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Introduction

Summary

Methylglyoxal (MG) is a reactive dicarbonyl metabolite formed during
glucose, protein and fatty acid metabolism. In hyperglycaemic conditions,
increased MG level has been linked to the development of diabetes and its
vascular complications at the macrovascular and microvascular levels
where inflammation plays a role. To study the mechanism of MG-induced
inflammation in vivo, we applied MG locally to healthy mice and used
intravital microscopy to investigate the role of endothelial cell adhesion
molecules in MG-induced leucocyte recruitment in cremasteric microvas-
culature. Administration of MG (25 and 50 mg/kg) to the tissue dose-
dependently induced leucocyte recruitment at 4:0-5-5 hr, with 84-92%
recruited cells being neutrophils. Such MG treatment up-regulated the
expression of endothelial cell adhesion molecules P-selectin, E-selectin,
intercellular adhesion molecule-1, but not vascular cell adhesion mole-
cule-1. Activation of the nuclear factor-xB signalling pathway contributed
to MG-induced up-regulation of these adhesion molecules and leucocyte
recruitment. The role of the up-regulated endothelial cell adhesion mole-
cules in MG-induced leucocyte recruitment was determined by applying
specific functional blocking antibodies to MG-treated animals and observ-
ing changes in leucocyte recruitment parameters. Our data demonstrate
that the up-regulation of P-selectin, E-selectin and intercellular adhesion
molecule-1 contributes to the increased leucocyte rolling flux, reduced
leucocyte rolling velocity, and increased leucocyte adhesion, respectively.
Our results reveal the role of endothelial cell adhesion molecules in MG-
induced leucocyte recruitment in microvasculature, an inflammatory con-
dition related to diabetic vascular complications.

Keywords: adhesion molecules; endothelial cells; leucocyte recruitment;
methylglyoxal; nuclear factor-xB.

diabetes are linked to inflammation.” > In blood vessels
and tissues, an abnormal elevation of the highly reactive

Vascular dysfunction is a main feature of diabetic compli-
cations and involves both micro- and macro-angiopathy.'
The progression of diabetic vascular complications results
in cardiovascular disease, chronic renal failure, retinal
damage, neuropathy and poor wound healing. The patho-
logical changes in the macro- and micro-vasculature in

glycolytic by-product methylglyoxal (MG) increases oxi-
dative stress and the generation of advanced glycation
end—productsf’8 which lead to vascular inflammation.’
However, the mechanism of vascular inflammation
induced by MG itself in diabetes and diabetic vascular
complications is unclear.

Abbreviations: AGEs advanced glycation end-products; ICAM-1 intercellular adhesion molecule-1; JNK c¢-Jun N-terminal kinase;
MAPK mitogen-activated protein kinase; MG methylglyoxal; NF-xB nuclear factor-xB; TNF-o tumour necrosis factor-o; VCAM-1

vascular cell adhesion molecule-1
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Methylglyoxal is a reactive carbonyl metabolite formed
during glucose, protein and fatty acid metabolism.® In phys-
iological conditions, MG is endogenously produced by vari-
ous metabolic pathways.'®" It is one of the most powerful
glycation agents of proteins and other important cellular
components such as DNA and key enzymes. Increased
MG levels have been reported in diabetic patients and
animals.'>'> Besides its strong glycation capability, an
increased MG level is involved in the inflammatory response
in diabetes by up-regulating the expression of inflammatory
mediators."*™"” An increased plasma MG level is related to
the expression of cytokines in patients with diabetic
nephropathy and patients with type 2 diabetes mellitus.'*"*
Yamawaki et al.'® showed that MG is a strong inducer of
inflammation in human endothelial cells. It has also been
shown that MG activates various signalling pathways such
as nuclear factor-kB (NF-xB), c-Jun N-terminal kinase
(JNK) and p38 mitogen-activated protein kinase (MAPK)
pathways in endothelial cells and leucocytes.'®*° The activa-
tion of these pathways further triggers downstream inflam-
matory cascade events,'®*"** such as the production of
cytokines and chemokines and up-regulation of cell adhe-
sion molecules, which mediate leucocyte recruitment.
Hence, elevated MG may play a role in inducing inflamma-
tion in patients with diabetes.

Leucocyte recruitment from the blood stream into the
extravascular space is essential for developing an appro-
priate inflammatory response to injury or infection. In
many tissues, this process follows a well-defined cascade
of events, beginning with the capture of free-flowing
blood leucocytes to the vessel wall, and followed by roll-
ing and adhesion of leucocytes to the inflamed endothe-
lium and, then by leucocyte transendothelial migration.
Studies have shown that various cytokines, chemokines
and adhesion molecules are essential for this process.>**
In the initial phase of the adhesion cascade, leucocyte
rolling is mediated by members of the selectin family
(L-selectin on leucocytes, and P-selectin and E-selectin on
activated endothelial cells), and adhesion by intercellular
adhesion molecule-1 (ICAM-1), which binds to f3, inte-
grins, such as lymphocyte function-associated antigen 1
and Mac-1 on the leucocyte membrane. This latter inter-
action results in the arrest and firm adhesion of the
leucocytes to the endothelium, and is required for the
subsequent leucocyte transendothelial migration. Although
the process of leucocyte—endothelial cell interaction has
been extensively investigated, the mechanism of MG-
induced inflammatory response in macrovasculature and
microvasculature in diabetic vascular complications is not
clear. The questions of whether and which adhesion mole-
cules are up-regulated and which particular step in the
recruitment process is affected by their up-regulation
remain unanswered.

Previous studies demonstrated that the expression of
ICAM-1, E-selectin and vascular cell adhesion molecule-1

(VCAM-1) in the blood vessels is increased in spontane-
ously hypertensive rats.”>*® The serum concentrations of
VCAM-1 and ICAM-1 are increased in patients with sys-
temic vascular inflammation, type 2 diabetes and cardio-
vascular diseases.”” >° As these diseases are related to
hyperglycaemia, inflammation and increased MG forma-
tion, it is reasonable to infer that there is a potential
relationship between MG production, endothelial cell
adhesion molecule expression and inflammation. In this
study, we used intravital microscopy to investigate the
effects of MG on leucocyte recruitment and the role of
endothelial cell adhesion molecules P-selectin, E-selectin
and ICAM-1 in MG-induced leucocyte recruitment. We
evaluated the changes in recruitment parameters (leuco-
cyte rolling, adhesion and emigration) in the microvascu-
lature of the cremaster muscle at different time-points
after intrascrotal injection of different doses of MG. We
also explored the involvement of the NF-xB signalling
pathway in this process. Based on the time—course data,
we established an MG-induced inflammation model and
investigated the mechanism of MG-induced leucocyte
recruitment. The expression of P-selectin, E-selectin,
ICAM-1 and VCAM-1 after MG treatment was deter-
mined by immunohistochemistry. The role of each up-
regulated adhesion molecule was determined by using
functional blocking antibodies. The role of NF-xB
involved in MG-induced leucocyte recruitment was inves-
tigated by using a specific inhibitor.

Materials and methods

Animals

Male C57BL/6 mice between 8 and 12 weeks old were
obtained from Charles River Canada (Saint-Constant,
QC, Canada). All animal protocols were approved by the
University of Saskatchewan Committee on Animal Care
and Supply, and met the standards of the Canadian
Council on Animal Care.

Cell culture

EA.hy926 cell, a hybrid human umbilical vein endothelial
cell line, was obtained from the American Type Culture
Collection (ATCC, Rockville, MD). Cells were cultured in
Dulbecco’s modified Eagle’s medium (Cellgro, Manassas,
VA) with 10% fetal bovine serum (Hyclone, Logan, UT)
and 100 U/ml penicillin-streptomycin (Amresco, Solon,
OH) with 5% CO, and maximal humidity at 37°. Cells
between passage 3 and 6 were used for the experiments.

MG administration

The MG (Sigma-Aldrich, Oakville, ON, Canada) was dis-
solved in saline. To give MG doses of 0, 1, 5, 25 and
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50 mg/kg, 200 ul of the MG solution was injected into
the right side of the scrotum using a 30-G needle
beneath the scrotum skin without puncturing any under-
lying tissue (intrascrotal injection). At various time-
points after the MG injection, the mice were prepared
for intravital microscopy (described below). Intrascrotal
injection of 500 ng recombinant murine tumour necrosis
factor-o. (TNF-a; R & D Systems, Minneapolis, MN) in
200 ul saline was used as positive control for immuno-
histochemistry studies.

MG assay

Methylglyoxal levels in plasma and cremaster muscle tis-
sue were measured by a specific and sensitive HPLC
method as described previously.’"* Briefly, MG was
derivatized with o-phenylenediamine (0-PD) to specifi-
cally form 2-methylquinoxaline. Samples were incubated
in the dark for 24 hr with PCA solution (1 m HCIO,,
4 mMm Na,S,0s5, 01 mm EDTA) and 100 mm o-PD at
room temperature. 2-Methylquinoxaline and quinoxaline
internal standard (5-methylquinoxaline) were quantified
on a Hitachi D-7000 HPLC system (Hitachi, Ltd., Missis-
sauga, ON, Canada) via a Nova-Pak® C18 column
(39 x 150 mm, and 4-um particle diameter; Waters,
Milford, MA). The protein concentrations in the samples
were determined by bicinchoninic acid assay kit (Sigma-
Aldrich).

Intravital microscopy

Mice were anaesthetized by intraperitoneal injection of a
mixture of 10 mg/kg xylazine (Bayer Inc., Toronto, ON,
Canada) and 200 mg/kg ketamine hydrochloride (Bioni-
che Inc., Belleville, ON, Canada). The right jugular vein
was cannulated for the administration of additional ana-
esthetics and the antibodies. An incision was made in the
scrotal skin to expose the left cremaster muscle, which
was then carefully separated from the associated fascia. A
lengthwise incision was made on the ventral surface of
the cremaster muscle. The testicle and epididymis were
separated from the underlying muscle and reintroduced
into the abdominal cavity. The muscle was then spread
out over an optically clear viewing pedestal, secured along
the edges with 5-0 suture, and superfused with 37° bicar-
bonate buffered saline (pH 7-4). The cremaster microcir-
culation was observed on a TV monitor through an
intravital microscope (BX61WI; Olympus, Tokyo, Japan)
using 10 x eyepieces and a 20 x objective lens. Single
unbranched venules (25-35 um in diameter) were
selected for study and images of the microcirculation
were recorded using a video camera (model DXC-990,
Sony, Tokyo, Japan) and video recorder (model LRH-
890; LG, Seoul, South Korea). To minimize variability,
the same section of cremasteric venule was observed

throughout the experiment. The number of rolling,
adherent and emigrated leucocytes was determined offline
during video playback analysis. Rolling leucocytes were
defined as cells moving at a velocity less than that of ery-
throcytes within a given vessel. The flux of rolling cells
was measured as the number of rolling cells passing a
given point in the venule per minute. The rolling velocity
was determined as 100-um length of distance on the
venule divided by the average time that the first 20 rolling
cells covered this distance at the recording time-point. A
leucocyte was considered to be adherent if it remained
stationary for > 30 seconds, and total leucocyte adhe-
sion was quantified as the number of adherent cells
within a 100-um length of venule in 5 min. Leucocyte
emigration was defined as the number of cells in the
extravascular space within an area of 443 x 286 pum’
(two fields of view on a TV monitor) on both sides of
the venule. Only cells adjacent to and clearly outside the
vessel under study were counted as emigrated.>

Histological examination

Haematoxylin and eosin (H ¢ E) staining: H & E staining
of paraffin sections was used to determine the subtypes of
emigrated leucocytes. After intravital microscopy, the cre-
master muscle was collected and fixed for 16 hr in 4%
paraformaldehyde (Sigma-Aldrich) in PBS solution (pH
7-4). After fixation, the tissue was processed by an auto-
matic vacuum tissue processor (model RVG/1; Belair,
Springfield, NJ) for dehydration, clearing and infiltration
with embedding medium. The tissue was then embedded
into paraffin blocks and sliced at 5-um thickness by a
microtome. H & E staining was carried out as previously
described.** After H & E staining, cremasteric venules (25
—35 um diameter) were selected under a microscope, the
emigrated cells in the same area (443 x 286 ,umz) as in
the intravital microscopy experiment were observed and
counted. The subtypes of leucocytes recruited in the
extravascular space were determined by their morphology
under the microscope.

Immunohistochemistry: Immunohistochemistry of frozen
sections of cremaster muscle was used to determine the
expression of adhesion molecules. After intravital micros-
copy, the cremaster muscle was collected and fixed for
16 hr by 4% buffered paraformaldehyde solution. After
fixation, the tissue was dehydrated using hypertonic
sucrose solution (10% 4 hr, 15% 4 hr, and 30% 16 hr).
Then the tissue was embedded in OCT compound and
sectioned on a cryostat microtome (model HM 500;
Microm, Walldorf, Germany) at 7 um. The blocks were
kept at —70° until use.

Tissue slices were mounted on microscope slides and
washed in TBST (50 mMm Tris—HCI, 150 mm NaCl, 0-1%
Triton X-100, pH 7-4) twice (10 min each) for permeabili-
zation, and then in TBS (50 mm Tris—HCI, 150 mm NaCl,
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pH 7-4) three times. The sections were immersed in 0-3%
(v/v) H,O, in TBS for 15 min to remove the endogenous
peroxidase activity. After washing twice with TBS, block-
ing solution [10% goat serum (Abcam, Cambridge, MA)
plus 5% BSA in TBS] was added for 2 hr. After blocking,
sections were incubated for 16 hr in a humidity chamber
at 4° with diluted primary antibodies: anti-E-selectin
(UZ6; Abcam) at 1 :100, anti-P-selectin (polyclonal;
LifeSpan BioSciences, Seattle, WA) at 1 : 50, anti-ICAM-1
(YN1/1.7.4; Abcam) at 1 : 100 or anti-VCAM-1 (MVCAM.A
(429); Abcam) at 1:100. After washing with TBS
three times (10 min each), the diluted secondary anti-
bodies horseradish peroxidase-conjugated goat anti-rabbit
(Abcam) at 1 : 200 and horseradish peroxidase-conjugated
goat anti-rat (Abcam) at 1 : 200 were applied for 1 hr in
a humidity chamber at room temperature. Slides were
washed with TBS three times (10 min each), developed
with diaminobenzidine chromogen for 3 min, and rinsed
in distilled water for 5 min. Coverslips were mounted with
permanent mounting medium.

Western blotting

After treatment with PBS (control), MG or TNF-o, EA.
hy926 cells were harvested and lysed on ice for 30 min in
RIPA buffer (50 mm Tris-HCI pH 8:0, 150 mm NaCl, 1%
nonidet P-40, 0-5% sodium deoxycholate, 0-1% SDS and
protease inhibitors cocktail). The lysate was centrifuged at
10 000 g for 10 min, and the supernatant was collected,
mixed with 4x sample loading buffer (200 mm Tris—HCI
pH 68, 50% glycerol, 2% SDS, 20% f-mercaptoethanol,
0-04% bromophenol blue), boiled for 5 min and centri-
fuged at 10 000 g for 5 min before loading. The same
amount of proteins in cell lysates were separated on 7-5%
SDS-PAGE, electrotransferred to a nitrocellulose mem-
brane (Bio-Rad, Hercules, CA), blocked with 5% non-fat
milk in TBS-Tween buffer for 1-5 hr at room temperature,
and incubated overnight at 4° with the primary antibodies
against P-selectin (1 : 1000; Lifespan BioSciences), E-
selectin (1 : 1000; Abcam), ICAM-1 (1 : 1000; Abcam),
and f-actin (1 : 2000; Santa Cruz, CA), and then incu-
bated with horseradish peroxidase-conjugated secondary
antibody (Abcam) for 1 hr at room temperature. After
extensive washing, the bands were visualized with
enhanced chemiluminescence reagents (GE Healthcare Life
Sciences, Princeton, NJ) and exposed to X-ray film
(Kodak scientific imaging film, ON, Canada).

Functional blocking study

Mice were injected with MG and prepared for intravital
microscopy as above. The functional blocking antibody
was injected intravenously 5 min after the start of intra-
vital microscopy. The antibodies were: anti-E-selectin
antibody (9A9, 100 ug/mouse; a gift from Dr Paul

Kubes, University of Calgary, AB, Canada), anti-P-selectin
antibody (RB40.34, 25 ug/mouse; BD Pharmingen, San
Jose, CA), anti-ICAM-1 antibody (YN1/1.7.4, 100 ug/
mouse; eBioscience, San Diego, CA), rat anti-mouse
negative control IgGl (for E-selectin and P-selectin; BD
Pharmingen) and rat anti-mouse negative control IgG2b
(for ICAM-1; eBioscience).

Administration of NF-«B inhibitor

BAY 11-7082 (Sigma-Aldrich), a specific NF-«B inhibitor,
was first dissolved in DMSO as a 30 mg/ml stock solu-
tion, the appropriate amount of which was dissolved in
0-4 ml saline and injected into the animal at 20 mg/kg
intraperitoneally 30 min before MG administration. The
same concentration of DMSO was used in the vehicle
control group.

Statistical analysis

Data are expressed as mean = SEM from at least three
independent experiments. Statistical differences between
mean values in two groups were analysed by Student’s
t-test, and the differences among more than two groups
were analysed by one-way analysis of variance and
Tukey’s post-hoc test. P < 005 was considered statisti-
cally significant.

Results

MG levels in plasma and cremaster muscle after
exogenous MG administration

We measured MG levels in plasma and cremaster muscle
4 hr after MG intrascrotal injection. Table 1 shows that
as MG dose increased (0-50 mg/kg), the mean MG lev-
els in plasma dose-dependently increased from 0-934 to

Table 1. The levels of methylglyoxal (MG) in plasma and local

tissue
Amount of MG detected by HPLC
Cremaster muscle
MG doses Plasma (pm) (nmol/mg protein)
0 mg/kg 0-934 £+ 0-055 0-999 + 0-040
1 mg/kg 1-051 + 0-061 1-476 + 0-135*
5 mg/kg 1170 + 0-061* 2:494 £ 0-007*
25 mg/kg 1-486 + 0-109* 3-149 £+ 0-172*
50 mg/kg 1-:660 = 0-096* 3-878 + 0-166*

The MG levels in plasma and cremaster muscle were analysed by
HPLC after 4-hr MG local treatment. The values are mean = SEM
(n=3).

*P < 0-05 compared with saline-treated control group (0 mg/kg).
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1660 pm, and the mean MG levels in the local tissue
increased from 0-999 nmol/mg protein to 3-878 nmol/
mg protein. Local injection of MG significantly increased
MG levels in plasma and local tissue in a dose-depen-
dent manner. The MG levels in plasma and tissue in our
model are consistent with those in previously established

acute MG-treated animal models.*>"*¢

Dose-response effects of MG on leucocyte
recruitment

To determine the effect of a local MG increase on leucocyte
recruitment in microvasculature, we examined leucocyte
recruitment after intrascrotal injection of various doses of
MG (1, 5, 25 and 50 mg/kg). Figure 1 shows leucocyte
recruitment in cremaster muscle at 4-0-5-5 hr after local
administration of MG. In response to increasing doses of
MG, leucocyte rolling flux did not increase until the dose of
MG reached 25 mg/kg, and leucocyte rolling velocity was
dose-dependently decreased when MG was 5 mg/kg or
higher. The adhesion and emigration of leucocytes were
increased in an MG dose-dependent manner. As the MG
dose increased, the leucocyte adhesion and emigration
increased from 2 cells to > 10 cells, and from 0 to > 8 cells,
respectively. Low-dose MG treatment at 1 or 5 mg/kg
showed no significant statistical change compared with the
saline control group. For 25 and 50 mg/kg MG treatment

groups, significant differences were always observed on
rolling flux, rolling velocity, adhesion and emigration. These
results indicate that MG induces a dose-dependent increase
of leucocyte recruitment.

The time—course of leucocyte recruitment after MG
treatment

To investigate the kinetics of leucocyte recruitment after
MG treatment, we examined leucocyte recruitment 4, 8,
16 or 24 hr after 25 or 50 mg/kg MG. The results showed
that the effects of MG treatment on leucocyte recruitment
peaked at 8 hr (Fig. 2). For both 25 and 50 mg/kg treat-
ment groups, the lowest rolling velocity, and highest
adhesion and emigration, were all observed in 8 hr. After
8 hr, the rolling velocity increased, and the adhesion and
emigration decreased, towards the untreated level. These
data indicate that MG treatment induces rapid leucocyte
recruitment in local tissue, and the peak response occurs
at 8 hr.

Neutrophils predominantly recruited by acute MG
treatment

To determine whether MG induces a typical acute inflam-
mation response in cremaster muscle, we measured
the percentage of neutrophils and other subtypes of

(a) Rolling flux (b) Rolling velocity
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Figure 1. Dose-response effect of methylglyox- 10 . *
al (MG) on leucocyte recruitment in cremas- E B 3
teric postcapillary venules. MG at different v 871 . §
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doses (dissolved in 200 ul saline) was injected g 6 - . 3
intrascrotally, and the mouse cremaster muscle 44 . * ©
was prepared for intravital microscopy at 4 hr.
Leucocyte rolling flux (a), rolling velocity (b), 2]
0

number of adherent leucocytes (c) and the
number of emigrated leucocytes (d) were
determined at 4:0-5-5 hr after MG treatment.
Values are means = SEM (n = 4). *, P < 0:05
compared with saline-treated control group.
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(a) Rolling flux (b) Rolling velocity
120 704 L
] 1:: : V % . 50 1
° 40 é % = 20
eI EiLR Tl R
(c) Adhesion (d) Emigration

Figure 2. Time—course effect of methylglyoxal
(MG) on leucocyte recruitment in cremasteric
postcapillary venules. MG, 25 or 50 mg/kg
(dissolved in 200 pl saline), was injected intra-

Cells/5 min
Cell number

scrotally, and the mouse cremaster muscle was
prepared for intravital microscopy at 4, 8, 16
or 24 hr. Leucocyte rolling flux (a), rolling
velocity (b), number of adherent leucocytes (c)
Saline 25 mg/kg 50 mg/kg Saline 25 mg/kg 50 mg/kg and the number of emigrated leucocytes (d)
\:I Saline 4 hr mmmﬂﬂ MG 16 hr were determined. The 4-hr saline group is
- MG 4 hr MG 24 hr shown as the control. Values are means = SEM

(n=13). *P <005 compared with the 4-hr

7

77 MG 8 hr MG treatment group.
leucocytes in emigrated cells 5-5 hr after the intrascrotal ophils and basophils accounted for < 2% (Fig. 3 and
injection of 25 or 50 mg/kg MG. The majority Table 2). Our results reveal that MG local treatment
(~ 84-92%) of the emigrated leucocytes were neutrophils, causes a typical, neutrophil-dominant, acute inflamma-
~ 7-14% were lymphocytes and monocytes, while eosin- tion response in the cremaster muscle.

Saline MG 25 mg/kg
- - Figure 3. Hacmatoxylin & cosin (H & E)
MG 50 mgrkg staining of cremaster muscle sections. After

5-5 hr of methylglyoxal (MG) or saline treat-
ment, the cremaster muscles were collected
and processed as described in the Materials
and methods. After H & E staining, cremaster-
ic venules (25-35 um diameter) and adjacent
tissues were examined under the microscope,
and the emigrated leucocytes in the same area
as intravital microscopy were counted
(Table 2). The subtypes of leucocytes in the
extravascular space were determined by their

morphology (magnification: 400 ).
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Table 2. The subtypes and percentage of recruited leucocytes after
methylglyoxal (MG) treatment

The percentage of each subtype of recruited leucocytes

Dose and
time of Lymphocytes/
MG Eosinophils ~ Basophils ~ Neutrophils ~ Monocytes
treatment (%) (%) (%) (%)
25 mg/kg, 038 049 9178 7-34

5:5 hr
50 mg/kg, 091 0-85 84-24 14-00

5:5 hr

After Haematoxylin & Eosin staining, the emigrated leucocytes in
the same area as intravital microscopy experiment were examined
and counted. The subtypes of cells in the extravenular space were
determined by their morphology under microscope. For each treat-
ment group, > 500 leucocytes in extravascular space were counted.

The acute inflammation model induced by MG

We found that MG treatment for 8 hr or longer increased
tissue damage such as scrotum swelling and interstitial
tissue stickiness, which were more apparent at 16 and
24 hr, and that 25 mg/kg MG local treatment for 4-0—
5-5 hr induces a typical acute inflammation response with
a high percentage of recruitment cells being neutrophils
(Fig. 1 and Table 2). In the following experiments, we
chose 25 mg/kg MG local treatment for 4 hr to study
the role of endothelial cell adhesion molecules in
MG-induced leucocyte recruitment.

Up-regulation of endothelial adhesion molecule
expression by MG treatment

By using immunohistochemistry, we determined the
expression of endothelial cell adhesion molecules P-selec-
tin, E-selectin, ICAM-1 and VCAM-1 on cremasteric
postcapillary venules. After 25 mg/kg MG treatment for
4-0-5‘5 hr, the expression of P-selectin (Fig. 4), E-selectin
(Fig. 5) and ICAM-1 (Fig. 6) were increased, whereas
VCAM-1 expression did not change (Fig. 7).

The direct activation effect of MG on endothelial cells

To investigate whether MG is directly activating endothe-
lial cells, we tested the effect of MG on the expression of
endothelial adhesion molecules using an in vitro system.
Cultured EA.hy926 endothelial cells were treated with
100 um MG, PBS or 20 ng/ml TNF-o for 4 hr, and the
expression of P-selectin, E-selectin and ICAM-1 was deter-
mined by Western blot. Figure 8 shows that MG treatment
increased the expression of these adhesion molecules in
cultured EA.hy926 endothelial cells, demonstrating that the
effect of MG was directly on the endothelial cells.

The role of P-selectin, E-selectin and ICAM-1 in
MG-induced leucocyte recruitment

To investigate the role of P-selectin, E-selectin and ICAM-1
during MG-induced leucocyte recruitment, we adminis-
tered the functional blocking antibodies against these adhe-
sion molecules 4 hr after MG treatment, and determined

Saline TNF-a. (positive control)
Figure 4. Immunohistochemistry = staining of - -
P-selectin in cremasteric endothelium after MG 25 mg/kg MG 50 mg/kg

methylglyoxal (MG) treatment. MG at 25 or
50 mg/kg (dissolved in 200 ul saline) was
injected intrascrotally for 55 hr, and the
mouse cremaster muscles were collected and
processed as described in the Materials and
methods. The brown staining on the endothe-
lial cells of cremasteric postcapillary venules
reveals the expression of P-selectin. Saline and
500 ng tumour necrosis factor-o. (TNF-o) were
used as negative and positive controls, respec-
tively (magnification: 400x).
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Saline TNF-a (positive control)

MG 25 mg/kg

MG 50 mg/kg

Figure 5. Immunohistochemistry staining of
E-selectin on cremasteric endothelium after
methylglyoxal (MG) treatment. MG at 25 or
50 mg/kg (dissolved in 200 ul saline) was
injected intrascrotally for 55 hr, and the
mouse cremaster muscles were collected and
processed as described in the Materials and
methods. The brown staining on the endothe-
lial cells of cremasteric postcapillary venules
reveals the expression of E-selectin. Saline and
500 ng tumour necrosis factor-o (TNF-a) were
used as negative and positive controls, respec-
tively (magnification: 400x ).

Saline TNF-o. (positive control)

MG 25 mg/kg

leucocyte rolling velocity, rolling flux, adhesion and emi-

gration by intravital microscopy over the next 1-5 hr.

Suppression of MG-induced increase of leucocyte rolling
flux by P-selectin blockade

Figure 9 illustrates that after anti-P-selectin antibody
injection, the leucocyte rolling flux dropped to 0, indicat-
ing that the rolling of leucocytes on the venular wall

MG 50 mg/kg

Figure 6. Immunohistochemistry staining of
intracellular adhesion molecule 1 (ICAM-1) on
cremasteric endothelium after methylglyoxal
(MG) treatment. MG at 25 or 50 mg/kg (dis-
solved in 200 ul saline) was injected intrascrot-
ally for 55 hr, and the mouse cremaster
muscles were collected and processed as
described in the Materials and methods. The
brown staining on the endothelial cells of cre-
masteric  postcapillary venules reveals the
expression of ICAM-1. Saline and 500 ng
tumour necrosis factor-o. (TNF-o) were used as
negative and positive controls, respectively
(magnification: 400 ).

depends on the functions of P-selectin. As there were no
leucocytes rolling on the venular wall after P-selectin
blockade, the rolling velocity was unable to be deter-
mined, and the further increases of leucocyte adhesion
and emigration after MG were subsequently prevented
(Fig. 9¢,d). These data indicate that MG-induced P-selec-
tin up-regulation results in more leucocytes rolling on the
endothelium, which increases the interactions between
leucocytes and endothelial cells.
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Saline TNF-o. (positive control)
Figure 7. Immunohistochemistry staining of
vascular cell adhesion molecule 1 (VCAM-1)
on cremasteric endothelium after methylglyoxal
(MG) treatment. MG at 25 or 50 mg/kg (dis-
solved in 200 ul saline) was injected intrascrot-
ally for 5'5hr, and the mouse cremaster MG 25 mg/kg MG 50 mg/kg

muscles were collected and processed as
described in the Materials and methods. Saline
and 500 ng tumour necrosis factor-o (TNF-a)
were used as negative and positive controls,
respectively. The brown staining on the endo-
thelial cells of cremasteric postcapillary venules
reveals the expression of VCAM-1 in the TNEF-
o-treated group. Both MG treatment groups
show no apparent change of VCAM-1 expres-
sion after 5-5 hr MG treatment compared with
saline control group (magnification: 400x ).

P-selectin _-‘-
E-selectin L e—
ICAM-1 e
B-actin e AN —

Figure 8. Methylglyoxal (MG)-induced expression of P-selectin,
E-selectin and intracellular adhesion molecule 1 (ICAM-1) in cul-
tured endothelial cells. EA.hy926 endothelial cells were cultured to
90% confluence and treated with PBS (negative control), 100 um
MG or 20 ng/ml tumour necrosis factor-o. (TNF-u; positive control)
for 4 hr. The expression of P-selectin, E-selectin and ICAM-1 in cell
lysates was determined by Western blot.

Restoration of MG-induced reduction of leucocyte rolling
velocity by E-selectin blockade

The intravital microscopy data demonstrate that anti-E-se-
lectin antibody treatment significantly blocked the MG-
induced decrease in rolling velocity, whereas the rolling
flux showed no significant change compared with the ani-
mals treated with the same dose of MG only (Fig. 10).
After blocking the functions of E-selecin, the rolling

velocity increased back to the normal level and the adhe-
sion and emigration were significantly decreased. Increas-
ing the leucocyte rolling velocity reduces the time for
leucocyte—endothelial cell interactions and decreases the
subsequent increase of adhesion and emigration of leuco-
cytes after MG treatment (Fig. 10c,d). This result indicates
that after MG treatment, the expression of E-selectin is
important for the decrease in leucocyte rolling velocity.

Decreased MG-induced leucocyte adhesion by ICAM-1
blockade

After anti-ICAM-1 antibody administration, the adhesion
cell number induced by MG dropped from ~ 7 to < 3,
while the rolling velocity and rolling flux were not signifi-
cantly changed (Fig. 11). As adhesion was significantly
decreased by anti-ICAM-1 treatment, the increased leuco-
cyte emigration induced by MG was suppressed, and the
emigration cell number remained ~ 4. These data indicate
that ICAM-1 plays an important role in MG-induced
adhesion of leucocytes to endothelial cells, and may be
crucial for MG-induced leucocyte emigration.

The contribution of NF-«B signalling pathway to
MG-induced adhesion molecule up-regulation and
leucocyte recruitment

To determine whether the NF-xB pathway is involved in
MGe-induced adhesion molecule up-regulation, we applied
a specific NF-kB inhibitor, BAY 11-7082, 30 min before
MG administration to observe the changes on adhesion

© 2012 The Authors. Immunology © 2012 Blackwell Publishing Ltd, Immunology, 137, 65-79 73
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Figure 9. Effect of P-selectin blocking antibody
on leucocyte recruitment in cremasteric post-
capillary venules after methylglyoxal (MG)
treatment. Mice were treated with MG (25 mg/
kg) as described in the legend of Fig. 1, and
leucocyte recruitment in cremaster muscle was
measured at 4-0-5'5 hr using intravital micros-
copy. After baseline measurement at 4 hr,
25 pg anti-P-selectin  antibody was infused
intravenously (arrow). The leucocyte rolling
flux (a), rolling velocity (b), number of adher-
ent leucocytes (c¢) and the number of emi-
grated leucocytes (d) after antibody treatment
were determined. Values are means + SEM
(n=3). *P <005 compared with 25 mg/kg
MG-treated group without antibody.

Figure 10. Effect of E-selectin blocking anti-
body on leucocyte recruitment in cremasteric
postcapillary venules after methylglyoxal (MG)
treatment. Mice were treated with MG (25 mg/
kg) as described in the legend of Fig. 1, and
leucocyte recruitment in cremaster muscle was
measured at 4-0-5-5 hr using intravital micros-
copy. After baseline measurement at 4 hr,
100 pug anti-E-selectin antibody was infused
intravenously (arrow). The leucocyte rolling
flux (a), rolling velocity (b), number of adher-
ent leucocytes (c) and the number of emi-
grated leucocytes (d) after antibody treatment
were determined. Values are means + SEM
(n=3). *P <0-05 compared with 25 mg/kg
MG-treated group without antibody.
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Figure 11. Effect of intracellular adhesion mol-
ecule 1 (ICAM-1) blocking antibody on leuco- (© Adhesion (d) Emigration
cyte recruitment in cremasteric postcapillary 9 -
venules after methylglyoxal (MG) treatment. 8
Mice were treated with MG (25 mg/kg) as 7
described in the legend of Fig. 1, and leucocyte < 61
c
recruitment in cremaster muscle was measured € é 5 ]
at 4-0-5-5 hr using intravital microscopy. After g 2 4]
baseline measurement at 4 hr, 100 ug anti- S E 3]
ICAM-1 antibody was infused intravenously 5
(arrow). The leucocyte rolling flux (a), rolling
velocity (b), number of adherent leucocytes (c) b
0 T T O T T

and the number of emigrated leucocytes (d) ahr
after antibody treatment were determined. Val-
ues are means £ SEM (n = 3). *P < 0-05 com-
pared with 25 mg/kg MG-treated group

without antibody.

molecule expression and leucocyte recruitment. Figure 12
shows that BAY 11-7082 pre-treatment significantly sup-
pressed the expression of MG-induced endothelial adhe-
sion molecules P-selectin, E-selectin and ICAM-1, and
attenuated MG-induced leucocyte recruitment. The im-
munostaining of P-selectin, E-selectin and ICAM-1 were
was lighter in the 25 mg/kg MG + NF-xB inhibitor-trea-
ted group than in the 25 mg/kg MG-treated group
(Fig. 12a). The MG-induced leucocyte adhesion and emi-
gration were also significantly reduced by BAY 11-7082
treatment (Fig. 12d,e). Our data indicate that activation
of the NF-«xB pathway is involved in MG-induced endo-
thelial adhesion molecule up-regulation and leucocyte
recruitment.

Discussion

In the present study, using intravital microscopy, immu-
nohistochemistry and functional blocking antibodies in
vivo, we investigated the role of endothelial cell adhesion
molecules P-selectin, E-selectin, ICAM-1 in leucocyte
recruitment induced by exogenous MG. We applied MG
locally to healthy mice to induce leucocyte recruitment in
the cremasteric microvasculature. MG-induced leucocyte
recruitment is neutrophil-dominant, MG dose-dependent
and time-dependent; the decrease of leucocyte rolling
velocity, and the increases of leucocyte rolling flux,

© 2012 The Authors. Immunology © 2012 Blackwell Publishing Ltd, Immunology, 137, 65-79
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adhesion and emigration are MG dose-dependent. MG
treatment up-regulates the expression of endothelial cell
adhesion molecules P-selectin, E-selectin and ICAM-1,
but not VCAM-1. Functional blocking studies confirmed
that the expression of P-selectin and E-selectin was
responsible for the increased leucocyte rolling flux and
decreased leucocyte rolling velocity, respectively, and
ICAM-1 up-regulation was important for leucocyte adhe-
sion. We show that the activation of NF-xB is involved
and contributes to MG-induced endothelial adhesion
molecule expression and leucocyte recruitment and that
the effect of MG is, at least in part, directly through its
action on endothelial cells.

Accumulating data from clinical and experimental stud-
ies suggest that increased formation of MG is linked to the
development of diabetic vascular complications and the
dysfunction of various cells, including endothelial cells,
neutrophils and vascular smooth muscle cells that are asso-
ciated with vascular damage.*'**” Plasma MG levels in
healthy humans are 1 um or less but are twofold to sixfold
higher in diabetic patients.'>*® However, plasma MG con-
centrations as high as 400 um have been reported in
patients with poorly controlled diabetes.”® It has been sug-
gested that local MG concentration in tissues could be
much higher than its plasma levels'®*° although the exact
local concentration of MG in diabetic patients is unclear. It
was reported that cultured cells may produce larger
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Figure 12. Effect of nuclear factor-«B (NF-xB)
inhibition on methylglyoxal (MG) -induced
endothelial adhesion molecule expression and
leucocyte recruitment. BAY11-7082 at 20 mg/
kg was injected to the mice 30 min before
25 mg/kg MG administration. The vehicle con-
trol group was injected with the same concen-
tration of the solvent for BAY11-7082. After 4-
hr MG injection, the mouse cremaster muscle

Emigration

5 hr 5.5_'-) hr was prepared for intravital microscopy. The

muscle samples were then collected and pro-
cessed for immunostaining after 1-5 hr intravi-
tal microscopy. The brown staining on the
endothelial cells of cremasteric postcapillary
venules reveals the expression levels of P-selec-
tin, E-selectin and intracellular adhesion mole-
cule 1 (ICAM-1; magnification: 400x) in the
upper, middle and lower panels, respectively
(a). The inhibitory effects of BAY11-7082 on
MG-induced leucocyte rolling flux (b), rolling
velocity (c), the number of adherent leucocytes
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amounts of MG (up to 310 um in cell extracts).*’ In this
study, we used MG local treatment to study the acute effect
of MG on leucocyte recuitment, and determined the opti-
mal dose and treatment time for MG based on intravital
microscopy. We observed that systemic (intraperitoneal)
MG treatment for 4 hr induced leucocyte recruitment in a
similar way to the recruitment response elicited by local
MG treatment but the systemic MG had to be at a higher
dose to have the same magnitude of recruitment response

T (d) and the number of emigrated leucocytes
5hr 5-5 hr

(e) were determined. Values in (b) to (e) are
means + SEM (n = 3). *P < 0-05 compared
with 25 mg/kg MG treatment group without
BAY 11-7082.

as local MG treatment (see Supplementary material,
Fig. S1). Therefore, we used 25 mg/kg MG local injection
for 4 hr as the acute inflammation model to study the role
of endothelial cell adhesion molecules in MG-induced
leucocyte recruitment. We found that in 25 mg/kg
MG-treated mice, plasma MG level was lower than 160 pm
at all the time-points (5 min to 4 hr) that were tested
(Y. Su and L. Liu, unpublished observations) and even in
the 50 mg/kg group, the plasma MG level (Table 1) was
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still lower than it was reported in diabetic patients.*'> We
also found that a low dose of paraformaldehyde, a biologi-
cally active chemical with active aldehyde group (similar to
MQG) in solutions, induced leucocyte recruitment similar to
MG but less potent than MG at 4 hr, whereas the 4-hr
treatment with biologically inactive D-glucose did not
elicit leucocyte recruitment (see Supplementary material,
Fig. S2), suggesting that the effect of MG in inducing
leucocyte recruitment is possibly the result of the presence
of the biologically active aldehyde group in its molecule.
This suggests that the effect of MG may be very local, that
leucocyte recruitment induced by local MG treatment may
not be the same as the systemic MG effect, and that there is
a clear relationship between local MG dose and the degree
of leucocyte recruitment in the tissue.

In this study, we focused on the role of endothelial cell
adhesion molecules in MG-induced leucocyte recruit-
ment. The up-regulated endothelial cell adhesion mole-
cules are the biomarkers of endothelial activation and
dysfunction*** and the indication of the progression of
diabetic complications in type 1 and type 2 diabetes.** *®
It has been revealed that the role of adhesion molecules is
important in the early stage of diabetic vascular complica-
tions.*”** Evidence from patients also indicates that the
increased expression of adhesion molecules in kidneys is
directly associated with endothelial dysfunction, renal
tubular damage, and the progression of diabetic nephrop-
athy.*””° We found up-regulated expression of P-selectin,
E-selectin and ICAM-1, but not of VCAM-1, after acute
MG local treatment. Because neutrophils are the first cells
to emigrate to the inflammation site, it is not surprising
that they are the dominant leucocytes being recruited in
tissue after acute MG treatment. We noted that after
acute MG treatment, the level of VCAM-1 did not
change. VCAM-1 is important for the recruitment of leu-
cocytes other than neutrophils, such as lymphocytes,
monocytes, eosinophils and basophils. In our results,
these cells consisted of only a small percentage of the
recruited leucocytes (Table 2). It has been shown that the
level of VCAM-1 is increased with the progression of dia-
betic complications in patients with type 1 or type 2 dia-
betes.”’ The unchanged VCAM-1 level in our experiment
may be the result of the short treatment time and/or rela-
tively low MG dose. Indeed, our experiments found evi-
dence of increased percentages of recruited lymphocytes,
monocytes, eosinophils and basophils with the increasing
MG dose (Table 2). Whether VCAM-1 expression and
functions are increased as the time and dose of MG treat-
ment increases warrants further investigation.

In this study, the role of each MG-up-regulated endothe-
lial cell adhesion molecule was determined by functional
blocking studies. Our data suggest that acute MG treat-
ment increases leucocyte rolling flux by up-regulating P-se-
lectin expression, reduces leucocyte rolling velocity by up-
regulating E-selectin expression, and increases cell adhesion

by up-regulating ICAM-1 expression. All of these lead to
the increased leucocyte—endothelial cell interactions that
result in leucocyte emigration. How MG increases the
expression or functions of these endothelial cell adhesion
molecules is still unclear, but our data reveal that the NF-
kB signalling pathway appears to be involved. The activa-
tion of various intracellular signalling pathways including
NEF-xB is known to up-regulate the expression of inflam-
matory cytokines and chemokines and endothelial adhe-
sion molecules.”> Some studies have shown clear evidence
that MG activates other signalling pathways such as JNK
and p38 MAPK in endothelial cells."®>® Other studies have
demonstrated that, in various cell types, MG induces the
expression and production of cytokines such as TNF-o and
IL-8, which are pro-inflammatory and able to induce leu-
cocyte recruitment.'®'”*»% In addition, research data
from clinical studies show that MG levels are elevated in
patients with type 2 diabetes mellitus and patients with dia-
betic nephropathy and are related to the increased expres-
sion of inflammatory cytokines such as TNF-o, IL-8 and
IL-6.">'* Therefore, it is likely that, in our model system,
MG up-regulates the expression of endothelial cell adhe-
sion molecules and induces leucocyte recruitment in the
tissue at least in part through the activation of the NF-xB
signalling pathway in endothelial cells.

In conclusion, our present study describes the role of
endothelial cell adhesion molecules P-selectin, E-selectin
and ICAM-1 in exogenous MG-induced leucocyte recruit-
ment in local tissue. We demonstrate that increased MG
in local tissue dose-dependently reduces leucocyte rolling
velocity, increases leucocyte rolling flux and promotes cell
adhesion by up-regulating the expression of P-selectin,
E-selectin and ICAM-1, respectively, and NF-xB is
involved in these functional responses induced by MG.
The MG-induced up-regulation of endothelial cell adhe-
sion molecules may be important in leucocyte infiltration
in the early stage of diabetic vascular complications and
that revealing the mechanisms of MG-induced inflamma-
tion may unveil the mystery of vascular complications
and immune dysfunctions in diabetes and may provide a
new clue for possible therapeutic strategies.
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