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Abstract Experimental evidence from human patients and

animal models of diabetes has demonstrated that hypergly-

cemia increases blood–brain barrier (BBB) permeability,

which is associated with increased risk of neurological

dysfunction. However, the mechanism underlying high

glucose-induced BBB disruption is not understood. Here we

investigated the role of hypoxia-inducible factor-1 (HIF-1)

in high glucose-induced endothelial permeability in vitro

using mouse brain microvascular endothelial cells (b.End3).

Our results demonstrated that high glucose (30 mM)

upregulated the protein level of HIF-1a, the regulatable

subunit of HIF-1, and increased the transcriptional activity of

HIF-1 in the endothelial cells. At the same time, high glucose

increased the paracellular permeability associated with

diminished expression and disrupted continuity of tight

junction proteins occludin and zona occludens protein-1

(ZO-1) of the endothelial cells. Upregulating HIF-1 activity

by cobalt chloride increased the paracellular permeability of

the endothelial cells exposed to normal glucose (5.5 mM). In

contrast, downregulating HIF-1 activity by HIF-1a inhibi-

tors and HIF-1a specific siRNA ameliorated the increased

paracellular permeability and the alterations of distribution

pattern of occludin and ZO-1 induced by high glucose. In

addition, high glucose increased expression of vascular

endothelial growth factor (VEGF), a downstream gene of

HIF-1. Inhibiting VEGF improved the expression pattern of

occludin and ZO-1, and attenuated the endothelial leakage.

Furthermore, key results were confirmed in human brain

microvascular endothelial cells. These results strongly

indicate that HIF-1 plays an important role in high

glucose-induced BBB dysfunction. The results will help us

understand the molecular mechanisms involved in hypergly-

cemia-induced BBB dysfunction and neurological outcomes.
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Abbreviations

BBB Blood–brain barrier

HIF-1 Hypoxia-inducible factor 1

VEGF Vascular endothelial growth factor

2ME2 2-Methoxyestradiol

YC-1 3-(50-Hydroxymethyl-20-furyl)-1-benzyl indazole

ZO-1 Zona occludens protein-1

Introduction

Neurological complications are among the central prob-

lems in diabetes mellitus. Over 60% of individuals with

diabetes are affected by neurological disorders [1, 2].

Vascular dysfunction plays a major role in many compli-

cations associated with diabetes as evident in clinical

studies such as the Diabetes Control and Complications

Trial in patients with type I diabetes [3] and the UK Pro-

spective Diabetes Study in patients with type II diabetes

[4]. While studies on cerebral microvasculature under

exposure to hyperglycemia are lagging behind those on

peripheral vessels [5], accumulating evidence indicates that

diabetes is associated with considerable alterations in the

permeability of blood–brain barrier (BBB). For example, in

1980s it was reported that the BBB of diabetic animals
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manifested an increased permeability shortly (\ 4 weeks)

after diabetic induction [6, 7]. Since then, compromised

BBB has been documented in animal models of diabetes by

many groups [8–11]. Furthermore, BBB dysfunction has

been confirmed in human diabetic patients [12, 13] as brain

imaging technology advances. However, the mechanism of

diabetes-induced BBB dysfunction is not clear.

BBB forms a neurovascular unit that protects the brain

from circulating neurotoxic agents and inflammatory factors

while maintaining nutrients and ions in the brain at levels

suitable for brain function. The integrity of endothelial cell-

cell junctions and the BBB function are regulated by a series

of adhesion molecules that make up tight junctions (TJ).

Among these molecules, occludin and claudins are the major

TJ component proteins. Zona occludens protein-1 (ZO-1),

also known as TJ protein 1, binds both occludin and claudin

directly. In addition, ZO-1 engages in intracellular interac-

tions with signaling molecules and transcription factors [14].

Studies have shown that alteration of the expression and

arrangement of these proteins causes endothelial leakage at

BBB [15, 16]. BBB dysfunction compromises synaptic and

neuronal functions and contributes to the progression of

neurological diseases [17]. Understanding the mechanism of

BBB integrity disruption may provide a novel therapeutic

target in diabetes-associated neurological complications.

Hypoxia inducible factor 1 (HIF-1) is a transcriptional

factor that activates genes involved in cellular adaptation to

hypoxia by facilitating oxygen supply, glucose transport,

new blood vessel formation, etc. Among the genes regu-

lated by HIF-1, vascular endothelial growth factor (VEGF)

is well defined in promoting new blood vessel formation,

altering the structure of vasculature and causing vascular

remodeling [18]. It is known that VEGF causes BBB dis-

ruption and increases BBB permeability [19, 20], possibly

by altering TJ proteins such as ZO-1[9, 15, 21] and

occludin [9, 21]. High glucose has been reported to

upregulate HIF-1 activity in isolated hearts of rats [22],

mouse kidney mesangial cells [23], human mesangial cells

[23], etc. However, it is not known if HIF-1 is induced in

and involved in permeability dysfunction of brain endo-

thelial cells exposed to high glucose.

The purpose of the present study was to determine

whether or not high glucose induced HIF-1 activity in brain

endothelial cells and, if so, whether or not HIF-1 played a

role in high glucose-induced BBB permeability. The study

was carried out with an in vitro BBB model of mouse brain

microvascular endothelial cells (b.End3). Previous publi-

cations have well characterized b.End3 as an appropriate

model of in vitro BBB [24–26], which has been widely

used to study mechanisms of BBB disruption in various

pathological conditions [20, 27–30]. In addition, primary

human brain microvascular endothelial cells (hBMVECs)

[30, 31] were used to confirm major findings from the

mouse cells. The study provided direct evidence that HIF-1

played an important role in high glucose-induced increase

in brain endothelial permeability.

Materials and methods

Cell culture and treatments

Mouse cerebral microvascular endothelial cells (b.End3)

(ATCC, Manassas, VA) were cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM, 5.5 mM glucose) with

10% fetal bovine serum (Hyclone, Logan, UT) plus peni-

cillin/streptomycin (Invitrogen, Carlsbad, CA). Primary

human brain microvascular endothelial cells (hBMVECs)

were obtained from ScienCell Research Laboratories

(Carlsbad, CA) and were used at passage 1 or 2. After

growing the cells to confluency, the cell cultures were

maintained in DMEM with various glucose concentrations

(5.5, 30 or 50 mM) for 1, 3, 6 or 10 days. In the text,

‘‘glucose’’ refers to D-glucose unless otherwise noted. To

determine whether the effect of high glucose (30 and

50 mM) resulted from osmotic changes of culture medium,

effects of L-glucose at 30 and 50 mM were tested [32].

Two HIF-1 inhibitors were used to examine the effect of

HIF-1 on high glucose-induced endothelial permeability,

3-(50-hydroxymethyl-20-furyl)-1-benzyl indazole (YC-1)

(Cayman, Ann Arbor, MI) and 2-methoxyestradiol (2ME2)

(ENZO, Plymouth Meeting, PA) [20, 33, 34]. For inhibitor

experiments, 10 lM YC-1 or 10 lM 2ME2 was added to cell

cultures 2 h before the addition of high glucose and added

with each medium change, which was conducted every

2 days. Besides YC-1 and 2ME2, we also used HIF-1a-

specific siRNA to inhibit HIF-1a expression in b.End3 cells.

The predesigned siRNA for mouse HIF-1a (SI00193011)

and the negative control siRNA (1027280) were purchased

from Qiagen (Valencia, CA). The HIF-1a siRNA was

transfected into b.End3 cells plated in 6-well plates with the

transfection reagent Hiperfect (Qiagen) before the addition

of high glucose. For the 6-day treatment, siRNA transfec-

tions were conducted every 2 days according to the

manufacturer’s procedure. To inhibit the activity of VEGF,

VEGF antibody (Ab-VEGF, sc-507, Santa Cruz, Santa Cruz,

CA) at 100 ng/ml (final concentration) was added to the cell

culture medium 2 h before the high glucose (30 mM) treat-

ment based on a previous report [21]. The cell culture

medium was changed every 2 days with addition of the

VEGF antibody to the new culture medium.

Paracellular permeability assay

The paracellular permeability was detected as described

previously [20]. Briefly, cells were plated on the cell
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culture inserts (diameter, 10 mm; pore size, 0.4 lm;

polycarbonate membrane, Nalge Nunc International,

Rochester, NY). After reaching confluency, cells were

treated with high glucose for 1, 3, 6 or 10 days. Fluorescein

isothiocyanate (FITC)-dextran (1 mg/ml, 500 ll; Sigma,

St. Louis, MO) was added to the cell culture medium inside

the inserts 3 h before the end of the indicated time periods.

FITC-dextran with two different molecular sizes (40 and

70 kDa) was tested. After incubation for 3 h, 50 ll of

medium from the outside of the insert was taken out and

diluted to 500 ll with PBS. Fluorescence intensity of

FITC-dextran was measured at the excitation wavelength

of 492 nm and the emission wavelength of 520 nm by

a fluorescent multi-mode microplate reader (Biotek,

Winooski, VT). To avoid a time-based FITC increase in the

lower chamber, the time-based study was not carried out

with the same inserts, but with different groups of inserts.

The permeability coefficient was calculated based on pre-

vious reports [24, 35].

Plasmid transfection and luciferase activity assay

The plasmid PGL2TkHRE containing the hypoxia response

element (HRE) and the firefly luciferase gene was a gift

from Dr. Giovanni Melillo at the National Cancer Institute

in Frederick, MD [36]. After a 6-day treatment of high

glucose with or without HIF-1a inhibition, cells grown in

24-well plates were transfected with PGL2TkHRE by using

the transfection reagent Lipofectamine 2000 (Invitrogen,

Carlsbad, CA). As a positive control, cobalt chloride at

100 lM was added to cells 24 h after transfection [37].

Forty-eight hours after the transfection, luciferase activity

was measured with the Luciferase Assay System (Promega,

Madison, WT) on a micro-plate Luminometer (Berthold,

Oak Ridge, TN).

Western blot assay

Cells were lysed in RIPA (RadioImmunoPrecipitation

Assay) buffer with a cocktail of protease inhibitors

(Thermo, Meridian, IL). The protein concentration was

determined by the Bio-Rad DC protein assay reagent (Bio-

Rad, Hercules, CA). Standard Western blot procedures

were conducted with primary antibodies HIF-1a (610959,

BD Biosciences, San Jose, CA), ZO-1 (40-2200, Invitro-

gen, Carlsbad, CA), occludin (33-1500, Invitrogen),

claudin-5 (34-1600, Invitrogen), VEGF (sc-507, Santa

Cruz) and b-actin (sc-1616, Santa Cruz). The signal

development was carried out with an enhanced chemilu-

minescence detection kit (Pierce, Rockford, IL). The

intensity of immunoreactive bands was quantified using

Image-J. Results were normalized to b-actin.

Immunocytostaining

After being exposed to high glucose for 6 days with or

without HIF-1a inhibitors, cells grown on L-lysine coated

coverslips were washed three times with PBS and fixed

with 4% paraformaldehyde in PBS at room temperature for

20 min. After being blocked with PBS containing 0.05%

triton-X100 and 0.25% BSA for 45 min, cells were incu-

bated with the primary antibodies against ZO-1, occludin

or claudin-5 (Invitrogen) in the blocking solution at 4�C

overnight. After three washes, cells were incubated with a

fluorescent secondary antibody (goat anti-rabbit Alexa 488

for ZO-1 and claudin-5, and donkey anti-mouse Alexa 488

for occludin, Molecular Probes, Carlsbad, CA). After

washing, the coverslips were mounted with Vectashield

(Vector Laboratories, Burlingame, CA). Images were

captured under a Leica DMI 4000B fluorescent microscope

(Leica, Bannockburn, IL).

Statistical analysis

One-way ANOVA was used to determine overall signifi-

cance of difference in various assays followed by post hoc

Tukey’s tests corrected for multiple comparisons. Data

were presented as means ± SEM. Differences were con-

sidered statistically significant at p \ 0.05.

Results

High glucose increased HIF-1 activity in b.End3

endothelial cells

HIF-1 is a heterodimer that is composed of a and b sub-

units. It is known that HIF-1a protein is continuously

synthesized, but rapidly degraded in normoxic cells. HIF-

1b is constitutively expressed in cells and relatively stable.

The HIF-1a protein level primarily determines HIF-1

activity [38, 39]. Therefore, we focused on the protein

expression of HIF-1a in b.End3 cells after exposure to high

glucose. In this study, 30 and 50 mM were used as high

glucose with 5.5 mM as normal control. The rationale of

exposing cells to 30 and 50 mM glucose to mimic hyper-

glycemia has been well documented in a previous

publication [32]. Figure 1 shows that high glucose induced

HIF-1a expression time-dependently. In the first 24 h of

exposure, HIF-1a expression was increased slightly but not

significantly. A significant increase in HIF-1a expression

was observed in the cells exposed to high glucose for 3, 6

and 10 days. Furthermore, at each of those time points,

50 mM glucose induced more HIF-1a expression than

30 mM. To determine if the increase in HIF-1a expression

was due to osmotic changes, cells were treated with
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L-glucose at 50 mM in the presence of 5.5 mM D-glucose.

Although the HIF-1a level in L-glucose-treated cells

seemed to increase with the exposure periods, there was

no significant difference compared to the controls (5.5 mM

D-glucose) at the same time points.

As a transcriptional factor, the most important indicator

of HIF-1 function is its transcriptional activity. To confirm

that high glucose did increase HIF-1 function, we measured

its transcriptional activity in b.End3 cells after exposure to

high glucose. To study the transcriptional activity, b.End3

cells were transfected with the plasmid PGL2TkHRE

containing the HRE-luciferase reporter gene. As shown in

Table 1, exposure to glucose at 30 and 50 mM for 6 days

elevated the luciferase activity by 65 and 83%, respec-

tively, while 50 mM L-glucose in the presence of 5.5 mM

D-glucose had no significant effect. These results indicate

that high glucose increased not only the protein level of

HIF-1a, but also the transcriptional activity of HIF-1 in the

brain endothelial cells.

High glucose increased paracellular permeability

of b.End3 endothelial cells

Next, we examined how high glucose affected the para-

cellular permeability of b.End3 cells. We first tested the

permeability to dextran 40 kDa based on a previous pub-

lication [20]. The basal level of the permeability was

3.24 ± 0.43 9 10-6 cm/s. Similar to its effect on HIF-1a
protein expression, high glucose caused a time-dependent

increase in endothelial paracellular permeability (Fig. 2).

After 1-day exposure, there was no difference in perme-

ability between control and cells exposed to high glucose.

After 3 days, glucose at both 30 and 50 mM increased the

permeability. The increase in permeability became more

significant as the exposure time was prolonged to 6 or

10 days. The permeability on day 10 was 14.76 ± 0.91 and

18.56 ± 1.16 9 10-6 cm/s for 30 and 50 mM glucose-

treated cells, respectively. The figure also demonstrates

that higher glucose concentration (50 mM) led to a greater

increase in paracellular permeability than the lower glucose

(30 mM) after 3, 6 or 10 day treatments. In addition,

L-glucose at 30 or 50 mM had no effect on the paracellular

permeability at all the time points.

Furthermore, we tested the effect of high glucose on

the paracellular permeability to a higher molecular size

Fig. 1 Time-dependent effects

of high glucose on HIF-1a
expression in b.End3 cells. Cells

were treated with glucose (D-

glucose unless otherwise noted)

at 5.5, 30 and 50 mM for 1, 3, 6

or 10 days. L-Glucose at 50 mM

in the presence of 5.5 mM

D-glucose was used as osmotic

control (50 L). a Representative

Western blots of HIF-1a with

b-actin as a protein loading

control. b Summary of three

independent experiments.

Values were normalized to

b-actin and control (5.5 mM

glucose, 1 day). Data are

means ± SEM, n = 3.

*p \ 0.05 versus 3 day control

(5.5 mM glucose), #p \ 0.05

versus 6 day control (5.5 mM

glucose), @p \ 0.05 versus

10 day control (5.5 mM

glucose)

Table 1 Effects of high glucose on the transcriptional activity of

HIF-1

A.U./lg ml-1 % change

Control (5.5 mM) 46.4 ± 7.0 –

High glucose (30 mM) 76.5 ± 6.2* 65

High glucose (50 mM) 84.9 ± 8.3* 83

L-glucose (50 mM) 48.7 ± 7.5 5

B.End3 cells were treated with various glucose concentrations for

6 days. Values were normalized to control (5.5 mM glucose). Data

are means ± SEM, n = 3

A.U. arbitrary unit

* p \ 0.05 versus control
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(dextran 70 kDa). As shown in Fig. 2b, the permeability

coefficient to dextran 70 kDa was much smaller than that

to dextran 40 kDa. The basal level of the permeability to

dextran 70 kDa was 0.74 ± 0.05 9 10-6 cm/s, indicating

less passage of higher molecular weights. Glucose at

50 mM but not 30 mM increased the permeability to

70 kDa dextran in 3 days. After 6 days, glucose at

30 mM started to significantly increase the permeability

to dextran 70 kDa. The result indicates that the high

glucose-mediated alteration of the permeability coefficient

to dextran 70 kDa was slower than to dextran 40 kDa. L-

Glucose did not have any effect on the permeability to

dextran 70 kDa.

Given the important role of ZO-1, occludin and clau-

din-5 in TJ assembly and maintenance of the barrier

function [15, 16], their protein expression level and

arrangement pattern were studied by Western blotting and

immunocytochemical labeling to further characterize high

glucose-induced paracellular permeability. Fig. 3a dem-

onstrates that high glucose decreased the protein

expression level of ZO-1 and occludin in b.End3 cells on

day 3 and thereafter. The degree of decrease of ZO-1 was

more severe than that of occludin on day 3. The ZO-1

level was reduced 68 and 62% by 30 and 50 mM glucose,

respectively, in 3 days, and remained at this low level as

the exposure time was prolonged to 6 or 10 days

(Fig. 3b). The occludin level decreased 32 and 36% by 30

and 50 mM glucose, respectively, in 3 days. It decreased

further as the exposure time was prolonged to 6 or

10 days (Fig. 3c). The protein expression of claudin-5,

however, was relatively stable in the cells exposed to high

glucose (Fig. 3d). During the 10-day exposure, L-glucose

at 50 mM in the presence of 5.5 mM D-glucose did not

induce significant changes of ZO-1, occludin and claudin-

5 expression compared with control (5.5 mM glucose) at

the same time points. Furthermore, results from immu-

nocytostaining confirmed that high glucose altered the

arrangement pattern of ZO-1 and occludin, but not clau-

din-5 after exposure for 6 days (Fig. 3e). In other words,

high glucose disrupted the continuity of the ZO-1 and

occludin staining. These results support the observed

permeability increase of the endothelial monolayer by

high glucose and suggest that disruption of ZO-1 and

occludin may be the potential reason for increased

permeability.

Upregulating HIF-1 activity increased paracellular

permeability of b.End3 cells

The above experiments indicate a positive correlation

between HIF-1 expression and permeability increase of

b.End3 cells exposed to high glucose. To determine the

role of HIF-1 in high glucose-induced paracellular per-

meability increase, we carried out experiments with

upregulation of HIF-1a in cells exposed to normal glucose

(5.5 mM). If HIF-1 played a role in the high-glucose-

induced permeability, upregulation of HIF-1 expression

would increase the paracellular permeability of endothelial

cells cultured in normal glucose. It is well established that

cobalt chloride can inhibit HIF-1a degradation and increase

HIF-1 activity. To test the concept, the endothelial mono-

layer was exposed to 100 lM cobalt chloride. Co?? was

able to increase the HIF-1a protein level and HIF-1 tran-

scriptional activity in b.End3 cells exposed to 5.5 mM

glucose (Fig. 5a–c). At the same time, Co?? induced a

time-dependent increase in the paracellular permeability

(Fig. 4). Furthermore, images of immunostained cells

demonstrate that Co?? treatments reduced the expression

level of ZO-1 and occludin, and disorganized their

arrangements (Fig. 5d). This result is in agreement with a

Fig. 2 Effects of high glucose on paracellular permeability of b.End3

cells. The permeability was determined with 40 kDa (a) and 70 kDa

(b) FITC-dextran. Cells were treated with glucose at 5.5, 30 and

50 mM for 1, 3, 6 or 10 days. L-Glucose at both 30 and 50 mM in the

presence of 5.5 mM D-glucose was used as osmotic control.

Permeability was described as absolute values of coefficients. Values

are means ± SEM, n = 3. *p \ 0.05 versus control (1 day, 5.5 mM

glucose)
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previous report that Co?? could induce paracellular per-

meability [20].

Inhibiting HIF-1a expression attenuated paracellular

permeability of b.End3 cells

To further verify the role of HIF-1 in high glucose-induced

paracellular permeability increase, we carried out experi-

ments with inhibition of HIF-1 by HIF-1a inhibitors and

HIF-1a-specific siRNA. As seen in Fig. 5a–c, specific

inhibition of HIF-1a expression by siRNA (10 nM) trans-

fection significantly reduced the protein expression level of

HIF-1a and the transcription activity of HIF-1 in b.End3

cells exposed to 30 mM glucose for 6 days. HIF-1a siR-

NA-transfected cells showed enhanced expression and

arrangement patterns of ZO-1 and occludin (Fig. 5d). The

siRNA inhibition remarkably decreased the increase in

paracellular permeability caused by high glucose (Fig. 5e).

In addition, the effects of two widely used HIF-1 inhibitors,

YC-1 and 2ME2, were tested. Both 2ME2 and YC-1 at

10 lM effectively decreased HIF-1 expression and its

transcriptional activity (Fig. 5a–c), and reduced the per-

meability increase caused by high glucose (Fig. 5f). It is

worth noting that HIF-1 activity of the cells treated with

YC-1, 2ME2 and HIF-1a siRNA was lower than that of

controls (Fig. 5c). This indicates that there is a basal level

of HIF-1 activity in control cells as previously reported [40,

41] and that the HIF-1 inhibitors suppressed the basal

activity. All these results are evidence that downregulating

HIF-1 activity reduced alterations of ZO-1 and occludin

Fig. 3 Time-dependent effects of high glucose on the expression and

arrangement of ZO-1, occludin and claudin-5 in b.End3 cells. Cells

were treated with glucose at 5.5, 30 and 50 mM for 1, 3, 6 or 10 days.

L-Glucose at 50 mM in the presence of 5.5 mM D-glucose was used as

osmotic control (50 L). a Representative Western blots of ZO-1,

occludin and claudin-5 after high glucose treatments. b-actin served

as a protein loading control. b Summary of the protein level of ZO-1.

c Summary of the protein level of occludin. d Summary of the protein

level of claudin-5. e Representative images of ZO-1, occludin and

claudin-5 immunostaining after cells were exposed to 30 mM glucose

for 6 days. Scale bar 22 lm. L-Glucose at 50 mM in the presence of

5.5 mM D-Glucose was used as osmotic control. Values in b, c and

d were normalized to b-actin and control (5.5 mM glucose). Values

are means ± SEM, n = 3. *p \ 0.05 versus 3 day control (5.5 mM

glucose), #p \ 0.05 versus 6 day control (5.5 mM glucose),
@p \ 0.05 versus 10 day control (5.5 mM glucose)
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expression, and attenuated the increased paracellular per-

meability, confirming a robust role of HIF-1 in high

glucose-induced permeability increase.

VEGF contributes to HIF-1’s effect on permeability

VEGF is an essential downstream effecter of HIF-1 and has

been reported to be involved in BBB disruption. We

explored its role in high glucose-induced permeability.

Coinciding with changes of HIF-1a expression, changes in

the level of VEGF protein expression were time-dependent

(Fig. 6). In the first 24 h of exposure, high glucose did

not increase VEGF expression. Increases in VEGF

expression were observed in the cells exposed to both 30

and 50 mM glucose for 3, 6 and 10 days. At each time

point, 50 mM glucose induced more VEGF expression

than 30 mM; 50 mM L-glucose in the presence of 5.5 mM

D-glucose had no significant effect on the protein content of

VEGF at any of the time points tested.

To verify the role of VEGF in high glucose-induced

paracellular permeability increase, the VEGF level was

also detected after HIF-1 activation or inhibition (Fig. 7a,

b). HIF-1 activator, cobalt chloride, increased the VEGF

level by 39%. At the same time, HIF-1 inhibition by YC-1,

2ME2 and HIF-1a specific siRNA significantly reduced the

protein level of VEGF. These results indicate that high

glucose-induced VEGF expression in b.End3 cells depen-

ded on HIF-1 activation. To confirm the role of VEGF in

high glucose-induced permeability, a VEGF antibody was

used to block its effect, as reported previously [21]. As

shown in Fig. 7c, d, inhibiting VEGF improved ZO-1 and

occludin expression and arrangement and lowered para-

cellular permeability after high glucose exposure for

6 days. Accordingly, these results support that a plausible

pathway for the observed HIF-1-induced permeability in

the cells exposed to high glucose may be through VEGF

expression.

HIF-1 induces permeability increase of human primary

brain endothelial cells

To verify that our results from mouse brain endothelial cells

are a real phenomenon, we extended our study to human

brain microvascular endothelial cells (hBMVECs). The

basal permeability coefficients of hBMVECs to dextran

40 and 70 kDa were 2.67 ± 0.42 and 0.53 ± 0.04 9 10-6

cm/s, respectively. High glucose increased permeability to

both dextran 40 and 70 kDa in hBMVECs (Fig. 8a, b). The

effect was time- and concentration-dependent. Similar to our

observation in b.End3 cells, changes in the permeability

coefficient to dextran 70 kDa were much slower than to

dextran 40 kDa. Increasing HIF-1 activity by cobalt chloride

significantly elevated the monolayer permeability of hBM-

VECs after exposed to 5.5 mM glucose for 3, 6 and 10 days.

Moreover, the HIF-1 inhibitors, YC-1 and 2ME2, suppressed

the increase in permeability induced by 30 mM glucose.

Figure 8c shows that protein levels of ZO-1 and occlu-

din were reduced by high glucose exposure for 6 days and

restored by HIF-1 inhibitors in hBMVECs. The ZO-1 level

was reduced 48 and 72% by 30 and 50 mM glucose in

6 days, respectively (Fig. 8d). The occludin level was

decreased 22 and 27% by 30 and 50 mM glucose,

respectively (Fig. 8e). The decreases of both ZO-1 and

occludin protein expression were ameliorated by YC-1 and

2ME2. High glucose had no effect on the protein level of

claudin-5 in hBMVECs (Fig. 8f).

Discussion

The study demonstrates that high glucose can induce HIF-1

expression in brain endothelial cells and, for the first time,

that HIF-1 contributes to the increase in endothelial per-

meability caused by high glucose. The present results

reveal a new mechanism for high glucose-induced dys-

function of brain endothelia.

Previous studies using animal models have shown that

diabetes induces upregulation of HIF-1a expression in

isolated rat hearts [22], rat peripheral nerves [42], mouse

kidney mesangial cells [23] and mouse glomeruli [43].

Studies based on samples from diabetic patients have

reported increased HIF-1a expression in human preretinal

membranes [44, 45] and mesangial cells [23]. The present

report is the first to reveal that high glucose activates HIF-

1a expression in brain vascular endothelial cells. The

mechanism of high glucose-induced HIF-1a expression in

Fig. 4 Effects of cobalt chloride on the paracellular permeability of

b.End3 cells. The permeability was measured using 40 kDa FITC-

dextran. Cells were cultured under normal condition (5.5 mM

glucose) in the presence of 100 lm cobalt chloride for 1, 3, 6 or

10 days. Permeability was described as absolute values of coeffi-

cients. Values are means ± SEM, n = 3. *p \ 0.05 versus control
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brain endothelial cells is not clear. It is well established that

HIF-1a protein is rapidly degraded under normoxia and

that the degradation pathway includes HIF-1a hydroxyl-

ation by prolyl hydroxylases (PHDs), binding with von

Hippel-Lindau tumor suppressor and degradation by the

ubiquitin-proteasome pathway [46]. Under hypoxic condi-

tions, the HIF-1a level increases because of decreased PHD

activities. Besides hypoxia, other factors are capable of

influencing HIF-1a expression and function under norm-

oxic conditions. Some of these factors are involved in

diabetes pathogeny, e.g., advanced glycosylation end

products [47] and reactive oxygen species (ROS). In fact,

ROS has been reported to stabilize HIF-1a in cancer cells

by inhibiting the activity of PHDs [41, 48], although

opposing results have also been observed [49]. Moreover, it

has been well reported that high glucose increases ROS

Fig. 5 Effects of HIF-1a inhibition on the paracellular permeability

of b.End3 cells exposed to high glucose. HIF-1a-specific siRNA

(siRNA) and negative control siRNA (NC) transfection was con-

ducted every 2 days. HIF-1a inhibitors (10 lM YC-1, or 10 lM

2ME2) were added to the culture medium 2 h before the onset of high

glucose (30 mM) treatments and were added with each medium

change (every 2 days). For Co?? experiments, 100 lM CoCl2 was

added to culture medium (5.5 mM glucose) 24 h before the assays.

Cells treated with 30 mM L-glucose (30 L) in the presence of 5.5 mM

D-glucose served as an osmotic control. a Representative Western

blots of HIF-1a with b-actin as a protein-loading control. b HIF-1a

protein expression summarized from three independent experiments.

c Inhibiting HIF-1a reduced the increase of HRE-luciferase activity in

b.End3 cells. d Inhibiting HIF-1a improved the local distribution of

ZO-1 and occludin. Scale bar 22 lm. e Suppression of HIF-1a
expression by siRNA reduced the effect of high glucose on b.End3

paracellular permeability. f HIF-1a inhibitors, 2ME2 and YC-1,

ameliorated the increased paracellular permeability caused by 30 mM

glucose. Values in b and c were normalized to b-actin and control

(5.5 mM glucose). Values are means ± SEM, n = 3. *p \ 0.05

versus control (5.5 mM glucose). #p \ 0.05 versus 30 mM glucose
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production [50–52]. Future investigation is needed to elu-

cidate the molecular mechanism responsible for the

activation of HIF-1 in brain endothelial cells.

Another important finding of this study is that HIF-1

contributes to high glucose-induced permeability of brain

endothelial cells. The results showed that (1) there was a

positive correlation between HIF-1a expression and endo-

thelial permeability; (2) activating HIF-1 in endothelial

cells cultured at normal condition (5.5 mM glucose)

induced an increase in permeability; and (3) suppressing

HIF-1 activity reduced the permeability increase caused by

high glucose. To further confirm the role of HIF-1 and

understand the mechanism of HIF-1 in high glucose-

induced permeability increase, VEGF expression was

examined in the brain endothelial cells exposed to high

glucose. As shown in Fig. 6, VEGF expression was ele-

vated time-dependently in high glucose-treated cells. This

agrees with previous findings in retinal microvascular

endothelial cells [53, 54]. More importantly, HIF-1 inhi-

bition byYC-1, 2ME2 and HIF-1a siRNA suppressed the

VEGF expression induced by high glucose. The results

verify that HIF-1 played a role in VEGF expression in the

endothelial cells. Nonetheless, we can not conclude that

HIF-1 is the sole inducer of the VEGF expression. Other

factors may also be responsible for the VEGF expression,

such as protein kinase C [55] and peroxisome proliferator-

activated receptor c cofactor-1a [56].

The brain endothelial tight junction (TJ) consists of the

transmembrane proteins such as junctional adhesion

molecule (JAM), occludin, claudin, and accessory pro-

teins, ZO-1 and -2. BBB normally has low permeability

due to the presence of TJs [57, 58]. Any alterations of the

proteins in expression and arrangement may result in

increased permeability. In this study, we examined the

expression and arrangement patterns of ZO-1, occludin

and claudin-5. High glucose decreased the protein

expression of ZO-1 and occludin in a concentration- and

time-dependent manner, whereas it had no effect on the

claudin-5 protein level. These results coincide with pre-

vious reports indicating that diabetes may induce BBB

leakage because of arrangement alterations and decreased

expression of occludin and ZO-1 but not claudin-5 [9].

The degree of downregulation shown for the ZO-1 and

occludin proteins (Fig. 3) seems to be able to induce

higher paracellular permeability than that observed. This

may be due to stable expression and distribution of

claudin-5, which contributes to the lower than expected

increase in permeability. The stably expressed claudin-5

may maintain part of the restriction of the tight junction

and prevent greater paracellular permeability.

Results from several groups have proven that VEGF is a

potent factor in causing endothelial permeability increase

[59–61]. It is well studied that VEGF could alter expression

and arrangement of TJ proteins, such as ZO-1 and occlu-

din, and increases BBB permeability [9, 15, 21, 62].

Normally, endothelial cells secrete VEGF to the intercel-

lular space, which regulates the intracellular signal

pathways through binding to its specific receptor [63].

Fig. 6 Time-dependent effects

of high glucose on VEGF

expression in b.End3 cells. Cells

were treated with glucose at 5.5,

30, and 50 mM for 1, 3, 6 or

10 days. L-Glucose at 50 mM in

the presence of 5.5 mM

D-glucose was used as osmotic

control (50 L). a Representative

Western blots of VEGF with

b-actin as a protein loading

control. b Summary of three

independent experiments.

Values were normalized to

b-actin and control (5.5 mM

glucose, 1 day). Data are

means ± SEM, n = 3.

*p \ 0.05 versus 3 day control

(5.5 mM glucose). #p \ 0.05

versus 6 day control (5.5 mM

glucose). @p \ 0.05 versus

10 day control (5.5 mM

glucose)
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VEGF antibodies combine with VEGF protein and block

the interaction between VEGF and its receptor. Neutral-

ization of VEGF with its antibodies has been proven to

suppress its functions [19, 64]. Our results showed that an

VEGF antibody efficiently reduced the increased perme-

ability in cells exposed to high glucose. In addition, the

immunostaining images of ZO-1 and occludin revealed that

diminished expression and disrupted staining continuity of

ZO-1 and occludin were improved by the VEGF antibody.

This proves the involvement of VEGF in high glucose-

induced paracellular permeability. However, the exact

mechanisms for VEGF-induced TJ protein loss and rear-

rangement are not completely understood. Two factors

might be involved, decrease in mRNA expression and

protein phosphorylation. VEGF is able to reduce the

mRNA level of ZO-1 [20] and occludin [65]. Furthermore,

VEGF may regulate endothelial permeability through

phosphorylation of the TJ proteins such as ZO-1 and

occludin [59], which are phosphoproteins. Changes in

phosphorylation state affect their interaction, alter trans-

membrane protein localization and induce their

redistribution (see review [66] for more details).

Fig. 7 Effects of VEGF on the paracellular permeability of b.End3

cells. Cells were treated with 100 lM CoCl2, HIF-1a inhibitors (YC-

1, 2ME2), HIF-1a-specific siRNA (siRNA) and negative control

siRNA (NC) under the same conditions as described in Fig. 6. VEGF

antibody (Ab-VEGF) at 100 ng/ml (final concentration) was added to

the cell culture medium 2 h before the high glucose (30 mM)

treatment. Cells were incubated in high glucose medium with or

without Ab-VEGF for 6 days. The cell culture medium was changed

every 2 days with addition of the inhibitors or VEGF antibody to the

new culture medium. Cells treated with 30 mM L-glucose (30 L) in

the presence of 5.5 mM D-glucose were used as an osmotic control.

a Representative Western blots of VEGF expression in b.End3 cells

with b-actin as a protein loading control. b Summary of VEGF

protein expressions from three independent experiments. Values were

normalized to b-actin and control (5.5 mM glucose). c Effect of Ab-

VEGF on permeability of cells exposed to 30 mM high glucose

treatment for 6 days. d Immunostaining ZO-1 and occludin in b.End3

cells exposed to 30 mM glucose for 6 days. Scale bar 22 lm. Data

are means ± SEM, n = 3. *p \ 0.05 vesus control (5.5 mM glu-

cose), #p \ 0.05 versus 30 mM glucose
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The results also demonstrate that the permeability of the

b.End3 monolayer is different from that of primary human

brain microvessel endothelial cells (hBMVECs). A higher

permeability coefficient was observed in b.End3 than in

hBMVEC using both 40- and 70-kDa molecular weight

tracers. These results indicate that the primary human

endothelial cells have a tighter barrier than the mouse cell

line. More importantly, the experiments with hBMVECs

confirmed our results from b.End3 cells. Similar to the

results in b.End3, high glucose increased paracellular per-

meability and reduced protein levels of ZO-1 and occludin

in hBMVECs. HIF-1 inhibitors were also able to restore

ZO-1 and occludin levels and ameliorate the increased

permeability in the human endothelial cells.

The BBB is formed of several cell types, such as

endothelial cells, astrocytes, perivascular microglia, peri-

cytes and neurons, and their interactions determine the

BBB function. The results presented in the report are based

on an in vitro model of BBB consisting of endothelial cells

and have its limitations. However, it provides proof of

principle evidence for future studies with animal models.

Our initial results from collaborations with Dr. Rick

Dobrowsky have shown that the HIF-1a protein level is

increased in brain microvessels from streptozotocin-treated

mice (unpublished data).

In summary, our data have shown that high glucose

activates HIF-1 in brain microvascular endothelial cells

and that high glucose-induced brain endothelial leakage is

mediated by HIF-1-regulated VEGF expression, which is

involved in altering the expression and arrangement of

tight junction-associated proteins, such as occludin and

ZO-1. The results provide a new means for understanding

the damaging role of hyperglycemia in brain vasculatures.
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Fig. 8 Effects of high glucose

on paracellular permeability and

tight junction protein expression

of human primary brain

microvascular endothelial cells

(hBMVECs). hBMVECs were

treated with glucose at 5.5, 30

and 50 mM for 1, 3, 6 or

10 days. L-Glucose at 50 mM in

the presence of 5.5 mM D-

glucose was used as osmotic

control. HIF-1a inhibitors

(10 lM YC-1, or 10 lM 2ME2)

were added to the culture

medium 2 h before the addition

of high glucose (30 mM). In

Co?? experiments, cells were

cultured with 5.5 mM glucose

in the presence of 100 lm

cobalt chloride for 1, 3, 6 or

10 days. Paracellular

permeability was detected with

40 kDa (a) and 70 kDa

(b) FITC-dextran. Permeability

was calculated as the absolute

values of coefficients.

c Representative Western blots

of ZO-1, occludin and claudin-5

after cells were exposed to high

glucose for 6 days. b-actin

served as a protein loading

control. Summary of three

independent blots of ZO-1 (d),

occluding (e) and claudin-5

(f) were illuminated. Values are

means ± SEM, n = 3.

*p \ 0.05 versus control

(5.5 mM glucose), #p \ 0.05

versus 30 mM glucose
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