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Chronic type 2 diabetes reduces the integrity of the blood-brain barrier by reducing 
tight junction proteins in the hippocampus
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ABSTRACT.	 In the present study, we investigated the effects of type 2 diabetes-induced hyperglycemia on the integrity of the blood–brain 
barrier and tight junction markers in the rat hippocampus. Forty-week-old diabetic (Zucker diabetic fatty, ZDF) rats and littermate control 
(Zucker lean control, ZLC) rats were used in this study. We evaluated the integrity of the blood–brain barrier by measuring sodium fluores-
cein extravasation and blood vessel ultrastructure. In addition, tight junction markers, such as zona occludens-1, occludin and claudin-5, 
were quantified by western blot analysis. ZDF rats showed significantly increased sodium fluorescein leakage in the hippocampus. Tight 
junction markers, such as occludin and claudin-5, were significantly decreased in the hippocampi of ZDF rats compared to those of ZLC 
rats. In addition, ZDF rats showed ultrastructural changes with phagocytic findings in the blood vessels. These results suggest that chronic 
untreated diabetes impairs the permeability of the hippocampal blood–brain barrier by down-regulating occludin and claudin-5, indicating 
that chronic untreated diabetes may cause hippocampus-dependent dysfunction.
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Chronic untreated diabetes mellitus (DM) is associated 
with complications at the microvascular level and increased 
incidence of cardiovascular disease [43]. In 2013, the num-
ber of people with diabetes in the world is 382 million, with 
type 2 DM (T2DM) making up about 90% of the cases, and 
this will be increased to 592 million by 2035 based on the 
reports from The International Diabetes Federation [17]. 
Prolonged hyperglycemic conditions, particularly in T2DM, 
elicit a progressive impairment of neuronal function in the 
brain [11, 25, 26]. T2DM is considered to be a predispos-
ing factor for vascular dementia [4] and Alzheimer’s disease 
(AD) [12]. The hippocampus is particularly vulnerable to 
damage from neurological syndromes including AD and 
other forms of dementia, and impaired hippocampal function 
has been associated with high-energy diets [13, 21, 28]. In 
addition, diabetes is associated with reduced hippocampal 

volume [27, 32].
The brain and spinal cord have distinctive structures in-

cluding blood–brain barrier (BBB), which separates brain 
extracellular fluid from the circulating blood. The BBB con-
sists of vascular endothelium lining the cerebral microves-
sels, with closely apposed astrocytic end-feet processes. 
Among tight junction proteins, claudin-5, occludin and 
Zona occludens-1 (ZO-1), play critical roles in maintaining 
BBB function [38]. Endothelial cells are connected by spe-
cific tight junction proteins, such as claudins, occludins and 
ZOs (ZO-1, ZO-2 and ZO-3) and exhibit specific transport 
mechanisms and pinocytic vesicles [44]. Diabetes-induced 
hyperglycemia aggravates BBB permeability, edema for-
mation and neurological symptoms [1, 7, 10, 14, 20, 36]. 
Claudin-5 plays a key role in the earliest stage of CNS angio-
genesis; occludin is the first tight junction protein identified 
[8]. Claudin and occludin interact with plasma membranes 
of adjacent cells forming the tight junction barrier [37], and 
ZO-1 is critical in forming and stabilizing tight junctions by 
binding occludin to the cytoarchitecture [19, 22].

Most studies have been conducted using a streptozotocin-
induced type 1 DM (T1DM) model, not a T2DM model; 
however, magnetic resonance imaging following intrave-
nous gadolinium administration identified increased BBB 
permeability in T2DM patients compared to controls [36]. 
In a previous study, we showed that a Zucker diabetic fatty 
(fa/fa, ZDF) rat model of T2DM demonstrated activation 
of microglia and subsequent increases in pro-inflammatory 
cytokines, such as interferon-γ and interleukin-1β (IL-1β), 
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in the hippocampus at 30 weeks of age [15].
In the present study, therefore, we investigated the effects 

of chronic diabetes on the integrity of the BBB and specific 
tight junction markers including claudin-5, occludin and 
ZO-1 in the hippocampus based on biochemical and ultra-
structural methods using the ZDF rat and littermate Zucker 
lean control (+/+, ZLC) rats at 40 weeks of age.

MATERIALS AND METHODS

Experimental animals: Male and female heterozygous 
type (Leprfa/+) of Zucker diabetic fatty (ZDF) rats were 
purchased from Genetic Models (Indianapolis, ME, U.S.A.) 
and mated to each other. They were housed under standard 
conditions with adequate temperature (22°C) and humidity 
(60%) control, a 12-hr light/12-hr dark cycle and free access 
to food and water. The handling and care of the animals con-
formed to the guidelines established to comply with current 
international laws and policies (NIH Guide for the Care and 
Use of Laboratory Animals, NIH Publication No. 85–23, 
1985, revised 1996) and were approved by the Institutional 
Animal Care and Use Committee (IACUC) of Seoul Nation-
al University (Approval number: SNU-120312-10). All of 
the experiments were conducted with an effort to minimize 
the number of animals used and the suffering caused by the 
procedures employed in the present study.

Genotyping for the fa gene and experimental design: 
Genotype of fa gene herein was determined with the strategy 
described in our previous study [16]. In order to investigate 
the effects of diabetes on integrity of BBB and specific tight 
junction markers, 40-week-old male ZLC and ZDF rats were 
used in this study. The timing points were chosen, because 
the body weight was significantly decreased in ZDF rats and 
the microglia as well as pro-inflammatory cytokines were 
significantly increased at 30 weeks of age [15, 41].

Blood glucose and HbA1c levels analysis: Animals (n=8 in 
each group) were anesthetized with 2 g/kg urethane (Sigma, 
St. Louis, MO, U.S.A.), and blood was sampled by cardiac 
puncture (at 9–11 a.m.) using a 22 G needle for analyzing 
blood glucose levels. Fasting glucose levels were analyzed 
using a blood glucose monitor (Ascensia Elite XL Blood 
Glucose Meter, Bayer, Toronto, ON, Canada). In addition, 
the HbA1c levels in blood samples were quantified with the 
use of an HbA1c analyzer (Tosoh, Ayase, Japan) according 
to the protocol provided by the manufacturer.

Thereafter, animals were perfused transcardially with 0.1 
M phosphate-buffered saline (PBS, pH 7.4) to wash out the 
remained blood, and the brains were removed. The brain was 
cut to 500 µm thickness using a vibratome (Leica Microsys-
tems, GmbH, Heidelberg, Germany) between 3.00–4.08 mm 
posterior to the bregma in reference to the rat atlas [30]. Hip-
pocampal tissues (n=5 in each group) were used for western 
blot analysis, and other tissues (n=3 in each group) were 
used for transmission electron microscopy (TEM).

Ultrastructural analysis using TEM: Hippocampal tissues 
were cut into 1-mm pieces and laid on a glass slice. The iso-
lated tissues were immersed in mixture of 4% paraformalde-
hyde and 1% glutaraldehyde for 2 hr and washed twice with 

PBS. The tissues were immersed in 1% osmium tetroxide 
for 2 hr and washed with PBS for 5 min. The specimens 
were then dehydrated with serial gradient ethanol (10 min 
each) and then embedded in Lowicryl HM20 (PolySciences, 
Niles, TL, U.S.A.) at UV lamp for 48 hr. The ultrathin sec-
tions (50–60 nm) were cut and picked up on 200 mesh nickel 
grids. After repeated washing, the grids were double-stained 
with uranyl acetate and lead citrate. The stained grids were 
examined with an electron microscope (JEM1010, JEOL, 
Tokyo, Japan).

Western blot analysis: Hippocampal tissues were homog-
enized in 50 mM PBS (pH 7.4) containing 0.1 mM ethylene 
glycol-bis (2-aminoethyl ether)N,N,N’,N’-tetraacetic acid 
(EGTA) (pH 8.0), 0.2% nonidet P-40, 10 mM ethylendi-
amine tetraacetic acid (EDTA) (pH 8.0), 15 mM sodium py-
rophosphate, 100 mM β-glycerophosphate, 50 mM NaF, 150 
mM NaCl, 2 mM sodium orthovanadate, 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF) and 1 mM dithiothreitol (DTT). 
After centrifugation, the protein level was determined in the 
supernatants using a Micro BCA protein assay kit with bo-
vine serum albumin as the standard (Pierce Chemical, Rock-
ford, IL, U.S.A.). Aliquots containing 20 µg of total protein 
were boiled in loading buffer containing 150 mM Tris (pH 
6.8), 3 mM DTT, 6% SDS, 0.3% bromophenol blue and 30% 
glycerol. Then, each aliquot was loaded onto polyacrylamide 
gel. After electrophoresis, the gels were transferred to nitro-
cellulose transfer membranes (Pall Crop, East Hills, NY, 
U.S.A.). To reduce background staining, the membranes 
were incubated with 5% non-fat dry milk in PBS containing 
0.1% Tween 20 for 45 min, followed by incubation with rab-
bit anti-ZO-1 (1:500, SantaCruz Biotechnology, Santa Cruz, 
CA, U.S.A.), claudin-5 (1:500, SantaCruz Biotechnology) 
and occludin (1:500, SantaCruz Biotechnology). Thereafter, 
the membranes were reacted with peroxidase-conjugated 
goat anti-rabbit IgG (Sigma) and an enhanced luminol-based 
chemiluminescent (ECL) kit (Pierce Chemical). The blot 
was densitometrically scanned for the quantification of rela-
tive optical density (ROD) of each band using Scion Image 
software (Scion Corp., Frederick, MD, U.S.A.). These data 
were normalized against β-actin (1:1,000, SantaCruz Bio-
technology), and ROD was demonstrated as the percentage 
value of ZLC group.

Measurement of sodium fluorescein (NaF) extravasation: 
NaF assay was carried out as previously described [9]. Ani-
mals (n=4 in each group) received intravenous treatment of 
10% NaF (Sigma) via the tail vein. At 30 min after treatment, 
animals were anesthetized with 2 g/kg urethane and sacri-
ficed to confirm the extravasation of NaF. After sacrificing 
them and removing the tissues, the hippocampal tissues were 
cut to 500 µm thickness in a vibratome (Leica), homog-
enized in 3 ml of cold 7.5% trichloroacetic acid (Sigma) and 
centrifuged at 10,000 × g for 10 min. NaF concentrations in 
supernatants were analyzed using a fluorescent microplate 
reader (excitation, 485 nm; emission, 535 nm, Tecan GE-
Nios, Männedorf, Switzerland). The results were expressed 
as µg/mg of brain tissue against standard curves.

Statistical analysis: The data shown here represent 
the means and standard errors of means (SEM) of experi-
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ments performed for each experimental area. The data were 
analyzed by using GraphPad Prizm 5.0 software (GraphPad 
Software, Inc., La Jolla, CA, U.S.A.), and differences among 
the means were statistically analyzed by Student t-test in 
order to elucidate differences between ZLC and ZDF groups.

RESULTS

Effects of diabetes on blood glucose and HbA1c levels: In 
the ZLC rats, blood glucose and HbA1c levels were 5.07 ± 
0.29 mM and 4.67 ± 0.42%, respectively. In the ZDF rats, the 
blood glucose and HbA1c levels were significantly higher 
than those in the ZLC rats and were 647.7% and 240.0% of 
the levels in the ZLC group, respectively (Fig. 1).

Effects of diabetes on BBB permeability: In the ZLC rats, 
the amount of NaF in the hippocampal homogenates was 
583.55 ± 74.46 µg/g protein. In the ZDF rats, NaF in the 
hippocampus was significantly higher than that in the ZLC 
rats and was 171.6% of the level in the ZLC group (Fig. 2).

Effects of diabetes on tight junction proteins: ZO-1 levels 
in hippocampal homogenates were similar between ZLC and 
ZDF rats. However, occludin and claudin-5 protein levels in 
hippocampal homogenates were significantly lower in ZDF 
rats than in ZLC rats. In the ZDF rats, occludin and claudin-5 
protein levels were 37.7% and 63.6%, respectively, of the 
levels in the ZLC group (Fig. 3).

Effects of diabetes on ultrastructural changes in microves-
sels: In the ZLC rats, pericyte and astrocyte end feet were 
intact in microvessels (Fig. 4A). In the ZDF rats, connective 
tissues were observed in the perivascular area, and some in-
clusions were also seen in this area. In addition, endothelial 
cells displayed a plasma membrane profile with protrusions 
and abundant cytoplasmic transport vesicles (Fig. 4B).

DISCUSSION

Long-term uncontrolled hyperglycemia affects micro-
vascular conditions by lowering perfusion rates, thickening 
capillary walls and causing abnormal proliferation of endo-
thelial cells with increased vascular permeability [18, 29, 33, 
42]. The ZDF rats exhibit hyperglycemia at 7–10 weeks of 
age [31] and an increase in pro-inflammatory cytokines in 

the hippocampus at 30 weeks of age [15, 41]. In the pres-
ent study, we observed the chronic effects of uncontrolled 
diabetes on hyperglycemia and microvasculature in the 
hippocampus at 40 weeks of age. The ZDF rats had signifi-
cantly higher blood glucose (6.5-fold) and HbA1c (2.4-fold) 
levels than the ZLC rats. This result suggests that ZDF rats 
at 40 weeks of age exhibit chronic diabetes and potentially 
increased neurological symptoms. In human studies, the 
duration of diabetes is associated with impaired cognition 
in patients with higher HbA1c levels [39], and patients with 
higher HbA1c levels have increased behavioral and psycho-
logical symptoms, such as apathy, overeating and excessive 
daytime sleeping and impaired activities of daily living [34].

There are conflicting reports about BBB integrity in dia-
betes resulting in increased barrier permeability [1, 10, 14, 
36]. In streptozotocin-induced T1DM rats, albumin extrava-
sation and [3H]inulin did not show any significant changes 
in the hippocampus 90 days after streptozotocin treatment 
[14]. However, in streptozotocin-induced T1DM rats, [14C]
sucrose significantly increased [10, 14]. In the present study, 
we investigated BBB integrity by measuring NaF leakage 
in T2DM rats at 40 weeks of age. NaF concentration in the 

Fig. 1.	 Blood glucose and HbA1c levels of Zucker lean control (ZLC) and Zucker dia-
betic fatty (ZDF) rats (n=8 per group; *P<0.05, significant difference between the ZLC 
and ZDF groups). The data represent mean ± standard error of the mean (SEM).

Fig. 2.	 Diabetes-induced increase in extravasa-
tion of sodium fluorescein (NaF) in the hip-
pocampus of Zucker lean control (ZLC) and 
Zucker diabetic fatty (ZDF) rats (n=4 per 
group; *P<0.05, significant difference between 
ZLC and ZDF groups). The data represent 
mean ± standard error of the mean (SEM).
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tissue was significantly increased in ZDF rats compared to 
that in ZLC rats. This result suggests that BBB permeability 
increased in the hippocampi of T2DM rats. This result was 
supported by previous studies that reported significantly 
increased BBB permeability in patients with diabetes over 
that in controls based on magnetic resonance imaging fol-
lowing intravenous gadolinium administration [36], in the 
hippocampi of T2DM KKAy mice [24] and in the cerebral 
cortex of diabetic-hypercholesterolemic pigs [1].

We also observed changes in tight junction proteins in the 
hippocampi of T2DM rats. The ZDF rats showed a signifi-
cant reduction in occludin and claudin-5 in the hippocam-
pus, while ZO-1 levels were similar in the ZLC and ZDF 

rats. These results suggest that BBB leakage may be associ-
ated with a reduction in occludin and claudin-5 expression 
in the BBB. This result was supported by previous studies 
that showed that the expression of occludin decreased in 
streptozotocin-induced T1DM rats [3, 10]. Streptozotocin-
induced T1DM rats did not exhibit any changes in ZO-1 
expression [3]. However, in another study, Hawkins et al. 
observed a reduction in ZO-1 expression after streptozotocin 
treatment [10]. In the present study, we also investigated 
the ultrastructure of microvessels in the hippocampus of 
ZLC and ZDF rats. ZDF rats showed protruding endothelial 
cells and cytoplasmic transport vesicles. In addition, some 
inclusions were also detected in the perivascular area. This 

Fig. 3.	 Western blot analysis of zona occludens 1 (ZO-1), occludin and claudin-5 in hippocampal homogenates of Zucker lean control (ZLC) and 
Zucker diabetic fatty (ZDF) rats (n=5 per group; *P<0.05, significant difference between ZLC and ZDF groups). The data represent mean ± 
standard error of the mean (SEM).

Fig. 4.	 Electron micrographs of the hippocampus in (A) Zucker lean control (ZLC) and (B) Zucker diabetic fatty (ZDF) rats (n=3 per 
group). In the ZLC rats, microvessels (V) are intact with astrocytic end feet (AEF) and pericyte (P). In the ZDF rats, vacuolar inclusions 
are observed (arrows), and abundant cytoplasmic transport vesicles (arrowhead) are observed in the perivascular area. Scale bar=2 µm.



BREAKDOWN OF BLOOD-BRAIN BARRIER IN DIABETES 961

result suggests that chronic diabetes significantly induces 
morphological changes of endothelial cells with perivascular 
structures which may result in decrease of the BBB integrity 
in the hippocampus.

In the present study, we did not elucidate the pathogenesis 
of BBB dysfunction in diabetes. However, several lines of 
evidence demonstrate that inflammation plays a critical role 
in the pathogenesis of vascular injury and BBB dysfunction 
[5, 6, 20, 23]. In a previous study, we demonstrated that 
chronic diabetes activated microglia and subsequently in-
creased tumor necrosis factor alpha (TNF-α), IL-6 and IL-1β 
levels in the hippocampus [15, 40, 41]. Diabetes increases 
TNF-α levels [2], and IL-1β release has been proposed to 
lead to a decreased concentration or altered localization of 
the tight junction protein occludin, and thus increased BBB 
permeability [35]. In addition, TNF-α increases BBB perme-
ability by direct action on the endothelium [5] and indirectly 
via endothelin-1 production and IL-1β release from astro-
cytes [6].

In conclusion, chronic uncontrolled diabetes changes the 
ultrastructural morphology of cytoplasmic transport vesicles 
as well as BBB permeability by reducing occludin and 
claudin-5 expression. These results suggest that chronic un-
controlled diabetes affects hippocampus-dependent function 
and may facilitate neurodegenerative disease, such as AD.

ACKNOWLEDGMENTS. This research was supported by 
Korea Mouse Phenotyping Project (2013M3A9D5072550) 
of the Ministry of Science, ICT and Future Planning through 
the National Research Foundation (NRF), Korea. This study 
was partially supported by the Research Institute for Veteri-
nary Science, Seoul National University.

REFERENCES

	 1.	 Acharya, N. K., Levin, E. C., Clifford, P. M., Han, M., Tourtel-
lotte, R., Chamberlain, D., Pollaro, M., Coretti, N. J., Kosciuk, 
M. C., Nagele, E. P., Demarshall, C., Freeman, T., Shi, Y., Guan, 
C., Macphee, C. H., Wilensky, R. L. and Nagele, R. G. 2013. 
Diabetes and hypercholesterolemia increase blood-brain barrier 
permeability and brain amyloid deposition: beneficial effects 
of the LpPLA2 inhibitor darapladib. J. Alzheimers Dis. 35: 
179–198. [Medline]

	 2.	 Celik, S. and Erdogan, S. 2008. Caffeic acid phenethyl ester 
(CAPE) protects brain against oxidative stress and inflammation 
induced by diabetes in rats. Mol. Cell. Biochem. 312: 39–46. 
[Medline]  [CrossRef]

	 3.	 Chehade, J. M., Haas, M. J. and Mooradian, A. D. 2002. 
Diabetes-related changes in rat cerebral occludin and zonula 
occludens-1 (ZO-1) expression. Neurochem. Res. 27: 249–252. 
[Medline]  [CrossRef]

	 4.	 Cheng, G., Huang, C., Deng, H. and Wang, H. 2012. Diabetes 
as a risk factor for dementia and mild cognitive impairment: 
a meta-analysis of longitudinal studies. Intern. Med. J. 42: 
484–491. [Medline]  [CrossRef]

	 5.	 Deli, M. A., Descamps, L., Dehouck, M. P., Cecchelli, R., Joó, 
F., Abrahám, C. S. and Torpier, G. 1995. Exposure of tumor 
necrosis factor-α to luminal membrane of bovine brain capillary 
endothelial cells cocultured with astrocytes induces a delayed 
increase of permeability and cytoplasmic stress fiber formation 

of actin. J. Neurosci. Res. 41: 717–726. [Medline]  [CrossRef]
	 6.	 Didier, N., Romero, I. A., Créminon, C., Wijkhuisen, A., Grassi, 

J. and Mabondzo, A. 2003. Secretion of interleukin-1β by astro-
cytes mediates endothelin-1 and tumour necrosis factor-α effects 
on human brain microvascular endothelial cell permeability. J. 
Neurochem. 86: 246–254. [Medline]  [CrossRef]

	 7.	 Dietrich, W. D., Alonso, O. and Busto, R. 1993. Moderate hyper-
glycemia worsens acute blood-brain barrier injury after forebrain 
ischemia in rats. Stroke 24: 111–116. [Medline]  [CrossRef]

	 8.	 Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., 
Tsukita, S. and Tsukita, S. 1993. Occludin: a novel integral 
membrane protein localizing at tight junctions. J. Cell Biol. 123: 
1777–1788. [Medline]  [CrossRef]

	 9.	 Hawkins, B. T. and Egleton, R. D. 2006. Fluorescence imag-
ing of blood-brain barrier disruption. J. Neurosci. Methods 151: 
262–267. [Medline]  [CrossRef]

	10.	 Hawkins, B. T., Lundeen, T. F., Norwood, K. M., Brooks, H. L. 
and Egleton, R. D. 2007. Increased blood-brain barrier perme-
ability and altered tight junctions in experimental diabetes in the 
rat: contribution of hyperglycaemia and matrix metalloprotein-
ases. Diabetologia 50: 202–211. [Medline]  [CrossRef]

	11.	 Hill, R. E. and Williams, P. E. 2004. Perineurial cell basement 
membrane thickening and myelinated nerve fibre loss in diabetic 
and nondiabetic peripheral nerve. J. Neurol. Sci. 217: 157–163. 
[Medline]  [CrossRef]

	12.	 Hölscher, C. 2011. Diabetes as a risk factor for Alzheimer’s 
disease: insulin signalling impairment in the brain as an alter-
native model of Alzheimer’s disease. Biochem. Soc. Trans. 39: 
891–897. [Medline]  [CrossRef]

	13.	 Horel, J. A. 1978. The neuroanatomy of amnesia. A critique 
of the hippocampal memory hypothesis. Brain 101: 403–445. 
[Medline]  [CrossRef]

	14.	 Huber, J. D., VanGilder, R. L. and Houser, K. A. 2006. Strep-
tozotocin-induced diabetes progressively increases blood-brain 
barrier permeability in specific brain regions in rats. Am. J. 
Physiol. Heart Circ. Physiol. 291: H2660–H2668. [Medline]  
[CrossRef]

	15.	 Hwang, I. K., Choi, J. H., Nam, S. M., Park, O. K., Yoo, D. Y., 
Kim, W., Yi, S. S., Won, M. H., Seong, J. K. and Yoon, Y. S. 
2014. Activation of microglia and induction of pro-inflammatory 
cytokines in the hippocampus of type 2 diabetic rats. Neurol. 
Res. 36: 824–832. [Medline]  [CrossRef]

	16.	 Hwang, I. K., Yi, S. S., Kim, Y. N., Kim, I. Y., Lee, I. S., Yoon, Y. 
S. and Seong, J. K. 2008. Reduced hippocampal cell differentia-
tion in the subgranular zone of the dentate gyrus in a rat model 
of type II diabetes. Neurochem. Res. 33: 394–400. [Medline]  
[CrossRef]

	17.	 IDF diabetes atlas update. 2013. http://www.idf.org/diabetesat-
las/introduction.

	18.	 Idris, I., Gray, S. and Donnelly, R. 2004. Protein kinase C-β inhi-
bition and diabetic microangiopathy: effects on endothelial per-
meability responses in vitro. Eur. J. Pharmacol. 485: 141–144. 
[Medline]  [CrossRef]

	19.	 Itoh, M., Furuse, M., Morita, K., Kubota, K., Saitou, M. and 
Tsukita, S. 1999. Direct binding of three tight junction-associat-
ed MAGUKs, ZO-1, ZO-2, and ZO-3, with the COOH termini of 
claudins. J. Cell Biol. 147: 1351–1363. [Medline]  [CrossRef]

	20.	 Kamada, H., Yu, F., Nito, C. and Chan, P. H. 2007. Influence 
of hyperglycemia on oxidative stress and matrix metallopro-
teinase-9 activation after focal cerebral ischemia/reperfusion 
in rats: relation to blood-brain barrier dysfunction. Stroke 38: 
1044–1049. [Medline]  [CrossRef]

	21.	 Kanoski, S. E., Zhang, Y., Zheng, W. and Davidson, T. L. 2010. 

http://www.ncbi.nlm.nih.gov/pubmed/23388174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18265948?dopt=Abstract
http://dx.doi.org/10.1007/s11010-008-9719-3
http://www.ncbi.nlm.nih.gov/pubmed/11958524?dopt=Abstract
http://dx.doi.org/10.1023/A:1014892706696
http://www.ncbi.nlm.nih.gov/pubmed/22372522?dopt=Abstract
http://dx.doi.org/10.1111/j.1445-5994.2012.02758.x
http://www.ncbi.nlm.nih.gov/pubmed/7500373?dopt=Abstract
http://dx.doi.org/10.1002/jnr.490410602
http://www.ncbi.nlm.nih.gov/pubmed/12807444?dopt=Abstract
http://dx.doi.org/10.1046/j.1471-4159.2003.01829.x
http://www.ncbi.nlm.nih.gov/pubmed/8418533?dopt=Abstract
http://dx.doi.org/10.1161/01.STR.24.1.111
http://www.ncbi.nlm.nih.gov/pubmed/8276896?dopt=Abstract
http://dx.doi.org/10.1083/jcb.123.6.1777
http://www.ncbi.nlm.nih.gov/pubmed/16181683?dopt=Abstract
http://dx.doi.org/10.1016/j.jneumeth.2005.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17143608?dopt=Abstract
http://dx.doi.org/10.1007/s00125-006-0485-z
http://www.ncbi.nlm.nih.gov/pubmed/14706218?dopt=Abstract
http://dx.doi.org/10.1016/j.jns.2003.09.011
http://www.ncbi.nlm.nih.gov/pubmed/21787319?dopt=Abstract
http://dx.doi.org/10.1042/BST0390891
http://www.ncbi.nlm.nih.gov/pubmed/101278?dopt=Abstract
http://dx.doi.org/10.1093/brain/101.3.403
http://www.ncbi.nlm.nih.gov/pubmed/16951046?dopt=Abstract
http://dx.doi.org/10.1152/ajpheart.00489.2006
http://www.ncbi.nlm.nih.gov/pubmed/24571083?dopt=Abstract
http://dx.doi.org/10.1179/1743132814Y.0000000330
http://www.ncbi.nlm.nih.gov/pubmed/17712629?dopt=Abstract
http://dx.doi.org/10.1007/s11064-007-9440-8
http://www.ncbi.nlm.nih.gov/pubmed/14757134?dopt=Abstract
http://dx.doi.org/10.1016/j.ejphar.2003.11.060
http://www.ncbi.nlm.nih.gov/pubmed/10601346?dopt=Abstract
http://dx.doi.org/10.1083/jcb.147.6.1351
http://www.ncbi.nlm.nih.gov/pubmed/17272778?dopt=Abstract
http://dx.doi.org/10.1161/01.STR.0000258041.75739.cb


D. Y. YOO ET AL.962

The effects of a high-energy diet on hippocampal function and 
blood-brain barrier integrity in the rat. J. Alzheimers Dis. 21: 
207–219. [Medline]

	22.	 Kniesel, U. and Wolburg, H. 2000. Tight junctions of the 
blood-brain barrier. Cell. Mol. Neurobiol. 20: 57–76. [Medline]  
[CrossRef]

	23.	 Marioni, R. E., Strachan, M. W., Reynolds, R. M., Lowe, G. D., 
Mitchell, R. J., Fowkes, F. G., Frier, B. M., Lee, A. J., Butcher, 
I., Rumley, A., Murray, G. D., Deary, I. J. and Price, J. F. 2010. 
Association between raised inflammatory markers and cognitive 
decline in elderly people with type 2 diabetes: the Edinburgh 
Type 2 Diabetes Study. Diabetes 59: 710–713. [Medline]  
[CrossRef]

	24.	 Min, L. J., Mogi, M., Shudou, M., Jing, F., Tsukuda, K., 
Ohshima, K., Iwanami, J. and Horiuchi, M. 2012. Peroxisome 
proliferator-activated receptor-γ activation with angiotensin II 
type 1 receptor blockade is pivotal for the prevention of blood-
brain barrier impairment and cognitive decline in type 2 diabetic 
mice. Hypertension 59: 1079–1088. [Medline]  [CrossRef]

	25.	 Mogi, M. and Horiuchi, M. 2011. Neurovascular coupling in 
cognitive impairment associated with diabetes mellitus. Circ. J. 
75: 1042–1048. [Medline]  [CrossRef]

	26.	 Mooradian, A. D. 1997. Central nervous system complications 
of diabetes mellitus—a perspective from the blood-brain barrier. 
Brain Res. Brain Res. Rev. 23: 210–218. [Medline]  [CrossRef]

	27.	 Moran, C., Phan, T. G., Chen, J., Blizzard, L., Beare, R., Venn, 
A., Münch, G., Wood, A. G., Forbes, J., Greenaway, T. M., Pear-
son, S. and Srikanth, V. 2013. Brain atrophy in type 2 diabetes: 
regional distribution and influence on cognition. Diabetes Care 
36: 4036–4042. [Medline]  [CrossRef]

	28.	 Morrison, J. H. and Hof, P. R. 2002. Selective vulnerability 
of corticocortical and hippocampal circuits in aging and Al-
zheimer’s disease. Prog. Brain Res. 136: 467–486. [Medline]  
[CrossRef]

	29.	 Pasquier, F., Boulogne, A., Leys, D. and Fontaine, P. 2006. 
Diabetes mellitus and dementia. Diabetes Metab. 32: 403–414. 
[Medline]  [CrossRef]

	30.	 Paxinos, G. and Watson, C. 2007. The Rat Brain in Stereotaxic 
Coordinates. Elsevier Academic Press, Amsterdam.

	31.	 Peterson, R. G., Shaw, W. N., Neel, M. A., Little, K. A. and 
Eichberg, J. 1990. Zucker diabetic fatty rat as a model for non-
insulin-dependent diabetes mellitus. ILAR J. 32: 16–19.  [Cross-
Ref]

	32.	 Roberts, R. O., Knopman, D. S., Przybelski, S. A., Mielke, M. 
M., Kantarci, K., Preboske, G. M., Senjem, M. L., Pankratz, V. 
S., Geda, Y. E., Boeve, B. F., Ivnik, R. J., Rocca, W. A., Petersen, 
R. C. and Jack, C. R. Jr. 2014. Association of type 2 diabetes 
with brain atrophy and cognitive impairment. Neurology 82: 
1132–1141. [Medline]  [CrossRef]

	33.	 Roy, S. and Sato, T. 2000. Role of vascular basement membrane 
components in diabetic microangiopathy. Drug News Perspect. 
13: 91–98. [Medline]  [CrossRef]

	34.	 Sakurai, T., Kawashima, S., Satake, S., Miura, H., Tokuda, H. 
and Toba, K. 2014. Differential subtypes of diabetic older adults 
diagnosed with Alzheimer’s disease. Geriatr. Gerontol. Int. 14 
Suppl 2: 62–70. [Medline]  [CrossRef]

	35.	 Serlin, Y., Levy, J. and Shalev, H. 2011. Vascular pathology and 
blood-brain barrier disruption in cognitive and psychiatric com-
plications of type 2 diabetes mellitus. Cardiovasc. Psychiatry 
Neurol. 2011: 609202. [Medline]

	36.	 Starr, J. M., Wardlaw, J., Ferguson, K., MacLullich, A., Deary, 
I. J. and Marshall, I. 2003. Increased blood-brain barrier perme-
ability in type II diabetes demonstrated by gadolinium magnetic 
resonance imaging. J. Neurol. Neurosurg. Psychiatry 74: 70–76. 
[Medline]  [CrossRef]

	37.	 Tsukamoto, T. and Nigam, S. K. 1999. Role of tyrosine phos-
phorylation in the reassembly of occludin and other tight junc-
tion proteins. Am. J. Physiol. 276: F737–F750. [Medline]

	38.	 Ueno, M. 2007. Molecular anatomy of the brain endothelial 
barrier: an overview of the distributional features. Curr. Med. 
Chem. 14: 1199–1206. [Medline]  [CrossRef]

	39.	 West, R. K., Ravona-Springer, R., Schmeidler, J., Leroith, D., 
Koifman, K., Guerrero-Berroa, E., Preiss, R., Hoffman, H., 
Silverman, J. M., Heymann, A. and Schnaider-Beeri, M. 2014. 
The association of duration of type 2 diabetes with cognitive 
performance is modulated by long-term glycemic control. Am. 
J. Geriatr. Psychiatry 22: 1055–1059. [Medline]  [CrossRef]

	40.	 Yi, S. S., Hwang, I. K., Kim, D. W., Shin, J. H., Nam, S. M., 
Choi, J. H., Lee, C. H., Won, M. H., Seong, J. K. and Yoon, 
Y. S. 2011. The chronological characteristics of SOD1 activity 
and inflammatory response in the hippocampi of STZ-induced 
type 1 diabetic rats. Neurochem. Res. 36: 117–128. [Medline]  
[CrossRef]

	41.	 Yoo, D. Y., Chae, J., Jung, H. Y., Yim, H. S., Kim, J. W., Nam, 
S. M., Kim, D. W., Choi, J. H., Seong, J. K., Yoon, Y. S. and 
Hwang, I. K. 2015. Treadmill exercise is associated with reduc-
tion of reactive microgliosis and pro-inflammatory cytokine 
levels in the hippocampus of type 2 diabetic rats. Neurol. Res. 
37: 732–738. [Medline]  [CrossRef]

	42.	 Yu, P. K., Yu, D. Y., Cringle, S. J. and Su, E. N. 2005. Endothe-
lial F-actin cytoskeleton in the retinal vasculature of normal and 
diabetic rats. Curr. Eye Res. 30: 279–290. [Medline]  [CrossRef]

	43.	 Zimmet, P., Alberti, K. G. and Shaw, J. 2001. Global and societal 
implications of the diabetes epidemic. Nature 414: 782–787. 
[Medline]  [CrossRef]

	44.	 Zlokovic, B. V. 2008. The blood-brain barrier in health and 
chronic neurodegenerative disorders. Neuron 57: 178–201. 
[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/20413889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10690502?dopt=Abstract
http://dx.doi.org/10.1023/A:1006995910836
http://www.ncbi.nlm.nih.gov/pubmed/19959761?dopt=Abstract
http://dx.doi.org/10.2337/db09-1163
http://www.ncbi.nlm.nih.gov/pubmed/22454480?dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.192401
http://www.ncbi.nlm.nih.gov/pubmed/21441696?dopt=Abstract
http://dx.doi.org/10.1253/circj.CJ-11-0121
http://www.ncbi.nlm.nih.gov/pubmed/9164671?dopt=Abstract
http://dx.doi.org/10.1016/S0165-0173(97)00003-9
http://www.ncbi.nlm.nih.gov/pubmed/23939539?dopt=Abstract
http://dx.doi.org/10.2337/dc13-0143
http://www.ncbi.nlm.nih.gov/pubmed/12143403?dopt=Abstract
http://dx.doi.org/10.1016/S0079-6123(02)36039-4
http://www.ncbi.nlm.nih.gov/pubmed/17110895?dopt=Abstract
http://dx.doi.org/10.1016/S1262-3636(07)70298-7
http://dx.doi.org/10.1093/ilar.32.3.16
http://dx.doi.org/10.1093/ilar.32.3.16
http://www.ncbi.nlm.nih.gov/pubmed/24647028?dopt=Abstract
http://dx.doi.org/10.1212/WNL.0000000000000269
http://www.ncbi.nlm.nih.gov/pubmed/12937635?dopt=Abstract
http://dx.doi.org/10.1358/dnp.2000.13.2.858468
http://www.ncbi.nlm.nih.gov/pubmed/24650067?dopt=Abstract
http://dx.doi.org/10.1111/ggi.12250
http://www.ncbi.nlm.nih.gov/pubmed/21350721?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12486269?dopt=Abstract
http://dx.doi.org/10.1136/jnnp.74.1.70
http://www.ncbi.nlm.nih.gov/pubmed/10330056?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17504140?dopt=Abstract
http://dx.doi.org/10.2174/092986707780597943
http://www.ncbi.nlm.nih.gov/pubmed/24534521?dopt=Abstract
http://dx.doi.org/10.1016/j.jagp.2014.01.010
http://www.ncbi.nlm.nih.gov/pubmed/20924670?dopt=Abstract
http://dx.doi.org/10.1007/s11064-010-0280-6
http://www.ncbi.nlm.nih.gov/pubmed/25797150?dopt=Abstract
http://dx.doi.org/10.1179/1743132815Y.0000000015
http://www.ncbi.nlm.nih.gov/pubmed/16020258?dopt=Abstract
http://dx.doi.org/10.1080/02713680590923230
http://www.ncbi.nlm.nih.gov/pubmed/11742409?dopt=Abstract
http://dx.doi.org/10.1038/414782a
http://www.ncbi.nlm.nih.gov/pubmed/18215617?dopt=Abstract
http://dx.doi.org/10.1016/j.neuron.2008.01.003

