilic model compound FITC-dextran (150 kDa). Tight junction proteins are the
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main determinants of low permeability and high electrical resistance in vitro. Consistently,
our studies revealed that treatment of HBMEC monolayers with HG resulted in a time-
dependent decrease in tight junction protein expression, which paralleled the decreased
trans-endothelial electrical resistance and the increased amount of FITC-dextran that crossed
the monolayers. This verified that the enhanced leakage across the HBMEC monolayers was
due to loss of the tight junction. Indeed, published studies (22;23) have shown that diseases
of the periphery, such as diabetes, have deleterious effects on the blood-brain barrier that
may contribute to the increased risk of cerebrovascular disease and neurodegeneration
associated with these conditions. Thus, the blood-brain barrier may prove to be a key
therapeutic target in the long-term management of diabetes.

Another important finding of the present study is that AMPK activation prevents HG-
induced blood-brain barrier dysfunction. AMPK is known to play a key role in endothelial
cell biology(35). In the current study, we found that AMPK activity declined upon long-term
exposure to HG. Activation of AMPK by a pharmacologic activator (AICAR) or by genetic
means (overexpression of constitutively active AMPK) suppressed reactive oxygen species
production and reversed the tight junction protein levels, whereas AMPK inhibition by
compound C or overexpression of AMPK-DN exacerbated the loss of tight junction
proteins. Moreover, we have identified NAD(P)H oxidase as the main source of reactive
oxygen species induced by HG. Our data showed that expression of NAD(P)H oxidase
subunits was upregulated in the presence of HG. Accordingly, inhibition of NAD(P)H
oxidase with apocynin abolished reactive oxygen species production and consequently
significantly reversed the level of tight junction proteins. Importantly, AMPK activation
markedly decreased the upregulated expression of NAD(P)H oxidase subunits, suggesting
that the effects of AMPK on tight junction protein levels are directly mediated by inhibition
of NAD(P)H oxidase-derived reactive oxygen species. In addition, previous studies suggest
that the ubiquitin-proteasome pathway might affect tight junction stability and there is in
vivo evidence that occludin is ubiquitinated and its degradation is retarded by a proteasome
inhibitor(39). We have previously shown that loss of AMPK activity leads to increased 26S
proteasome activity(14), which may further explain the reactive oxygen species -induced
reduction in tight junction proteins. Whether such a pathway is involved in HG-induced
blood-brain barrier disruption needs to be further determined. Indeed, recent studies suggest
that AMPK activation improves endothelial function by counteracting oxidative stress in
endothelial cells(36). It has been reported that the AMPK activator metformin decreases
reactive oxygen species production in aortic endothelial cells, an effect partially attributed to
a decrease in reactive oxygen species derived from the mitochondrial respiratory chain(37).
Kukidome et al. have showed that activation of AMPK reduces hyperglycemia-induced
mitochondrial reactive oxygen species production(38). Our previous study also indicated
that AMPK promotes endothelial function by suppressing NAD(P)H oxidase- derived
reactive oxygen species production(14).

In summary, our results suggest that HG disrupts the expression of tight junction proteins in
the blood-brain barrier via production of reactive oxygen species and that activation of
AMPK helps to maintain the integrity of blood-brain barrier by suppression of NAD(P)H
oxidase and reactive oxygen species production. Thus, AMPK might be important in
maintaining the integrity of blood-brain barrier in patients with diabetes and AMPK
dysfunction might play an important role in the initiation and progression of neurological
disorders in diabetes.
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Abbreviations

Ad-AMPK-CA AMPK-constitutively active AMP-activated protein kinase mutants

AICAR 5-amino-4-imidazole carboxamide riboside

AMPK AMP-activated protein kinase

GFP Green fluorescence protein

HG High glucose

HBMECs Human brain microvascular endothelial cells

LG L-glucose

NG Normal glucose

SOD Superoxide dismutase
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Highlights

1. hyperglycemia disrupts blood-brain barrier

2. hyperglycemia causes tight junction dysfunctions

3. AMPK reverses the effects of hyperglycemia
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Figure 1. High glucose decreases blood-brain barrier integrity
A: Confluent monolayers of human brain microvascular endothelial cells (HBMECs) were
cultured on Transwell filters and the diffusion of FITC-conjugated dextran (150 kDa;
100μg/ml) in 5 mmol/l D-glucose (normal glucose, NG), 25 mmol/l D-glucose (HG), or 5
mmol/l D-glucose plus 20 mmol/l L-glucose (LG) was measured at various time-points.
Data are expressed as the mean fluorescence intensity ± SD of three individual Transwell
filters where 100% corresponds to 6.7±0.5μg/ml FITC dextran in NG for 1 week. The graph
is a representative example of results from three independent experiments. B: Trans-
endothelial electrical resistance was measured in real-time in confluent monolayers of
HBMECs. Data are expressed as percentage of the mean resistance ± SD of three
independent experiments performed in triplicate; 100% corresponds to 143 ± 19.6 Ω·cm2 in
NG for 1 week.
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Figure 2. High glucose reduces the expression of tight junction proteins in human brain
microvascular endothelial cells (HBMEC)
Confluent HBMECs were exposed to 5 mmol/l D-glucose (NG), 25 mmol/l D-glucose (HG),
or 5 mmol/l D-glucose plus 20 mmol/l L-glucose (LG) for the time indicated. A:
Representative western blot of tight junction proteins showing that HG (but not the osmotic
control LG) significantly reduced expression of zonula occludens (ZO)-1, occludin, and
claudin-5 after 72 h exposure, with a further decrease after 1 week. JAM-1 expression was
not affected. B: Quantification of zonula occludens (ZO)-1, occludin, and claudin-5
expression in HBMECs at various time points after exposure to HG. β-actin was used as a
control for protein loading. The blot is representative of three blots from three independent
experiments.
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Figure 3. Adenoviral overexpression of superoxide dismutase or catalase suppresses high
glucose-induced reactive oxygen species generation and maintains tight junction proteins in
human brain microvascular endothelial cell (HBMECs)
A: Superoxide anion production induced by 72 h exposure to HG. *P < 0.05 for HG vs. NG;
#P < 0.05 for LG vs. HG. n=3. B: Western blot analysis of catalase or Cu-Zn SOD
expression after adenoviral overexpression. n=3. C: Cu-ZnSOD or catalase overexpression
prevents the decrease in zonula occludens (ZO)-1, occludin, and claudin-5 expression
induced by 72 h exposure to HG. D: Quantification of zonula occludens (ZO)-1, occludin,
and claudin-5 expression. n=3, *P < 0.05 for con/HG vs. con/HG, #P < 0.05 for GFP/HG vs.
GFP/NG, †P < 0.05 for Cu-Zn SOD overexpression/HG vs. con/HG, ‡P < 0.05 for catalase
overexpression/HG vs. GFP/HG. β-actin was used as a control for protein loading. The blot
is representative of three blots from three independent experiments. NG: 5 mmol/l D-
glucose; HG: 25 mmol/l D-glucose; LG: 5 mmol/l D-glucose plus 20 mmol/l L-glucose.
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Figure 4. NAD(P)H oxidase mediates high glucose-induced reduction of tight junction proteins
Confluent HBMECs were exposed to HG for 72 h. A: The activity of NAD(P)H oxidase was
markedly increased by HG but not by the osmotic control. *P < 0.05 for HG vs. NG; #P <
0.05 for LG vs. HG; n=3. B: Apocynin (10 μmol/l) significantly reduced the induction of
reactive oxygen species production by HG. *P < 0.05 for con/HG vs. con/NG; #P < 0.05 for
apocynin/HG vs. con/HG; n=3. C: Apocynin (10 μmol/l) significantly attenuated the
reduction of zonula occludens (ZO)-1, occludin, and claudin-5 expression under HG
conditions. *P < 0.05 for con/HG vs. con/NG; #P < 0.05 for apocynin/HG vs. con/HG; n=3;
β-actin was used as a control for protein loading. The blot is representative of three blots
from three individual experiments. NG: 5 mmol/l D-glucose; HG: 25 mmol/l D-glucose.
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Figure 5. AMPK reduces high glucose-enhanced the production of reactive oxygen species in
HBMECs
Confluent HBMECs were exposed to HG for 72 h in the presence of AICAR (0.5 mmol/l) or
compound C (10 μmol/l). A: AMPK activity in HBMECs. AMPK-Thr-172 phosphorylation
was increased by AICAR and decreased by compound C. The blot is a representative of
three blots from three independent experiments. B: Effect of AICAR on O2·− levels in
HBMECs. *P < 0.05 for con/HG vs. con/NG, #P < 0.05 for AICAR/HG vs. con/HG, n=3. C:
Overexpression of constitutively active AMPK (AMPK-CA) decreased superoxide anions
levels in HBMECs. *P < 0.05 for GFP/HG vs. GFP/NG, #P < 0.05 for AMPK-CA/HG vs.
GFP/HG, n=3. NG: 5 mmol/l D-glucose; HG: 25 mmol/l D-glucose
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Figure 6. AMPK activation prevents high glucose-induced loss of tight junction proteins
Confluent HBMECs were exposed to HG for 72 h. A: HG decreased expression of zonula
occludens (ZO)-1, occludin, and claudin-5. Tight junction protein levels were increased by
AICAR (0.5 mmol/l) and further decreased by compound C (10 μmol/l). *P < 0.05 for con/
HG vs. con/NG; #P < 0.05 for AICAR/HG vs. con/HG; ‡ P < 0.05 for Compound C/HG vs.
AICAR/HG, n=3. B: Degradation of zonula occludens (ZO)-1, occludin, and claudin-5
under HG conditions was reversed by overexpression of constitutively active AMPK
(AMPK-CA) and enhanced by overexpression of dominant negative AMPK (AMPK-DN).
*P < 0.05 for GFP/HG vs. GFP/NG; #P < 0.05 for AMPK-CA/HG vs. GFP/HG; †P < 0.05
for AMPK-DN/HG vs. GFP/HG; ‡P < 0.05 for AMPK-DN/HG vs. AMPK-CA/HG, n=3. β-
actin was used as a control for protein loading. The blot is a representative of three blots
from three independent experiments. NG: 5 mmol/l D-glucose; HG: 25 mmol/l D-glucose.
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Figure 7. AMPK activation prevents high glucose-induced upregulation of NAD(P)H oxidase
subunits
Confluent HBMECs were exposed to HG for 72 h. A: Expression of NAD(P)H oxidase
subunits p67phox, gp91phox, and Rac1 was markedly increased by HG but not by the osmotic
control. *P < 0.05 for HG vs. NG; #P < 0.05 for LG vs. HG; n=3. B: AICAR (0.5 mmol/l)
significantly alleviated the increased expression of p67phox, gp91phox, and Rac1 caused by
HG. *P < 0.05 for con/HG vs. con/NG; #P < 0.05 for AICAR/HG vs. con/HG. C:
Adenoviral overexpression of AMPK-CA significantly abolished the increased expression of
p67phox, gp91phox, and Rac1 caused by HG. *P < 0.05 for GFP/HG vs. GFP/NG; #P < 0.05
for AMPK-CA/HG vs. GFP/HG. β-actin was used as a control for protein loading. The blot
is representative of three blots from three individual experiments. NG: 5 mmol/l D-glucose;
HG: 25 mmol/l D-glucose.
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