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Abstract 

 

The objective of the present study was to determine the effects of glucagon-like peptide-

1 (GLP-1) on barrier functions and to assess the underlying mechanism using an in vitro 

blood-brain barrier (BBB) model comprised of a primary culture of rat brain capillary 

endothelial cells (RBECs). GLP-1 increased transendothelial electrical resistance and 

decreased the permeability of sodium fluorescein in RBECs in a dose- and time-

dependent manner. The effects on these barrier functions were significantly reduced in 

the presence of the GLP-1 receptor antagonist exendin-3 (9-39) and the protein kinase A 

(PKA) inhibitor H-89. Western blot analysis showed that GLP-1 increased the amount 

of occludin and claudin-5. GLP-1 analogs are approved for treatment of type 2 diabetes 

mellitus, and thus, we examined the effects of GLP-1 on hyperglycemia-induced BBB 

damage. GLP-1 inhibited the increase in production of reactive oxygen species under 

hyperglycemia conditions and improved the BBB integrity induced by hyperglycemia. 

As GLP-1 stabilized the integrity of the BBB, probably via cAMP/PKA signaling, the 

possibility that GLP-1 acts as a BBB-protective drug should be considered. 

 

Keywords  blood-brain barrier; glucagon-like peptide 1; cAMP/PKA signaling; tight 

junctions; hyperglycemia 
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Introduction 

 

The blood-brain barrier (BBB) provides ionic homeostasis and nutrients that are 

necessary for the proper functioning of the central nervous system (CNS) and protects 

neurons from xenobiotics, blood-borne toxic substances, and stroke insults, as the 

barrier regulates levels of neuroactive mediators (Abbott, 2002; Zlokovic, 2008). In the 

BBB, tight junctions (TJs) are composed of cell-cell adhesion molecules and membrane 

proteins such as claudin, occludin, and zonula occludens (ZO-1). TJs are located 

between the brain capillary endothelial cells and restrict the paracellular diffusion of 

water-soluble substances from the blood into the brain, thus protecting neurons, an 

essential function of the BBB (Abbott, 2005; Deli et al. 2005). Thus, the presence of a 

complex network of TJs between endothelial cells plays a critical role in maintaining 

BBB properties (Miyoshi and Takai, 2005; Furuse and Tsukita, 2006; Van Itallie and 

Anderson 2006).  

Glucagon-like peptide 1 (GLP-1) is an incretin hormone that is released into the 

bloodstream postprandially from the gut and binds to the GLP-1 receptor (GLP-1R) 

(Bell et al. 1983). Currently, GLP-1R agonists, such as exendin-4 (Ex-4), liraglutide, 

and lixisenatide, are approved for treatment of type 2 diabetes mellitus (Lovshin and 

Drucker, 2009; Wohlfart et al. 2013). A selective inhibitor of dipeptidylpeptidase-4 that 

functions as a long-acting agonist of GLP-1 is also clinically used worldwide for 

patients with type 2 diabetes mellitus (Drucker and Nauck, 2006; Darsalia et al. 2013; 

Yang et al. 2013). Diabetes is considered to be both a metabolic disease and a vascular 

disease because of its effects on macro- and microcirculation in numerous vascular beds, 

including cerebral vessels. Indeed, chronic hyperglycemia (HG) induces dysfunction of 
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vascular endothelial cells and is a key initial step in the pathology of diabetes. Several 

reports have shown that GLP-1 analogs has a beneficial effects on HG-induced 

endothelial dysfunctions (Sjöholm, 2009; Erdogdu et al. 2012;). The beneficial effects 

of GLP-1 are not limited to the treatment of diabetes but also provide significant 

neuroprotection in animal models of cerebral ischemia and Alzheimer’s disease (During 

et al. 2003; Lee et al. 2011; Briyal et al. 2012; Sato et al. 2013; McClean and Hölscher, 

2014). The underlying mechanisms of the neuroprotective effects of GLP-1 are not fully 

understood.  

Dysfunction of brain capillary endothelial cells is considered to initiate the 

infiltration of toxic substrates and inflammatory cells into the brain, followed by 

neuronal damage. Thus, protection of BBB function likely mediates neuroprotection. 

Experimental evidence supports the benefits of protecting against BBB disruption by 

stimulating cyclic AMP (cAMP) signaling. In the last 20 years, studies have shown that 

intracellular elevation of cAMP in brain endothelial cells increases barrier integrity 

(Deli et al. 2005; Spindler et al. 2010). According to Maurice (2011), a molecular unit of 

cAMP/protein kinase A (PKA) and cAMP/exchange protein activated by cAMP 1 

(Epac1) exerts barrier-stabilizing effects on endothelial cells through adherens junctions. 

In addition to the influence on adherens junctions, cAMP signaling also affects TJs of 

the BBB to increase the expression of claudin-5, a key protein of TJs, in a PKA-

independent manner, and PKA activated by cAMP phosphorylates claudin-5 to 

strengthen barrier tightness (Ishizaki et al. 2003). Thus, cAMP signaling in brain 

endothelial cells is pertinent to the protection of the BBB. GLP-1 has various 

physiological effects via its specific receptors (GLP-1R), which are G protein-coupled 

receptors. As stimulation of GLP-1R activates the adenylyl cyclase pathway, which 
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induces the elevation of intracellular cAMP levels, GLP-1 may strengthen BBB 

properties. 

In the present study, we investigated the in vitro effect of GLP-1 on cultured rat 

brain microvessel endothelial cells (RBECs) to elucidate the physiological significance 

of GLP-1 on the BBB. 

 

 

Materials and Methods 

 

All reagents were purchased from Sigma, USA, unless otherwise indicated. Wistar rats 

were obtained from Japan SLC, Inc., Japan. All animals were treated in strict 

accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals (NIH Publications No. 80-23) and approved by the Nagasaki 

University Animal Care. 

 

Primary cultures of RBEC 

 

Primary cultures of rat brain capillary endothelial cells (RBEC) were prepared from 3-

week-old rats, as described previously (Nakagawa et al. 2007 and 2009). Meninges 

were carefully removed from the forebrain and gray matter was minced into small 

pieces of 1 mm3 in ice-cold Dulbecco’s modified Eagle’s medium (DMEM), followed 

by dissociation with 25 up-and-down strokes using a 5-mL pipette in DMEM containing 

collagenase type 2 (1 mg/mL; Worthington Biochemical Corp., Lakewood, NJ, USA), 

300 µL of DNase (15 µg/mL) and gentamycin (50 µg/mL), and digestion in a shaker for 
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1.5 h at 37°C. Cell pellets were separated by centrifugation in 20% bovine serum 

albumin (BSA)-DMEM (1,000 × g, 20 min). The microvessels obtained in the pellet 

were further digested with collagenase-dispase (1 mg/mL; Roche Applied Sciences, 

Rotkreuz, Switzerland) and DNase (6.7 µg/mL in DMEM for 45 min at 37°C). RBEC 

clusters were separated on a 33% continuous Percoll (Pharmacia, Uppsala, Sweden) 

gradient, and were then collected and washed twice in DMEM before plating on 100-

mm plastic dishes coated with collagen type IV (0.1 mg/mL) and fibronectin (0.1 

mg/mL) (Day 0). RBEC cultures were maintained in DMEM/F12 supplemented with 

10% fetal bovine plasma derived from serum (PDS) (Animal Technologies, Inc., Tyler, 

TX), basic fibroblast growth factor (bFGF, 1.5 ng/mL; Roche Applied Sciences), 

heparin (100 μg/mL), insulin (5 μg/mL), transferrin (5 μg/mL), sodium selenite (5 

ng/mL) (insulin-transferrin-sodium selenite media supplement), gentamycin (50 μg/mL) 

and puromycin (4 μg/mL) (RBEC I medium) at 37°C under a humidified atmosphere of 

5.0% CO2/95% air for 2 days. Based on the findings of Perrière et al. (2005), in the first 

two days, cells were incubated in medium containing puromycin (4 μg/mL) in order to 

avoid contamination by pericytes. After 2 days, cells received new medium containing 

all the components of RBEC medium except for puromycin (RBEC II medium) (Day 2, 

Fig. 1). When cultures reached 80% confluence (Day 4), purified endothelial cells were 

passaged by brief treatment with trypsin (0.05% w/v)-EDTA (0.02% w/v) solution, and 

were used to construct the in vitro BBB model. 

 

Construction of the in vitro BBB model 

 

The day when endothelial cells were plated and models were established was defined as 
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day 4 in vitro (Fig. 1A). To construct an in vitro model of the BBB, endothelial cells 

(2.0 × 105 cells/cm2) were seeded on the inside of inserts that were placed in the wells 

of 24-well culture plates. From day 5, BBB models were maintained in rat brain 

capillary endothelial cell (RBEC) medium II supplemented with 500 nM hydrocortisone. 

Under these conditions, in vitro BBB models were established within 3 days after 

setting of cells. Experiments with GLP-1 were carried out from Day 7 (Fig. 1).  

 

Transendothelial electrical resistance (TEER) 

 

To evaluate TJ function in RBEC, TEER were measured. TEER was measured using an 

EVOM resistance meter (World Precision Instruments, FL, USA). RBEC cultured on 

inserts in a 24-well plate were used to measure TEER. The resistance measurements of 

black filters (background resistance) were subtracted from filters with cells. The values 

are shown as Ω × cm2, and data indicate the rate of change in TEER before and after 

treatment compared to control.  

 

Transendothelial permeability 

 

The flux of sodium fluorescein (Na-F), a small molecule permeability marker, across 

the endothelial monolayer was determined as previously described (Nakagawa et al. 

2007). Cell culture inserts were transferred to 24-well plates containing 0.9 ml assay 

buffer (136 mM NaCl, 0.9 mM CaCl2, 0.5 mM MgCl2, 2.7 mM KCl, 1.5 mM KH2PO4, 

10 mM NaH2PO4, 25 mM glucose, and 10 mM HEPES, pH 7.4) in the basolateral or 

lower compartments. In the inserts, the culture medium was replaced with 0.2 ml buffer 



8 
 

containing 10 µg/ml Na-F (MW: 376 Da). Then, 15 or 45 min after addition of Na-F, the 

inserts were transferred to new wells containing assay buffer. Na-F emission was 

measured at 535 nm (Wallac 1420 ARVO Multiabel Counter, Perkin Elmer, Waltham, 

MA, USA; excitation: 485 nm). The permeability of Na-F was used as an index of 

paracellular transport. Apparent permeability (Papp) was calculated using the following 

equation: Papp = (dQ/dT)/(A × C0), where dQ/dT is the cumulative amount in the 

receiver compartment versus time, A is the surface of the filter, and C0 is the initial 

concentration of the tracer in the luminal compartments.  

 

GLP-1 treatment 

  

GLP-1 (1-37) was purchased from Tocris Bioscience (Bristol, UK). One of two 

concentrations of GLP-1 (0.1, 1 µM) was added to the luminal sides of Millicell® inserts. 

At 0, 24, 48, and 72 h after GLP-1 addition to RBECs, barrier integrity was evaluated. 

The GLP-1R antagonist exendin-3 (9-39) amide (Ex-3 (9-39); 200 nM, Tocris 

Bioscience) and the PKA inhibitor H-89 (10 µM) were added 15 min prior to addition of 

GLP-1.  

 

Western blot analysis 

 

Cells were harvested by scraping in radioimmunoprecipitation assay buffer (RIPA; 

Santa Cruz Biotechnology, Santa Cruz, Dallas, TX, USA). Lysates were centrifuged at 

15,000 × g for 5 min at 4°C, supernatants were collected, and protein concentrations 

were determined with the BCA protein assay reagent (Pierce, Rockford, IL, USA). An 
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equal amount of protein for each sample was separated on a 4–15% TGX (Tris-Glycine 

eXtended) gel (Bio-Rad, Hercules, CA, USA), transferred onto HybondTM-P 

(Amersham, Buckinghamshire, UK), and incubated with antibodies. Anti-claudin-5, 

anti-occludin, and anti-ZO-1 mouse monoclonal antibodies (Invitrogen Corporation, 

Carlsbad, CA, USA) were used at dilutions of 1:5,000. Anti-β-actin mouse monoclonal 

antibody (additional loading control) was used at a dilution of 1:10,000 in 3% bovine 

serum albumin in phosphate-buffered saline. To visualize the immunoreactive bands, 

blots were incubated in SuperSignal West Femto Maximum Sensitivity Substrate SECL 

in accordance with the manufacturer’s instructions (Pierce Biotechnology) and were 

detected using a FluorChem SP Imaging System (Alpha Innotech Corp., San Leandro, 

CA, USA). 

 

Hyperglycemia (HG) treatment 

 

Based on previous reports (Yan et al. 2012) and our preliminary examination, we used a 

concentration of 55 mM D-glucose for HG-induced BBB dysfunction. RBECs were 

exposed to 55 mM D-glucose (WAKO Pure Chemical Ltd., Osaka, Japan) with or 

without GLP-1 in RBEC II medium. After 48 h, cell viability, TEER, and 

transendothelial permeability were measured.  

 

Cell viability  

 

RBECs were seeded at a density of 5,000 cells per well into 96-well plates in culture 

medium. After exposure to HG for 48 h, the number of viable cells was determined 
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using the Cell Counting Kit 8 (Dojindo Co., Kumamoto, Japan) according to the 

manufacturer's instructions. The assay reagent is a tetrazolium compound (WST-8) that 

is reduced by live cells to a colored formazan product, the absorbance of which is 

measured at 450 nm. 

 

Measurement of reactive oxygen species (ROS) 

 

Intracellular ROS production was measured by evaluating oxidation of the cell-

permeable fluorescent probe 5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein 

diacetate, acetyl ester (CM-H2DCFDA, Invitrogen). RBECs (5,000/well) were seeded 

into 96-well plates. After reaching confluency, cells were washed twice with the assay 

buffer indicated in the permeability section. Cells were pre-incubated with 0.1 ml assay 

buffer containing 10 μM CM-H2DCFDA and GLP-1 (0, 0.1 μM) for 1 h. After pre-

incubation, cells were washed twice with assay buffer, and D-glucose (0, 55 mM) and 

GLP-1 (0, 0.1 μM) were added for 1 h. Fluorescein intensity derived from CM- 

H2DCFDA was determined using a fluorescence multi-well plate reader (Ex(λ) 485 nm; 

Em(λ) 535 nm). Cellular protein was measured with the BCA protein assay kit, and the 

data were normalized to protein content. 

 

Statistical Analysis 

 

All data are expressed as the means ± standard error of the mean (SEM). Values were 

compared using analysis of variance followed by the Tukey-Kramer method. A p value 

of less than 0.05 was considered to be statistically significant. 
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Results 

 

Effects of GLP-1 on barrier integrity in RBECs 

 

TEER in our monolayer model of cultured RBECs was more than 120 Ω × cm2 (the 

control value at 0 min was 127.1 ± 3.8 Ω × cm2, n = 8, Fig. 2a). To examine whether 

GLP-1 affected the barrier integrity of RBECs, TEER and paracellular permeability of 

Na-F (MW 376) were measured. Treatment with 0.1 and 1 µM GLP-1 for 72 h 

significantly elevated TEER in RBECs to 118.7 ± 4.7% and 139.9 ± 4.2% of the control, 

respectively (Fig. 2a). GLP-1 also affected the paracellular permeability of Na-F, a 

small water-soluble marker, across the RBEC monolayer at 72 h after treatment with 

GLP-1. Treatment with 0.1 and 1 µM GLP-1 significantly decreased the permeability of 

Na-F in RBECs to 67.7 ± 5.3% and 56.8 ± 2.2% of the control, respectively (Papp 

control value was 9.1 ± 1.7 × 10−6 cm/s) (Fig. 2b). Thus, GLP-1 strengthened the BBB 

properties of RBECs.  

 

Effect of GLP-1 on TJ proteins in RBECs 

  

To investigate whether regulation of barrier functions is induced by GLP-1 in RBECs, 

changes in TJ protein levels in GLP-1-treated RBECs were investigated with western 

blot analysis. As shown in Fig. 3, no differences were found in ZO-1 protein levels 

between control and GLP-1-treated RBECs. In contrast, GLP-1 significantly increased 

the protein levels of occludin and claudin-5 (Fig. 3). Treatment with 1 µM GLP-1 
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significantly increased the protein level of occludin and claudin-5 in RBECs to 149.0 ± 

17.5% and 179.3 ± 21.2% of the control, respectively. 

 

Effect of the GLP-1R antagonist Exendin-3 (9-39) amide and the effect of the PKA 

inhibitor H-89 on GLP-1-induced enhancement of TJ functions in RBECs 

 

To examine whether the effect of GLP-1 on barrier functions is related to GLP-1R, we 

used the GLP-1R antagonist Exendin-3 (9-39) amide (Ex-3 (9-39)) in RBECs. Ex-3 (9-

39) alone did not affect TEER. However, Ex-3 (9-39) prevented the increase in TEER 

that was induced by GLP-1 treatment for 48 h (Fig. 4a). Several reports have shown that 

stimulation of GLP-1R induces an increase in intracellular cAMP levels (Li et al. 2015; 

Donnelly, 2012). An elevation in cAMP induces the activation of PKA, a major target of 

cAMP. To examine whether the effect of GLP-1 on barrier functions is related to the 

cAMP/PKA pathway, we examined the effect of the PKA inhibitor H-89 in RBECs. The 

effect of GLP-1 on the increase in TEER was prevented by adding the PKA inhibitor H-

89 for 48 h (Fig. 4b). Thus, GLP-1 strengthened the barrier properties via the 

cAMP/PKA pathway. 

 

Effects of GLP-1 on barrier integrity in RBECs under hyperglycemia 

 

GLP-1R agonists are approved for treatment of type 2 diabetes mellitus. Chronic 

hyperglycemia (HG) induces dysfunction of vascular endothelial cells and is a key 

initial step in the pathology of diabetes. To examine whether GLP-1 improves HG-

induced BBB dysfunction, we examined the effects of GLP-1 on RBECs under HG 
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conditions. As oxidative stress is a factor that induces cellular damage under HG, we 

analyzed the effects of GLP-1 on cell viability and production of ROS. We found no 

significant difference in cell viability as a result of normoglycemia (NG) or HG for 48 h 

(Fig. 5a). ROS production was significantly higher in HG than NG (132.3 ± 4.5 vs. 100 

± 5.0%; p < 0.05), and GLP-1 (0.1, 1 μM) reduced the ROS production induced by HG 

(Fig. 5b). Finally, we investigated the effects of GLP-1 against HG-induced BBB 

damage by measuring TEER and Na-F permeability. Treatment with D-glucose (55 mM) 

significantly decreased TEER and increased Na-F permeability compared with the 

control at 48 h. GLP-1 (0.1 μM) significantly blocked the HG-induced reduction in 

TEER and the HG-induced increase in Na-F permeability (Fig. 5c, d). 

 

 

Discussion 

 

The BBB plays an important role as an interface between the blood and brain tissues. As 

disruption of the BBB evokes brain edema formation and neuronal damage, 

strengthening of the integrity of the BBB plays a crucial role in protection against 

development of neurological disorders. In the present study, GLP-1 strengthened the 

barrier integrity in primary cultures of RBECs and increased the expression of occludin 

and claudin-5 via cAMP/PKA pathway. These findings imply that GLP-1 may act as a 

BBB protective drug for CNS disorders.  

Several studies have demonstrated the therapeutic effect of GLP-1 analogs in 

animal models of Alzheimer’s disease and stroke (Briyal et al. 2012; Sato et al. 2013; 

McClean and Hölscher, 2014). GLP-1 analogs reduce endogenous levels of β-amyloid 
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in the brain, prevent impairment in learning new spatial tasks, decrease synaptic loss, 

and reduce plaque load  (McClean et al. 2011; Perry et al. 2003). Briyal et al. (2012) 

demonstrated that repeated administration of Ex-4 significantly improves infarct volume, 

neurological deficits, and oxidative stress parameters in ischemic rats. Ex-4 also 

protects against ischemia-induced neuronal death, possibly by increasing GLP-1R 

expression to prevent transient cerebral ischemic damage (Lee et al. 2011). Another 

study showed that liraglutide reduces infarct volume and oxidative stress parameters 

and increases cortical vascular endothelial growth factor (Sato et al. 2013). These 

findings led to the suggestion that stimulation of GLP-1R could be valuable for treating 

neurological disorders and preventing further damage. Although several studies have 

examined the neuroprotective effect of GLP-1 analogs in animal models, no report has 

examined the direct effects of GLP-1 on the barrier function of RBECs in normal 

culture conditions.  

GLP-1R is a G protein-coupled receptor and a well-known direct activator of 

adenylate cyclase. The two main signaling axes downstream of cAMP are activation of 

PKA and engagement of Epac and its effector GTPase Rac1 (Dodge-Kafka et al. 2005). 

In the present study, we observed that GLP-1 increased TEER in RBECs in a dose- and 

time-dependent manner and reduced the permeability of Na-F. This effect was inhibited 

by the GLP-1R antagonist Ex-3 (9-39) and the PKA inhibitor H-89, suggesting that the 

binding of GLP-1 to GLP-1R activates the cAMP/PKA pathway to alter the barrier 

function in RBECs. Li et al. (2015) demonstrated that Ex-4 enhances endothelial barrier 

function via PKA- and Epac-1-dependent Rac1 activation. Our findings indicate that 

GLP-1 strengthens the barrier integrity via the cAMP/PKA pathway in RBECs.  

To examine if the effect of GLP-1 on TEER is related to expression of TJ proteins, 
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we analyzed the expression of TJ proteins with western blotting. Claudin-5 and occludin 

are the main component proteins of TJ strands and play crucial roles in TJ function 

(Furuse and Tsukita, 2006; Abbott et al. 2010). Although no clear changes in ZO-1 were 

observed with western blotting after GLP-1 treatment, GLP-1 increased the protein 

level of occludin and claudin-5. cAMP signaling increases the expression of claudin-5 

via both PKA-dependent and -independent pathways (Ishizaki et al. 2003; Beese et al. 

2010). In addition, a cAMP analog increases the expression of occludin in a PKA-

dependent manner and decreases the levels of intracellular cAMP, which decreases PKA 

activity and occludin protein expression (Beese et al. 2010; Li et al. 2011). Taken 

together with these reports, the effects of GLP-1 on barrier functions appear to be 

mainly associated with increased expression of claudin-5 and occludin via the 

cAMP/PKA pathway. 

Diabetes is considered to be both a metabolic disease and a vascular disease 

because of its effects on macro- and microcirculation in numerous vascular beds, 

including cerebral vessels. Generally, diabetes or chronic HG contributes to 

proliferation of vascular smooth muscle cells, degeneration of endothelial cells and 

pericytes, thickening of the capillary basement membrane, and increased aggregation 

and adhesion of platelets to the endothelium (Ergul et al. 2009). Shao and Bayraktutan 

(2013) reported that HG compromises the structural and functional capacities of an in 

vitro model of the human cerebral barrier. Vannucci et al. (2001) and Tureyen et al. 

(2011) have reported that a type-2 diabetes mouse model that was subjected to focal 

ischemia shows significantly higher mortality, larger infarcts, increased cerebral edema, 

and worse neurological status compared to nondiabetic animals. Therefore, we 

investigated the effects of GLP-1 against HG-induced BBB damage in RBECs. HG 
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plays a critical role in the progress of diabetic angiopathy. Indeed, chronic exposure to 

HG damages cells. Although several molecular mechanisms appear to be related to HG-

induced endothelial dysfunction, substantial evidence shows that HG increases the 

production of ROS. Hence, we examined the effects of GLP-1 on cell viability and ROS 

production. Although GLP-1 and HG did not influence cell viability, ROS production 

was significantly higher in HG than NG, and GLP-1 reduced the ROS production 

induced by HG. Recent reports indicate that GLP-1 can protect against ROS-induced 

cell stress through PKA activation or AMP-activated protein kinase activation 

(Oeseburg et al. 2010; Balteau et al. 2014). Although further studies are needed, our 

finding that GLP-1 protected brain capillary endothelial cells from HG-induced 

oxidative stress may be related to these pathways.  

Finally, we examined the effects of GLP-1 on BBB properties following HG for 48 

h. GLP-1 significantly blocked the HG-induced reduction in TEER and the HG-induced 

elevation in Na-F permeability. In agreement with our observation under normal culture 

conditions (Fig. 2a), 0.1 μM GLP-1 did not affect the BBB function under 48-h NG 

conditions. Considering that acceleration of ROS production induces hyperpermeability 

(Boueiz and Hassoun, 2009; Pun et al. 2009), the protective effects of GLP-1 on BBB 

function under HG appear to be related to reduction of ROS production. Although 

further studies are needed to determine whether these signaling pathways are associated 

with regulation of barrier function in GLP-1-treated RBECs under HG, this finding 

suggests that GLP-1 may act as a BBB-protective drug for diabetic cerebral vessel 

disease. 

In summary, GLP-1 strengthened the barrier integrity in primary cultures of RBECs 

and increased the expression of occludin and claudin-5 via the cAMP/PKA pathway. 
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Our present study suggests the therapeutic importance of GLP-1 for protecting the BBB 

in conditions of diabetic angiopathy and other types of CNS damage. 
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Legends for Figures 

 

Fig. 1 Schematic drawing of the experiment with primary cultures of rat brain capillary 

endothelial cells (RBECs). RBECs were isolated 4 days before establishment of the in 

vitro blood-brain barrier (BBB) model. To purify cultures, cells were maintained in the 

presence of puromycin for 2 days. On day 4, RBECs were seeded in the luminal 

compartment of the inserts and positioned in the 24-well plates. From day 5, RBECs 

were grown in culture medium containing 500 nM hydrocortisone. Glucagon-like 

peptide 1 (GLP-1) was added on day 7, and transendothelial electrical resistance 

(TEER) was monitored on days 7-10. On day 10, the permeability assay was performed.  

 

Fig. 2 Effects of GLP-1 on barrier integrity in RBECs. The barrier integrity was 

assessed by measuring TEER and the transendothelial permeability (Papp) of the 

paracellular transport marker sodium fluorescein (Na-F) across endothelial monolayers. 

a GLP-1 increased TEER in RBECs in a dose- and time-dependent manner. Confluent 

RBEC cultures were exposed to GLP-1 at concentrations of 0.1 and 1 µM for up to 72 h. 

Significantly higher TEER was detected in RBECs treated with 1 µM GLP-1 for 48 and 

72 h. The control value of TEER in RBECs was 127.1 ± 3.8 Ω × cm2 at 0 h. All data are 

presented as the means ± SEM (n = 8). *p < 0.05 and **p < 0.01, significant difference 

from control. b GLP-1 reduced Na-F Papp in RBECs. The cells were treated with 

increasing concentrations of GLP-1 for 72 h. Significantly lower Papp values for Na-F 

were detected in RBECs treated with 0.1 µM and 1 µM GLP-1. Papp values are 

expressed as a percent of the control value. The control value of Papp for Na-F was 9.1 

± 1.7 × 10−6 cm/s. All data are presented as the means ± SEM (n = 8). **p < 0.01, 
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significant difference from control.  

 

Fig. 3 Effect of GLP-1 on the expression of TJ proteins in RBECs. a Western blot 

analyses of ZO-1, claudin-5, and occludin were performed after 48 h of treatment of 

RBECs with 1 µM GLP-1. Fig. 3a shows representative images. b The level of 

expression of each protein was normalized to the corresponding internal control (β-

actin). GLP-1 increased the expression of occludin and claudin-5 in RBECs. All data are 

presented as the means ± SEM (n = 5). **p < 0.01, significant difference from control.  

 

Fig. 4 Effect of the GLP-1R antagonist exendin-3 (Ex-3) (9-39) and the effect of the 

protein kinase A (PKA) inhibitor H-89 on GLP-1-induced enhancement of TJ functions 

in RBECs. a TEER was significantly elevated in RBECs treated with 1 µM GLP-1 for 

48 h. **p < 0.01, significant difference from control (open column). Ex-3 (9-39) 

completely blocked the GLP-1-induced increase in TEER (hatched column). #p < 0.05, 

significant difference from GLP-1 alone. The TEER values are expressed as a percent of 

the control value. The control values for TEER in RBECs at 48 h were 174.7 ± 25.7 Ω × 

cm2. All data are presented as the means ± SEM (n = 9). b TEER was significantly 

elevated in RBECs treated with 1 µM GLP-1 for 48 h. **p < 0.01, significant difference 

from control. H-89 (10 µM) completely blocked the GLP-1-induced increase in TEER. 

#p < 0.01, significant difference from GLP-1 alone. The TEER values are expressed as a 

percent of the control value. The control value of TEER in RBECs was 125.6 ± 24.7 Ω 

× cm2. All data are presented as the means ± SEM (n = 13). 
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Fig. 5 Effects of GLP-1 on RBECs under hyperglycemia (HG). a Cell viability under 

HG. No significant difference in the cell number was observed between control and HG, 

and GLP-1 did not affect the cell viability. All data are presented as the means ± SEM (n 

= 5). b Significantly higher production of ROS was detected in RBECs treated with D-

glucose (55 mM). GLP-1 (0.1, 1 μM) reduced the ROS production induced by HG. All 

data are presented as the means ± SEM (n = 5). The barrier integrity was assessed with 

TEER and the transendothelial permeability (Papp) of the paracellular transport marker 

sodium fluorescein (Na-F) across endothelial monolayers. c TEER was significantly 

reduced in RBECs treated with HG for 48 h. GLP-1 significantly blocked the HG-

induced reduction in TEER. All data are presented as the means ± SEM (n = 8). d Na-F 

permeability was significantly elevated in RBECs treated with HG for 48 h. GLP-1 

significantly blocked the HG-induced elevation in Na-F permeability. The control value 

of Papp for Na-F was 5.5 ± 1.9 × 10−6 cm/s. All data are presented as the means ± SEM 

(n = 4). a-d The values are expressed as a percent of normoglycemia control value. *p < 

0.05 and **p < 0.01, significant difference from normoglycemia control. #p < 0.05, 

significant difference from the HG control group. 
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