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Abstract

Aims/hypothesis The breakdown of the blood—nerve barrier
(BNB) is considered to be a key step in diabetic
neuropathy. Although basement membrane hypertrophy
and breakdown of the BNB are characteristic features of
diabetic neuropathy, the underlying pathogenesis remains
unclear. The purpose of the present study was to identify
the possible mechanisms responsible for inducing the
hypertrophy of basement membrane and the disruption of
the BNB after exposure to AGEs.

Methods The newly established human peripheral nerve
microvascular endothelial cell (PnMEC) and pericyte cell
lines were used to elucidate which cell types constituting
the BNB regulate the basement membrane and to investi-
gate the effect of AGEs on the basement membrane of the
BNB using western blot analysis.

Results Fibronectin, collagen type IV and tissue inhibitor of
metalloproteinase (TIMP-1) protein were produced mainly
by peripheral nerve pericytes, indicating that the basement
membrane of the BNB is regulated mainly by these cells.
AGEs reduced the production of claudin-5 in PnMECs by
increasing autocrine signalling through vascular endothelial
growth factor (VEGF) secreted by the PnMECs themselves.
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Furthermore, AGEs increased the amount of fibronectin,
collagen type IV and TIMP-1 in pericytes through a similar
upregulation of autocrine VEGF and transforming growth
factor (TGF)-3 released by pericytes.
Conclusions/interpretation These results indicate that peri-
cytes may be the main regulators of the basement
membrane at the BNB. AGEs induce basement membrane
hypertrophy and disrupt the BNB by increasing autocrine
VEGF and TGF-f signalling by pericytes under diabetic
conditions.
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Abbreviations

Act- Active-

AGEs Advanced glycation end-products

BBB Blood-brain barrier

bFGF Basic fibroblast growth factor

BNB Blood—nerve barrier

BRB Blood-retinal barrier

ECM Extracellular matrix

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
MMP Matrix metalloproteinase

NF-«xB Nuclear factor kB

PnMECs Peripheral nerve microvascular endothelial cells
RAGE Receptor of advanced glycation end-product
TEER Transendothelial electrical resistance

TGF Transforming growth factor

TIMP Tissue inhibitor of metalloproteinase

VEGF Vascular endothelial growth factor
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Introduction

Diabetic neuropathy is one of the most frequent complica-
tions of diabetes. Microangiopathy of the endoneurium is a
common finding in the nerves of diabetic patients, and is
thought to be a contributing factor to the development of
diabetic neuropathy. The blood-nerve barrier (BNB) is
localised in the microvessels of the endoneurium or
perineurium, and consists of peripheral nerve microvascular
endothelial cells (PnMECs), pericytes of endoneurial
microvascular origin, and the basement membrane [1-3].
The basement membrane of the BNB plays important roles
in maintaining the structure and function of capillary
vessels [4]. Recently, breakdown of the BNB has been
suggested to be an initial key step in diabetic neuropathy
[4—6]. Although hypertrophy of the basement membrane in
the endoneurium or perineurium, pericyte loss and endo-
thelial cell hyperplasia at the BNB are characteristic
features of diabetic neuropathy [6], the pathology and
pathogenesis remain unclear. It is known, however, that the
basement membrane is constructed from extracellular matrix
(ECM) components such as collagen type IV, laminin and
fibronectin, and is regulated by matrix metalloproteinases
(MMPs) at the blood—brain barrier (BBB) [7, 8]. MMP-9 and
MMP-2 digest collagen type IV, fibronectin and laminin, and
are inhibited by tissue inhibitor of metalloproteinase (TIMP)
[9]. Several studies have suggested that brain pericytes or
astrocytes synthesise fibronectin, MMP-2 and MMP-9, and
regulate the state of the basement membrane in the BBB [10,
11]. However, the mechanisms underlying in the formation
and maintenance of the basement membrane in the BNB
have not yet been elucidated.

Hyperglycaemia is responsible for the presence of high
levels of non-enzymatically produced AGEs in the diabetic
patients [12]. Their accumulation on proteins in the
microvasculature appears to be a key factor in the
development of retinopathy and nephropathy [12], but their
role remains unclear with regard to their importance in
diabetic neuropathy. AGEs have been reported to directly
stimulate the production of basement membrane by
activating transforming growth factor (TGF)-31 secretion
during the development of diabetic nephropathy [13], and
to induce blood-retinal barrier (BRB) dysfunction through
vascular endothelial growth factor (VEGF) production in
diabetic retinopathy [14]. However, to date, the molecular
mechanism by which AGEs induce hypertrophy of the
basement membrane and breakdown of the BNB during
diabetic neuropathy is unclear. The purpose of this study
was to elucidate which type of cells regulate the basement
membrane of the BNB using our newly developed PnMEC
and pericyte cell lines, and to identify the possible
mechanisms responsible for increasing the basement mem-
brane thickness of the BNB after exposure to AGEs.
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Methods

Reagents The culture medium for pericytes and PnMECs
consisted of DMEM (Sigma, St Louis, MO, USA) contain-
ing 100 U/ml penicillin (Sigma), 100 pg/ml streptomycin
(Sigma), 25 ng/ml amphotericin B (Invitrogen, Grand
Island, NY, USA) and 10% fetal bovine serum (FBS)
(Sigma). Polyclonal anti-TIMP-1, anti-fibronectin, anti-
MMP-2, and anti-MMP-9 antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Polyclonal anti-claudin-5 and anti-occludin antibodies were
purchased from Zymed (San Francisco, CA, USA). Poly-
clonal anti-collagen type IV was obtained from ARP
American Research Products (Belmont, MA, USA).
AGEs-BSA was purchased from Calbiochem (Darmstadt,
Germany). Polyclonal anti-basic fibroblast growth factor
(bFGF), anti-TGF-f3 and anti-VEGF antibodies were pur-
chased from R&D Systems (Minneapolis, MN, USA).
Human astrocytes were purchased from Lonza (Walkersville,
MD, USA).

Cell culture The immortalised human PnMECs, and brain
and peripheral nerve pericyte cell lines were generated as
described previously by our group [15, 16]. The study
protocol for human tissue was approved by the ethics
committee of the Medical Faculty, University of Yamaguchi
Graduate School, and was conducted in accordance with
the Declaration of Helsinki, as amended in Somerset West
in 1996. Written informed consent was obtained from the
families of the participants before entering the study. The
cell lines, which were isolated from human sciatic nerve
and brain tissue, retain the morphological characteristics of
primary peripheral nerve endothelial cells or brain and
peripheral nerve pericytes and produce either endothelial or
pericyte markers. The cultures were maintained at 37°C in
5% (vol./vol.) CO, and the DMEM medium was replaced
every 3 days.

Quantitative real-time PCR analysis Total RNA was
extracted using an RNeasy Plus Mini Kit (Qiagen, Hilden,
Germany). Single-stranded cDNA was created from 40 ng
total RNA using the StrataScript First Strand Synthesis
System (Stratagene, Cedar Creek, TX, USA). The sequence
specificity of each human primer pair is shown in the
electronic supplementary material (ESM) Table 1. Quanti-
tative real-time PCR analysis was performed using the
Mx3005P (Stratagene) with FullVelocity SYBR Green
QPCR master mix (Stratagene). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an
internal standard. The samples were subjected to PCR
analysis using the following cycling parameters: 95°C for
10 min, 95°C for 15 s and 60°C for 1 min for 40 cycles.
Negative controls (cDNA-free solutions) were included in
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Table 1 Effect of the two AGE concentrations (100 and 200 pg/ml)
on production of basement-membrane-related molecules in peripheral
nerve pericytes

Protein Ratio of target protein production (protein:actin)

AGE 100 pg/ml AGE 200 pg/ml

Collagen type IV 2.18+0.39%* 2.93+£0.61**
Fibronectin 4.83+£0.52%* 5.33+0.96**
TIMP-1 2.38+0.17** 2.86+0.14%*
Act-MMP-9 0.68+0.06 0.36+0.18**
Act-MMP-2 1.15£0.07 0.94+0.05

RAGE 2.03+0.38** 2.404+0.42%*
TGF-B 1.87+0.13%* 2.68+0.18**
VEGF 2.26+0.29** 2.21+0.21%**
bFGF 1.18+0.08 0.96+0.05

Data shown are means£SEM (n=3)

Each value reflects the combined densitometry data from three
independent experiments and is shown as a fold increase above
control

**p<0.01 compared with control

each reaction. The standard reaction curve (R,) was
analysed using MxPro software (Stratagene), with the
relative quantity was calculated according to the formula
Ry = RgencRgene/RGappu by the software.

Western blot analysis The protein samples (10-20 pg) were
separated by SDS-PAGE (Bio-Rad), and transferred to
nitrocellulose membrane (Amersham, Chalfont, UK). The
membranes were treated with blocking buffer (5% skimmed
milk in 25 mmol/l Tris-HCI pH 7.6,125 nmol/l NaCl, 0.5%
Tween 20) for 1 h at room temperature and incubated with
relevant primary antibodies (dilution 1:100) for 2 h at
room temperature as the primary antibodies. The mem-
brane was exposed to peroxidase-conjugated secondary
antibody (1:2,000) followed by chemiluminescence
reagent (Amersham), exposure to X-Omat S films
(Amersham) and quantification of bands intensity using
the Fuji image analysis software package.

Analysis of the effect of TGF-£1 or VEGF on the expression
of basement-membrane-related genes Peripheral nerve
pericytes were either left untreated or treated with human
TGF-B1 (10 ng/ml) or VEGF (10 ng/ml). The total protein
was collected 2 days later.

Treatment of human PnMECs and peripheral nerve
pericytes with AGEs—BSA PnMECs and peripheral nerve
pericytes were cultured in DMEM with unmodified BSA
(100 pg/ml) and AGE-modified BSA (100 pg/ml,
200 pg/ml). AGEs—-BSA contained <0.2 ng/ml of

endotoxin. The cells were cultured for 2 days prior to
collection of total protein.

VEGF or TGF-3 inhibitory study Peripheral nerve peri-
cytes were cultured with AGEs—BSA containing 2.0 pg/ml
antibody against VEGF or TGF-[3, or normal rabbit IgG.
PnMECs were also cultured with AGEs containing 2.0 pg/ml
antibody against VEGF or normal rabbit IgG. The total RNA
was extracted 24 h later, and total protein was obtained a
further 2 days later.

Transendothelial electrical resistance (TEER) study Trans-
well inserts (pore size 0.4 um, effective growth area
0.3 cm?; BD Biosciences, Franklin Lakes, NJ, USA) were
coated by rat-tail collagen type-I (BD Biosciences). TEER
values of cell layers were measured with a Millicell
electrical resistance apparatus (Endohm-6 and EVOM,
World Precision Instruments, Sarasota, FL, USA). The
PnMECs were seeded (1x10° cells per insert) on the upper
compartment and cultured for 24 h. In order to estimate the
effect of AGEs against PnMECs, the upper compartment
was incubated with each medium (control, AGE, AGE+
VEGF antibody) for 24 h.

Data analysis Unless otherwise indicated, all data represent
the mean+=SEM. An unpaired two-tailed Student’s ¢ test
was used to determine the significance of differences
between two group means. A p value <0.01 was considered
to be statistically significant.

Results

The expression of basement-membrane-related molecules
secreted from the peripheral nerve pericytes We quantified
the mRNA expression of fibronectin, collagen type IV
(COL4A44), TIMP1, MMP2 and MMP9 by means of relative
quantification with real-time RT-PCR using PnMECs and
peripheral nerve pericytes (ESM Fig. 1a—e). The expression
of COL4A44 (ESM Fig. 1a), fibronectin (ESM Fig. 1b) and
TIMP1 (ESM Fig. Ic) mRNA in peripheral nerve
pericytes was significantly higher than those in PnMECs
(»<0.01). There were no significant differences in expres-
sion of MMP2 (ESM Fig. 1d) and MMP9 (ESM Fig. le)
between these two cells. In addition, we determined
fibronectin, collagen type IV, TIMP-1, MMP-2 and
MMP-9 protein production using PnMECs and peripheral
nerve cells by a western blot analysis (Fig. la). The
fibronectin, collagen type IV, TIMP-1, MMP-2, and
MMP-9 bands, corresponding to 190, 25, 38, and
92 kDa single bands, respectively, were detected in these
cell lines (Fig. la). Although the collagen type IV and
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Fig. 1 a Western blot analysis of collagen type IV, fibronectin, TIMP-1,
MMP-2 and MMP-9 proteins in PnMECs and peripheral nerve pericytes.
Fibronectin, collagen type IV, TIMP-1, MMP-2 and MMP-9 bands
corresponded to single bands at 190, 25, 38, and 92 kDa, respectively.
Bands corresponding to collagen type IV and TIMP-1 were not detected
in PnAMECs, although the fibronectin, MMP-2 and MMP-9 proteins were

TIMP-1 bands were not detected, the fibronectin, MMP-2,
and MMP-9 proteins were produced in PnMECs (Fig. 1a).
Interestingly, the production of fibronectin (Fig. 1b) and
MMP-2 (Fig. lc) proteins in the peripheral nerve pericytes
was significantly higher than those in PAMECs (p<0.01),
whereas production of MMP-9 protein production did not
show a significant difference between these two cells
(Fig. 1d).

Effect of AGEs on the production of basement-membrane-
related molecules in peripheral nerve pericytes To identify
the possible mechanism responsible for the basement
membrane hypertrophy of the BNB after exposure to
AGEs, we also examined the changes in the production of
fibronectin, collagen type IV, TIMP-1, MMP-2 and MMP-9
proteins in peripheral nerve pericytes after AGE exposure
(100, 200 pg/ml; Fig. 2a). The production of fibronectin
and collagen type IV protein in peripheral nerve pericytes
significantly increased in a dose-dependent manner after
exposure to AGEs (p<0.01; Table 1). The TIMP-1 protein
production in peripheral nerve pericytes was also signifi-
cantly increased after application of AGEs; however, the
production of active MMP-9 (act-MMP-9) was decreased
by treatment with 200 pg/ml AGE (Table 1). The level of
the receptor of AGE (RAGE) in peripheral nerve pericytes
was observed to increase significantly after incubation with
AGE:s in a dose-dependent manner (Table 1). We previous-
ly reported that our peripheral nerve pericytes released
several growth factors, including VEGF, TGF-{3 and bFGF,
to maintain peripheral nerve homeostasis at the BNB [15].
We also quantified the change of these growth factors in
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visualised. b—d The bar graph reflects the combined densitometry
data from five independent experiments (mean+SEM, n=5). The
production of fibronectin (b) and pro-MMP-2 (¢) in peripheral nerve
pericytes was significantly higher than in PnMECs, whereas
production of pro-MMP-9 protein (d) did not show a significant
difference between these two cell lines. **p<0.01

peripheral nerve pericytes after incubation with AGEs (100
and 200 pg/ml) by a western blot analysis (Fig. 2b). The
production of VEGF and TGF-f3 protein in peripheral nerve
pericytes was significantly increased by treatment with
AGEs, although there was no change in the bFGF protein
production after AGE exposure (Table 1).

Contribution of TGF-$1 and VEGF to the induction
of basement-membrane-related molecules after AGE
exposure TGF-31 and VEGF are known to be major
mediators of the early and late vascular changes in
diabetic microangiopathy. To investigate the effect of
TGF-f1 and VEGF on the production of basement-
membrane-related molecules at the BNB, we also
quantified the changes in the production of fibronectin,
collagen type IV, TIMP-1, MMP-2 and MMP-9 in
peripheral nerve pericytes after incubation with TGF-
f1 (10 ng/ml) and VEGF (10 ng/ml) by western blot
analysis (Fig. 3). Fibronectin and collagen type IV in
peripheral nerve pericytes significantly increased after
exposure to TGF-1 or VEGF (p<0.01; Table 2). The
promatrix metalloproteinase (pro-MMP-9) protein in
peripheral nerve pericytes was also upregulated
(»<0.01) after application of TGF-31 or VEGF (Table 2).
To clarify the individual contributions of VEGF and TGF-
1 to the increase in basement-membrane thickness after
exposure to AGEs, the activities of VEGF and TGF-f3
were neutralised using an anti-VEGF and anti-TGF-f3
antibody. The production of fibronectin and collagen type
IV protein in peripheral nerve pericytes was decreased
after incubation with AGEs pretreated with the anti-TGF-f3
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Fig. 2 a The changes in colla-
gen type 1V, fibronectin, TIMP-1,
MMP-2 and MMP-9 production
in peripheral nerve pericytes after
treatment with the two AGE con-
centrations (100 and 200 pg/ml).
The production of fibronectin,
collagen type IV, TIMP-1 and
RAGE in peripheral nerve
pericytes was significantly
increased after treatment with
AGE:s in a dose-dependent
manner. The level of act-MMP-9

Collagen type IV |

proteins in peripheral nerve TIMP-1
pericytes was significantly
reduced, whereas act-MMP-2
protein did not show a significant 1oy 5 Pro-MMP2
difference following AGE Ac-MMP2
treatment. b The changes in
TGF-B,‘ VEQF ar}d bFGF Pro-MMP9
production in peripheral nerve MMP-9
pericytes treated with AGEs. The Act-MMP9
production of TGF-f3 and VEGF
iljl pe;n'pheral nerve pericytes was RAGE
significantly increased after
treatment with AGEs, whereas
bFGF production was not affected Actin
following AGE treatment.
Control, conditioned medium
of unmodified BSA; AGE,
condition medium of AGEs-BSA
b
TGF-B
VEGF
bFGF
Actin

(Fig. 4a—) or VEGF (Fig. 4d—f) antibody, as determined by
a western blot analysis.

Effect of AGEs on the production of tight junctional
molecules by PnMECs, and the contribution of VEGF
to the induction of claudin-5 after AGE exposure To
determine the effect of AGEs on the barrier function of
the BNB, we also examined the changes in claudin-5
production by PnMEC:s after exposure to AGE (100 pg/ml)
by a western blot analysis (Fig. 5a). Whereas the claudin-5
production in PnMECs was significantly reduced (Fig. 5b),
VEGF production was significantly increased after incuba-
tion with AGEs (Fig. 5c). The TEER value of PnMECs did
not change after incubation with AGEs (Fig. 5h). To clarify
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the contribution of VEGF to the reduction of claudin-5 in
PnMECs, a neutralising anti-VEGF antibody was used.
Relative quantification with real-time RT-PCR revealed
that the percentage of increase in the claudin-5
(CLDN5) mRNA expression was 48% after incubation
with AGEs pretreated using the anti-VEGF antibody
(Fig. 5e). In addition, we quantified claudin-5 protein in
PnMECs after incubation with the anti-VEGF neutralis-
ing antibody (Fig. 5f). Production of claudin-5 protein
was increased after pre-incubation with the anti-VEGF
neutralising antibody (Fig. 5g). The TEER value of
PnMECs was also significantly increased after exposure
to AGEs in cells pretreated with the anti-VEGF neutral-
ising antibody (Fig. Sh). RAGE production in PnMECs
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Fig. 3 The effect of VEGF (10 ng/ml) and TGF- (10 ng/ml) on
production of collagen type IV, fibronectin, TIMP-1, MMP-2, and
MMP-9 proteins in peripheral nerve pericytes. The production of
collagen type IV and fibronectin in peripheral nerve pericytes was
significantly increased after treatment with TGF-f3. The pro-MMP-9
proteins in peripheral nerve pericytes were upregulated after incuba-
tion with TGF-f3, although TIMP-1 production was not affected. The
production of collagen type IV and fibronectin in peripheral nerve
pericytes was significantly increased after treatment with VEGF. The
pro-MMP-9 proteins in peripheral nerve pericytes were upregulated
after incubation with VEGEF, although TIMP-1 production was not
affected

MMP-9

was significantly induced after the application of AGEs
(Fig. 5d).

Discussion

In this study, we examined the importance of the cells
comprising the BNB in the formation or maintenance of the
basement membrane. We have successfully established
PnMEC and peripheral nerve pericyte cell lines of human
origin [15, 16]. Therefore, our in vitro BNB model is
considered suitable for the analysis of the production of
basement-membrane-related molecules, because it is diffi-
cult to identify cells that synthesise these molecules in vivo.
Our study demonstrated that fibronectin, collagen type IV,
MMP-2 and TIMP-1 are mainly synthesised by peripheral
nerve pericytes, confirming that the maintenance of the
basement membrane components is regulated primarily by
peripheral nerve pericytes at the BNB. The basement
membrane of the BBB is constructed from ECM-related
molecules, including collagen type IV and fibronectin, and
is regulated by TIMP-1, which inhibits MMPs [8]. Several
studies suggest that astrocytes and brain pericytes synthe-
sise fibronectin and collagen type IV, and these cells secrete

@ Springer

MMP-2 and MMP-9 to maintain basement membrane
turnover [11, 17]. Our study verified that peripheral nerve
pericytes, which are the only cells in the endoneurial
microvessels other than PnMECs, might be the key cells
with regard to the maintenance of the basement membrane
at the BNB.

The breakdown of the BNB is considered to be a key
step in diabetic neuropathy [5, 6]. Investigations of biopsied
nerves with mild to severe diabetic neuropathy showed
structural changes in the microvasculature in the endoneu-
rium, including an increase in the basement membrane
thickness, pericyte degeneration and endothelial hyperpla-
sia [6]. Although basement membrane hypertrophy at the
BNB is one of the cardinal pathogenic features of diabetic
neuropathy [6], its pathogenesis remains unclear. TGF-f31
is generally accepted to be the main pro-fibrotic factor in
diabetic nephropathy [13]. Several lines of experimental
and clinical evidence support a major role for TGF-1 in
the development of glomerulosclerosis and interstitial
fibrosis in diabetic nephropathy [18, 19]. In another study,
inhibition of TGF-31 with neutralising antibodies pre-
vented the glomerular enlargement and the excess matrix
production by reducing collagen type IV and fibronectin
[20, 21]. Conversely, VEGF is also known to be another
mediator of the early and late vascular changes in diabetic
nephropathy and retinopathy. Several studies have sug-
gested that VEGF signalling may affect renal matrix
accumulation, because inhibition of VEGF with neutralis-
ing antibodies attenuates the increase in glomerular base-
ment membrane thickness and mesangial matrix expansion
in diabetic nephropathy [13, 22]. Furthermore, recent
evidence has shown that VEGF may contribute to the
breakdown of the BRB during diabetic retinopathy because

Table 2 Effect of TGF-$ and VEGF on production of basement-
membrane-related molecules in peripheral nerve pericytes

Protein Ratio of target protein production (protein:actin)
TGF-3 VEGF

Collagen type IV~ 4.49+0.15%* 1.94+0.20%*
Fibronectin 3.60+0.18** 1.924+0.15%*

TIMP-1 1.234+0.14 1.104+0.14
Pro-MMP-9 1.84+0.13** 3.22+0.23**
Act-MMP-9 1.28+0.14 1.38+£0.17
Pro-MMP-2 0.95+0.14 1.34+0.25
Act-MMP-2 1.43+0.32 1.32+0.14

Data shown are means+SEM (n=5)

Each value reflects the combined densitometry data from five
independent experiments and is shown as a fold increase above
control

**p<0.01 compared with control
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Fig. 4 The effects of anti-TGF- and anti-VEGF neutralising
antibodies on the collagen type IV and fibronectin induction by
treatment with AGEs. The peripheral nerve pericytes were cultured
with AGEs or AGEs pre-treated with anti-TGF-3 or anti-VEGF
antibody for 24 h. a The change in the production of collagen type IV
and fibronectin protein in PnAMECs after treatment with anti-TGF-f3
neutralising antibody using a western blot analysis. b Collagen type
IV and (c) fibronectin proteins were inhibited after pretreatment with
anti-TGF-{ neutralising antibody. d The change in the production of
collagen type IV and fibronectin protein in PnMECs after treatment

of the beneficial effects of anti-VEGF agents in the
reduction of retinal vascular permeability [23]. We therefore
hypothesised that TGF- and VEGF signalling may
contribute to the induction of basement membrane hyper-
trophy and disruption of the BNB. Our study demonstrated
that the production of fibronectin and collagen type IV by
peripheral nerve pericytes significantly increased after
exposure to TGF- or VEGF, and that the amount of pro-
MMP-9 significantly increased. These results indicate that
TGF-f and VEGF might directly stimulate the production
of fibronectin and collagen type IV in peripheral nerve
pericytes, and that the induction of pro-MMP-9 might then
occur secondary to these signals, thus leading to degrada-
tion of the increased fibronectin or collagen type IV in
order to maintain ECM turnover.

AGE:s are the late products of non-enzymatic glycation,
and their accumulation on proteins in the microvasculature
appears to be a key factor in the development of neuropathy
[24]. AGEs accumulate in the vessel walls and have been
implicated in both the macrovascular and microvascular
complications of diabetes [12]. The accumulation of AGEs
in both the peripheral nerves of human diabetic patients and
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with anti-VEGF neutralising antibody using a western blot analysis.
Production of (e) collagen type IV and (f) fibronectin was inhibited
after pretreatment with anti-VEGF neutralising antibody. Each bar
graph reflects the combined densitometry data from five independent
experiments (mean+SEM, n=5). Control, conditioned medium of
unmodified BSA; AGEs, conditioned medium of AGEs—BSA; AGE+
VEGF antibody, conditioned medium of AGEs-BSA pre-treated with
VEGF neutralising antibody; AGE+TGF-3 antibody, conditioned
medium of AGE-BSA pre-treated with TGF-f3 neutralising antibody;
**p<0.01

in the experimental diabetic animals was observed in
vascular endothelial cells, pericytes, and the basement
membrane, as well as in axons and Schwann cells, thus
resulting in an impaired nerve function and characteristic
pathological alterations [24, 25]. Several lines of evidences
suggest that AGEs induce basement-membrane thickening
in diabetic nephropathy and retinopathy [13, 26]. However,
the molecular mechanism underlying this process is unclear
in diabetic neuropathy. Our study demonstrates that the
production of collagen type IV and fibronectin in peripheral
nerve pericytes was significantly increased after exposure
to AGEs. These results thus indicate that AGEs directly
induce basement membrane hypertrophy at the BNB.
Several other studies suggest that an imbalance between
MMPs and TIMPs may cause basement membrane hyper-
trophy through inhibition of ECM degradation [9, 13]. Our
results demonstrated that induction of TIMP-1 and reduc-
tion of MMP-9 in peripheral nerve pericytes was observed
after application of AGEs, thus suggesting that AGEs
inhibit ECM degradation at the BNB. Furthermore, our
study also demonstrated that the production of VEGF and
TGF-f3 secreted from peripheral nerve pericytes was
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Fig. 5 a The changes in claudin-5, VEGF and RAGE production in
peripheral nerve pericytes after treatment with AGEs (100 pg/ml)
using western blot analysis. b Claudin-5 in PnMECs was significantly
decreased after treatment with AGE. VEGF (c¢) and (d) RAGE
production was significantly increased after incubation with AGE.
e The effect of anti-VEGF neutralising antibody on the CLDN5
induction by AGE treatment. The PnMECs were cultured with AGEs
or AGEs pre-treated with anti-VEGF antibody for 24 h. The level of
CLDN5 mRNA in PnMECs was assayed by real-time RT-PCR and
expressed as the ratio of the target gene/GAPDH. The CLDN5 mRNA
was upregulated by 48% following exposure to AGEs pretreated with
anti-VEGF antibody as compared with AGEs only. f The change in

increased after incubation with AGEs. The experimental
inhibition studies using anti-VEGF or TGF-f3 neutralising
antibodies in peripheral nerve pericytes also revealed that
VEGF and TGF- were primarily responsible for the
upregulation of fibronectin and collagen type IV. These
results indicate that AGEs induce basement membrane
hypertrophy and disrupt the BNB by increasing the
production of secreted VEGF and TGF-3 by pericytes
under diabetic conditions.

The breakdown of the BRB occurs in patients with
diabetic retinopathy [27]. Several studies have suggested
that AGEs induce vasopermeability of the retina by
increasing VEGF production [14, 23, 28-31] and disrupt
the BRB by decreasing tight junction proteins, such as
occludin and ZO-1 [32]. However, the role of AGEs in
diabetic neuropathy remains unclear. In this study, we
examined whether AGEs could alter the integrity of the
tight junction in endothelial cells during diabetic neuropa-
thy. Claudin-5 is known to be a major component of tight
junctions, and the production of claudin-5 is important for
tight junction maintenance in the mature BBB [33]. Our
results demonstrate that claudin-5 in PnMECs was

@ Springer

the production of claudin-5 protein in PnMECs after treatment with
anti-VEGF neutralising antibody using western blot analysis.
g Claudin-5 protein was increased after pretreatment with anti-VEGF
neutralising antibody. h The TEER value of PnMECs was also
significantly increased after treatment with AGEs pretreated with anti-
VEGF neutralising antibody. Each bar graph reflects the combined
densitometry data from five independent experiments (mean+SEM,
n=5). Control, conditioned medium of unmodified BSA; AGEs,
conditioned medium of AGEs-BSA; AGE+VEGF antibody, a
conditioned medium of AGE-BSA pre-treated with VEGF neutralis-
ing antibody. **p<0.01

decreased after exposure to AGEs. In contrast, the
production of VEGF in PnMECs was increased after
incubation with AGEs, and our inhibition studies using an
anti-VEGF neutralising antibody also revealed that VEGF
was primarily responsible for the downregulation of
claudin-5. These results indicate that AGEs reduce the
production of claudin-5 in PnMECs by increasing the
secretion of VEGF secreted by the PAMECs themselves.
Our findings show that the production of RAGE was
significantly increased in peripheral nerve pericytes and
PnMECs after exposure to AGEs. RAGE is a 35 kDa
polypeptide of the Ig superfamily that plays a critical role in
the development of diabetic vascular complications [34,
35]. RAGE is present in minimal quantities in the normal
endothelial cells and pericytes of the BNB, but is
upregulated in a positive-feedback manner when AGE
ligands accumulate [24, 36]. These activities may induce
inflammatory responses, leading to aggravation of diabetic
vascular complications [36]. RAGE has also been reported
to activate transcription factor nuclear factor kB cells (NF-
kB), thus leading to increase production of the cytokines
including TNF-« [34, 35]. Several studies have demon-
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strated that NF-kB activation may induce VEGF and TGF-f3
production [37, 38]. The activation of RAGE in PnMECs
and peripheral nerve pericytes after exposure to AGEs may
thus induce the production of VEGF and TGF-f3 through
NF-kB signalling. The prevention or decrease of glycation
and glycation-induced tissue damage could be possible
therapeutic strategies for the treatment of diabetic
neuropathy [39, 40]. Recent clinical studies have shown
that AGE breakers, including ALT-711 and alagebrium,
may be able to decrease the adverse vascular effects of
glycation with few side effects [41-43], although no
benefits have been demonstrated in the area of neuropathy.
The inhibition of pathological responses mediated by AGEs
may have therapeutic potential for diabetic neuropathy,
although the RAGE-mediated molecular mechanisms need
to be explored in further studies.

In conclusion, we have herein demonstrated that peri-
cytes are the main regulators involved in the maintenance
of the basement membrane at the BNB, and that AGEs
induce basement membrane hypertrophy and disrupt the
BNB by increasing the secretion of VEGF and TGF-f
released by pericytes and the secretion of VEGF secreted
by PnMECs under diabetic conditions. Further research is
necessary because obtaining a better understanding of the
molecular mechanisms by which AGEs induce BNB
breakdown is expected to provide new targets for the
treatment and prevention of diabetic neuropathy.
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