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Abstract. Methylglyoxal (MGO) is a metabolite of glucose and perhaps mediates diabetes-
related macrovascular complications including hypertension. In the present study, we examined if
MGO accumulation affects vascular reactivity of isolated mesenteric artery from spontaneously
hypertensive rats (SHR). Five-week-old SHR were treated with an MGO scavenger, aminoguani-
dine (AG), for 5 weeks. AG partially normalized increased blood pressure in SHR. In mesenteric
artery from SHR treated with AG, increased accumulation of MGO-derived advanced glycation
end-products was reversed. In mesenteric artery from SHR, AG normalized impaired acetylcholine
(ACh)-induced relaxation and increased angiotensin (Ang) II-induced contraction. Reactive oxy-
gen species (ROS) production increased in SHR mesenteric artery, and acute treatment with a nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) inhibitor augmented ACh-
induced relaxation. Protein expression of NOX1 and Ang II type 2 receptor (AT2R) increased in
SHR mesenteric artery, which was normalized by AG. Acute treatment with an AT2R blocker but
not a NOX inhibitor normalized the increased Ang II-induced contraction in SHR mesenteric
artery. The present results demonstrate that MGO accumulation in mesenteric artery may mediate
development of hypertension in SHR at least in part via increased ROS-mediated impairment of
endothelium-dependent relaxation and AT2R-mediated increased Ang Il contraction.
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Introduction

Methylglyoxal (MGO) is a reactive dicarbonyl chemi-
cal that is produced in diverse biochemical processes. In
the case of the non-enzymatic pathway, MGO is sponta-
neously formed in a process of glycolysis from dihy-
droxyacetone phosphate as a by-product of glyceralde-
hyde 3-phosphates in the cells including vascular
endothelial cells (1) and smooth muscle cells (2). In ad-
dition, MGO is formed in some enzymatic processes by
enzymes including cytochrome P450 (CYP) 2E1, MGO
synthase, and semicarbazide-sensitive amine oxidase
(SSAO) (3). Because MGO has two carbonyl groups, it
can react with DNA, RNA, and protein (4). Specifically,
MGO binds to and modifies lysine, arginine, and cysteine
residues in proteins, which causes a non-enzymatic for-
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mation of several advanced glycation end-products
(AGEs) (5) including N°-(carboxyethyl) lysine (CEL)
(6), argpyrimidine (7), and the hydroimidazolone N*-(5-
hydro-5-methyl-4-imidazolon-2-yl)-ornithine (8). MGO
is degraded to p-lactic acid in the presence of glutathione
by the glyoxalase system (4).

A recent report demonstrated that elevation of blood
pressure (BP) of type 2 diabetic patients was associated
with increase of plasma MGO level (9). Moreover, a
previous report demonstrated that MGO accumulated in
aorta of spontaneously hypertensive rats (SHR) with
aging and that the increased MGO accumulation corre-
lated with increase of BP (10). In addition, the increased
MGO accumulation in the vasculature from women with
preeclampsia was reported (11). It was also demonstrated
that treatment with MGO given in drinking water not
only increased BP in Wistar-Kyoto rats (WKY) (12) but
also caused salt-sensitive hypertension and insulin resis-
tance in Sprague—Dawley rats (13). These reports col-
lectively indicate that MGO could directly affect vascular
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reactivity of blood vessels. However, available reports
were very limited. To overcome this, we have demon-
strated by an in vitro study that short-term (30 min)
treatment of endothelium-denuded rat aorta and mesen-
teric artery with MGO inhibited noradrenaline (NA)-
induced contraction via activating smooth muscle large
conductance Ca®'-activated K* (BKc,)-channel (14).
Moreover, we have demonstrated that short-term treat-
ment of rat aorta with MGO enhanced sodium nitroprus-
side (SNP)-induced endothelium-independent relaxation
through activation of BKc,-channel, while short-term
treatment of aorta with MGO had no effect on acetylcho-
line (ACh)-induced endothelium-dependent relaxation
(15). We have also shown that short-term treatment of rat
carotid artery with MGO augmented angiotensin
(Ang) II-induced contraction via increasing endothelium-
produced reactive oxygen species (ROS) (16). In addi-
tion, by using an organ-culture technique we have re-
cently demonstrated that long-term (72 h) treatment of
endothelium-denuded rat mesenteric artery with MGO
inhibited NA-induced contraction, which is likely medi-
ated via increased nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX) 1-derived superox-
ide production and subsequent apoptosis of smooth
muscle (17). However, it remains to be clarified how the
accumulated MGO is affecting vascular reactivity in
vivo. Therefore in the present study, we sought to clarify
the effects of MGO accumulation in vascular walls on
vascular reactivity using SHR. Here, we demonstrated
that MGO accumulation in mesenteric artery may medi-
ate development of hypertension in SHR at least in part
via increased Ang II-induced contraction and impairment
of endothelium-dependent relaxation.

Materials and Methods

Chemicals

The chemicals used were as follows: ACh (Daiichi
Pharmaceutical, Tokyo); aminoguanidine (AG) (Cayman,
Ann Arbor, MI, USA); Ang II, NA, and SNP (Sigma-
Aldrich, St. Louis, MO, USA); gp91ds-tat (Anaspec,
Fremont, CA, USA); PD123319 (Wako, Osaka).

The antibody sources were as follows: Ang II type 2
receptor (AT2R) and NOXI1 (GeneTex, Irvine, CA,
USA); superoxide dismutase (SOD)-1 and SOD-2
(StressMarq Biosciences, Victoria, BC, Canada); SOD-3
(Assay Designs, Ann Arbor, MI, USA); endothelial nitric
oxide (NO) synthase (eNOS) (Santa Cruz Biotech, Santa
Cruz, CA, USA); gp91°™* (NOX2) (BD Biosciences,
Mississauga, ON, Canada); total actin (Sigma-Aldrich).

Animals
All animal care and treatment were conducted in con-

formity with the institutional guidelines of The Kitasato
University and the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. WKY and
SHR (Hoshino Laboratory Animals, Inc., Bando) were
maintained on a standard laboratory diet and exposed to
a 12 h/ 12 h light-dark cycle at 23°C = 2°C. Experiments
were performed using 5 — 10-week-old rats. Rats were
divided into 3 groups: WKY group, SHR group, and AG
(1 g/L in drinking water for 5 weeks)-treated SHR group
(SHR+AG).

BP measurements

Measurements of systolic BP (SBP), mean BP (MBP),
and diastolic BP (DBP) in WKY, SHR, and SHR+AG
were performed using a tail-cuff method (Softron, Tokyo)
at a weekly interval from 5 to 10 weeks of age. Rats were
trained before starting the measurement to reduce stress
and were heated at 37°C with a heater.

Tissue preparation

Ten-week-old rats were anesthetized with urethane
(1.5 g/kg, i.p.) and euthanized by exsanguination. The
main branch of the superior mesenteric artery was iso-
lated. After removal of fat and adventitia in normal
physiological salt solution (PSS), the mesenteric artery
was cut into rings (1 mm in diameter) for the measure-
ment of isometric tension, histological analysis, and
protein purification (17 — 19).

Immunohistochemical detection of MGO-derived AGEs
(CEL and argpyrimidine)

The arterial preparations were fixed in 4% paraform-
aldehyde at 4°C overnight and incubated in the sucrose
gradients (10% — 20%) at 4°C for 8 h. After they were
embedded in OCT compound (Sakura Finetek, Tokyo),
frozen sections (10-um-thick) were made using a cryostat
(Leica, Nussloch, Germany). Immunohistochemical
staining for CEL and argpyrimidine was performed by a
peroxidase staining kit (LSAB2; Dako, Glostrup,
Denmark) according to the manufacturer’s instructions.
Mouse monoclonal antibodies against CEL (Trans Genic,
Kobe) and argpyrimidine (Nichiyu, Tokyo) were used as
the primary antibodies. Images were obtained with a
light microscope (BX-51; Olympus, Tokyo) equipped
with a CCD camera (MicroPublisher 5.0 RTV; Roper
Industries, Sarasota, FL, USA). Image J software was
used for the quantitative analysis.

Measurement of isometric tension

The arterial preparations were placed in normal PSS,
which contained 136.9 mM NaCl, 5.4 mM KCI, 1.5 mM
CaCl,, 1.0 mM MgCl,, 23.8 mM NaHCO;, 5.5 mM glu-
cose, and 0.001 mM EDTA. The high KCI solution was
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prepared by replacing NaCl with equimolar KCI. These
solutions were saturated with a 95% O, — 5% CO, mix-
ture at 37°C and pH 7.4. Smooth muscle contractility
was recorded isometrically with a force-displacement
transducer (Nihon Kohden, Tokyo) as described previ-
ously (14 —19). The arterial preparations were equili-
brated for 30 min under a resting tension of 0.5 g. They
were then repeatedly exposed to 72.7 mM KCI solution
until the responses became stable (45 min). Concentra-
tion—responses curves were obtained by the cumulative
application of AnglIl (0.1 -10 nM). Concentration—
responses curves to ACh (0.1 nM -3 uM) and SNP
(0.01 — 300 nM) were obtained by the cumulative appli-
cations to the artery pre-contracted equally with sub-
maximal concentrations of NA (300 nM — 3 uM). Effects
of acute treatment (15 min) with a specific inhibitor of
NOX, gp91ds-tat (1 uM), or a specific inhibitor of AT2R,
PD123319 (10 uM), on ACh-induced relaxation or
Ang II-induced contraction of SHR (10-week-old) mes-
enteric artery were also examined.

Fluorometric measurement of ROS

Levels of ROS production were measured by using a
ROS-sensitive dye, 2',7'-dichlorohydrofluroscin diacetate
(H.DCFDA) (Invitrogen, Carlsbad, CA, USA) (16). The
frozen sections (10-um-thick) were treated for 30 min
with H,DCFDA (100 nM). Images were obtained with a
fluorescence microscope (BX-51). Image J software was
used for the quantitative analysis.

Western blotting

Western blotting was performed as described previ-
ously (15, 17, 20, 21). Protein lysates were obtained by
homogenizing the arterial preparations in Triton-based
lysis buffer (1% Triton X-100, 20 mM Tris, pH 7.4, 150
mM NaCl, 1 mM p-glycerol phosphate, | mM NA3;VOs,,
1 ug/mL leupeptin, and 0.1% protease inhibitor mixture;
Nacalai Tesque, Kyoto). Protein concentration in the
lysate was measured using a bicinchoninic acid method
(Pierce, Rockford, IL, USA). Equal amounts of proteins
(8 — 15 ug) were separated by SDS-PAGE (7.5% — 15%)
and transferred to a nitrocellulose membrane (Pall Cor-
poration, Ann Arbor, MI, USA). After being blocked
with 0.5% skim milk, membranes were incubated with
primary antibodies (1:200 — 500 dilution) at 4°C over-
night and then visualized using horseradish peroxidase—
conjugated secondary antibodies (1:10,000 dilution, 1 h)
and the EZ-ECL system (Biological Industries, Kibbutz
Beit Haemek, Israel). Equal protein loading was con-
firmed by measuring total actin expression.

Statistical analysis
Results are expressed as the mean + S.E.M. Statistical

evaluation of the data was performed by Student’s #-test
between two groups and ANOVA followed by Bonfer-
roni’s test between three groups. Results were considered
significant when the P-value was less than 0.05.

Results

Accumulation of MGO-derived AGEs in mesenteric ar-
tery from SHR

We firstly examined whether MGO accumulation in-
creased in vascular walls of 10-week-old SHR by using
immunohistochemical staining. In mesenteric artery from
SHR, the accumulation of MGO-derived AGEs, CEL
and argpyrimidine, significantly increased, and the AG
treatment (1 g/L in water, 5 weeks) reversed it (Fig. 1: A,
B, n=6, P<0.05 between SHR and WKY, P <0.05
between SHR+AG and SHR).

The changes of BP over time (5 — 10-week-old rats)

We next examined whether MGO accumulation affects
BP. The SBP, MBP, and DBP were significantly higher
in SHR, and the AG treatment partially but significantly
normalized them (Fig. 2: A—C,n =8, P <0.01 between
SHR and WKY, P <0.05, P<0.01 between SHR+AG
and SHR).

Effect of MGO accumulation on Ang Il-induced contrac-
tion and ACh- or SNP-induced relaxation in mesenteric
artery

We next examined whether MGO accumulation affects
vascular reactivity. In mesenteric artery from SHR
(10-week-old), Ang II (0.1 — 10 nM)-induced contraction
significantly increased, and the AG treatment (1 g/L in
water, 5 weeks) reversed it (Fig. 3A and Table 1, n = 8).
We observed that KCI (5.4 — 72.7 mM)-induced contrac-
tion was similar in three conditions (n=4, data not
shown). In mesenteric artery from SHR (10-week-old),
ACh (0.1 nM -3 uM)-induced relaxation was signifi-
cantly impaired as was previously reported (22), and the
AG treatment significantly normalized it (Fig. 3B and
Table 1, n=16). On the other hand, SNP (0.01 — 300
nM)-induced endothelium-independent relaxation in
SHR did not change compared with WKY (Fig. 3C and
Table 1, n = 6) as was also previously reported (22).

Effect of MGO accumulation on ROS production in
mesenteric artery

To explore mechanisms through which MGO accumu-
lation alters vascular reactivity, ROS production was
measured by H,DCFDA staining. In the mesenteric artery
from SHR (10-week-old), ROS production significantly
increased, and the AG treatment (1 g/L in water, 5 weeks)
significantly normalized it (Fig. 4A, n=9, P <0.01 be-



MGO Accumulation and Vascular Reactivity 29

A B
CEL

Argpyrimidine

SHR

Positive area
(arbitrary unit (x 10%))

SHR+AG

CEL Argpyrimidine

»

*

©

#

(1 1]

#

NN

Positive area
(arbitrary unit (x 105))
= [N)

o

WKY SHR SHR+AG WKY SHR SHR+AG

Fig. 1. Accumulation of methylglyoxal (MGO)-derived advanced glycation end-products (AGEs) in mesenteric artery from
spontaneously hypertensive rats (SHR). A) Representative photomicrographs of immunohistochemically stained sections against
antibodies to MGO-derived AGEs, N°-carboxyethyl-lysine (CEL) and argpyrimidine in isolated mesenteric artery (n = 6) from
10-week-old Wistar-Kyoto rats (WKY') or age-matched SHR treated without or with an MGO scavenger, aminoguanidine (AG)
(1 g/L in water, for 5 weeks). Scale bar: 50 um. B) Areas of positive staining were measured using Image J software and the results
were shown as arbitrary units. *P < 0.05 SHR vs. WKY, “P < 0.05 SHR+AG vs. SHR.
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Fig. 2. The changes of blood pressure over time (5 — 10-week-old rats). Systolic blood pressure (A), mean blood pressure (B),
and diastolic blood pressure (C) in the WKY (open circle) or SHR treated without (closed circle) or with AG (1 g/L in drinking
water, open triangle) were measured by a tail-cuff method (n = 8) at a weekly interval. Results were expressed as the mean + S.E.M.
*#P < (.01 SHR vs. WKY; “P <0.05, *P < 0.01 SHR+AG vs. SHR.

tween SHR and WKY, P <0.05 between SHR+AG and
SHR). To further examine the involvement of ROS in the
changes induced by MGO accumulation, we used a spe-
cific NOX inhibitor. Acute treatment (15 min) of mesen-
teric artery from SHR (10-week-old) with gp91ds-tat (1
4M) had no effects on the Ang I (0.1 — 10 nM)-induced
contraction (Fig. 4B and Table 2, n=4). In contrast,
acute treatment of mesenteric artery from SHR with
gp91ds-tat significantly enhanced the ACh (0.1 nM -3
uM)-induced relaxation (Fig. 4C and Table 2, n =5).

Effect of MGO accumulation on protein expression of
NOX, eNOS, and SOD in mesenteric artery

In order to explore mechanisms of increased ROS by
MGO accumulation, we next analyzed expression levels
of NOX isoforms by western blotting. In mesenteric ar-
tery from SHR (10-week-old), NOX1 expression signifi-
cantly increased, and the AG treatment (1 g/L in water, 5
weeks) reversed it (Fig. 5A, n=7, P<0.01 between
SHR and WKY, P <0.01 between SHR+AG and SHR).
NOX2 expression significantly increased in SHR, but the
AG treatment did not significantly normalize it (Fig. 5B,
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Fig. 3. Effect of MGO accumulation on vascular reactivity. A) Concentration—contraction relationships to angiotensin (Ang) II
in mesenteric artery from 10-week-old WKY (open circle) or age-matched SHR treated without (closed circle) or with AG (1 g/L
in water, for 5 weeks, open triangle). Ang II (0.1 — 10 nM) was cumulatively added. Contraction was expressed as an absolute
value [g/mg wet weight (w.w.), n = 8]. B) Concentration—contraction relationships to acetylcholine (ACh) in mesenteric artery
from 10-week-old WKY (open circle) or SHR treated without (closed circle) or with AG (open triangle). C) Concentration—
contraction relationships to sodium nitroprusside (SNP) in endothelium-denuded mesenteric artery from 10-week-old WKY (open
circle) or SHR treated without (closed circle) or with AG (open triangle). ACh (0.1 nM — 3 xM, n = 16) or SNP (0.01 — 300 nM,
n = 6) was cumulatively added after the pre-contraction induced by noradrenaline (NA) (300 nM — 3 M) had reached a steady
state. NA-induced pre-contraction did not differ between the groups. 100% represents the NA-induced pre-contraction. Results
were expressed as the mean + S.E.M. *P < 0.05, **P < 0.01 SHR vs. WKY; “P < 0.05, P < 0.01 SHR+AG vs. SHR.

Table 1. E... and/or PD, for angiotensin (Ang) II-induced contraction, acetylcholine (ACh)-induced relaxation,
and sodium nitroprusside (SNP)-induced relaxation
WKY SHR SHR+AG

Ang II Epax (g/mg w.w.) 0.06 +0.00 (8) 0.41 +£0.15* (8) 0.03 +0.01% (8)

ACh Epax (%) 97.4+0.7 (16) 79.6 £ 4.9%* (16) 92.3 £2.1"(16)

PD; 73+0.3 73+0.3 73+0.3

SNP Enax (%) 98.7 £0.7 (6) 99.0 £ 0.5 (6) 95.2£0.9" (6)

PD; 82+03 8.1+£0.2 83+03

Mesenteric artery from 10-week-old Wistar-Kyoto rats (WKY) or age-matched spontaneously hypertensive rats
(SHR) was treated without or with aminoguanidine (AG) (1 g/L in water, for 5 weeks). Results were expressed as the
mean = S.E.M. *P < 0.05, **P < 0.01: SHR vs. WKY, “P < 0.05, P < 0.01: SHR+AG vs. SHR. The sample numbers

are given in parentheses.

n=10, P <0.05 between SHR and WKY). The expres-
sion level of eNOS was similar between the groups (Fig.
5C, n = 8). We further examined whether MGO accumu-
lation attenuated expression of anti-oxidant proteins. In
mesenteric artery from SHR (10-week-old), expression
of SOD-1 (Fig. 5D, n=7) and SOD-2 (Fig. 5E, n=7)
did not change. The expression level of SOD-3 slightly
increased in SHR, which was not statistically signifi-
cantly level (Fig. 5F,n=7).

Effect of AT2R blocker on the enhancement of Ang II-
induced contraction in mesenteric artery

To explore mechanisms responsible for the enhance-
ment of Ang II-induced contraction in SHR mesenteric
artery, we used an AT2R blocker. Acute treatment (15

min) of mesenteric artery from SHR (10-week-old) with
PD123319 (10 uM) significantly inhibited the Ang II
(0.1 — 10 nM)-induced contraction (Fig. 6A and Table 2,
n = 8). We also analyzed the expression level of AT2R.
In mesenteric artery from SHR (10-week-old), AT2R
expression significantly increased, and the AG treatment
(1 g/L in water, 5 weeks) significantly normalized it (Fig.
6B, n=7, P<0.01 between SHR and WKY, P<0.05
between SHR+AG and SHR).

Discussion
In the present study, we examined whether MGO ac-

cumulation in vascular walls affects BP and vascular
reactivity in SHR. The major findings of the present
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Fig. 4. Effect of MGO accumulation on reactive oxygen species (ROS) production in mesenteric artery. A) ROS production as
determined by a 2',7'-dichlorohydrofluroscin diacetate (H,DCFDA) staining in mesenteric artery from 10-week-old WKY or SHR
treated without or with AG (1 g/L in water, for 5 weeks). Fluorescent intensity of H,DCFDA was measured using Image J software
and the results are shown as arbitrary units (n = 9). B) Concentration—contraction relationships to Ang II in mesenteric artery from
10-week-old SHR acutely treated without (n = 4, closed circle) or with a specific inhibitor of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX), gp91lds-tat (1 uM, for 15 min, n =4, closed triangles). Ang II (0.1 — 10 nM) was cumula-
tively added. Contraction was expressed as an absolute value (g/mg w.w.). C) Concentration—contraction relationships to ACh in
mesenteric artery from 10-week-old SHR acutely treated without (n =8, closed circles) or with gp91ds-tat (1 uM, for 15 min,
n =5, closed triangles). ACh (0.1 nM — 3 uM) was cumulatively added after the pre-contraction induced by NA (300 nM — 3 xM)
had reached a steady state. 100% represents the NA-induced pre-contraction. Results are expressed as the mean + S.E.M.
*%P < (.01 SHR vs. WKY, P < 0.05 SHR+AG vs. SHR or SHR+gp91ds-tat vs. SHR.

Table 2. E,. and/or PD, for Ang II-induced contraction and ACh-
induced relaxation

SHR SHR-+Inhibitor

+gp91ds-tat

Ang I Eo (g/mg w.w.)  0.09+0.03 (4) 0.08 £ 0.01 (4)
+gp91ds-tat
ACh Epax (%) 78.6 +3.3 (8) 90.8 + 1.8% (5)
PD> 72+03 74+0.3
+PD123819
Ang II Epo (g/mg w.w.)  0.10+0.02 (8) 0.03 £0.01%(8)

Mesenteric artery from 10-week-old SHR was acutely (15 min) treated
with gp91ds-tat (1 M) or PD123319 (10 «M). Results were expressed
as the mean + S.E.M. “P < 0.05: SHR-+inhibitor vs. SHR. The sample
numbers are given in parentheses.

study are as follows (Fig. 7): 1) in mesenteric artery from
SHR, MGO accumulation increased, which was reversed
by an MGO scavenger, AG; 2) AG partially normalized
the increased BP in SHR, suggesting that MGO accumu-
lation could be at least in part associated with increased
BP; 3) in mesenteric artery from SHR, MGO accumula-
tion was associated with the increased Ang II-induced
contraction and impaired ACh-induced relaxation; 4)
The enhancement of Ang II-induced contraction in SHR
mesenteric artery might be at least in part due to increased
AT2R expression; 5) The impairment of ACh-induced
relaxation in SHR mesenteric artery might be at least in
part due to increased ROS production through the induc-

tion of NOX protein. These results collectively indicate
that MGO accumulation in mesenteric artery may medi-
ate development of hypertension in SHR at least in part
via the AT2R-mediated increased Ang II-induced con-
traction and the increased ROS-mediated impairment of
endothelium-dependent relaxation.

Our data showed that accumulation of MGO increased
in mesenteric artery from 10-week-old SHR. It was re-
ported that the expressions of GLUTS (fructose trans-
porter) and an MGO synthase, aldolase B, increased in
SHR aorta, while the expression of other MGO synthases
including SSAO or CYP 2E1 and plasma glucose level
did not increase (23, 24). It was thus proposed that in-
creased MGO accumulation was mediated via aldolase B
through increased fructose transporting in vascular tis-
sues of SHR.

In the present study, we used AG as an MGO scaven-
ger. It was previously reported that AG normalized the
impaired endothelium-dependent relaxation in aorta from
streptozotocin-induced diabetes mellitus mice (25) and
the increased endothelin-1-induced contraction in aorta
from type 2 diabetic Otsuka Long-Evans Tokushima
Fatty rats (26). The mechanism of these effects was sug-
gested to be the inhibition of AGEs formations by react-
ing with a,f-dicarbonyl compounds including MGO.
Especially, AG strongly reacts with MGO (27). On the
other hand, it is known that AG is an inhibitor of induc-
ible NOS (iNOS) (28). Thus, it is likely that the effects
of AG in the present study are not only due to scavenging
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MGO but also due to the iNOS inhibition. However,
since iNOS expression was not induced in SHR mesen-
teric artery (n = 3, data not shown) and AG potently re-
versed the MGO accumulation in SHR mesenteric artery
(Fig. 1), it is suggested that the effects of AG are mostly
likely due to the normalization of MGO accumulation.
Our data showed that MGO accumulation in mesen-
teric artery may mediate the increased Ang Il-induced
contraction in SHR. We previously demonstrated that
short-term (30 min) MGO treatment augmented Ang II-
induced contraction via enhancing NOX-derived ROS
production in endothelium of rat carotid artery (16). In
the present study, it was shown that MGO may mediate
the increased ROS production in SHR mesenteric artery,
which might be due to the induction of NOX1 protein.
However, a specific NOX inhibitor failed to inhibit the

Ang II-induced contraction in SHR mesenteric artery. It
is generally known that Ang II interacts with both Ang II
type 1 receptor, which mediates vasocontraction (29) and
AT2R, which mediates vasorelaxation (30). However,
there is a report demonstrating that AT2R also mediates
smooth muscle contraction in mesenteric artery, espe-
cially from young SHR (5-week-old) (31). The present
study showed that MGO accumulation may mediate the
increased AT2R expression in mesenteric artery from
SHR (10-week-old). Thus it is suggested that MGO ac-
cumulation may mediate the increased Ang II-induced
contraction at least in part through the induction of con-
tractile AT2R in relatively young SHR. We need to think
about the possibility that MGO affects contractile re-
sponse in vascular smooth muscle cells in a non-specific
manner. While we cannot completely exclude the possi-
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Fig. 7. Summary of the present results. MGO accumulation in
mesenteric artery may mediate the development of hypertension in
SHR at least in part via the AT2R-mediated increased Ang II-induced
contraction and the increased ROS-mediated impairment of endothe-
lium-dependent relaxation.

bility, it may not be applicable to the present result be-
cause it was observed that KCl-induced contraction was
similar in three conditions (WKY, SHR, and SHR+AG).

It should also be noted that some variations exist in the
amplitude of the Ang Il-induced contraction in SHR
(10-week-old) mesenteric artery (Fig. 3A vs. Fig. 4B and
Fig. 6A), indicating that this function (AT2R-mediated
contraction) is dynamically changing in younger SHR.
Our data showed that MGO accumulation in mesen-
teric artery may mediate the impairment of ACh-induced
endothelium-dependent relaxation in SHR. There is a
study demonstrating that the increased MGO-derived
AGEs may mediate the decrease of eNOS expression in
aorta from SHR (14-week-old) (32). In the present study,
however, eNOS expression did not decrease in mesen-
teric artery from SHR (10-week-old) compared with the
age-matched WKY. There is a report demonstrating that
eNOS expression did not decrease in mesenteric artery
from SHR (31-week-old) (33), supporting the present
results. On the other hand, the present study showed that
protein expression of both NOX1 and NOX2 was aug-
mented but AG specifically inhibited NOX1 induction in
SHR mesenteric artery. We also provided evidence that
a specific NOX inhibitor enhanced the ACh-induced re-
laxation in SHR mesenteric artery. Thus it is suggested
that MGO accumulation may mediate the impairment of
endothelium-dependent relaxation at least in part via
NOX1-derived increased ROS, although we could not
exclude the involvement of NOX2 and NOX4/5 which is
also expressed in the vasculature (34). It is also proposed
that NOX-derived ROS may cause both a decrease in NO
bioavailability and a decrease in NO synthesis. Our data
showed that AG treatment seems to completely inhibit
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NOXI1 expression (Fig. SA), while it does not abolish
ROS production (Fig. 4A). This discrepancy may be
explained by the idea that NOX is not a solely source for
ROS production in SHR mesenteric artery (e.g., xanthine
oxidase and mitochondria).

Our data showed that MGO accumulation in mesen-
teric artery may mediate the increased protein expression
of NOX1 and AT2R. The mechanisms of the increased
expressions remain to be determined in the present study.
We recently found that long-term (72 h) MGO treatment
increased NOX1 expression via increasing activity and
expression of NF-xB in rat isolated mesenteric artery
(17). Thus it is presumed that MGO accumulation may
mediate the increased expression of NOX1and AT2R in
part through the activation of NF-xB signals in SHR
mesenteric artery.

The present study explored the effects of MGO accu-
mulation in vascular walls on contractile reactivity of
isolated blood vessels. In mesenteric artery from SHR,
MGO accumulation (in vivo) may mediate the increase
of Ang Il-induced contraction and the impairment of
ACh-induced endothelium-dependent relaxation. We
previously demonstrated in isolated carotid artery (in
vitro) that short-term MGO treatment augmented the
Ang II-induced contraction (16). It was also found that
long-term (72 h) MGO treatment (in vitro) impaired the
ACh-induced endothelium-dependent relaxation in rat
isolated mesenteric artery (M. Mukohda and H.
Yamawaki, unpublished observation). These in vitro re-
sults fit well to the present results in some aspects. On
the other hand, there is a discrepancy between the result
in an in vivo study and that in an in vitro study. It was
observed that NA-induced contraction in SHR mesenteric
artery seems to be enhanced compared with that in WKY
mesenteric artery (n = 4, data not shown). We presumed
that the enhanced NA-induced contraction may be at
least in part due to the impairment of endothelium-
dependent relaxing function. In contrast, we previously
showed that in vitro MGO treatment (72 h) inhibited
NA-induced contraction in endothelium-denuded mesen-
teric artery (17). Importantly, we demonstrated in the
same report that the inhibitory effect of MGO was much
more significant in endothelium-denuded than endothe-
lium-intact mesenteric artery. It was thus presumed in
endothelium-intact artery that the remaining endothelial-
derived NO counteracts the MGO-induced ROS, which
led to protection of smooth muscle from severely de-
creased contractility. Likewise, the present in vivo situa-
tion (endothelium-intact) and the previous in vitro situa-
tion (endothelium-denuded) are not the same, which may
explain the discrepancy.

In conclusion, we demonstrated that MGO accumula-
tion in mesenteric artery may mediate the development

of hypertension in SHR at least in part via the AT2R-
mediated increased Ang Il-induced contraction and the
increased NOX1-mediated impairment of endothelium-
dependent relaxation. Further investigations on MGO
may contribute to gain mechanistic insights into the roles
of MGO on the pathogenesis of hypertensive vascular
disease.
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