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Abstract. The concentration of methylglyoxal (MGO), a metabolite of glucose, increases in
plasma of type II diabetic patients as well as in tissues of hypertensive rats. We have previously
shown that MGO inhibited noradrenaline (NA)—induced smooth muscle contraction in rat aorta.
However, the effect of MGO on relaxing responses in isolated blood vessel remains to be clari-
fied. Thus, we examined if MGO affects acetylcholine (ACh)— or sodium nitroprusside (SNP)—
induced vasodilation on NA (100 nM)-induced pre-contraction in rat thoracic aorta. Treatment of
endothelium-intact aorta with MGO (420 M, 30 min) did not change ACh (1 nM — 3 uM)—induced
endothelium-dependent relaxation. In contrast, treatment of endothelium-denuded aorta with MGO
shifted the concentration—response curve for SNP (0.1 — 300 nM) to the left. MGO increased reac-
tive oxygen species (ROS) production in smooth muscle on analysis of protein carbonylation.
Anti-oxidant agents such as tempol (10 uM), catalase (5000 U/mL), and nitric oxide synthase
inhibitor, N°-nitro-L-arginine methylester (100 M) had no effect on MGO-induced enhancement
of SNP-induced relaxation. However, iberiotoxin (100 nM), a large-conductance Ca*'"-activated
K" (BKc,)—channel inhibitor, significantly prevented the effect. The present study revealed that
MGO enhanced SNP-induced relaxation in a ROS-independent manner via in part opening smooth

muscle BK¢, channels.
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Introduction

Methylglyoxal (MGO) is a reactive alpha-dicarbonyl
compound. In the process of glycolysis, MGO is pro-
duced mainly from dihydroxyacetone phosphate as
a by-product during the formation of glyceraldehyde
3-phosphates in all mammalian cells including vascular
smooth muscle cells (1). MGO can also be formed from
ketone body or threonine (2). MGO binds to and modifies
arginine, lysine, and cysteine residues in proteins, which
subsequently leads to the non-enzymatic formation of a
variety of advanced glycation end-products (AGEs) (3).
MGO also intracellularly reacts with nucleic acids (4). It
is also known that MGO is catalyzed to propanediol by
aldose reductase (5).

The plasma concentration of MGO is reported to
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be significantly increased in diabetic patients (6 — 8).
Increased MGO-derived AGEs level in diabetic patients
seems to correlate with diabetic complications, including
diabetic retinopathy (9) and nephropathy (10). Further-
more, MGO might be related to neuropathy (11 — 13). In
addition, recent reports have demonstrated that accumu-
lation of MGO increased in aorta of spontaneous hyper-
tensive rats (SHR) with aging and that increased MGO
level in aorta was related to increased blood pressure in
SHR (14). It was also demonstrated that administration
of MGO by drinking water increased blood pressure in
Wistar-Kyoto rats (15). Therefore it is highly likely that
MGO could directly affect vascular reactivity. In fact,
we have recently demonstrated that acute treatment of
endothelium-denuded rat aorta and mesenteric artery
with MGO inhibits contraction induced by noradrenaline
(NA) (16). However, it remains to be clarified whether
MGO could also affect vascular relaxing function. To
explore this, we examined effects of MGO on both
endothelium-dependent and -independent relaxations in
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rat isolated thoracic aorta.
Materials and Methods

Tissue preparation

Male Wistar rats (0.2 — 0.4 kg, 5 — 10-week-old) were
anesthetized with urethane (1.5 g/kg, i.p.) and euthanized
by exsanguination. The plasma glucose level of the rats
was 4.8 mM at 5 weeks and 7.1 mM at 10 weeks in the
non-fasted condition. The thoracic aorta was isolated.
After removal of fat and adventitia, aorta was cut into
strips (approximately 4-mm-wide, 8-mm-long) for the
measurement of isometric tension (16, 17). Endothelium
was removed by rubbing the intimal surface with the flat
face of a pair of forceps, and it was confirmed by the
lack of relaxation induced by acetylcholine (ACh, 1 uM).
Animal care and treatment were conducted in conformity
with institutional guidelines of The Kitasato University.

Measurement of isometric tension

The arterial preparations were placed in normal physi-
ological salt solution, which contained 136.9 mM NaCl,
5.4 mM KCl, 1.5 mM CacCl,, 1.0 mM MgCl,, 23.8 mM
NaHCOs3, 5.5mM glucose, and 1 uM EDTA. The high-
K" (72.7 mM) solution was prepared by replacing NaCl
with equimolar KCI. These solutions were saturated
with a 95% O, — 5% CO, mixture at 37°C and pH 7.4.
Smooth muscle contractility was recorded isometrically
with a force-displacement transducer (Nihon Kohden,
Tokyo) as described previously (16, 17). The arterial
preparations were equilibrated for 30 min under a resting
tension of 1.0 g to allow development of a stable basal
tone. The arterial preparations were repeatedly exposed
to high-K" solution until the responses became stable (45
min). Concentration—responses curves were obtained by
the cumulative application of ACh (1 nM -3 uM) or
sodium nitroprusside (SNP, 0.1 — 300 nM) to aorta pre-
contracted with NA (100 nM). We performed 2 sequen-
tial experiments to achieve the concentration—response
curves (1st experiment: control, 2nd experiment: MGO
pretreatment). MGO was pretreated for 30 min before the
NA-induced pre-contraction. We confirmed that control
sequential experiments performed after 30 min without
MGO showed the same contraction profile as the preced-
ing control. NA (100 nM) caused a submaximal contrac-
tion in rat aorta, and there was no difference between
the contraction in control and MGO-pretreated aorta [%
relative to NA (1 uM)-induced maximal contraction:
93.79 £ 0.50% for the control and 91.29 +1.13% for
MGO-pretreated aorta, n = 11)] (16).

We used 420 uM MGO for the following reasons (16):
1) It was reported that plasma MGO concentration in
poorly controlled human diabetic patients is about 400

UM (6). 2) Although others demonstrated that it was
much less (7, 8), local MGO concentration in tissues is
suggested to be much higher than plasma level (18).

Determination of protein carbonylation by Western
blotting

Production of reactive oxygen species (ROS) was ex-
amined by detecting protein carbonylation using Western
blotting. Carbonylated proteins are indicative of direct
oxidation of side chains of amino acid residues. After
derivatized with 2,4-dinitrophenylhydrazine (DNPH),
carbonylated proteins were detected using anti-dinitro-
phenol (DNP) antibody. The aorta was cut into rings for the
measurement of protein carbonylation. After removal of
the endothelium, the arterial preparations were stabilized
for 30 min in normal physiological salt solution saturated
with a 95% O, — 5% CO, mixture at 37°C and pH 7.4
without resting tension. After the treatment with MGO
(420 uM) for 30 min, protein lysates were obtained by
homogenizing aorta with Triton-based lysis buffer (1%
Triton X-100, 20 mM Tris, pH 7.4, 150 mM NacCl, 1 mM
[-glycerol phosphate, | mM NA3;VOs, 1 ug/ml leupeptin,
and 0.1% protease inhibitor mixture; Nacalai Tesque,
Kyoto). Protein concentration in lysates was determined
by the bicinchoninic acid method (Pierce, Rockford,
IL, USA). Equal amounts of proteins (10 — 15 ug) were
separated by SDS-PAGE (7.5%) and transferred to a
nitrocellulose membrane (Pall Corporation, Ann Arbor,
MI, USA) (19, 20). After treatment with 20% methanol in
80% Tris-buffered saline (10 mM Tris-HCI, pH 7.4, 140
mM NaCl) for 5 min, the membrane was incubated with 2
N HC1 containing 10 mM DNPH (SHIMA Laboratories,
Tokyo) for 5 min at room temperature. After the reaction,
the membrane was washed with 2 N HCI for 15 min and
treated with 50% methanol for 35 min (21, 22). Then the
membrane was blocked with 2% skim milk for 60 min,
incubated with anti-DNP rabbit antibody (1:500 — 1000
dilution, SHIMA Laboratories) at 4°C overnight, and
the membrane-bound antibodies were visualized using
horseradish peroxidase—conjugated secondary antibodies
(1:10000 dilution, 1 h) and the EZ-ECL system (Bio-
logical Industries, Kibbutz Beit Haemek, Israel). Equal
loading of proteins was ensured by measuring o-actin
(DAKO, Glostrup, Denmark) expression.

Statistical analyses

Results are expressed as the mean + S.E.M. Statistical
evaluation of the date was performed by the paired or
unpaired Student’s #-test for comparisons between two
groups and by ANOVA followed by Bonferroni’s test
for comparisons in more than three groups. Results were
considered significant when the P-value was less than
0.05.
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Chemicals

The chemicals used were as follows: apamin, 4-amino-
pyridine (4-AP), EDTA, glibenclamide, iberiotoxin
(IbTx), MGO solution, NA, pyrrolidine dithiocarbamate
(PDTC), SNP, 4-hydroxy-TEMPO (tempol), tetrameth-
ylammonium (Sigma, St. Louis, MO, USA); catalase
(Calbiochem, San Diego, CA, USA); 8-bromo-cyclic
GMP (8-Br-cGMP) (Enzo, Plymouth Meeting, PA,
USA); NCnitro-L-arginine methylester (L-NAME)
(Dojindo, Kumamoto); and ACh (Daiichi Pharmaceuti-
cal, Tokyo). All drugs were dissolved in distilled water.

Results

Effect of MGO on ACh-induced relaxation of endotheli-
um-intact thoracic aorta of rats

We first examined effects of pretreatment of endothe-
lium-intact rat aorta with MGO (420 xM, 30 min) on
relaxation induced by ACh (1 nM -3 uM) on NA (100
nM)—induced pre-contraction. MGO had no effect on
ACh-induced relaxation (Fig. 1, n=8, maximal relax-
ation: 58.40 + 6.94% for the control and 67.39 + 6.75%
for MGO).

Effect of MGO on SNP-induced relaxation of thoracic
aorta of rats

Next, we examined whether MGO could affect SNP-
induced relaxation in aorta. Treatment of endothelium-
denuded aorta with MGO (420 uM, 30 min) shifted
the concentration—response curve for SNP to the left
(Fig. 2A, n=28, pD»: 8.31 +£0.26 for the control and
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Fig. 1. Effect of pretreatment of endothelium-intact rat aorta with
methylglyoxal (MGO; 420 M, 30 min) on relaxation induced by
acetylcholine (ACh, 1 nM -3 xM) on noradrenaline (NA, 100
nM)-induced pre-contraction. ACh was cumulatively added after the
contraction induced by NA had reached a steady state. Results were
expressed as the mean + S.E.M. 100% represents NA-induced pre-
contraction. Control: open circle, n = 8, MGO: closed circle, n = 8.

8.66 £0.35 for MGO, P <0.01; maximal relaxation:
99.99 + 0.07% for the control and 100.02 + 0.03% for
MGO). Treatment of endothelium-intact aorta with MGO
also shifted the concentration—response curve for SNP to
the left (Fig. 2B, n =6, pD,: 8.26 + 0.24 for the control
and 8.60 + 0.30 for MGO, P < 0.05; maximal relaxation:
99.91 + 0.09% for the control and 101.01 + 0.68% for
MGO). Next, we examined whether MGO could affect
c¢cGMP analogue (8-Br-cGMP)-induced relaxation in
endothelium-denuded aorta. Treatment with MGO (420
4M, 30 min) shifted the concentration—response curve for

A End (-) B End (+)
100
< 80
é 60 Fig. 2. Effect of pretreatment of endothelium-
§ 40 denuded [A, End (-); control: open circle,
'cé; n = 28] or -intact [B, End (+); control: open
© 20 circle, n = 10] rat aorta with MGO (420 uM,
30 min; MGO: closed circle, n =28 for A and
0 10 9 3 7 PR 10 for.B) on relaxation induced by sodium
c SNP (log M) nitroprusside (SNP, 0.1 — 300 nM). C) Effect of
pretreatment of endothelium-denuded rat aorta
100 with MGO (420 M, 30 min) on relaxation in-
< 80 duced by 8-bromo-cyclic GMP (8-Br-cGMP; 1
g nM — 100 uM, n = 12; control: open circle and
2 60 MGO: closed circle) on NA (100 nM)—induced
§ 40 pre-contraction was also examined. SNP or
5 8-Br-cGMP was cumulatively added after
© 2 the contraction induced by NA had reached
0 a steady state. Results were expressed as the

-9 -8 -7 -6 -5 -4
8-Br-cGMP (log M)

mean + S.E.M. 100% represents NA-induced
pre-contraction. *P < 0.05, **P < 0.01: control
vs. MGO.
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Protein carbonylation
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Fig. 3. Effect of MGO on protein carbonylation. Representative
immunoblots showing total protein carbonylation in endothelium-
denuded rat aorta treated without (control, n = 6) or with MGO (420
#M, 30 min, n = 6) are shown. Protein carbonylation was analyzed
by Western blotting using anti-dinitrophenol (DNP) antibody. Broad
staining in response to anti-DNP antibody represents carbonylated
proteins. Equal loading of proteins was ensured by measuring a-actin
expression.

8-Br-cGMP to the left (Fig. 2C,n =12, pD,: 422 +£0.25
for the control and 5.50 +£0.89 for MGO, P <0.01;
maximal relaxation: 75.43 +4.19% for the control and
98.65 + 0.73% for MGO, P <0.01).

Effect of MGO on protein carbonylation
To determine mechanisms responsible for the enhanced
effect of MGO on SNP-induced relaxation, protein

carbonylation, which represents increased ROS produc-
tion, was detected by Western blotting. In the protein
samples obtained from the endothelium-denuded aorta
treated with MGO (420 M, 30 min), broad staining in
response to anti-DNP antibody was observed compared
with the untreated control samples (Fig. 3, n = 6), indi-
cating that MGO produced ROS in smooth muscle of
rat aorta.

Effect of anti-oxidant drugs on MGO-mediated enhance-
ment of SNP-induced relaxation

To examine whether MGO-produced ROS contributes
to the enhancement of SNP-induced relaxation, we used
anti-oxidant drugs. Firstly, treatment of endothelium-
denuded aorta with tempol (10 4M, 15 min), a superoxide
scavenger, had no effect on the enhanced effect of MGO
(Fig. 4A, n =7 for the control, n = 4 for MGO, and n = 4
for tempol + MGO). Catalase (5000 U/mL, 15 min),
which metabolites H,O, to H,O, was also ineffective on
MGO (Fig. 4B, n =7 for the control, n = 4 for MGO, and
n =4 for catalase + MGO). There are reports showing
that this concentration of tempol (10 M) completely
prevented obesity-induced superoxide production in rat
mesenteric artery (23) and that catalase (less than 5000
U/mL) significantly reduced xanthine oxidase— (24) or
endothelium-derived (25) H,O, production in rat aorta.
A nitric oxide (NO) synthase inhibitor, L-NAME (100
uM, 15 min) had also no effect (Fig. 4C, n =28 for the
control, n =4 for MGO, and n = 4 for L-NAME + MGO),
suggesting that ROS is not responsible for the MGO-
mediated enhancement of SNP-induced relaxation. We
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£ 40 g 4
c c
o
O 20 S 20
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-9 -8 -7 - -8 -7 Fig. 4. Concentration—contraction relation-
c SNP (log M) SNP(log M) ships for SNP in endothelium-denuded rat
100 aorta in the absence (control: open circle,
< 80 =~ conol n=7) or presence of MGO (420 xM, 30 min)
< —— L-NAME+MGO pretreated without (MGO: closed circle, n = 4)
-% 60 or with tempol (10 xM, 15 min, open triangle,
g 0 n=4) (A), catalase (5000 U/mL, 15 min, open
5 triangle, n=4) (B), or NC®-nitro-L-arginine
© 20 methylester (L-NAME; 100 xM, 15 min, open
triangle, n = 4) (C). Results were each expressed
0 as the mean=+ S.E.M. 100% represents NA
-9 -8 -7 (100 nM)—induced pre-contraction. *P < 0.05,
SNP (log M)

**P <0.01: control vs. MGO.
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c SNP (log M) D SNP (log M) of MGO pretreated without (MGO: closed circle,
n=7for A,n=5 for B,n=4 for C, and n=4
100 100 for D) or with iberiotoxin (IbTx; 100 nM, 15
—O- control —O- control . . A
= -~ MGO =80 -~ MGO min, open triangle, n=7) (A), apamin (1 xM,
& 80 —— Gliben+MGO s —— 4-AP+MGO . . = . .
s < 60 15 min, open triangle, n = 5) (B), glibenclamide
-% 60 ) (gliben; 3 1M, 15 min, open triangle, n = 4) (C),
g 40 § 40 or 4-aminopyridine (4-AP; 1 mM, 15 min, open
5 20 S 20 triangle, n=4) (D). Results were expressed
© © as the mean+S.EM. 100% represents NA
0 0 (100 nM)—induced pre-contraction. *P < 0.05,
10 9 8 7 6 -10 9 7 -6 **P < (0.01: control vs. MGO; P <0.01: MGO
SNP (log M) SNP (log M) vs. IbTx + MGO.
also observed that PDTC (10 uM, 15 min), a widely used Discussion

anti-oxidant to eliminate ROS in the activation of NF-«xB
pathways (26, 27), was also ineffective on MGO (n = 3,
data not shown).

Effect of K'-channel blockers on MGO-mediated en-
hancement of SNP-induced relaxation

We have previously demonstrated that MGO inhibits
NA-induced contractility in rat aorta, which is medi-
ated via opening smooth muscle large-conductance
Ca?"-activated K* (BKc,) channels (16). To examine the
possible involvement of K* channels, we used selective
K"-channel inhibitors. IbTx (100 nM, 15 min), a BKc,-
channel inhibitor partially prevented the enhanced effect
of MGO on SNP-induced relaxation (Fig. 5A, n=7,
pDa: 8.34 £ 0.29 for the control, 8.54 = 0.35 for MGO,
and 8.38 £0.37 for IbTx + MGO). On the other hand,
apamin (1 M, 15 min), a small-conductance Ca*'-
activated K'—channel inhibitor; glibenclamide (3 uM, 15
min), an ATP-sensitive K'—channel inhibitor; or 4-AP (1
mM, 15 min), a voltage-gated potassium channel inhibi-
tor, had no effect (in Fig. 5B, n =5, pD,: 8.21 £ 0.28 for
the control, 8.76 = 0.40 for MGO, and 8.66 = 0.38 for
apamin + MGO; in Fig. 5C, n=4, pD,: 8.47 +0.23 for
the control, 8.74 + 0.33 for MGO, and 8.92 + 0.41 for
glibenclamide + MGO; in Fig. 5D, n =4, pD,: 8.03 + 0.26
for the control, 8.58 = 0.35 for MGO, and 8.78 + 0.35 for
4-AP + MGO). In contrast, a non-selective K -channel
inhibitor, tetramethylammonium reversed the effects of
MGO (pD,: 8.33 +0.26 for the control, 8.55 + 0.30 for
MGO, and 8.33 + 0.36 for TMA + MGO, n = 6, data not
shown).

In the present study, we examined the effect of MGO,
a metabolite of glucose, on both endothelium-dependent
and -independent relaxations in isolated blood vessel.
Treatment of rat aorta with MGO (420 «M, 30 min) had
no effect on the ACh-induced endothelium-dependent
relaxation, but significantly increased the SNP-induced
endothelium-independent relaxation. The effect of MGO
is independent of ROS production. We have finally deter-
mined that MGO-induced enhancement of SNP-induced
relaxation is partly due to opening smooth muscle BKc,
channels. We have previously shown that MGO (420
4M, 30 min) inhibited the NA-induced smooth muscle
contraction in rat aorta and mesenteric artery (16). These
results collectively indicate that acute treatment with
MGO results in the vasorelaxing effects in isolated blood
vessel. To the best of our knowledge, the results are the
first demonstration and we clarified the novel effect of
MGO on relaxation of isolated blood vessel.

We performed the current study based on the hypoth-
esis that MGO may induce hypertension by directly
impairing relaxation of rat aorta, since it was reported
that accumulation of MGO increased in vascular tissues
of SHR and that increased aortic MGO level was associ-
ated with increased blood pressure (14). In present study,
MGO rather increased the SNP-induced relaxation.
There are several explanations for this discrepancy:
1) Changes that MGO produced in vascular reactivity
could be a compensatory mechanism in the initial phase
of exposition. 2) Hypertension and diabetes are chroni-
cally developed diseases. In the present study, however,
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we determined the acute effects of MGO on arterial
relaxation. Therefore, we need further studies to explore
chronic effects of MGO on vascular reactivity.

We found that MGO was effective on the relaxation
induced by SNP, but not the relaxation induced by
ACh in aorta. The results seem controversial, since it is
reasonable to assume in endothelium-intact aorta that
MGO could affect not only vascular endothelium but
also smooth muscle. It was previously demonstrated
in vascular endothelial cells that MGO increased
cyclooxygenase-2—derived product (19) or ROS (28, 29),
which is one of endothelium-derived contracting factors
(EDCFs). Conversely, it might be possible that MGO
could decrease endothelium-derived relaxation factor
(EDRF) including NO, since MGO induced endothelium
cell injury/death (19, 30). Therefore why MGO had no
effect on relaxation induced by ACh might be explained
by the idea that the results are the combined effects of
MGO-mediated enhancement of relaxation in smooth
muscle and increased EDCFs or decreased EDRF in
endothelium. The results that MGO also augmented the
SNP-induced relaxation in endothelium-intact aorta sup-
port this concept.

We showed that treatment of endothelium-denuded rat
aorta with MGO increased carbonylated proteins, which
indicates increased ROS production. It was reported that
H,0, could elicit relaxation of endothelium-denuded
blood vessels such as rat aorta, bovine coronary arteries,
and human placental arteries and veins, presumably due
to the effect of cGMP (31 —34). In the present study,
however, treatment of endothelium-denuded rat aorta
with catalase, which metabolizes H,O, to H,O, had no
effect on the MGO-mediated enhancement of relaxation
induced by SNP. Thus it is suggested that MGO-induced
H,05 is not responsible for the effects of MGO. In addi-
tion, the present study demonstrated that neither O, nor
NO was responsible for the MGO-mediated enhancement
of the relaxation.

In our study, the mechanisms of MGO-induced activa-
tion of BK¢, channel remain to be clarified. There are
reports showing that cAMP or cGMP activates BKc,
channels via protein kinase A— or protein kinase G—de-
pendent phosphorylation in smooth muscle of airway or
coronary artery (35 — 42). To support this, recent studies
indicated that the activity of BK¢, channels are regulated
by phosphorylation states of serine or tyrosine residues
(43, 44). It was also reported that 12,14-dichlorodehy-
droabietic acid (diCI-DHAA) enhanced the activity of
BKc, a-subunit via increasing sensitivity to both Ca*
and membrane potential (45). It was also demonstrated
that estradiol activated BK¢, channels via binding to the
regulatory S-subunit of the BKc, channel (46). Thus it
is possible to assume that MGO activates BK¢, channel

via 1) second messengers—dependent phosphorylation, 2)
changing the sensitivity of the channel to Ca** or mem-
brane potential, or 3) direct binding to a particular subunit
of the channel. In the present study, MGO significantly
augmented the 8-Br-cGMP—induced relaxation, suggest-
ing that MGO might enhance the sensitivity of smooth
muscle to cGMP-mediated relaxing mechanisms rather
than increasing the cGMP levels. Further biochemical
studies might help to clarify the mechanisms through
which MGO activates smooth muscle BK¢, channels.

In summary, we for the first time demonstrated that
MGO has an enhancing effect on SNP-induced relax-
ation of rat aortic smooth muscle. The effect was in part
mediated via opening smooth muscle BK¢, channels.
Since we only clarified the acute effects of MGO on
relaxation, further studies are necessary to explore the
chronic effects of MGO in both blood vessels and at the
whole animal level.
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