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List of abbreviations

2-MeSADP, 2-methylthio-ADP
6-keto-PGF1,, 6-keto- prostaglandin Fy,
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PKC, protein kinase C

PVDF, polyvinylidene difluoride

ROCK, Rho-kinase

SBP, systolic blood pressure

SE, standard error

SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SMC, smooth muscle cell

STZ, streptozotocin

T2DM, type 2 diabetes mellitus

TP receptor, thromboxane receptor

TXA,, thromboxane A,

TXB,, thromboxane B,

UTP, uridine triphosphate



General introduction

Extracellular nucleotides contribute to the local regulation of vascular tone and play
important roles in pathophysiological processes, including diabetes, hypertension,
atherosclerosis, and vascular remodeling "> ?. Nucleotides are released from aggregated
platelets, from adventitial nerve and from activated endothelial cells and leucocytes in
response to various pro-inflammatory stimuli, cell death and tissue damage " ¥. These
nucleotide induce either vasoconstriction or vasodilation through cell surface purinergic (P2)
receptors > . P2 receptors are located on cell surface, which belong to major two families of
P2Y and P2X receptors *®. So far, characterizations of P2 receptors have been published of
seven P2X receptor subtypes (P2X,-P2X>, ligand-gated ion channels) and eight P2Y receptor
subtypes (P2Y1, P2Y,, P2Y4, P2Ys, and P2Y,1-P2Y 4, G protein-coupled receptors) & . P2X
receptors are exclusively activated by ATP, whereas P2Y receptors respond to both purine
(ATP and ADP) and pyrimidine (UTP and UDP) nucleotides "> %®. Specifically, ATP is a
ligand for P2X,~P2X, P2Y,, P2Y 1), and P2Y 5 receptors, whereas UTP is a ligand for P2Y,
and P2Y, receptors > %®_ In the arterial system, extracellular nucleotides lead to
vasoconstriction and increased blood pressure by the activation of both P2X and P2Y
receptors on smooth muscle cells > %% Some important effects of extracellular nucleotides
are mediated by the activation of endothelial cells and the subsequent release of
endothelium-derived relaxing factors (EDRFs; e.g., vasodilation and decreased blood
pressure) > %% Moreover, extracellular nucleotides release endothelium-derived
contracting factors (EDCFs) in some pathophysiological states '* V.

Type 2 diabetes is associated with a markedly increased incidence of cardiovascular
diseases '2. A growing body of evidence indicates that endothelial dysfunction and smooth
muscle dysfunction are present in various regions of the vasculature in type 2 diabetes in both
humans and animal models *"'®. Vascular tone is controlled by EDRFs and EDCFs 19-22)
Abnormality of this balance (viz. decreased production of EDRFs but also increased amounts
of EDCF) results in diabetic vasculopathy 2%
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Vasoconstrictor prostanoids such as PGE;, PGF,,, PGD», and TXA, are released via the
activation of arachidonic acid (AA) pathway. This pathway starts with the release of AA from
cellular phospholipids thought phospholipase A; (PLA>) activation, and AA can be
metabolized by cyclooxygenases (COXs). COXs are generally considered that COX-1, in
most tissues, is expressed constitutively while COX-2 is mainly induced by inflammatory
stimuli. In the vascular system, COXs are expressed in both endothelial and vascular smooth
muscle cells. These COXs pathways are a source of superoxide anions, which increase
endothelium-dependent contraction . COX-mediated EDCF diffuses to the underlying
smooth muscle and activates prostanoid receptors. The most important prostanoid receptor is
thromboxane-prostanoid (TP) receptor in endothelium-dependent contractions, which then
leads to an influx of calcium ion into smooth muscle cells.

EDCF-mediated responses are observed not only in hypertension but also in diabetes, and
they possibly reflect premature aging of vascular walls subjected to aggravated oxidative
stress 222 The available information confirms that in humans EDCF-mediated responses
contribute to the blunting of endothelium-dependent relaxation in aged subjects and in
essential hypertensive patients 2. Identification of EDCF could therefore provide new
insights into the mechanism responsible for endothelial dysfunction, and could potentially
reveal new therapeutic targets for cardiovascular diseases.

Among the prostanoids, PGE; is an important and ubiquitously distributed vasoactive
eicosanoid, and has been reported to act as a vasodilator and a vasoconstrictor. The prostanoid
EP receptors are heterotrimetic G protein-coupled receptors (GPCRs) 2628 PGE, exerts a
broad range of effects including inhibition of smooth muscle cells (mediated by the EP2 and
EP4 receptor subtypes) and excitation of smooth muscle cells (mediated by the EP1 and EP3
receptor subtypes) 2.

On the other hand, EDRFs include nitric oxide (NO), prostacyclin (PGI,) and
endothelium-derived hyperpolarizing factor (EDHF) ) NO is a soluble gas which mediates

much of the endothelium’s control of vascular relaxation. NO is formed by NO synthase



(NOS), the most important NOS isoform is endothelial NOS (eNOS) within the
cardiovascular system. In the regulation of eNOS activity upon agonist stimulation, signal
transduction depends not only on Ca*/calmodulin but also on eNOS phosphorylation by

various kinases **>?. Regulation of eNOS is achieved by phosphorylation of multiple sites in

1177 30-32)

the protein. Phosphorylation at Ser” "’ stimulates eNOS activity , Whereas
phosphorylation at Thr**’ inhibits its activity *¥. P2Y, and P2Y are major nucleotide
receptors on endothelial cells, and the activation of these receptors leads to vasodilation
mainly via NO pathway. The oxidative stress contributes endothelial dysfunction via reduced
NO bioavailability and increased COX activity.

Angiotensin IT (ANG 1) is a vasoactive peptide and also causes the increases of the
oxidative stress in the vascular system. Therefore, ANG II plays an important role in the
pathogenesis of cardiovascular diseases associated with type 2 diabetes, such as hypertension
and atherosclerosis. Moreover, treatment with ANG II type 1 (AT;) receptor blockers (ARBs)
of patients with type 2 diabetes significantly improves both macro- and micro-vascular end
points, including nephropathy, retinopathy, and neuropathy *>. However, little information is
available to indicate whether ARBs could normalize purinergic signalling once the
progression of the disease process has begun.

For the present study, I designed experiments to investigate the mechanisms underlying the
diabetes-related changes in the extracellular nucleotides-induced responses in superior
mesenteric arteries from rats. Extracellular nucleotides mediate activation of endothelial cells
and the subsequent release of EDRFs and EDCFs. I hypothesized that extracellular
nucleotides-mediated relaxations and contractions would be dysfunction in chronic diabetes.
Therefore, I also investigated the effect of diabetes on the response to extracellular
nucleotides (ATP, UTP and ADP) in superior mesenteric artery isolated from rats.

Finally, I examined whether purinergic signalling can be used as potential therapeutic targets

against diabetes-associated vascular diseases.



Chapter 1

Pravastatin normalizes endothelium-derived contraction factor-mediated response via

suppression of Rho-kinase signalling in mesenteric artery from aged type 2 diabetic rat.



Introduction

Normal vascular endothelial function depends on a controlled balance between the
production/release of endothelium-derived relaxing (EDRF) and contracting (EDCF) factors "
2 EDCF-mediated responses contribute to the endothelial dysfunction seen in various animal
models of ageing, diabetes and cardiovascular diseases >4 Appropriate modulation of
EDCF-mediated signaling pathways might be expected to ameliorate endothelial dysfunction.
Such modulations would therefore be of therapeutic interest in the treatment of cardiovascular
diseases. However, the precise mechanisms underlying EDCF signalling in long-term type 2
diabetes mellitus (T2DM) remain unclear.

Type 2 diabetes mellitus, which is associated with a markedly increased incidence of
cardiovascular diseases, is often part of an array of complex abnormalities referred to as
‘metabolic syndrome’, which is frequently accompanied by an elevated blood pressure .
Otsuka Long-Evans Tokushima Fatty (OLETF) rats are an established model of T2DM ® and
there are several existing reports of abnormalities of vascular function in this model ",
Kamata’s laboratory previously demonstrated (1) that endothelial dysfunction is present in the
mesenteric arteries of aged OLETF rats, (2) that this may result from an imbalance between
endothelium-derived factors (reduced EDRF signalling and increased EDCF signalling) and
(3) that the mechanisms underlying this abnormality may involve increments in the activities
of COX-1 and COX-2*”.

Pravastatin, an inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A reductase, reduces
adverse cardiovascular events and retards the development of diabetes in humans with
hypercholesterolaemia '”. Moreover, pravastatin has been reported to have pleiotropic
vascular effects including inhibitions of the Rho-kinase activity and reactive oxygen species
(ROS) production that occur via decreased formation of isoprenoid intermediates, such as
farnesylpyrophosphate and geranylgeranylpyrophosphate '" 12 Beneficial effects on adverse

cardiovascular events have been demonstrated in OLETTF rats following continuous



administration of pravastatin from 5 to 6 weeks of age (pre-insulin resistance stage) 13,19,

Moreover, Kajikuri et al. ' suggested that pravastatin might prevent or retard the
development of endothelial dysfunction in coronary arteries in OLETF rats by inhibiting
endothelial superoxide production. However, it is unknown whether pravastatin would have
beneficial effects on EDCF-mediated signalling in the superior mesenteric artery in OLETF
rats if it is administered when hyperglycaemia has already developed.

For the present study, I designed experiments (1) to investigate the effect of 4 week
treatment with pravastatin on EDCF-mediated responses in OLETT rats at the chronic stage

of T2DM and (2) to identify some of the molecular mechanisms involved.



Experiment

Reagents

Phenylephrine (PE), NG-nitro-L-arginine (L-NNA), nitro-blue tetrazolium (NBT) and an
antibody against -actin were purchased from Sigma Chemical (St. Louis, MO, USA), while
acetylcholine chloride (ACh) was purchased from Daiichi-Sankyo Pharmaceuticals (Tokyo,
Japan). Y27632 was from Calbiochem (La Jolla, CA, USA). All drugs were dissolved in
saline. All concentrations are expressed as the final molar concentration of the base in the
organ bath. Horseradish peroxidase (HRP)-linked secondary anti-mouse or anti-rabbit
antibody was purchased from Promega (Madison, WI, USA). Antibodies against COX-1,
COX-2, mPGES1 and mPGES2 were from Cayman Chemical (Ann Arbor, MI, USA), while
antibodies against RhoA, ROCKI and ROCKII were obtained from BD Biosciences (San Jose,
CA, USA). Antibodies against phospho-Ezrin (Thr’®”)/Radixin (Thr’**)/Moesin (Thr*®)
(PERM) and Ezrin/Radixin/Moesin (ERM) were obtained from Chemicon (Danvers, MA,
USA).

Animals and experimental design

5 week-old male rats [OLETF rats and Long-Evans Tokushima Otsuka (LETO) rats, a
genetic control for OLETF] were supplied by the Tokushima Research Institute (Otsuka
Pharmaceutical, Tokushima, Japan). All animals were allowed a standard laboratory diet (MF;
Oriental Yeast Industry, Tokyo, Japan) and water ad libitum in a controlled environment
(room temperature, 21-22 °C; room humidity, 50 + 5%) until they were 56—-60 weeks old.
Some OLETF rats were given pravastatin (10 mg kg™ per day, p.o.) 1617 for 4 weeks starting
at 52-56 weeks old. Thus, I studied three groups: pravastatin-untreated LETO and OLETF
groups and a pravastatin-treated OLETF group. This study was approved by the Hoshi
University Animal Care and Use Committee, and all experiments were conducted in

accordance both with ‘Guide for the Care and Use of Laboratory Animals’ published by the



US National Institutes of Health and with ‘Guide for the Care and Use of Laboratory Animals’
adopted by the Committee on the Care and Use of Laboratory Animals of Hoshi University
(which is accredited by the Ministry of Education, Culture, Sports, Science and Technology,

Japan).

Measurement of blood glucose, cholesterol, triglyceride, insulin and non-esterified fatty

acid, and blood pressure

Plasma parameters and systemic blood pressure were measured as described previously **
19 Briefly, the plasma glucose, cholesterol, triglyceride, high-density lipoprotein (HDL)
cholesterol and non-esterified fatty acid (NEFA) levels were each determined by the use of a
commercially available enzyme kit (Wako Chemical Company, Osaka, Japan). Plasma insulin
was measured by enzyme immunoassay (Shibayagi, Gunma, Japan). After a given rat had
been in a constant-temperature box at 37 °C for a few minutes, its systolic blood pressure
(SBP) was measured by the tail-cuff method using a blood pressure analyser (BP-98A;
Softron, Tokyo, Japan).

Measurement of isometric force

Vascular isometric force was recorded as in previous papers . At 56-60 weeks of age,
rats were killed in the morning (at 09:00 hours). The superior mesenteric artery was rapidly
removed and immersed in oxygenated, modified Krebs-Henseleit solution (KHS). This
solution consisted of (in mM) 118.0 NaCl, 4.7 KCl, 25.0 NaHCQO;, 1.8 CaCl,, 1.2 NaH,POy,,
1.2 MgSO, and 11.0 glucose. The artery was carefully cleaned of all fat, and connective tissue
and ring segments 2 mm in length were suspended by a pair of stainless steel pins in a
well-oxygenated (95% 0,—5% CO,) bath containing 10 mL of KHS at 37 °C. The rings were
stretched until an optimal resting tension of 1.0 g was loaded, then allowed to equilibrate for
at least 60 min. Force generation was monitored by means of an isometric transducer (model
TB-611T; Nihon Kohden, Tokyo, Japan). For the relaxation studies, mesenteric rings were

pre-contracted with PE (10_6 M). When the PE-induced contraction had reached a plateau
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level, ACh (10™°-10"> M) was added in a cumulative manner. For the contraction studies,
mesenteric rings were first contracted using 80 mM K, these responses being taken as 100%.
There was no significant difference in the response to 80 mM K* among the LETO (n = 17),
OLETF (n = 17) and pravastatin-treated OLETF (n = 7) groups (1.62 + 0.03, 1.77 = 0.06 and
1.81 £ 0.10 g respectively). To aid examination of EDCF-mediated responses, rings were
treated with 10™* M L-NNA for 30 min to increase the amplitude of endothelium-dependent
contractions '®. To investigate the effect of Rho-kinase on the EDCF-mediated response,
mesenteric rings were incubated for 30 min in a medium containing 107 or 107 M Y27632
plus 10™* M L-NNA before cumulative addition of ACh (107°~107° M). After the addition of
sufficient aliquots of the agonist to produce the chosen concentration, a plateau response was

allowed to develop before the addition of the next dose of the same agonist.

Release of prostaglandins

Prostanoid release was measured as in previous papers *®. To allow us to measure this
release, mesenteric arteries from a given group were cut into transverse rings 4 mm in length.
These were placed for 30 min in siliconized tubes containing 0.5 mL KHS in the presence of
10™* M L-NNA at 37 °C, and then ACh (10> M) was applied for 15 min. Next, after the
mesenteric rings had been removed, the tubes were freeze-clamped in liquid nitrogen and
stored at —80 °C for later analysis. The prostaglandins were measured using a commercially
available EIA kit (Cayman Chemical). Ten-timediluted samples were used for measurements
of PGE,. The various assays were performed as described in the manufacturer's procedure
booklet. The amounts of prostaglandins released are expressed as pg mg ™' wet weight of

mesenteric artery.

Western blotting
The protein levels of the COXs, mPGESs, RhoA, Rho-kinases, phosphorylated
Ezrin/Radixin/Moesin (PERM) and ERM were quantified using immunoblotting procedures,

essentially as described before *.
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Western immunoblots for PERM/ERM were obtained from mesenteric arteries after ACh
stimulation (10> M for 15 min in the presence of L-NNA). Mesenteric arterial tissues were
homogenized in ice-cold lysis buffer containing 50 mM Tris—HCI (pH 7.2), 150 mM NaCl,
1% Nonidet P-40, 1% sodium deoxycholate and 0.1% SDS containing protease- and
phosphatase- inhibitor cocktails (Complete Protease Inhibitor Cocktail and PhosSTOP; Roche
Diagnostics, Indianapolis, IN, USA). The lysate was cleared by centrifugation at 16,000 g for
10 min at 4 °C. The supernatant was collected, and the proteins were solubilized in Laemmli's
buffer containing mercaptoethanol. Protein concentrations were determined by means of a
bicinchoninic acid protein assay reagent kit (Pierce, Rockford, IL, USA). Samples (20 pg per
lane) were resolved by electrophoresis on 10% SDSPAGE gels, then transferred onto
polyvinylidene difluoride (PVDF) membranes. Briefly, after blocking the residual protein
sites on the membrane with PVDF blocking reagent (Toyobo, Osaka, Japan), the membrane
was incubated with rabbit anti-COX-1 (70 kDa; 1 : 1000), rabbit anti-COX-2 (72 kDa; 1 :
1000), rabbit anti-mPGES1 (16 kDa; 1 : 1000), rabbit anti-mPGES2 (33 kDa; 1 : 1000),
mouse anti-RhoA (21 kDa; 1 : 1000), mouse anti-Rho-kinasel (ROCKI) (160 kDa; 1 : 1000),
mouse anti-ROCKII (160 kDa; 1 : 1000}, rabbit anti-phospho-Ezrin (Thr’*’)/Radixin
(Thr’**)/Moesin (Thr*®) (PERM) (85 kDa; 1 : 1000) or rabbit anti-ERM (85 kDa; 1 : 1000) in
blocking solution. HRP-conjugated, anti-mouse or anti-rabbit antibody was used ata 1 : 10
000 dilution in Tween PBS, followed by detection using SuperSignal (Pierce). To normalize
the data, I used B-actin as a housekeeping protein. The B-actin protein levels were determined
after stripping the membrane and probing with B-actin monoclonal primary antibody (42 kDa,
1 : 5000), with HRP-conjugated anti-mouse IgG as the secondary antibody. The optical
densities of the bands on the film were quantified using densitometry, with correction for the

optical density of the corresponding B-actin band.

Measurement of superoxide by measurement of the amount of NBT reduced
Mesenteric artery rings were incubated with NBT to allow the superoxide generated by the

tissue to reduce the NBT to blue formazan. The details of the assay have been published
11



previously 9, Briefly, mesenteric arteries from the LETO and pravastatin-treated and
untreated OLETF groups were cut into transverse rings 4 mm in length. Then, rings from a
given group were placed for 120 min in KHS at 37 °C containing NBT (107 M) in the
presence of ACh (10~ M). The NBT reduction was stopped by the addition of 0.5 N HCI.
After this incubation, the rings were minced and homogenized in a mixture of 0.1 N NaOH
and 0.1% SDS in water containing 40 mg L™ diethylenetriaminepentaacetic acid. After the
mixture had been centrifuged at 16,000 g for 30 min, the resultant pellet was resuspended in
pyridine at 80 °C for 60 min to extract formazan. The mixture was then subjected to a second
centrifugation at 10,000 g for 10 min. The absorbance of the formazan was determined
spectro-photometrically at 540 nm. The amount of NBT reduced (=quantity of formazan) was
calculated as follows: amount of NBT reduced =4 % V/T x Wt x ¢ x ]), where 4 is the
absorbance, V' is the volume of pyridine, T is the time for which the rings were incubated with
NBT, Wt is the blotted wet weight of the arterial rings, ¢ is the extinction coefficient (0.7 L
mmol™ mm™) and / is the length of the light path. The results are reported in pmol min™' mg

wtl.

Statistical analysis

Data are expressed as means = SE. Relaxation responses are expressed as a percentage of
the PE-induced contraction. Contractile responses are expressed as a percentage of the 80 mM
KCl-induced contraction. Multiple comparisons between treatment groups were made using
an analysis of variance (ANOVA) followed by Bonferroni's test (P < 0.05 being regarded as

significant in each test).
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Abbreviations

ACh, acetylcholine; ANOVA, analysis of varience; COX, cyclooxygenase; DMSO,
dimethylsulfoxide; EDCF, endothelium-derived contracting; EDRF, endothelium-derived
relaxing; EP receptor, prostaglandin E, receptor; ERM, Ezrin/Radixin/Moesin; HDL,
high-density lipoprotein, HMG-CoA reductase, 3-hydroxy-3-methylglutaryl coenzyme A
reductase; HRP, Horseradish peroxidase; KHS, Krebs-Henseleit solution; LETO, Long-Evans
Tokushima Otsuka; L-NNA, NG-nitro-L-arginine; NO, nitric oxide; NOS, NO Synthase;
mPGES, microsomal prostaglandin E synthase; NBT, nitro-blue tetrazolium; NEFA,
non-esterified fatty acid; OLETF, Otsuka Long-Evans Tokushima Fatty; PE, phenylephrine;
PGE,, prostaglandin E,; PVDF, polyvinylidene difluoride; ROCK, Rho-kinase; SBP, systolic
blood pressure; SE, standard error, SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel

electrophoresis; T2DM, type 2 diabetes mellitus
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Results

General parameters

As shown in Table 1-1, at the time of the experiment, all OLETF rats (non-fasted)
exhibited hyperglycaemia, their blood glucose concentrations being significantly higher than
those of the age-matched non-diabetic control LETO rats (also non-fasted). Body weight was
similar between the two groups. Plasma cholesterol, triglyceride, HDL and NEFA levels were
all significantly higher in OLETF rats than in LETO rats. The SBP of OLETF rats was higher
than that of LETO rats. Treatment of OLETF rats with pravastatin did not alter their plasma
glucose, insulin, cholesterol, triglyceride or HDL levels or their SBP, but it did lower plasma

NEFA.

Effect of pravastatin treatment on endothelium-dependent relaxation and contraction in
OLETF rats

When the PE-induced contraction had reached a plateau, ACh was applied to induce
relaxation (Fig. 1-14). ACh induced a concentration-dependent relaxation (with the maximum
response being at 107 to 3 x 1077 M, and responses then being progressively weaker up to
10~ M), and this response was weaker in rings from OLETF rats than in those from LETO
rats (Fig. 1-14). In rings from pravastatin-treated OLETF rats, the relaxation responses were
similar to those seen in the LETO group (Fig. 1-14).

To investigate the contractile component of the ACh-induced response, I added ACh (107%-
10 M) cumulatively to rings in the presence of L-NNA (10™* M). As shown in Figure 1-1B,
in this condition, an ACh-induced contraction was observed at higher ACh concentrations (i.e.
107107 M) in rings from the three groups. However, this ACh-induced contraction was
significantly greater in mesenteric arteries from OLETF rats than in those from LETO rats.

Interestingly, it was reduced by 4 weeks treatment with pravastatin.

14



Table 1-1. Values of various parameters in LETO and pravastatin-treated and -untreated

OLETEF rats.

LETO OLETF Pravastatin-treated

OLETF

Body weight (g) 5547+ 5.9 (16) 544.4 £23.6 (16) 522.1+£9.9(16)
Glucose (mg/dl) 134.9 £ 3.9 (16) 542.8£20.1(16)* |556.3+44.0(16)*
Insulin (ng/ml) 3.0+£0.2(15) 23+05(15) 1.7+£0.2 (15)*
Cholesterol (mg/dl) | 103.9+2.1 (16) 281.3+14.1(16)* |262.5+244(16)*
Triglyceride 86.5+3.0(16) 487.1+46.5(16)* |513.7+822(16)*
(mg/dl)
HDL (mg/dl) 62.6 £2.3(16) 95.5+ 8.0 (16)* 106.0+9.2 (16)*
NEFA (mEq/l) 0.28 £0.01 (16) 0.53+£0.02 (16)* 0.42+£0.03 (16)*#
SBP (mmHg) 117.5+2.2(16) 1477+ 3.1 (16)* 1483+ 3.1 (16)*

Values are means + S.E.M. Number of determinations is shown within parentheses. HDL,

high-density lipoprotein, NEFA, non-esterified fatty acid; SBP, systolic blood pressure. *P <

0.05 vs. LETO. *P < 0.05 vs. OLETF.
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Fig. 1-1. Concentration-response curves for acetylcholine (ACh)-induced relaxation (4) and
contraction (B) of isolated rings of mesenteric arteries isolated from Long-Evans Tokushima
Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty (OLETF) and pravastatin-treated
OLETF rats. (4) Ordinate shows relaxation as a percentage of phenylephrine-induced
contraction. (B) Responses were obtained in the presence of 10 M L-NNA. Data are means
+ SE from eight (4) or seven (B) experiments. *P <0.05 vs. LETO. *P < 0.05 vs. OLETF.
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Effect of Rho-kinase inhibitor on EDCF-mediated contraction

Rho-kinase is involved in the pathogenetic modulation of vascular tone '**?. Moreover,
the Rho-kinase pathway contributes to EDCF-mediated arterial responses in
pathophysiological states 20.2D T therefore assessed the effects of the Rho-kinase inhibitor
Y27632 (1077 or 107° M) on the ACh-induced contraction in the presence of L-NNA(10™* M).
Pre-treatment of rings from OLETF or LETO rats with Y27632 reduced the EDCF-mediated
contraction in a concentration-related manner (Fig. 1-2). It should be noted that the
quantitative difference in this contraction between the OLETF and LETO groups was

abolished at each concentration of Y27632 (Fig. 1-2).

A - OLETF B -O- LETO
-8 OLETFY27632107M 4 LETOY27632107 M
- OLETF Y2763210°M -f LETOY2763210°M
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Fig. 1-2. Effect of Rho-kinase inhibitor on endothelium-dependent contraction in mesenteric
arteries obtained from Long-Evans Tokushima Otsuka (LETO) and Otsuka Long-Evans
Tokushima Fatty (OLETF) rats. (4, B) Effect of 107 or 10”7 M Y27632 on acetylcholine
(ACh)-induced contraction in the presence of 10™* M L-NNA in mesenteric arteries isolated
from OLETF (4) and LETO (B) rats. Data are means + SE from eight experiments. *P <0.05
vs. without Y27632.

17



Effect of pravastatin treatment on COX pathway (assessed as release of PGE; and protein
expressions of COXs and mPGESs)

Published evidence indicates that overproduction of prostanoids contributes to vascular
dysfunction in diabetic arteries > ***’. Moreover, [ previously found that PGE; was the
prostanoid responsible for increased EDCF signalling in mesenteric arteries from OLETF rats
892 1n view of these previous reports and the data we obtained using ACh (Fig. 1-1), I
hypothesized that treatment of OLETF rats with pravastatin would reduce the ACh-stimulated
release of PGE, from mesenteric artery rings isolated from such rats (Fig. 1-34). ACh (107
M) evoked a release of PGE, that was significantly greater in rings from OLETF rats than in
those from LETO rats. As I had hypothesized, this release of PGE, was significantly smaller
in the pravastatin-treated OLETF group than in the untreated OLETF group.

Next, to investigate the possible mechanisms underlying the beneficial effects of
pravastatin on the COX pathway in OLETF rats, I examined whether the protein expressions
of COXs and mPGESs in mesenteric arteries might be altered by pravastatin treatment (Fig.
1-3). Western blotting analysis of mesenteric arteries from the three groups allowed detection
of immunoreactive proteins. COX-1 expression was significantly greater in the OLETF group
than in the LETO group (Fig. 1-3B), while the expressions of COX-2 and mPGES1 were not
significantly increased in OLETF vs. LETO (Fig. 1-3C, D). The expression of mPGES2 was
not different among the three groups of rats (Fig. 1-3E). Treatment of OLETF rats with

pravastatin did not alter these protein levels (vs. OLETF).
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Fig. 1-3. Release of PGE, (4), under stimulation with 107> M acetylcholine (ACh), from
mesenteric arteries isolated from Long-Evans Tokushima Otsuka (LETO), Otsuka
Long-Evans Tokushima Fatty (OLETF) and pravastatin-treated OLETF rats. Data are means
+ SE from eight experiments. *P < 0.05 vs. LETO. *P < 0.05 vs. OLETF. Analysis of COX-1
(B), COX-2 (C), mPGES1 (D) and mPGES2 (F) protein expressions in mesenteric arteries
from LETO, OLETF and pravastatin-treated OLETF. The lanes, which were run on the same
gel, were non-contiguous where indicated by the black lines. Data are means + SE from five
or six experiments. *P <0.05 vs. LETO. n.s_, not significant.
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Effect of pravastatin on Rho-kinase activity

Statins modulate Rho-kinase signalling in the vasculature *>*®. To determine the effect of
pravastatin on the protein expressions of RhoA, ROCKI and ROCKII ), I performed
immunoblotting for these proteins in mesenteric arteries and made comparisons among the
three groups. Each of these protein levels was similar among the three groups (Fig. 1-44, B). 1
next measured the level of phosphorylated ezrin, radixin and moesin (PERM). Those proteins

are Rho-kinase targets and reflect Rho-kinase activity 27=%

, so measuring PERM is a way of
assessing Rho-kinase activity in ACh-stimulated rings. Western immunoblots were obtained
from mesenteric arteries after ACh stimulation (10 M for 15 min in the presence of 107* M
L-NNA) (Fig. 1-4C). Total ERM expression was similar among the three groups (Fig. 1-4C).
However, the level of PERM was significantly greater in the OLETF group than in the LETO

group and significantly lower in pravastatin-treated OLETF than in untreated OLETF (Fig.
1-4C).
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Fig. 1-4. Western blot results for RhoA (A4), ROCKI (B), and ROCKII (B) protein expressions
and for the acetylcholine (ACh) (10~ M)-induced expressions of phosphorylated ERM
[PERM (C)] and ERM (C) in mesenteric arteries obtained from Long-Evans Tokushima
Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty (OLETF) and pravastatin-treated
OLETF rats. The lanes, which were run on the same gel, were non-contiguous where
indicated by the black lines. Data are means + SE from six experiments. *P <0.05 vs. LETO.
*P <0.05 vs. OLETF. n.s., not significant.
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Quantification of superoxide anion by measurement of the amount of NBT reduced

As superoxide leads to enhancements of EDCF-mediated contractions *?, I examined the
effect of pravastatin on vascular superoxide generation by measuring the amount of NBT
reduced by superoxide (Fig. 1-5). Mesenteric artery superoxide generation was significantly
greater in OLETF than in LETO and significantly reduced in the pravastatin-treated OLETF

group (vs. the untreated OLETF group).
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Fig. 1-5. Quantification of mesenteric artery superoxide production by measurement of
amount of reduced nitro-blue tetrazolium (NBT). Tissues were obtained from Long-Evans
Tokushima Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty (OLETF) and
pravastatin-treated OLETF rats. Data are means + SE from six or ten experiments. *P <0.05
vs. LETO. *P <0.05 vs. OLETF.
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Discussion

In this study, I have demonstrated that pravastatin improves EDCF signalling in mesenteric
arteries in rats at the chronic stage of experimental T2DM.

Otsuka Long-Evans Tokushima Fatty rats manifest stable clinical and pathological features
that resemble human T2DM ©. Briefly, OLETF rats are characterized by I) increasing body
weight just after weaning, 2) a late onset of hyperglycaemia (after 18 weeks old) and
diagnosable diabetes after 24 weeks old, 3) a hyperinsulinaemia that is present at 24 weeks
old and declines after 55 weeks old, and conversion to insulin-dependent diabetes after approx.
40 weeks old, and 4) increasing plasma cholesterol and triglyceride concentrations after 21
weeks of age. In the present study, I used aged OLETF rats (i.e. 56—60 weeks old), which are
then at the insulin-dependent stage of diabetes, to investigate EDCF-mediated signalling. I
used such rats because long-term diabetic conditions entail severe diabetic complications
associated with cardiovascular dysfunction and because previous studies have investigated the
preventive, not the therapeutic, effect of pravastatin on vasoconstrictor-prostanoid signalling.

Pravastatin and other statins have clear beneficial effects on the atherosclerosis mediated by
decreased LDL-cholesterol, and they improve endothelial function in part through their
anti-inflammatory actions >. Recent experimental and clinical evidence indicates that some
of the cholesterol-independent or “pleiotropic’ effects of statins involve improvements or
restorations of endothelial functions and reductions in cardiovascular disease events 2. As
regards such effects, it has been reported that statins inhibit the synthesis of isoprenoid
intermediates in the cholesterol synthesis pathway, such as geranylgeranylpyrophosphate and
farnesylpyrophosphate 1132 These intermediates serve as important lipid attachments for the
post-translational modification of a variety of proteins, including such small GTPases as
RhoA and Racl. RhoA/Rho-kinase plays a crucial role in endothelial dysfunction, including
down-regulation of eNOS protein expression, whereas Racl induces assembly of the

NADPH-oxidase complex, the most important source of the primordial oxygen radical in the
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vessel wall 'V, Accordingly, statins reportedly ameliorate both hypertension and T2DM, with

or without hypercholesterolaemia, in patients and in several animal models *>*>>

, indicating
that these diseases involve activation of RhoA/Rho-kinase and increased superoxide
production.

In OLETF rats, SBP and plasma glucose, cholesterol, triglyceride, HDL and NEFA
concentrations were all increased (vs. LETO). When I administered pravastatin for 4 weeks to
such established OLETF rats, the treatment did not alter (vs. OLETF) SBP or the plasma
glucose, insulin, cholesterol, triglyceride or HDL levels, although it did decrease the plasma
NEFA level. Pravastatin has been reported to improve both hypercholesterolaemia and insulin
sensitivity in diabetes, both in patients and in animal models **. Moreover, several
experiments have demonstrated that it reduces blood pressure in hypertensive patients >®,
although in another report pravastatin did not affect blood pressure in angiotensin-II-induced
hypertensive mice *®. This discrepancy may be related to the model, to a species difference or
to the pravastatin treatment regimen '® '”. Possibly, if OLETF rats were treated with
pravastatin for a long time, or if treatment was started at an earlier stage, this drug might
reduce the levels of hypercholesterolaemia and/or hypertension and significantly improve
insulin sensitivity. In this study, 1 found that in OLETF mesenteric arteries (vs. LETO) 1)
ACh-induced relaxation was reduced, 2) both the EDCF-mediated contraction and PGE,
production induced by ACh were increased, as was the expression of COX-1, while the
expressions of COX-2 and mPGES1 were not significantly increased, and 3) the
ACh-stimulated PERM level was increased. Using our regimen (viz. 4 week treatment of
OLETF rats already at the chronic stage), I found that pravastatin treatment normalized
ACh-induced relaxation, EDCF-mediated contraction and PGE; production, and also the
PERM level, without changing the expressions of two COXs, two mPGESs, RhoA and two
Rho-kinases. To judge from these results, pravastatin exerted vasculoprotective actions in the

present OLETF mesenteric arteries that can be largely attributed to a suppression of EDCF

signalling by a cholesterol-independent pleiotropic effect, such as a suppression of
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Rho-kinase.

Endothelial dysfunction results not only from decreased EDRF signalling but also from
increased EDCF signalling. In aortas isolated from hypertensive rats /) the ACh-induced
EDCF-mediated contraction was suppressed by pre-treatment with a superoxide scavenger
and 2) the H,O,-induced contraction was increased, and these responses could be inhibited by
Y27632, by a COX inhibitor or by a TP-receptor antagonist 2D Indeed, in the hypertensive rat
aorta, the ACh-induced release of endothelial COX-dependent ROS is augmented *”. From
such evidence, ideas have been proposed for the identity of EDCF, including release of PGE,,
as have suggestions that endothelium- dependent contraction may involve the production of
ROS, activation of endothelial COX and a subsequent stimulation of TP receptors located on
smooth muscle cells. Recent experiments have suggested that Rho-kinase may act as a
molecular switch, transducing signals from endothelium-derived prostaglandins and ROS 20.
2D Rho-kinase activation upregulates NADPH-oxidase expression >”, and Rho-kinase plays a
role in vascular smooth muscle contraction (via inhibition of myosin phosphatase **. In the
present study, I found that the EDCF-mediated contraction was suppressed by Y27632 in both
the LETO and OLETF groups and that the difference between those groups in the magnitude
of that contraction was abolished by Y27632. I also found that in OLETF mesenteric arteries
I) the superoxide generation was suppressed by pravastatin treatment, 2) the PERM level was
reduced by pravastatin treatment, and 3) the RhoA, ROCKI and ROCKII protein expressions
were not altered by pravastatin treatment. These results suggest that in OLETF mesenteric
arteries, pravastatin can suppress EDCF-mediated signalling, an effect that may be
attributable to a suppression of the activities of Rhokinase and that may be associated with a
lowering of superoxide production.

There are limitations of the present study that should be admitted. As mentioned above, the
circulating NEFA level was increased in OLETF rats, and this elevated level was reduced by
the treatment with pravastatin. A possible interpretation of the present data is that the

endothelial dysfunction present in OLETF rats is attributed to an increase in blood NEFA, and
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that endothelial dysfunction is improved by pravastatin treatment at least in part through a
lowering of this parameter. Indeed, evidence of endothelial dysfunction has been observed in
various vessels in states in which there is an increment in the circulating level of free fatty
acids ***Y_Moreover, in the present study, I used one dose of pravastatin as reported
previously ' '7_ Several reports suggest that pravastatin has beneficial effects in various
disease states by using different dose regimens ' 1>1% 3333369 Hoyever, to establish a
causal relationship and appropriate dose of pravastatin would require research focusing, for
example, /) on time-course alterations both in circulating substances and in endothelial
dysfunction in this model because this OLETF rat manifests symptoms of metabolic

syndrome ***

, and 2) on comparison of various doses of pravastatin with regard to the
impact on endothelial dysfunction.

I conclude that pravastatin may have beneficial effects against the enhancement of
EDCF-mediated signalling seen at the chronic stage of T2DM. The mechanism responsible
for the pravastatin-induced suppression of EDCF-mediated responses may involve an
inhibition of Rho-kinase activity and a reduction in superoxide generation. These findings not
only support the pleiotropic effects of pravastatin previously demonstrated in large

intervention studies in T2DM patients but also offer a credible explanation for the beneficial

effects that this drug has on the vascular system in T2DM.
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Chapter 2
Mechanisms underlying altered extracellular nucleotide-induced contractions in

mesenteric arteries from rats in later-stage type 2 diabetes: effect of ANG II type 1
receptor antagonism.
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Introduction

Extracellular nucleotides play important roles in physiological and pathological processes,
including the regulation of vascular tone, atherosclerosis, and remodeling »?. These
nucleotides are released from endothelial cells in response to mechanical stimuli, such as
shear stress, and also in response to hypoxia, hyperoxia, or agonist stimulation ">
Extracellular nucleotides act through cell surface receptors, which can be divided into P2Y
and P2X receptor families > *. So far, characterizations have been published of seven P2X
receptor subtypes (P2X;~-P2X5, ligand-gated ion channels) and eight P2Y receptor subtypes
(P2Y1, P2Y,, P2Y4, P2Y§, and P2Y1-P2Y 14, G protein-coupled receptors) 9 p2x receptors
are exclusively activated by ATP, whereas P2Y receptors respond to both purine (ATP and
ADP) and pyrimidine (UTP and UDP) nucleotides . Specifically, ATP is a ligand for
P2X,-P2X7, P2Y,, P2Y 1, and P2Y 3 receptors, whereas UTP is a ligand for P2Y, and P2Y4
receptors ¥, In the arterial system, extracellular nucleotides cause vasoconstriction and
increased blood pressure by the activation of both P2X and P2Y receptors on smooth muscle
cells . Some important effects of extracellular nucleotides are mediated by the activation of
endothelial cells and the subsequent release of endothelium-derived relaxing factors (EDRFs;
e.g., vasodilation and decreased blood pressure) . Moreover, extracellular nucleotides
release endothelium-derived contracting factors (EDCFs) in some pathophysiological states ®
7).

Type 2 diabetes is associated with a markedly increased incidence of cardiovascular
diseases ¥. Various animal models have been used to gain insights into the pathogenesis of
the vasculopathy associated with type 2 diabetes ®, and an accumulating body of evidence
indicates that endothelial dysfunction is seen in several regions of the vasculature in animals
and humans with type 2 diabetes °'¥. For example, Kamata et al. °'"-'> have previously
reported that abnormal endothelium-derived signalings [i.e., impaired EDRF signaling and
enhanced EDCF (vasoconstrictor prostanoids) signaling] exist in mesenteric arteries from

type 2 diabetic rats. However, many of the animal models exhibit features of metabolic
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syndrome other than diabetes itself, such as hyperlipidemia, obesity, or hypertension. This
makes it difficult to assess the pathogenetic relevance of each of these confounding factors in
the development of diabetic vasculopathy in these models. The Goto-Kakizaki (GK) rat offers
a convenient model for the study of type 2 diabetes without the confounding effects of obesity
or hypertension '®. GK rats are a highly inbred strain of Wistar rats that spontaneously
develop type 2 diabetes '®. This genetic rat model is particularly useful as a model of human
type 2 diabetes because a defect in glucose-stimulated insulin secretion, peripheral insulin
resistance, hyperinsulinemia, and hyperglycemia are seen as early as 4 weeks after birth '©.
Although Kamata et al. ' ' and others '¥ have reported that abnormalities of vascular
function exist in GK rats, no study on arterial reactivity to ATP, or the associated molecular
mechanisms, has been conducted using GK rats at the chronic stage of diabetes.

Treatment with ANG II type 1 (AT1) receptor blockers (ARBs) in patients with type 2
diabetes significantly improves both macrovascular and microvascular end points, including
nephropathy, retinopathy, and neuropathy *”. Although various studies using animal models
of cardiovascular diseases have demonstrated prevention of disease when treatment is started
before the onset of complications, treatment of diabetic patients does not begin until after the
symptoms have been diagnosed 2. Moreover, although several studies have demonstrated
that treatment with ARBs has beneficial effects on diabetic vasculopathy *?, little information
is available to indicate whether ARBs might normalize ATP/UTP-mediated signaling once
the progression of the disease process has begun.

For the present study, I hypothesized that nucleotide-induced arterial contractions are
augmented in diabetic GK rats and, further, that treatment of such rats with an ARB (losartan)
would normalize these contractions. I designed experiments to investigate /) the changes in
ATP/UTP-induced contractions of mesenteric arteries that might occur as a result of
long-term diabetes, focusing especially on the relationship between nucleotide-induced
contractions and vasoconstrictor prostanoids signaling, and 2) the effects on these altered

nucleotide-induced contractions that might be seen if rats had received short-term losartan
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treatment.
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Experiment

Reagents

Phenylephrine, indomethacin, NG-nitro-L-arginine (L-NNA), ATP (disodium salt), 8,8’
-carbonylbis(imino-3,1-phenylene carbonylimino)- bis(1,3,5-naphthalenetrisulfonic acid)
(NF-023), suramin, a,3-methylene-ATP, nitroblue tetrazolium (NBT), and antibodies against
P2Y,, P2Y,, and f -actin were purchased from Sigma Chemical (St. Louis, MO). UTP
(trisodium salt) and arachidonyltrifluoromethyl ketone (AACOCF;) were from Wako (Osaka,
Japan). U-46619, valeroyl salicylate, NS-398, and antibodies against cyclooxygenase
(COX)-1 and COX-2 were from Cayman Chemical (Ann Arbor, MI).
5-Iodouridine-5’-O-diphosphate trisodium salt (MRS-2693) was obtained from Tocris
Bioscience (Ellisville, MO). Antibodies against cytosolic phospholipase A, (¢cPLA;) and
phospho-cPLA; were from Cell Signaling Technology (Danvers, MA), whereas the antibody
against P2Y¢ was from Alomone Labs (Jerusalem, Israel). Drugs were dissolved in saline
except for AACOCF;, U-46619, valeroyl salicylate, and NS-398 (which were dissolved in
DMSO) and indomethacin (which was dissolved first in a small amount of 0.1 M Na,CO;
solution and then made up to the final volume with distilled water). All concentrations are

expressed as the final molar concentration of the base in the organ bath.

Animals and experimental design

Male Wistar control rats and GK rats were obtained at the age of 4 weeks (Clea, Tokyo,
Japan). All animals were allowed a standard laboratory diet (MF, Oriental Yeast Industry,
Tokyo, Japan) and water ad libitum in a controlled environment (room temperature: 21-22°C,
room humidity: 50 + 5%) until they were 37-42 weeks old. Starting at 35-40 week old, some
GK and Wistar rats were given losartan for 2 weeks (25 mg-kg *-day™" p.o. at 17:00 hours,
“Nulotan,” Banyu, Ibaraki, Japan). Thus, I studied three groups: losartan-untreated Wistar and
GK groups and a losartan-treated GK group. This study was approved by the Hoshi
University Animal Care and Use Committee, and all experiments were conducted in
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accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and with the “Guide for the Care and Use of Laboratory Animals” adopted by the
Committee on the Care and Use of Laboratory Animals of Hoshi University (which is

accredited by the Ministry of Education, Culture, Sports, Science, and Technology of Japan).

Measurement of blood glucose and insulin levels and blood pressure
Plasma glucose and insulin levels were measured as previously described * '* 1> 1719,
Briefly, the plasma glucose level was determined using a commercially available enzyme kit
(Wako). The plasma insulin level was measured by enzyme immunoassay (Shibayagi, Gunma,
Japan). After a given rat had been in a constant-temperature box at 37°C for a few minutes, its

systolic blood pressure was measured by the tail-cuff method using a blood pressure analyzer

(BP-98A, Softron, Tokyo, Japan).

Measurement of isometric force

Vascular isometric force was recorded as in previous studies *'%'> 1819 At 37-42 weeks
of age, some rats were euthanized each morning (at 09:00 hours). The superior mesenteric
artery was rapidly removed and immersed in oxygenated, modified Krebs-Henseleit solution
(KHS). This solution consisted of (in mM) 118.0 NaCl, 4.7 KCl, 25.0 NaHCOs, 1.8 CaCl,,
1.2 NaH;PO,, 1.2 MgSO0y4, and 11.0 glucose. The artery was carefully cleaned of all fat and
connective tissue, and ring segments of 2 mm in length were suspended by a pair of stainless
steel pins in a well-oxygenated (95% 0,—5% CO,) bath containing 10 ml KHS at 37°C. Rings
were stretched until an optimal resting tension of 1.0 g was loaded and then allowed to
equilibrate for at least 60 min. Force generation was monitored by means of an isometric
transducer (model TB-611T, Nihon Kohden, Tokyo, Japan). In all experiments, tissues were
equilibrated for 30 min in the presence of 10™* M L-NNA before the administration of any
experimental agents. This was done because without this nitric oxide (NO) synthase (NOS)

inhibitor, nucleotide-induced contractions were too small for use in elucidating the
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mechanisms underlying the difference in responses to nucleotides between GK and Wistar
rats. For the contraction experiments, ATP (10°-107> M), UTP (107—107* M), the selective
P2X agonist o,3-methylene-ATP [1078-107> M * ], or the selective P2Y s agonist
MRS-2693 [10%-3 x 10~ M 2] was added cumulatively to the bath until a maximal response
was achieved. To investigate the effects on the ATP- or UTP-induced contractile response
induced by drugs, a given ring was incubated for 30 min in the appropriate drug-containing
medium {viz. 10 M NF-023 [a P2X receptor antagonist > **], 10™* M suramin [a
nonselective P2 receptor antagonist ”-2®], 10~ M indomethacin [a nonselective COX
inhibitor '?], 3 x 10°°M SQ-29548 [a TP receptor antagonist >”], 10 M valeroyl salicylate
[a selective COX-1 inhibitor *”], 107 M NS-398 [a selective COX-2 inhibitor *V], and 10 M
AACOCF; [a cPLA; inhibitor *?]} before the cumulative addition of an agonist. When
required, removal of the endothelium from arterial segments was achieved by infusing
CHAPS (0.1%) for 60 s, which was subsequently flushed out with KHS; the inability of ACh
to relax these segments confirmed the success of this procedure. Finally, the wet weight of the

mesenteric ring was measured.

Release of prostaglandins

Prostanoid release was measured as in previous studies '**?. To allow us to measure this
release, mesenteric arteries from a given group were cut into transverse rings of 4 mm in
length. These were placed for 30 min in siliconized tubes containing 0.5 ml KHS in the
presence of 107 M L-NNA at 37°C and then further incubated with or without a given
nucleotide (3 x 10™* M ATP or 10™* M UTP) for 15 min. In some experiments, such
mesenteric rings (with or without endothelium) from GK and Wistar rats were incubated for
30 min at 37°C in KHS containing 10~ M L-NNA plus 10> M indomethacin, 10™* M
valeroyl salicylate, or 107 M NS-398. Next, after the mesenteric rings had been removed, the
tubes were freeze clamped in liquid nitrogen and stored at -80°C for later analysis.

Prostaglandins were measured using a commercially available enzyme immunoassay kit
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(Cayman Chemical). Ten time-diluted samples were used for measurements of PGE,,
thromboxane B, [TXB;; a stable metabolite of thromboxane A, (TXA;)], and PGF,,, whereas
one hundred time-diluted samples were used for the measurement of 6-keto PGF, a stable
metabolite of PGI,. The various assays were performed as described in the manufacturer’s
procedure booklet. The amounts of prostaglandins released are expressed as picograms or

nanograms per milligram of wet weight of the mesenteric artery.

Western blot analysis

Protein levels of COX-1, COX-2, cPLA,;, phospho-cPLA,, P2Y,, P2Y,, and P2Y¢ were
quantified using immunoblot analysis procedures, essentially as previously described ' '®.
Mesenteric arterial tissues were homogenized in ice-cold lysis buffer containing 50 mM
Tris'HCI1 (pH 7.2), 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and 0.1%
SDS containing protease and phosphatase inhibitor cocktails (Complete Protease Inhibitor
Cocktail and PhosSTOP, Roche Diagnostics, Indianapolis, IN). The lysate was cleared by
centrifugation at 16,000 g for 10 min at 4°C. The supernatant was collected, and proteins were
solubilized in Laemmli’s buffer containing mercaptoethanol. Protein concentrations were
determined using a bicinchoninic acid protein assay reagent kit (Pierce, Rockford, IL) and
kept the same in all samples. Samples (20 pg/lane) were resolved by electrophoresis on 10%
SDS-PAGE gels and then transferred onto polyvinylidene difluoride (PVDF) membranes.
Briefly, after blockade of residual protein sites on the membrane with ImmunoBlock
(Dainipponpharm, Osaka, Japan) or PVDF blocking reagent (Toyobo, Osaka, Japan), the
membrane was incubated with anti-COX-1 (70 kDa, 1:1,000), anti-COX-2 (72 kDa, 1:1,000),
anti-cPLA; (95 kDa, 1:1,000), anti-phospho-cPLA; (95 kDa, 1:1,000), anti-P2Y; receptor (65
kDa, 1:200), anti-P2Y 4 receptor (78—79 kDa, 1:300), or anti-P2Y receptor (42 kDa, 1:200) in
blocking solution. Horseradish peroxidase-conjugated anti-rabbit antibody was used at a
1:10,000 dilution in Tween-PBS followed by detection using SuperSignal (Pierce). To

normalize the data, we used B-actin as a housekeeping protein. B-Actin protein levels were
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determined after the membrane was stripped and probed with -actin monoclonal primary
antibody (42 kDa, 1:5,000) with horseradish peroxidase-conjugated anti-mouse IgG as the
secondary antibody. Optical densities of the bands on the film were quantified using
densitometry with correction for the optical density of the corresponding B-actin band. In
some experiments for COX protein detection, the same samples were loaded on the same gel
for COX-1, COX-2, and B-actin. Therefore, the B-acting loading control blot in figure

appeared to be the same (Fig. 2-6, 4 and B).

Measurement of superoxide by measurement of the amount of NBT reduced

Mesenteric artery rings were incubated with NBT to allow the superoxide generated by the
tissue to reduce the NBT to blue formazan. Details of the assay have been published
previously '?. Briefly, mesenteric arteries from the Wistar and losartan-treated and -untreated
GK groups were cut into transverse rings of 4 mm in length. Rings from a given group were
then placed for 120 min in 1 ml KHS at 37°C containing NBT (10™* M). The NBT reduction
was stopped by the addition of 0.5 N HCI (1 ml). After this incubation, rings were minced and
homogenized in a mixture of 0.1 N NaOH and 0.1% SDS in water containing 40 mg/1
diethylentriaminepentaacetic acid. The mixture was centrifuged at 16,000 g for 30 min, and
the resultant pellet was resuspended in 250 pl pyridine at 80°C for 60 min to extract formazan.
The mixture was then subjected to a second centrifugation at 10,000 g for 10 min. The
absorbance of the formazan was determined spectrophotometrically at 540 nm. The amount of
NBT reduced (equal to the quantity of formazan) was calculated as follows: amount of NBT
reduced= A x V/( T x Wt x g x [), where 4 is the absorbance, V is the volume of pyridine, T is
the time for which the rings were incubated with NBT, Wt is the blotted wet weight of the
arterial rings, ¢ is the extinction coefficient (0.7 1:-mmol " mm™), and / is the length of the

light path. Results are reported as picomoles per minute per milligram wet weight.
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Statistical analysis

Data are expressed as means + SE. The contractile force developed by mesenteric artery
rings is expressed in milligrams of tension per milligram of tissue. Concentration-response
curves were analyzed by two-way ANOVA for repeated measures, and multiple comparisons
between treatment groups were made using ANOVA followed by Bonferroni’s test (with P <

0.05 being regarded as significant in each test).
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Abbreviations
6-keto-PGF1,, 6-keto- prostaglandin Fj,; AA, arachidonic acid; ACh, acetylcholine; ANG,
angiotensin ; ANOVA, analysis of varience; ARB, ANG II type 1 receptor blocker;, ATP,
adenosine triphosphate; CHAPS,
3-[(3-cholamidopropyl)dimethylammonio]- 1-propanesulfonate solution; COX,
cyclooxygenase; cPLA,, cytosolic Ca**-dependent phospholipase A,; DMSO,
dimethylsulfoxide; EC, endothelial cell, EDCF, endothelium-derived contracting; EDRF,
endothelium-derived relaxing; GK, Goto-Kakizaki, HRP, Horseradish peroxidase; KHS,
Krebs-Henseleit solution; L-NNA, NG-nitro-L-arginine; NO, nitric oxide; NOS, NO Synthase;
NBT, nitro-blue tetrazolium; P2 receptor, purinoceptor; PE, phenylephrine; PGE,,
prostaglandin E;; PGF»,, prostaglandin F,, ; PVDF, polyvinylidene difluoride; SBP, systolic
blood pressure; SE, standard error, SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; SMC, smooth muscle cell, T2DM, type 2 diabetes mellitus; TP receptor,
thromboxane receptor; TXA,, thromboxane A,; TXB,, thromboxane B,; UTP, uridine

triphosphate
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Results

General parameters

As shown in Table 2-1, body weight was significantly lower in GK rats than in Wistar rats,
whereas non-fasted blood glucose and insulin levels were significantly higher in GK rats than
in Wistar (also non-fasted). Treatment with losartan did not alter the above parameters in GK
rats. Systolic blood pressure was significantly lower in GK rats than in Wistar rats. Short-term

treatment with losartan lowered systolic blood pressure (vs. the untreated GK group).

Table 2-1. Values of various parameters in Wistar and losartan-treated and —untreated GK rats.

Wistar GK Losartan-treated
GK
Body weight (g) 6292 £ 11.4(16) 4157+ 4.8 (16)* 3947 £ 4.6 (16)*
Glucose (mg/dl) 1777+ 6.3 (16) 501.5+£12.9(16)* |461.1 158 (16)*
Insulin (ng/ml) 25+£0.2(16) 4.7+0.3 (16)* 40+03(16)*
SBP (mmHg) 119.1 £ 2.6 (16) 108.5+ 1.9 (16)* 98.1+23(16)*

Values are means + S.E.M. Number of determinations is shown within parentheses. SBP,

systolic blood pressure. *P < 0.05 vs. Wistar. “P < 0.05 vs. GK.
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Contractile responses to ATP

Since ATP can stimulate the release of NO, which plays an important role in the regulation
of vascular tone and negatively modulates contraction, I investigated such contractions in the
presence of a representative NOS inhibitor (10 M L-NNA), which inhibits both basal and
agonist-induced NOS activity. As shown in Fig. 2-1F, I confirmed that in the absence of
L-NNA, cumulative administration of ATP (107°-107 M) led to a small
concentration-dependent increase in tension in mesenteric artery rings from both Wistar and
GK rats (note the expanded ordinate scale in Fig. 2-1F). At the highest ATP concentration
used (i.e., 107> M), this contraction was significantly greater in GK rats than in Wistar rats.
Although L-NNA enhanced the ATP-induced contraction in both groups (Fig. 2-1, 4 vs. F,
note the difference in ordinate scales), the ATP-induced contraction was significantly greater
in rings from GK rats than in those from Wistar in the presence of L-NNA (Fig. 2-14). The
ATP-induced contraction was reduced by endothelial denudation, and this suppressive effect
of endothelial denudation was larger in GK rats than in Wistar rats (Fig. 2-14). Higher
concentrations of ATP induced contraction even in endothelium-denuded rings, and this
response, too, was greater in GK rats than in Wistar rats (Fig. 2-14). The existence of such
endothelium-independent vasoconstriction at higher concentrations of ATP is consistent with
results obtained in a previous study 7 using a different vessel, the rat aorta.

To investigate the possible involvement of P2X; or P2Y receptors in the ATP-induced
contraction, I examined the effects of antagonists of those receptors on the ATP-induced
contraction. Incubation with NF-023, a P2X receptor antagonist (107° M), reduced the
ATP-induced contraction in both Wistar and GK groups (Fig. 2-1B). Likewise, incubation
with suramin, a nonselective P2 receptor antagonist (10~* M), reduced such contraction in
both Wistar and GK groups (Fig. 2-1C). It should be noted that in the presence of NF-023, the
ATP-induced contraction was still significantly greater in rings from GK rats than in those
from Wistar rats (Fig. 2-1B), whereas in the presence of suramin, this contraction was similar

between the two groups (Fig. 2-1C). Suramin treatment did not affect the contractile
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responses induced by 10-80 mM KCl or 10~ —10° M phenylephrine in mesenteric arteries
(data not shown).

Since ATP induces the release not only of NO but also of EDCF in some vessels , and

9-12)

since previous reports suggested that EDCF (i.e., vasoconstrictor prostanoids) signaling is

altered in diabetic mesenteric arteries, we next examined whether the ATP-induced
contraction might be altered after the acute inhibition of COX or antagonism of the TP
receptor. Treatment with either 107> M indomethacin, a nonselective COX inhibitor, or 3x
107 M SQ-29548, a TP receptor antagonist, reduced the ATP-induced contraction in both
Wistar and GK groups (Fig. 2-1D and E). Furthermore, incubation with indomethacin
abolished the difference between the two groups (Fig. 2-1D), as did treatment with SQ-29548
(Fig. 2-1F). To investigate the difference between Wistar and GK rats in the contraction
induced by P2X receptor activation, we cumulatively applied o,3-methylene ATP, a selective
P2X, agonist, to rings from GK and Wistar rats (Fig. 2-1G). The contraction induced by o,
-methylene ATP was greater in the GK group than in the Wistar group. Moreover,

indomethacin did not affect such contractions in either group (Fig. 2-1G).

Fig. 2-1. Concentration-response curves for ATP-induced contractions in rings of mesenteric
arteries obtained from Wistar and Goto-Kakizaki (GK) rats. (4—F) effects of endothelial
denudation (-EC; 4), the P2X, receptor antagonist NF-023 (107® M B), the nonselective P2
receptor antagonist suramin (10 M; C), the nonselective cyclooxygenase (COX) inhibitor
indomethacin (Indo; 10~ M; D), and the TP receptor antagonist SQ-29548 (3 x 107 M; E) on
ATP-induced contractions in the presence of 10™* M NG-nitro-L-arginine (L-NNA). (F)
ATP-induced contractions in the absence of 10™* M L-NNA. (G) concentration-response
curves for P2X; agonist (a,B-methylene ATP)-induced contractions in rings of mesenteric
arteries obtained from Wistar and GK rats. Indo (10> M) did not affect the o, B-methylene
ATP-induced contraction in either the Wistar or GK group. The ordinate shows the increase
in tension (expressed in mg tension/mg tissue) measured at the peak of the response. Note the
expanded ordinate scales in (£) and (G). Data are means = SE from 4-8 experiments. The
curves shown in (4) for the GK and Wistar groups are shown again in (B), (D), and (E). *P <
0.05 vs. the Wistar group in (4—F). *P < 0.05 vs. the GK group in (4-F). TP < 0.05, the
Wistar group vs. the Wistar group with endothelium denudation in 4 or the GK group with
NF-023 vs. the Wistar group with NF-023 in (B). *P < 0.05, the GK group with endothelium
denudation vs. the Wistar group with endothelium denudation in (4). In (G), *P < 0.05 vs. the
Wistar group and *P < 0.05, the GK group with Indo vs. the Wistar group with Indo.
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Contractile responses induced by the P2Y receptor agonist

I next looked for differences between Wistar and GK rats in the contractions induced by a
P2Y; and P2Y, receptor agonist. Cumulative administration of UTP (107-107* M), a
P2Y/P2Y, receptor agonist, induced contraction that was significantly greater in rings from
GK rats than in those from Wistar in the presence of 10™* M L-NNA (Fig. 2-24). The
UTP-induced contraction was largely blocked by endothelial denudation, and this maneuver
abolished the difference between the two groups (Fig. 2-24). The enhanced UTP-induced
contraction seen in the GK group was largely suppressed by suramin (Fig. 2-2B),
indomethacin (Fig. 2-2C), or SQ-29548 (Fig. 2-2D). Furthermore, each of these treatments
abolished the difference between the two groups. Like the ATP response, the UTP-induced
contraction was small in the absence of L-NNA treatment (Fig. 2-2F; note the expanded
ordinate scale). The contraction induced by another P2Y,/P2Y 4 agonist (UTPyS) in the
presence of L-NNA was greater in the GK group than in the Wistar group (data not shown). A
selective P2Y receptor agonist (MRS-2693) induced a very small contraction in each group
(Fig. 2-2F; note the expanded ordinate scale).

To assess the possible involvement of the cPLA,/COX pathway in the enhanced
nucleotide-induced contractions in GK rats, mesenteric rings were preincubated for 30 min
with 107 M valeroyl salicylate (a COX-1-selective inhibitor; Fig. 3, 4 and D), 10°° M
NS-398 (a COX-2-selective inhibitor; Fig. 2-3, B and E), or 10> M AACOCF; (a cPLA,
inhibitor; Fig. 2-3, C and F). Interestingly, the contractions induced by ATP (Fig. 2-3, 4-C)
and UTP (Fig. 2-3, D-F) were significantly inhibited by each of these inhibitors. It should be
noted that in the presence of each inhibitor, however, the two nucleotide-induced contractions

were still significantly greater in rings from GK rats than in those from Wistar rats (Fig. 2-3).
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Fig. 2-2. Concentration-response curves for UTP-induced contractions in rings of mesenteric
arteries obtained from Wistar and GK rats. (4-D) effects of endothelial denudation (4), the
nonselective P2Y receptor antagonist suramin (10™* M; B), the nonselective COX inhibitor
Indo (107 M; C), and the TP receptor antagonist SQ-29548 (3 x 107° M; D) on UTP-induced
contractions in the presence of 10™* M L-NNA. (E) UTP-induced contractions in the absence
of 107* M L-NNA. (F) MRS-2693 (selective P2Y agonist)-induced contractions in the
presence of 10™* M L-NNA. The ordinate shows the increase in tension (expressed in mg
tension/mg tissue) measured at the peak of the response. Note the expanded ordinate scales in
(E) and (F). Data are means + SE from 4—-8 experiments. *P < (.05 vs. the Wistar group in
(4) and (B). *P < 0.05 vs. the GK group in (4-D). 'P < 0.05, the Wistar group vs. the Wistar
group with endothelium denudation in (4).
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Fig. 2-3. Effects of a specific COX-1 inhibitor [10™* M valeroyl salicylate (VAS); (4) and
(D)), a specific COX-2 inhibitor (107° M NS-398; B and E), or a specific cystolic
phospholipase A, (cPLA;) inhibitor [10~° M arachidonyltrifluoromethyl ketone (AACOCF>);
C and F] on ATP-induced (4-C) or UTP-induced (D—F) contractions in rings of mesenteric
arteries isolated from Wistar and GK rats. Data are means = SE from 6 experiments. The
curves shown in (4) for GK and Wistar rats are shown again in (B) and (C). The curves
shown in (D) for GK and Wistar rats are shown again in (E) and (F). *P < 0.05 vs. the Wistar

group. *P < 0.05 vs. the GK group. "P < 0.05, the inhibitor-treated GK group vs. the
inhibitor-treated Wistar group.
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Effect of short-term treatment with losartan on ATP- or UTP-induced contraction

Kamata et al. > ' and others *® have demonstrated that ARBs have beneficial effects on
vascular function in diabetic models. Moreover, I have previously reported that the mesenteric
artery ANG II content was increased in GK rats ' and further that short-term losartan
treatment of GK rats at the chronic stage of diabetes normalized both the
endothelin-1-induced contraction ' and EDRF-mediated relaxation . To investigate the
effect on nucleotide-induced contractions caused by blockade of the AT receptor, I
investigated the effect of a 2-wk treatment with losartan on contractions (Fig. 2-4).
Surprisingly, the increased ATP-induced (Fig. 2-44) and UTP-induced (Fig. 2-4B)

contractions were each strongly suppressed by such treatment in GK rats.
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Fig. 2-4. Short-term (2 weeks) treatment with losartan suppresses nucleotide-induced
contractions in GK rats. (4) and (B) concentration-response curves for ATP-induced (4) or
UTP-induced (B) contractions in rings of mesenteric arteries obtained from Wistar, GK, and
losartan-treated GK rats. Data are means + SE from 8—12 experiments. *P < 0.05, the GK
group vs. the Wistar group. *P < 0.05, the losartan-treated GK group vs. the GK group.
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ATP- or UTP-stimulated release of prostanoids

The results described above (see Figs. 2-1-2-3) could be consistent with the enhanced
nucleotide-induced contractions in GK rats being attributable to activation of the cPLA,/COX
pathway. I therefore investigated the release of prostanoids from mesenteric arteries isolated
from Wistar, GK, and losartan-treated GK rats (Fig. 2-5). In nonstimulated mesenteric rings,
the production of PGE, (Fig. 2-54), PGF,, (Fig. 2-5B), 6-keto-PGF,, (a stable metabolite of
PGI,; Fig. 2-5C), and TXB, (a stable metabolite of TXA,; Fig. 2-5D) did not differ among the
three groups. ATP (3 x 107 M) and UTP (107 M) each induced the release of PGE, (Fig.
2-5E) and PGF,, (Fig. 2-5G), and each response was significantly greater in GK rats than in
Wistar rats. Surprisingly, the UTP-induced release of each of those two prostanoids was
significantly reduced in the losartan-treated GK group. Neither the ATP-induced nor
UTP-induced production of 6-keto-PGF, differed among the Wistar, GK, and
losartan-treated GK groups (Fig. 2-5F). The ATP-induced release of TXB; was greater in GK
rats than in Wistar rats, but this enhancement was not affected by losartan treatment (Fig.
2-5H).

To examine the mechanism responsible for the nucleotide-induced release of PGE,; from
GK mesenteric artery rings, I investigate the effects of endothelial denudation and COX
inhibitors on ATP-induced (Fig. 2-57) or UTP-induced (Fig. 2-5J) PGE; production. The
increased ATP stimulated PGE, production seen in the GK group tended (but not
significantly) to be reduced by endothelial denudation, and it was significantly reduced by
indomethacin, valeroyl salicylate, and NS-398 (Fig. 2-5]). The increased UTP-stimulated
PGE; production seen in the GK group was significantly reduced by each of the four

maneuvers (endothelial denudation, indomethacin, valeroyl salicylate, and NS-398; Fig.

2-5J).

46



G £ wistar H

[

ATP stimulation UTP stimulation

3 Wistar [ wistar
t N oK L3

PGE, (pging tissue)

Cont -EC  indo VAS NS98 Comt -EC indo VAS NS398

Fig. 2-5. Release of prostanoids [PGE; (4 and E), PGF,, (B and G), 6-keto-PGF,, (a stable
metabolite of prostacyclin; C and F), and thromboxane (TX)B; (a stable metabolite of TXA,;
D and H)] from rings of mesenteric arteries isolated from Wistar, GK, and losartan-treated
GK rats either without (4-D) or with (E—H) stimulation by 3 x 107* M ATP or 10™* M UTP. I
and J: effects of endothelial denudation or COX inhibitors (107> M Indo, 10™* M VAS, or 107
M NS-398) on PGE; release from rings of mesenteric arteries isolated from Wistar and GK
rats upon stimulation with either 3 x 10™* M ATP () or 10™* M UTP (J). Data are means + SE
from 6-12 experiments. *P < 0.05 vs. the Wistar group in (E), (G), and (H). *P < 0.05, the
losartan-treated GK group with UTP vs. the GK group with UTP in (£) and (G). In (/) and (J),
*P< 0.05 vs. the Wistar control group. *P < 0.05 vs. the GK control group. TP < 0.05 vs. the
Wistar group with endothelium denudation.
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Expression of COX-1, COX-2, phospho-cPLA;, and cPLA;

To investigate the possible mechanisms underlying the above beneficial effects of losartan
on ATP/UTP-mediated responses in mesenteric arteries from GK rats, I first examined the
protein expression of COX-1, COX-2, and cPLA, (Fig. 2-6). The protein expressions of
COX-1 (Fig. 2-64) and COX-2 (Fig. 2-6B) were each significantly greater in GK rats than in
Wistar rats, but losartan treatment reduced only the elevated COX-2 expression.

cPLA, is activated by arise in cytosolic Ca** induced by receptor stimulation and by its

%0%)3% 1 examined the expression of phospho-cPLA, after P2Y

own phosphorylation (Ser
stimulation. In the GK group, ATP-stimulated and UTP-stimulated cPLA, phosphorylation
levels were each significantly increased (vs. those in Wistar rats), and the UTP-induced
increase was completely normalized in the losartan-treated GK group (vs. the UTP-stimulated
GK group; Fig. 2-6C). Expression of total cPLA, was not different among the Wistar, GK,

and losartan-treated GK groups (data not shown).
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Fig. 2-6. A and B: analysis of COX-1 (4) and COX-2 (B) protein expressions in mesenteric
arteries from Wistar, GK, and losartan-treated GK rats. Data are means + SE from 6—8
experiments. *P < 0.05 vs. the Wistar group. *P < 0.05, the losartan-treated GK group vs. the
GK group. Top: representative Western blot is shown (The same samples were loaded on the
same gel for COX-1; COX-2, and B-actin. Therefore, the B-acting loading control blot in
figure appeared to be the same.) (C) Western blots for ATP (3 x 10~* M)-induced or UTP
(107* M)-induced cPLA, phosphorylation in mesenteric arteries obtained from Wistar, GK,
and losartan-treated GK rats. Ratios were calculated for the optical density of phosphorylated
(p-)cPLA; over that of cPLA,. Data are means + SE from 6 experiments. *P < 0.05 vs. the
corresponding Wistar group. *P < 0.05, the losartan-treated GK group vs. the GK group. TP <
0.03, the losartan-treated GK group with UTP vs. the GK group with UTP.
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Expression of P2Y,, P2Y,, and P2Yg receptors

I'measured P2Y>, P2Y,, and P2Y receptor expressions in mesenteric arteries by
immunoblot analysis (Fig. 2-7). The expressions of P2Y, (Fig. 2-74) and P2Y (Fig. 2-7C)
were each similar between GK and Wistar rats, whereas P2Y (Fig. 2-7B) expression was
lower in GK rats than in Wistar rats. Losartan treatment of GK rats did not affect P2Y, and

P2Y expressions, but it increased P2Y, expression.
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Fig. 2-7. (4-C) Western blots for P2Y; (4), P2Y, (B), and P2Y, (C) receptor expressions in
mesenteric arteries from Wistar, GK, and losartan-treated GK rats. Data are means + SE from
5-8 experiments. *P < 0.05, the GK group vs. the Wistar group. *P < 0.05, the
losartan-treated GK group vs. the GK group.
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Effects of losartan on superoxide production in GK rats

Superoxide leads to an enhancement of EDCF signaling **>®. Here, I investigated the effect
of losartan treatment on superoxidé generation from the nonstimulated mesenteric artery by
measuring the amount of NBT reduced by superoxide (Fig. 2-8) '**. Mesenteric artery
superoxide generation was I) significantly greater in rings from GK rats than in those from

Wistar rats and 2) significantly weaker in the losartan-treated GK group than in the

losartan-untreated GK group.
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Fig. 2-8. Quantification of mesenteric artery superoxide production by measurement of the
amount of reduced nitroblue tetrazolium (NBT). Tissues were obtained from Wistar, GK, and
losartan-treated GK rats. Data are means + SE from 5 or 6 experiments. *P < 0.05, the GK
group vs. the Wistar group. P < 0.05, the losartan-treated GK group vs. the GK group.
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Fig. 2-9. Schematic diagram showing the possible pathways mediating the enhanced
nucleotide-induced contractions observed in superior mesenteric artery rings obtained from
type 2 diabetic GK rats. I suggest that this enhancement is due to /) abnormal release of
prostanoids from the endothelium after P2Y receptor stimulation and 2) increased expressions
of p-cPLA;, COX-1, and COX-2. In the present study, short-term losartan treatment of such
diabetic rats normalized /) the increased nucleotide-induced contractions and the levels of
PGE, and PGF,, release and 2) the expressions of COX-2 and p-cPLA,. AA, arachidonic
acid; EC, endothelial cell, SMC, smooth muscle cell.
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Discussion

The main inference to be drawn from the present study is that in superior mesenteric
arteries, nucleotide-induced contractions are enhanced in type 2 diabetic GK rats (vs. their
nondiabetic controls). This enhancement may be due to /) abnormal release of prostanoids
from the endothelium and 2) increases in the expressions of phospho-cPLA,, COX-1, and
COX-2. Furthermore, short-term losartan treatment of such diabetic rats normalized /) the
increased nucleotide-induced contractions and the release of PGE, and PGF,, and 2) the
expressions of COX-2 and phospho-cPLA,. To help the reader follow the discussion of the
present results and the putative underlying mechanisms, I have included a schematic summary
of the pathways and interactions that may be involved (Fig. 2-9).

The GK rat, a model of type 2 diabetes without the confounding effects of obesity or
hypertension ', was used here at the chronic stage of diabetes (37—42 weeks old) because
long-term diabetic conditions are associated with severe diabetic complications, including
cardiovascular dysfunction. Indeed, numerous reports 13,13, 17-19,4042) have indicated that
abnormal vascular reactivity is present in vessels from GK rats at this chronic stage. However,
no previous study has investigated nucleotide-induced contractile responses and how the
relevant downstream pathways or receptor expressions might be altered in a long-term
diabetic state.

In the present study, the ATP-induced contraction was enhanced in mesenteric arteries
isolated from such GK rats (vs. those from the controls) under conditions in which NOS
activity was inhibited. To investigate the mechanisms underlying this enhanced contraction, I
first focused on the relationship between ATP-induced contraction and EDCFs (viz.
vasoconstrictor prostanoids) because /) ATP can release such factors 7. 2) Kamata et al. *'?
previously found that signaling mediated by these factors was abnormal in mesenteric arteries
from Otsuka Long-Evans Tokushima Fatty rats, another type 2 diabetic model; and 3)
ATP-induced (Fig. 2-1F) and UTP-induced (Fig. 2-2F) contractions were smaller in the
absence than in the presence of NOS inhibitor treatment. Indeed, some previous studies 7.29)
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have used an NOS inhibitor (10~ M L-NNA) in investigations of EDCF signaling. Here, I
found that 7) the ATP-induced contraction was suppressed by endothelial denudation and by
COX inhibitors in both GK and Wistar rats, 2) ATP-stimulated prostanoid release (viz. PGE,,
PGF»q, and TXA;) was increased in GK rats, and 3) COX-1 and COX-2 expressions were
increased in GK rats. Interestingly, indomethacin and the TP receptor antagonist SQ-29548
each abolished the difference in the ATP-induced contraction between the GK and Wistar
groups. These results suggest that the enhancement of ATP-induced contraction seen in type 2
diabetic mesenteric arteries may be attributable to increases in the COX-mediated release of
endothelium-derived prostanoids.

It has previously been demonstrated that nucleotide-induced vasoconstriction is mediated
by P2X and P2Y receptors in various arteries 2. To investigate which receptors might be
responsible for the enhancement of ATP-induced contraction in GK mesenteric arteries, I
used several agonists/antagonists of these receptors. In vascular smooth muscle cells, P2X; is
the dominant P2X subtype *, although P2X,, P2X;, P2Xs, and P2Xs have also been found **
) NF-023 inhibits P2X; receptors more effectively than P2X,, P2X3, or P2X, receptors *®,
whereas o,3-methylene ATP is a relatively selective agonist for P2X,; and P2X; receptors *©.
I found that 7) the contraction induced by ATP was suppressed by both NF-023 and suramin
[a nonselective P2 antagonist 27 2% 47 *]; 2) suramin, but not NF-023, abolished the difference
between the GK and Wistar groups; 3) the o, -methylene ATP-induced contraction was
increased in the GK group versus the Wistar group, but this response was not changed by
indomethacin treatment in either group; and 4) the enhancement of the UTP (P2Y,/P2Y,
agonist)-induced contraction seen in GK rats (vs. Wistar rats) was greatly suppressed by
endothelial denudation, suramin, indomethacin, and SQ-29548, and each of these four
maneuvers abolished the difference between the two groups. Taken together, these results
suggest that the enhancement of ATP-induced contraction seen in the GK mesenteric artery
may be attributable attributable to increased endothelium-derived vasoconstrictor prostanoid

signaling after activation of the P2Y receptor, rather than of the P2X receptor. Actually,
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several reports *~°" have suggested that activation of the P2Y receptor stimulates the
production of prostanoids.

Vascular endothelial cells reportedly express several subtypes of P2Y receptors ***°2. In the
present study, I found that /) the contractions induced by P2Y,/P2Y4 agonists (UTP or
UTPyS) were increased in the GK group; 2) a P2Y agonist induced only a very small
contraction that was similar between the two groups; and 3) expressions of P2Y; and P2Y
were each similar between the two groups, whereas P2Y4 expression was reduced in the GK
mesenteric artery. Currently, it is not possible to make a proper study of single P2 receptor
subtypes due to the lack of selective antagonists. From my experiments, I cannot completely
exclude the possibility that alterations in the P2 receptor might play a role in the enhancement
of nucleotide-induced vasoconstrictions in the GK mesenteric artery. However, it seems more
likely that the pathway downstream of P2 receptors is altered in diabetic mesenteric arteries.

Prostanoids are released via the arachidonic acid (AA) pathway, which starts with PLA;
activation and leads to the release of AA from cellular phospholipids. Here, I found that
nucleotide-induced contractions were reduced by AACOCF3, a potent and selective inhibitor
of cPLA;. Moreover, both ATP-and UTP-stimulated cPLA, phosphorylation (activation) were
increased in the GK group. COX- and endothelium-dependent contractions have been
reported in the arteries of several species in response to various agonists and substances *>® 38.
>3 In the present study, expressions of COX-1 and COX-2 were increased in mesenteric
arteries isolated from GK rats. Moreover, the increased nucleotide-induced contractions in
GK arteries were reduced by selective inhibitors of each of the COXs. The increased
nucleotide-stimulated PGE, release seen in mesenteric arteries from GK rats was suppressed
by indomethacin (ATP or UTP stimulation), valeroyl salicylate (ATP or UTP stimulation),
and NS-398 (ATP or UTP stimulation). These results suggest that increased cPLA,/COX
pathway activity contributes to the enhancement of nucleotide-induced contractions seen in
mesenteric arteries from GK rats. It should be noted that neither of the selective inhibitors of

COX-1 or COX-2 abolished the differences in nucleotide-induced contractions between GK
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and Wistar rats, but that indomethacin did abolish these differences. I speculate that
activations of COX-1 and COX-2 contribute synergistically to the enhancement of
nucleotide-induced vasoconstrictions in mesenteric arteries in diabetic rats. This idea is
supported by published evidence showing that in several arteries from individuals with type 2
diabetes or other disease conditions, EDCF signalings are mediated not only by COX-1
activation but also by COX-2 activation & %36:38.53),

Although I am uncertain as to the precise mechanism underlying the above differences
between Wistar and GK rats in P2Y receptor expression and in the downstream components,
various changes related to the long-term diabetic state might be involved. For instance,

Thaning et al. *?

noted attenuated purinergic receptor function in type 2 diabetic patients,
whereas hypoglycemia induced P2Y, upregulation *>. Furthermore, activation of cPLA; can
be induced by high glucose *, or insulin>”, or high ANG II *® [which is increased in
mesenteric arteries from GK rats '”]. Thus, it is possible that the abnormalities observed in
the P2Y receptor-dependent cPLA,/COX pathway in GK arteries may have been secondary to
one or more of the above variables changing as a result of the long-term disease state present
in chronically diabetic GK rats. However, to establish a relationship between the levels of
extracellular nucleotides and P2Y receptor expressions and/or functions will require research
focusing, for example, on time course changes in the above factors in the diabetic state,
because extracellular nucleotide levels are altered in diabetic states .

ARB:s are very effective, safe antihypertensive drugs with pleiotropic effects (such as
antiatherogenic, and antidiabetic, antiplatelet-aggregating effects) *. A novel, intriguing, and
potentially important finding of the present study is that 2 weeks losartan treatment
normalized the enhanced contractile responses to nucleotides seen in GK arteries. In fact,
losartan improved /) ATP- and UTP-induced contractions, 2) UTP-stimulated cPLA,
phosphorylation and the UTP-induced release of PGE; and PGF,,, and 3) COX-2 expression,
all in arteries from GK rats at the established stage of diabetes. The above finding is

supported by evidence from some others models. For example, ANG II increases cPLA;
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activity in vascular smooth muscle cells °® as well as both COX-2 expression and PGE,
production in aortic fibroblasts from normotensive and hypertensive rats through AT,
receptors °”. Moreover, we  have previously reported that losartan treatment of type 2
diabetic rats suppressed both EDCF-mediated contraction and prostanoid release in their
1solated mesenteric arteries. Together, the previous evidence and the present data suggest that
losartan normalizes nucleotide-induced contractions via suppression of the cPLA,/COX
pathway.

One possibility for the mechanism underlying the losartan-induced improvement of
nucleotide-mediated responses is that there may be a reduction in oxidative stress. There is a

number of reports & 376D

suggesting that oxidative stress augments EDCF-mediated
responses. Indeed, I have preliminary evidence showing that nucleotide-induced
vasoconstrictions in mesenteric arteries from GK rats can be reduced by tempol (a superoxide
dismutase mimetic) or by apocynin [an inhibitor of NAD(P)H oxidase] (unpublished

observations). Since previous reports > 8 %%

and the present data (Fig. 2-8) suggest that
losartan decreases oxidative stress, the normalization of nucleotide-induced signaling by
losartan may be mediated by its antioxidative actions. As yet, it remains unclear whether there
is a direct relationship between the effects of losartan on responses mediated by nucleotides
and its effects on these cellular pathways. Further investigations will be required on this point.
Several limitations of the present study should be mentioned. In the mesenteric arteries of
our GK rats, there were differences between ATP and UTP in terms of their prostanoid
release profiles and in the effects of losartan on the release of prostanoids. As mentioned
above, it is not yet possible to study single P2 receptor subtypes due to the lack of selective
antagonists. The ligand-receptor interactions (activation) involved in nucleotide signaling are
generally complex. Most of these receptors are capable of mediating responses to several
nucleotides, resulting in muitiple receptors having overlapping ligand preferences > .
Moreover, there is a possibility that release of prostanoids may be induced by nucleotides in

64, 65)

cells other than endothelial cells. Indeed, there are reports of prostanoid release in
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vascular smooth muscle cells. Without further studies, I cannot distinguish which P2 receptor
activated signaling (endothelial cells vs. smooth muscle cells) might contribute to the
enhanced nucleotide-induced vasoconstrictions present in GK diabetic mesenteric arteries.

In conclusion, my study demonstrate that the enhanced ATP-induced contraction seen in
mesenteric arteries taken from GK rats at the chronic stage of diabetes is due to increased
cPLA,/COX pathway activity and that AT, receptor antagonism normalizes the P2Y-induced
contraction in such arteries via a suppression of that pathway’s activity. I believe that my
findings should stimulate further interest in the manipulation of ATP and/or ANG II signaling

as potential therapeutic targets in the battle against diabetes-associated vascular diseases.
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Chapter 3

Protein kinase C delta contributes to increase in EP3 agonist-induced contraction in
mesenteric arteries from type 2 diabetic Goto-Kakizaki rats.
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Introduction

That prostaglandins (PGs) play important roles in the regulation/maintenance of vascular
function is well recognized "”. Among the PGs, prostaglandin E, (PGE;,), an important and
ubiquitously distributed vasoactive eicosanoid, has been reported to be a potent vasodilator in
various vessels in both humans and experimental animals > However, PGE, may be a
vasoconstrictor in some vessels such as human pulmonary artery ®, guinea pig aorta %

) and rat mesenteric artery '2. The actual

porcine large cerebral arteries ', rat aorta
PGE;-mediated vascular response appears to depend on species and vessel type as well as on
conditions such as physiological and pathophysiological states. For those reasons, the precise
mechanisms mediating PGE,-induced vasocontraction have not been thoroughly explored.

The prostanoid EP receptors are heterotrimetic G proteincoupled receptors (GPCRs) >
%) PGE, exerts a broad range of effects including inhibition of smooth muscle cells (mediated
by the EP2 and EP4 receptor subtypes) and excitation of smooth muscle cells (mediated by
the EP1 and EP3 receptor subtypes) "> . Concerning the signaling pathway mediating
PGE,-mediated vasocontractions, Shum et al. '® reported that the EP3 receptor agonist
sulprostone induces a contraction in guinea pig aorta that can be inhibited by a Rho kinase
(ROCK) inhibitor. More recently, Kobayashi et al. '» found that the vasocontraction induced
by EP3 receptor activation is mediated by Ca®*-independent pathways involving protein
kinase C (PKC) 8 and € and ROCK in a main branch of rat mesenteric artery. However, the
details of the mechanisms underlying the PGE;-mediated vasocontraction in diabetic states
remain unclear.

Type 2 diabetes is associated with a markedly inc.reased incidence of cardiovascular
diseases '*'®. A growing body of evidence indicates that endothelial dysfunction and smooth
muscle dysfunction are present in various regions of the vasculature in type 2 diabetes in both
humans and animal models '*'%**D_ For instance, Kamata et al. previously found in vessels
isolated from type 2 diabetic Goto-Kakizaki (GK) rats at the chronic stage of diabetes: /) that

endothelium-dependent relaxation and endothelial nitric oxide synthase (eNOS) activity were
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impaired in the aorta 2>, 2) that endothelium-dependent relaxation was impaired in superior
mesenteric arteries °* % and 3) that although endothelin-1 (ET-1)-induced contraction was
increased in superior mesenteric arteries, angiotensin II- and arginine vasopressin-induced
contractions were similar between the GK and Wistar arteries 2. Kamata’s laboratory
proposed that upregulation of the ETy receptor, a defect in ETp receptor-mediated NO
signaling, and activation of the MEK/ERK pathway together represent a likely mechanism
underlying the hyperreactivity to ET-1 that exists at the chronic stage of type 2 diabetes in GK
rats >V, In addition, Kamata’s laboratory recently reported that the release of vasoconstrictor
prostanoids including PGE, that occurs upon agonist stimulation was increased in superior
mesenteric arteries from type 2 diabetic rats %27

There 1s a growing body of evidence concerning the roles played by PGs in diabetic
cardiovascular complications *?®. Cellular and animal models indicate that PGs are induced
under diabetic conditions, have proatherogenic effects and also mediate the actions of growth
factors and cytokines 2®. Further, it is known that many PGs have specific vasoactive
properties, thereby contributing to the local regulation of vascular tone 229 Indeed, earlier
reports had (a) proposed that alterations in the vascular metabolism of PGs might play a
crucial role in diabetes-associated changes in local vasoregulatory mechanisms ** and (b)
found that in mesenteric arteries isolated from type 1 diabetic dogs, exogenous arachidonic
acid led to thromboxane A,-mediated contraction, whereas in those from control animals, it
caused prostacyclin-dependent dilatation *". In aortas from type 2 diabetic mice,
phenylephrine-induced contraction has been found to be reduced and acetylcholine
(ACh)-induced relaxation to be enhanced by the nonselective cyclooxygenase (COX)
inhibitor indomethacin, suggesting agonist-induced release of vasoconstrictor PGs 32,
Moreover, in type 2 diabetic mice, the basal tone of skeletal muscle arterioles is increased due
to an enhanced COX-2-dependent production of vasoconstrictor PGs *.

The above background indicates not only that vasoconstrictor prostanoids are important for

the development of diabetic vasculopathy but also that a proper understanding of PGE»-
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mediated responses and signaling in diabetic arteries is indispensable if effective preventive
and therapeutic approaches are to be devised against the development of diabetic vascular
complications.

The main aim of the present study was to test my basic hypothesis that the vasoconstrictor
effects of PGE, are enhanced in the type 2 diabetic GK rat. This is a highly inbred strain of
Wistar rats that spontaneously develops type 2 diabetes ** and offers a convenient model for

39 at the

the study of that disease without the confounding effects of obesity or hypertension
chronic stage. I also hypothesized that EP3 receptor-mediated contraction might be enhanced
1n such rats via increased activation of the PKC§ pathway. I used superior mesenteric arteries
because my previously found that prostanoid release in response to agonists is increased in

such arteries isolated from GK rats, indicating that PGE, signaling is likely to be important in

setting vascular tone 2. To test my hypotheses, I performed functional studies as well as

experiments to identify some of the molecular mechanisms involved.
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Experiment

Reagents

NG-nitro-L-arginine (L-NNA) and an antibody against B-actin were purchased from Sigma
Chemical Co. (St. Louis, MO, USA), while PGE,, sulprostone, sc19220, an antibody against
EP3 receptor and the relevant blocking peptide were from Cayman (Ann Arbor, MI, USA).
Acetylcholine (ACh) chloride was purchased from Daiichi Sankyo Pharmaceuticals (Tokyo,
Japan), while rottlerin and G66976 were from Calbiochem-Novabiochem (La Jolla, CA,
USA). 1-NNA was dissolved in HPLC grade water, while PGE,, sulprostone, sc19220,
rottlerin and G66976 were first dissolved in DMSO. All concentrations are expressed as the
final molar concentration of the base in the organ bath. Horseradish peroxidase (HRP)-linked
secondary antimouse or antirabbit antibody was purchased from Promega (Madison, W1,
USA), antibodies against PKCS and phospho-PKC8 (Thr’®) were from Cell Signaling
Technology (Danvers, MA, USA) and antibodies against phospho-caldesmon (Ser™* for rat;

789

the corresponding human residue being Ser™) and caldesmon were from Abcam (Cambridge,

MA, USA).

Animals and experimental design

Male Wistar control rats and GK rats were obtained at 4 weeks old (Clea, Tokyo, Japan).
The experimental design was approved by the Hoshi University Animal Care and Use
Committee, and all studies were conducted in accordance with the “Guide for the Care and
Use of Laboratory Animals”, published by the US National Institutes of Health, and with the
“Guide for the Care and Use of Laboratory Animals™ adopted by the Committee on the Care
and Use of Laboratory Animals of Hoshi University (accredited by the Ministry of Education,
Culture, Sports, Science, and Technology, Japan). All animals were allowed a standard
laboratory diet (MF; Oriental Yeast Industry, Tokyo, Japan) and water ad libitum. The

experiments described here were performed when the rats were 37—44 weeks old.
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Measurement of blood glucose
Plasma glucose was measured by using a commercially available enzyme kit (Wako

Chemical Company, Osaka, Japan).

Vascular functional study

Vascular isometric force was measured as in previous papers > ***” After euthanasia, the
superior mesenteric artery was rapidly removed and immersed in oxygenated, modified
Krebs-Henseleit solution (KHS). This solution consisted of 118.0 mM NaCl, 4.7 mM KClI,
25.0 mM NaHCOQO;, 1.8 mM CaCl,, 1.2 mM NaH,PO,, 1.2 mM MgSO, and 11.0 mM glucose.
The artery was carefully cleaned of all fat and connective tissue and ring segments 2 mm in
length were suspended by a pair of stainless steel pins in a well-oxygenated (95% 0>—5%
CO:,) bath containing 10 ml of KHS at 37°C. The rings were stretched until the optimal
resting tension (1.0 g) was reached, which value was derived from preliminary length-active
tension curves 2"+ 2**7, They were then allowed to equilibrate for at least 1 h. Force generation
was monitored by means of an isometric transducer (model TB-611 T, Nihon Kohden, Tokyo,
Japan).

For vasocontraction studies, PGE, (10™—107> M) or the EP1/EP3 agonist sulprostone
(107°-107% M) - 133536 yag added cumulatively to the organ bath until a maximal
response was obtained. To avoid the influence of NO on the contractile response, I obtained
all data for the concentration—response curves in the presence of the NOS inhibitor L-NNA
(107 M) 229 except when endothelium-denuded preparations were used. To study the role
of the EP1 receptor in the PGE;- and sulprostone-mediated responses obtained under NOS
inhibition, we generated concentration—response curves for PGE; and sulprostone in the
presence of 107> M sc19220 (selective EP1 antagonist '**”). To study the roles played by
PKCa and PKCB in PGE;-induced contractions, such contractions were obtained in the
presence of 107° M G66976 (PKCa/p inhibitor 1>3®). To study the role of PKC9 in the PGE;-

and sulprostone-induced contractions, these were obtained in the presence of 10™° M rottlerin
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(PKC3 inhibitor '?). After the addition of sufficient aliquots of a given agonist to produce the
chosen concentration, a stable response was allowed to develop before the addition of the next
dose of the same agonist. When required, removal of the endothelium from arterial segments
was achieved by infusing a 3-[(3-cholamidopropyl)dimethylammonio]- I-propanesulfonate
solution (CHAPS, 0.1%, for 60 s), followed by flushing out with KHS. The inability of ACh
to relax these segments confirmed the success of this procedure, as reported previously > .
Finally, the wet weight of the mesenteric ring was measured. This weight was slightly but

significantly lower in the GK (1.02 + 0.03 mg; n = 65) group than in the Wistar (1.19 + 0.03

mg; n=67, P <0.001) group.

Western blotting

The protein levels of EP3 receptor, phospho-PKC8 (Thr’”), total PKCS,
phospho-caldesmon (Ser™**), total caldesmon and B-actin were quantified using an
immunoblotting procedure, essentially as described before 2! 2%, Superior mesenteric arteries
from control and diabetic rats were isolated, cleaned of fat, dissected and frozen in liquid
nitrogen. To investigate the expression of phospho-PKC$ or that of phospho-caldesmon in
such mesenteric arteries upon sulprostone stimulation, mesenteric arterial rings were
incubated with KHS containing 10™* M L-NNA at 37°C for 30 min and then exposed to 10~
Msulprostone or vehicle (water) for 10 min (phospho-PKC3) or 30 min (phospho-caldesmon).
Mesenteric arterial protein extracts (20 pg) were applied to 10% SDS-PAGE and transferred
to polyvinylidene difluoride membranes. Blots were incubated with anti-EP3 (1 : 500),
anti-phospho-PKC8 (Thr’®) (1 : 1,000), anti-PKC8 (1 : 1,000), anti-phospho-caldesmon
(Ser™* for rat; the corresponding human residue being Ser’®) (1 : 1,000) or anti-caldesmon
(1:1,000) antibodsf and anti-B-actin (1 : 5,000) antibody. Detection was achieved using a
HRP-conjugated IgG followed by enhanced chemiluminescence. Band intensity was
quantified by densitometry. Results were normalized to B-actin and are shown relative to

control (vehicle-treated Wistar). The specificity of the EP3 antibody was assessed using
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blocking peptide according to the manufacturer's instructions.

Statistical analysis

The contractile force developed by rings of superior mesenteric artery is shown here in
grams of tension per milligram of tissue. Concentration—response curves were fitted using a
nonlinear interactive fitting program (Graph Pad PrismS5.0; Graph-Pad Software, Inc., San
Diego, CA, USA). Data are shown as means + SE. Statistical analysis of the concentration—
response curves was performed using two-way analysis of variance (ANOVA) for repeated
measures. For comparisons between groups, data were analyzed using ANOVA with a post
hoc Bonferroni test or Student's t test. Western blot data were analyzed by one-sample t test or
one-way ANOV Awith a post hoc Bonferroni test. Values of P<0.05 were considered

statistically significant.
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Abbreviations

ACh, acetylcholine; ANOVA, analysis of varience; BP, blocking peptide; CHAPS,
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate solution; COX,
cyclooxygenase; DMSO, dimethylsulfoxide; EC, endothelial cell, EDCF,
endothelium-derived contracting; EDRF, endothelium-derived relaxing; GK, Goto-Kakizaki,
HRP, Horseradish peroxidase; KHS, Krebs-Henseleit solution; L-NNA, NG-nitro-L-arginine;
NO, nitric oxide; NOS, NO Synthase; PGs, prostaglandins; PGE,, prostaglandin E;; PKC,
protein kinase C; PVDF, polyvinylidene difluoride; SE, standard error; SDS-PAGE, sodium

dodecyl sulfate-polyacrylamide gel electrophoresis;
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Results

Blood glucose and body weight

At the time of the experiment (when the rats were 37—44 weeks old), GK rats displayed a
higher blood glucose (non-fasted values) than control Wistar rats (442.0 +20.3 mgdL™"; n=
20 vs. 166.5+ 6.2 mg dL™'; n=20, P <0.001). The body weight of the GK rats was lower

than that of the Wistar rats (386.2 £ 6.9 g, n=20vs. 615.0 £ 15.5 g; n =20, P<0.001).

PGE > and sulprostone-induced responses in superior mesenteric artery

NO plays an important role in the regulation of vascular tone and negatively modulates
contraction, leading to complexities in analyzing the signaling pathways in the vasculature in
some situations 2" 2%3**) To mask any putative NO component in the present vasoconstrictor
responses, I performed functional experiments in the presence of a NOS inhibitor (107 M
L-NNA). This inhibits both basal and agonist-induced NOS activities. In that condition,
cumulative administration of PGE, (10°-107> M) (Fig. 3-14) or sulprostone (10~°-107> M)
(Fig. 3-1B) induced concentration-dependent contraction 1n superior mesenteric arterial rings,
whether they were from GK or Wistar rats. In the presence of L-NNA, the PGE;-induced and
sulprostone-induced contractions were each greater in rings from GK rats than in those from
Wistar rats (Fig. 3-14 and B). Likewise, the PGE,-induced contraction was greater in
endothelium-denuded rings from GK rats than in those from Wistar rats (Fig. 3-1C). To
determine which receptor (EP1 or EP3) mediates the above contractile responses, we
investigated the effect of a selective EP1 receptor antagonist (Fig. 3-14 and B). That
antagonist, s¢19220 (10™° M), did not affect the PGE,-induced vasocontraction in either group
(Fig. 3-14) and had a significant suppressive effect on the sulprostone-induced
vasocontraction only at 10 M in the GK group and only at 10~ M in the Wistar group (Fig.
3-1B). It should be noted that in the presence of that EP1 antagonist, the PGE,- and
sulprostone-induced vasocontractions were still greater in rings from GK rats than in those

from Wistar rats. These results suggest that the augmentations of the PGE;-induced and
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sulprostone-induced contractile responses seen in superior mesenteric arteries from GK rats

were attributable to activation of the EP3 receptor rather than of the EP1 receptor.
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Fig. 3-1. Effects of EP1 antagonist on PGE;-induced vasocontraction in superior mesenteric
artery rings from GK rats. Concentration-response curves for PGE, (4) and sulprostone (B) in

the presence of 10™* M LNNA or
following endothelial denudation

10™* M [-NNA plus 107> M sc19220, and for PGE,
(C). Data, which are shown for superior mesenteric arteries

from diabetic GK and control Wistar rats, are means = SE (n =5 or 6). *P <0.05, GK vs.
Wistar. *P < 0.05, Wistar vs. Wistar s¢19220. 'P<0.05, GK vs. GK sc19220. *P <0.05, GK

sc19220 vs. Wistar s¢19220.
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Effect of PKC9 inhibition on EP3 receptor-inducedvasocontraction

The published evidence suggests that PKC8 plays an important role in vasocontraction in
various arteries '>°**?_ Therefore, we investigated the relative contribution made by PKC5 to
EP3 receptor-mediated responses in diabetic superior mesenteric arteries under NOS
inhibition. The PGE,-induced contraction was significantly reduced by the selective PKCS
inhibitor rottlerin (107 M) (Fig. 3-24) but not by the PKCo/B inhibitor G66976 (10" M) (Fig.
3-2B). Similarly, the sulprostone-induced contraction in GK mesenteric arteries was

significantly reduced by rottlerin (Fig. 3-2C).
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Fig. 3-2. Effects of PKC$ inhibitor or PKCa/p inhibitor on PGE,-induced vasocontraction in
superior mesenteric artery rings.from GK rats. Concentration—response curves for PGE, (4,
B) or sulprostone (C). All experiments were performed in the presence of 10™* M L-NNA
with or without either 107 M rottlerin (4, C) or 10° M G66976 (B). Data, which are shown
for superior mesenteric arteries from diabetic GK and control Wistar rats, are means + SE (n
=5 or 6). *P <0.05, GK vs. Wistar. *P < 0.05, Wistar vs. Wistar rottlerin. P < 0.05, GK vs.
GK rottlerin. ¥P < 0.05, GK rottlerin vs. Wistar rottlerin.
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Sulprostone-induced phosphorylation of PKCJ is increased in GK mesenteric artery

Since PKCs are phosphorylated in the process of activation, the level of phosphorylation
indicates their activation level *. To assess PKCS activity, I examined the levels of
phosphorylated PKC8 (Thr'”) (p-PKC3). Western immunoblots were obtained from superior
mesenteric arteriesafter sulprostone (10~ M for 10 min) or vehicle treatment (Fig. 3-3).
Although total PKC6 expression in those arteries was similar between GK and Wistar rats
(Fig. 3-3C), the p-PKC3d level induced by sulprostone stimulation was significantly greater in
the GK than in the Wistar group (Fig. 3-3B). These data suggest that an increase in PKC5
505

activity due to increased phosphorylation at Thr™~ may contribute to the augmentation of

EP3-mediated contraction seen in superior mesenteric arteries from GK rats.
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Fig. 3-3. Phosphorylation of PKCd by EP3 agonist in superior mesenteric arteries from
diabetic GK rats. Phospho-PKC8 (Thr’*) and total PKC3 protein contents were assessed by
Western blotting in superior mesenteric artery rings stimulated with sulprostone (10~ M), or
treated with vehicle, for 10 min. (4) Representative blots are shown for phosphorylation of
PKC$ at Thr'® (p-PKC8) and for PKCS in Wistar and GK arterial rings stimulated with
sulprostone or without stimulation (vehicle), in each case in the presence of 10~ M L-NNA.
Bands for phospho-PKC5 (B) or total PKCd (C), or for B-actin, were quantified as described
in “Methods™, ratios being calculated for the optical density of phospho- or total PKCd over
that of B-actin. Data are means + SE from eight experiments. *P < 0.05, GK vs. corresponding
Wistar.
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Sulprostone-induced phosphorylation of caldesmon is increased in superior mesenteric
arteries from GK rats

Caldesmon has been extensively studied as a modulator of smooth muscle contraction and
phosphorylation of caldesmon in intact smooth muscle increases in parallel with isometric
force ***). Moreover, previous studies have clearly demonstrated that PKCs phosphorylate
caldesmon in various tissues and cells *>*?. Therefore, I examined whether the
sulprostone-stimulated expression of phosphorylated caldesmon (Ser’®”) protein in superior
mesenteric arteries might be increased in the GK group. Immuﬁoblot analysis of sulprostone
(107 M for 30 min)-stimulated and vehicle-treated arteries from Wistar and GK groups (using
anti-phospho-caldesmon and anti-caldesmon antibodies) allowed detection of immunoreactive
proteins (Fig. 3-4). For both A-caldesmon and /-caldesmon, the phosphorylated levels induced
by sulprostone were significantly greater in the GK than in the Wistar group (Fig. 3-4B and
D), whereas total caldesmon levels did not differ between those groups (Fig. 3-4C and E).
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Fig. 3-4. Phosphorylation of caldesmon by EP3 agonist in superior mesenteric arteries from
diabetic GK rats. Phospho-caldesmon (Ser’®) and total caldesmon protein contents were
assessed by Western blotting in superior mesenteric artery rings stimulated with sulprostone
(107> M), or treated with vehicle, for 30 min. (4) Representative blots are shown for
phosphorylation of caldesmon at Ser’® (p-caldesmon) and for caldesmon in Wistar and GK
arterial rings either stimulated with sulprostone or without stimulation (vehicle), in each case
in the presence of 10™* M L-NNA. Bands for phospho-A-caldesmon (B), total s-caldesmon (C)
phospho-/-caldesmon (D) or total /-caldesmon (F), and for B-actin, were quantified as
described in “Methods”, ratios being calculated for the optical density of phospho- or total

>

caldesmon over that of B-actin. Data are means + SE from four or five experiments. *P < 0.05,
GK vs. corresponding Wistar.
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Expression of EP3 receptor in superior mesenteric arteries

Conceivably, an alteration in EP3 receptor expression could underlie the enhanced EP3
receptor-mediated vasocontraction seen in the GK artery. Accordingly, I investigated EP3
receptor protein expression in superior mesenteric arteries by Western blotting (Fig. 3-5). The
EP3 polyclonal antibody detected multiple bands (Fig. 3-54). Importantly, these multiple
bands disappeared completely when the primary antibody was pre-incubated with the
appropriate antigenic peptide (Fig. 3-54). The protein expression of EP3 (Fig. 3-54; analyzed
sum of all multiple bands) in superior mesenteric arteries was similar between Wistar and GK

rats (Fig. 3-5B).
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Fig. 3-5. Protein expression of EP3 receptor in superior mesenteric arteries from Wistar and
diabetic GK rats. (4) Representative Western blots for EP3 receptor and B-actin. Asterisk
indicates band disappeared after incubation of the primary antibody for EP3 receptor with the
appropriate blocking peptide. BP blocking peptide. (B) Bands were quantified as described in
“Methods™, ratios being calculatedfor the optical density of EP3 receptor over that of B-actin.
Data are means + SE from six experiments.
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Discussion

The principal inference to be drawn from the present study is that the contractile response
to PGE; exhibited by the superior mesenteric artery is enhanced in type 2 diabetic GK rat
when the animal is at the chronic stage of its disease. In addition, I found that: 7) the
PGE;-induced vasocontraction is mediated by EP3, not EP1, receptors; 2) the augmentation of
the EP3 receptor-mediated vasocontraction in the GK artery is attributable to increased
activation of PKCd and increased phosphorylation of caldesmon and 3) the superior
mesenteric arterial expression of EP3 receptors did not differ between the nondiabetic Wistar
and diabetic GK groups.

The GK rat, a model of type 2 diabetes without the confounding effects of hypertension or
obesity ¥, was used here at the later stage of diabetes [viz. 37—44 weeks old] because
long-term type 2 diabetic conditions are associated with severe diabetic cardiovascular
complications. In fact, numerous reports have indicated that abnormal vascular reactivity is
exhibited by vessels taken from GK rats at the chronic stage of their diabetes 2% **9,
However, no previous study has investigated how PGE;-induced vasocontraction per se, or
the relevant downstream pathways or receptor expressions, might be altered in a longterm
diabetic state. In the present study, I found that in a given group (viz. GK or Wistar), the
PGE,-induced vasocontraction was similar between NOS inhibitor treatment and endothelial
denudation (Fig. 3-14 vs. C), and that it was enhanced in the GK artery in each condition.
These findings demonstrate @) that the PGE;-induced vasocontraction observed here is not
endothelium-dependent and b) that a diabetes-related enhancement of this response can occur
in the absence of endothelium and without altered NO production. The above does not, of
course, exclude the possibility that NO might be a suppressor of PGE,-mediated
'vasocontraction in intact arteries. In this context, it should be noted that in the same artery
(superior mesenteric) isolated from the same type 2 diabetes model (GK rats), there have been
shown to be impairments of the endothelium-dependent relaxations induced by various
24,25)

agonists
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Receptors involved

Four subtypes of EP receptor (viz. EP1, EP2, EP3 and EP4) have been described 139 of
these, the EP1 and EP3 subtypes mediate vasocontraction 1.3,5.10. 12,13 Therefore, I focused
on the contractile responses to PGE, and sulprostone (EP1/EP3 agonist 11.13.35.36) and on the
effect of s¢19220 (EP1 antagonist '>”) on such responses in mesenteric arteries isolated
from Wistar and GK rats. In the present study, the EP1 antagonist had almost no effect on the
PGE,- and sulprostone-induced vasocontractions. Indeed, those vasocontractions were
increased in the GK (vs. Wistar) mesenteric artery both in the absence and in the presence of
the EP1 antagonist. These results suggest that vasoconstrictor responses mediated by the EP3
subtype are enhanced in the GK mesenteric artery. This idea is supported by the published
finding of Kobayashi et al. '® that an EP3 agonist, but not an EP1, EP2 or EP4 agonist,
induced vasocontraction in a main branch of the rat mesenteric artery.

In my Western blotting analysis, multiple bands were detected for the EP3 receptor in
homogenates of superior mesenteric artery from either group. This is consistent with the
results obtained in a previous study using a different vessel '. Multiple bands for GPCRs
including EP receptors could result from oligomerization of the receptor, post-transcriptional
modification of the protein or the formation of heteromers with other proteins > *'*%.
Although the exact conformations of the EP3 receptors present in diabetic mesenteric arteries
remains unclear, I think that differences in the downstream pathway are more likely to explain
the differences in the vasocontractions induced by the present agonists between GK and
Wistar rats because the total expression of the EP3 receptor was similar between the two

groups of rats.

Pathways involving PKCo
PKC is a well-characterized enzyme involved in myogenic constriction and
agonist-induced vascular smooth muscle contraction >>*®. In vascular smooth muscle, a

number of signal transduction cascades activated by physiological agonists are regulated by

76



PKC and, indeed, PKC phosphorylates several substrates associated with vascular smooth
muscle contraction *®>* % The PKC isozymes are subdivided into cPKC (a, BL BII and ),
nPKC (6, €, 6, and ) and aPKC (, ). Among these isozymes, PKCa, PKC and PKCg are
known to mediate vasocontraction. Recently, Kobayashi et al. > demonstrated in rat
mesenteric artery: a) that EP3 receptor-mediated vasocontraction was inhibited by
pretreatment with a general PKC inhibitor or with a PKC$ inhibitor but not with a cPKC
inhibitor and b) that EP3 agonism induced PKCd phosphorylation. In the present study, the
PGE,- and sulprostone-induced vasocontractions were blocked by rottlerin (selective PKCS
inhibitor ') but not by G66976 (selective PKCa/B inhibitor '>*®). Moreover, the
phosphorylation of PKC$ induced by sulprostone was increased in mesenteric arteries from
GK rats vs. those from Wistar rats (Fig. 3-3). These data suggest that the enhanced
EP3-induced vasocontraction observed here in diabetic arteries was due to increased PKCd
activities. However, I should point out that there is controversy in the literature over the
activities of rottlerin including the selectivity of its PKC inhibition *”. Nevertheless, on the
basis of published documentation (e.g., Refs. 1> *9), T believe that it is a sufficiently selective
PKC$ inhibitor for the present purpose and indeed that a better agent is not currently

available.

Pathways involving caldesmon

One of the major target proteins for PKC that is important in vascular contraction is
caldesmon *”. Two isoforms of caldesmon exist: a high molecular weight isoform,
h-caldesmon, which is restricted to smooth muscle, and a low molecular weight isoform,
I-caldesmon, which is expressed both in nonmuscle cells and in dedifferentiated smooth
muscle cells ***7-6D_Caldesmon, an actin filament-associated protein, seems to be implicated

in the control of vasocontraction through inhibition of actin-activated myosin Mg?*-ATPase **

63) Phosphorylation of caldesmon by PKC has been shown to impair this inhibition 62.63)

Phosphorylation of caldesmon results in vascular contraction *” and, indeed, in the present
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study, the phosphorylation of both 4- and /-caldesmon induced by sulprostone was increased
in arteries from GK (vs. Wistar) rats. These data suggest that the observed augmentation of
EP3 receptor-mediated vasocontraction in the GK mesenteric artery may be attributable to
increased phosphorylation of caldesmon. This idea is consistent with previous reports a) that
phosphorylation of caldesmon in smooth muscle cells is associated with increased isometric

44, 45)

force and b) that the phosphorylation of caldesmon via activation of PKCd in cerebral

arteries is associated with augmented vasocontraction *©.

Functional/physiological significance

PGE; is present in many tissues and has been implicated in a myriad of pathological
conditions. For instance, it was reported some years ago that vascular endothelial growth
factor (VEGF) is expressed at high levels in diabetic retinas and is involved in the
pathogenesis of diabetic retinopathy . Moreover, other studies showed that increased
expression of PGE; leads to upregulation of VEGF expression °® and that the retinal
production of PGE; is increased in diabetic rats *”. Kamata’s laboratory previous studies

demonstrated that production of PGE; is increased in diabetic arteries 2> 2"

and the present
data demonstrate that PGE,-induced vasocontraction is enhanced in superior mesenteric
arteries from diabetic rats. As yet, I cannot say whether or not the abnormal PGE, signaling
present in GK arteries resulted from the long-term nature of the rats' diabetes or, indeed,
whether such abnormal signaling might be the cause of such diabetic vascular complications
as impairments of the peripheral/splanchnic circulation. At this point, I can only say that
therapeutic regulation of PGE, signaling warrants further investigation as a candidate for the
prevention of diabetic vascular complications. Finally, activation of PKC appears to be a key
feature of diabetes mellitus and, indeed, enhanced PKC activation has been strongly
implicated in the pathogenesis of diabetic vascular complications 68.%) The development of

isozyme-specific PKC inhibitors is a feasible proposition and offers the exciting prospect of

blocking pathways involved in the initiation and progression of diabetic vasculopathy.
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Chapter 4

Mechanisms underlying reduced P2Y;-receptor-mediated relaxation in superior

mesenteric arteries from long-term streptozotocin-induced diabetic rats.
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Introduction

Endothelial cells are important for the regulation of vascular tone and reactivity under both
physiological and pathophysiological conditions. They perform such roles by responding to
neurohumoral mediators and mechanical forces with the release of a variety of
endothelium-derived factors "> . Endothelial dysfunction is a phenomenon common to a
number of cardiovascular diseases, including diabetes " **®_ Among the vascular
complications associated with diabetes is an impairment of vascular reactivity to various
neurotransmitters within the macro- and microvasculature > 7®_ For instance, there is an
accumulating body of evidence to indicate that the relaxation responses induced by various
agents are abnormally weak in diabetic patients and in animal models of diabetes, such as the
streptozotocin (STZ)-induced diabetic rat 7 *'2 Therefore, a proper understanding of the
mechanisms underlying the endothelial dysfunction present at various stages and in various
types of diabetes is important for preventive and therapeutic approaches against the
development of diabetic vascular complications.

Nucleotides play important roles not only in intracellular nucleic acid synthesis and energy
supply but also, once released into the extracellular space, in various biological responses
involved in the control of cellular functions *'®. Extracellular triphosphate (e.g. ATP and
UTP) and diphosphate (e.g. ADP and UDP) nucleotides are released into tissue fluids and
plasma from aggregated platelets and from activated endothelial cells and leucocytes in
response to various proinflammatory stimuli, cell death and tissue damage "> 9 They
generate a number of responses within the vasculature, such as platelet activation and changes
in smooth muscle contraction and dilatation in various arteries > 22" Extracellular
nucleotides activate cell-surface receptors, namely purinoceptors, which can be divided into
metabotropic G-protein-coupled P2Y receptors and ionotropic P2X receptors 2%, So far,
seven P2X receptors (1.e. P2X_7) and eight P2Y receptors (1.e. P2Y 2 4,6 11-14) have been
characterized *2®. A full understanding of signalling by purinoceptors remains elusive

22-26)

because receptor distribution differs among tissues and because most purinoceptors are
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able to respond to several nucleotides, resulting in a situation in which multiple receptors
have overlapping ligand preferences 2. In particular, the mechanisms that might alter
purinoceptor signalling in the diabetic vasculature remain unclear at present.

Activation of endothelial P2 receptors is important for nucleotide-induced vasodilatation '*
20.2D Three major endothelium-derived relaxing factors (EDRFs) can be involved in such
responses, depending on the species and vessel-type considered: these factors are nitric oxide
(NO), prostacyclin and endothelium-derived hyperpolarizing factor (EDHF) 15.279) poy,
and P2Y; receptors are thought to be responsible for adenosine 5'-diphosphate sodium salt
(ADP)- and ATP/UTP-induced vasodilatation in most vessels >*>?. I and others have found
that nucleotide-induced arterial responses are altered in models of various cardiovascular
diseases, such as hypertension and diabetes '*2"**3?_However, whether
P2Y-receptor-mediated vasodilatation is normal or abnormal in diabetic states remains
unclear.

Although diabetes can affect purinergic signalling in various tissues and cells '

, no
previous study has examined P2Y -receptor-mediated vasodilatation in a long-term diabetic
state. | therefore designed the present study to investigate the long-term effect of diabetes on
the dilator responses to P2Y-receptor agonists in the rat isolated superior mesenteric artery. [
hypothesized that P2Y -receptor-mediated relaxation would be impaired in such arteries from
STZ-induced diabetic rats because of alterations in NO signalling. I also asked whether

superior mesenteric arteries from control and diabetic rats might exhibit differential

expressions of the P2Y, receptor.
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Experiment

Reagents

Adenosine 5'-triphosphate disodium salt (ATP), ADP, phenylephrine (PE),
NC-nitro-L-arginine (L-NNA), MRS2179 and an antibody against B-actin were all purchased
from Sigma Chemical (St. Louis, MO, USA), while 2-methylthio-ADP trisodium salt
(2-MeSADP) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Acetylcholine chloride (ACh) was purchased from Daiichi-Sankyo Pharmaceuticals (Tokyo,
Japan). Suramin was obtained from Wako Pure Chemical Industries (Osaka, Japan). All drugs
were dissolved in HPLC grade water, except for suramin and MRS2179 (dissolved in DMSO).
All concentrations are expressed as the final molar concentration of the base in the organ bath.
Horseradish peroxidase (HRP)-linked secondary anti-mouse or anti-rabbit antibody was
purchased from Promega (Madison, WI, USA). Antibody against endothelial NO synthase
(eNOS) was from BD Biosciences (San Jose, CA, USA), while those against phospho-eNOS
(Ser'!”” or Thr*®) were from Cell Signalling Technology (Danvers, MA, USA) and that

against P2Y receptor was from Abcam (Cambridge, MA, USA).

Animals and experimental design

The experimental design was approved by the Hoshi University Animal Care and Use
Committee, and all studies were conducted in accordance with ‘Guide for the Care and Use of
Laboratory Animals’, published by the US National Institutes of Health, and with ‘Guide for
the Care and Use of Laboratory Animals’ adopted by the Committee on the Care and Use of
Laboratory Animals of Hoshi University (accredited by the Ministry of Education, Culture,
Sports, Science, and Technology, Japan). Male Wistar rats (8 weeks old and 190-230 g body
weight) received a single injection via the tail vein of STZ 65 mg kg™ dissolved in a citrate
buffer, as reported previously '*>*3% Age-matched control rats were injected with the
buffer alone. Food and water were given ad libitum. The experiments described here were
performed when the rats were 58—65 weeks old (i.e. at 50-57 weeks after the injection).
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Measurement of blood glucose
Plasma glucose was measured by using a commercially available enzyme kit (Wako

Chemical Company, Osaka, Japan) as described previously '* )

Functional study

Vascular isometric force was measured as in previous papers ' % . After killing, the
superior mesenteric artery was rapidly removed and immersed in oxygenated, modified
Krebs—Henseleit solution (KHS). This solution consisted of (in millimolar) 118.0 NaCl, 4.7
KCl, 25.0 NaHCO;3, 1.8 CaCl,, 1.2 NaH,POy4, 1.2 MgSO4 and 11.0 glucose. The artery was
carefully cleaned of all fat and connective tissue and ring segments 2 mm in length were
suspended by a pair of stainless steel pins in a well-oxygenated (95% O,—5% CO,) bath of
KHS at 37 °C. The rings were stretched until an optimal resting tension of 1.0 g was loaded,
which was optimal for inducing a maximal contraction ', then allowed to equilibrate for at
least 1 h. Force generation was monitored by means of an isometric transducer (model
TB-611T; Nihon Kohden, Tokyo, Japan).

Cumulative concentration-response curves were obtained to ADP (10°-107° M),
2-MeSADP [107°- 10 M; selective P2Y agonist *”] and ATP (107°-107* M) in superior
mesenteric arteries precontracted with 10°® M PE. The submaximal contraction developed in
response to 107° M PE was similar between diabetic and control groups, based on preliminary
experiments. To study the roles of endothelium and NO in ADP-induced relaxation, I
constructed concentration-response curves to ADP 1) after endothelial denudation and 2) in
the presence of 10 M L-NNA [NOS inhibitor '*'**]. To study the role of the P2-receptor
pathway in ADP-induced relaxation, such relaxations were examined in the presence of 107
M suramin [nonselective P2 receptor antagonist > 9 or 107 M MRS2179 [selective P2Y;
antagonist ** *"]. After the addition of sufficient aliquots of the agonist to produce the chosen
concentration, a plateau response was allowed to develop before the addition of the next dose

of the same agonist. When required, removal of the endothelium from arterial segments was
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achieved by infusing a 3-[(3-cholamidopropyl)dimethylammonio]- 1-propanesulphonate
solution (CHAPS, 0.1%, for 60 s), which was subsequently flushed out with KHS; the

inability of ACh to relax these segments confirmed the success of this procedure.

Measurement of NO metabolites [nitrite (NO; ) and nitrate (NOs )]

The effluent from a given tissue was sampled and assayed by the method described
previously *?. Each superior mesenteric artery was cut into transverse rings 4 mm in length.
These were placed in KHS [well-oxygenated (95% O,—5% CO,)] at 37 °C and then treated
with ADP (3 x 107 M) for 15 min. The amount of NOx was calculated as follows:
ADP-stimulated NOx [nmol/15 (min) g (weight of the mesenteric artery)]. The concentrations
of nitrite plus nitrate (NOx) in the KHS and in the NOx standard (Eicom, Kyoto, Japan) were
measured using an automated NO detector/high-performance liquid chromatography system

(ENO20; Eicom).

Western blotting

The protein levels of P2Y receptor and of phosphor-eNOS (Ser''”” and Thr**) and total
eNOS were quantified using an immunoblotting procedure, essentially as described before .
Superior mesenteric arteries from control and diabetic rats were isolated, cleaned of fat,
dissected and frozen in liquid nitrogen. To investigate the expression of phospho-eNOS in
such arteries upon ADP stimulation, mesenteric arterial rings from a given rat were incubated
with KHS [well-oxygenated (95% O,~5% CO,)] at 37° C and then exposed to 3 x 10 M
ADP or vehicle (water) for 15 min. For the examination of P2Y-receptor expression, we used
tissues not used for drug-treatment experiments. Mesenteric arterial protein extracts (20 pg)
were applied to 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes.
Blots were incubated with anti-P2Y, (56 kDa; 1 : 500) *, anti-phospho-eNOS (Ser''”") (140
kDa; 1 : 500) *, anti-phospho-eNOS (Thr**) (140 kDa; 1 : 500) **, anti-eNOS (140 kDa; 1 :

1000) *¥ or anti-B-actin (42 kDa; 1 : 5000) antibodies, with detection being achieved using a
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HRP-conjugated IgG followed by enhanced chemiluminescence. Band intensity was
quantified by densitometry. Results were normalized to the b-actin expression. To assess
ADP-induced eNOS phosphorylation (at Ser''”” or Thr*°), I calculated the ratio of the optical
density of phosphorylated eNOS or total eNOS in ADP-stimulated or nonstimulated (basal)
samples, in each case over that of the corresponding B-actin band. These values are presented
as the fold increase in phosphorylated eNOS from basal. In some experiments involving
detection of phospho-eNOS (Ser''”” or Thr®?), eNOS and B-actin proteins, the same

membranes were stripped (phosphorylated eNOS at Ser'!”’

and phosphorylated eNOS at
Thr*® were loaded on different gels). For P2Y -receptor and B-actin protein detection, the

different samples (nondrug-treated) were loaded on to different gels.

Statistical analysis

Experimental vasorelaxation values are expressed as a percentage of the maximal
contraction induced by PE in a given segment. Concentration-response curves were fitted
using a nonlinear interactive fitting programme (Graph Pad Prism 5.0; GraphPad Software,
San Diego, CA, USA). Data are expressed as means + SE. Statistical Statistical analysis of the
concentration-response curves was performed using two-way analysis of variance (ANOVA)
for comparisons between groups. For other comparisons between groups, data were analysed
using ANOVA with a post hoc Bonferroni test or Student’s t-test. Western blot data were
analysed by 1-sample t-test, Student’s t-test, or one-way ANOVA. Values of P <0.05 were

considered statistically significant.
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Abbreviations
2-MeSADP, 2-methylthio-ADP; ACh, acetylcholine; ANOVA, analysis of varience; ADP,
adenosine diphosphate; ATP; adenosine triphosphate; CHAPS,
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate solution; DMSO,
dimethylsulfoxide; EC, endothelial cell; EDRF, endothelium-derived relaxing; eNOS,
endothelial NOS; HRP, Horseradish peroxidase; KHS, Krebs-Henseleit solution; L-NNA,
NG-nitro-L-arginine; NO, nitric oxide; NOS, nitric oxide Synthase; NOXx, nitric oxide
metabolites; NBT, nitro-blue tetrazolium; P2 receptor, purinoceptor; PE, phenylephrine;
PVDF, polyvinylidene difluoride;, STZ, streptozotocin; SE, standard error; SDS-PAGE,

sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SMC, smooth muscle cell,
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Results

Body weight and blood glucose

At the time of the experiment (when the rats were 58~65 weeks old), the body weight of the
diabetic rats (326.4 + 19.5 g; n = 15) was lower than that of the age-matched nondiabetic
control rats (690.1 + 12.8 g; n= 18, P <0.001). All STZ rats (non-fasted) exhibited
hyperglycaemia (544.2 + 24.1 mg dL™"; n = 15), their blood glucose levels being significantly
higher than those of the control rats (also non-fasted) (148.9 + 4.1 mg dL ™ n=18,P<

0.001).

P2YI-agonist-induced relaxation is reduced in superior mesenteric arteries from diabetic
rats

When the contraction induced by PE (107° M) had reached a plateau, ADP (10°-107° M),
2-MeSADP (107°-107° M) or ATP (10*-107* M) was added cumulatively. In rings from
age-matched control rats, ADP (10°~10"° M) induced a concentration-dependent relaxation
and this relaxation was significantly impaired in rings from diabetic rats vs. those from
control rats (Fig. 4-14). Likewise, the selective P2Y, agonist 2-MeSADP ***9 induced a
relaxation that was reduced in the diabetic group vs. the control group (Fig. 4-1B). On the
other hand, the ATP induced relaxation was similar between the two groups (Fig. 4-1C).

To try to confirm that the ADP-induced vasodilatation was indeed mediated by the
P2Y,-receptor, I investigated the effect of a selective P2Y;-receptor antagonist on the
ADP-induced response (Fig. 4-1D). MRS2179 (107> M) completely blocked the ADP-induced
relaxation in each group (Fig. 4-1D) and therefore abolished the difference between the
groups (Fig. 4-1D). These results suggest that P2Y-mediated vasodilatation is impaired in

superior mesenteric arteries from long-term STZ-induced diabetic rats.
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Fig. 4-1. P2Y-agonist-mediated relaxation is impaired in diabetic superior mesenteric arteries
Concentration-response curves for adenosine 5'-diphosphate sodium salt (ADP) (4),
2-MeSADP (B) and adenosine 5'-triphosphate disodium salt (ATP) (C) and for ADP in the
presence of a selective P2Y-receptor antagonist (10° M MRS2179) (D). Data, which are
shown for superior mesenteric arteries from diabetic and control rats, are means + SE, with
the number of determinations being shown within parentheses. *P < 0.05 vs. control.
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Effects of endothelial denudation and NOS inhibition on ADP-induced vasodilatation

Published evidence suggests that ADP-induced relaxation is mediated by the activation of

the endothelium and NO signaling ** *”. Therefore, I assessed the relative contributions made

by these factors to ADP-induced responses in diabetic superior mesenteric arteries.
ADP-induced relaxation was completely blocked by endothelial denudation (Fig. 4-24) and
also by treatment with the NOS inhibitor L-NNA (10 M) (Fig. 4-2B). Consequently, each of
those manoeuvres abolished the difference between the groups, suggesting that a paucity of
endothelium-derived NO signalling is largely, or even solely, responsible for the defect in

ADP-induced relaxation in the long-term STZ-induced diabetic superior mesenteric artery.
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Fig. 4-2. Effects of endothelial denudation and NOS inhibition on adenosine 5'-diphosphate
sodium salt (ADP)-induced relaxation in superior mesenteric arteries obtained from control
and diabetic rats. Little or no ADP-induced relaxation was evident following endothelial
denudation (4) or treatment with NOS inhibitor (10~ M L-NNA) (B) in either group. Data are
means + SE, with the number of determinations being shown within parentheses.
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ADP-induced NO production is reduced in superior mesenteric arteries from diabetic rats
Together, previous reports > and the present data (Fig. 4-2) suggest that the NO pathway
plays an important role in ADP-mediated vasodilatation. To examine whether the difference
in ADP-induced vasodilatation between the two groups of rats might be mediated by altered
NO production, we measured the release of NO metabolites (i.e. NO, and NO;") from rings
treated with ADP (Fig. 4-3). The ADP (3 x 107 M)-induced NOx (NO,~ plus NO3") level

was significantly lower for the diabetic group than for the controls.
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Fig. 4-3. Levels of NO metabolites (NOx; NO, + NOs") after stimulation of superior
mesenteric artery rings with 3 x 10°° M adenosine 5'-diphosphate sodium salt (ADP) for 15
min. Data are means + SE, with the number of determinations being shown within
parentheses. *P < 0.05 diabetic vs. control.
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Expression of eNOS and ADP-induced eNOS phosphorylation in superior mesenteric
arteries

In the regulation of eNOS activity by agonists, signal transduction depends not only on
Ca”*/calmodulin but also on eNOS phosphorylation by various kinases ***". Regulation of
eNOS is achieved by phosphorylation of multiple sites in the protein. Phosphorylation at
Ser'!”” stimulates eNOS activity **°", whereas phosphorylation at Thr*” inhibits its activity
) Therefore, I examined /) whether ADP might promote phosphorylation of eNOS at Ser'!”’
and 2) whether eNOS dephosphorylation at Thr**®> might be weaker in the diabetic group than
in the age-matched controls. Immunoblot analysis of ADP (3 x 107 M for 15 min)-stimulated
and nonstimulated (basal) arteries from control and diabetic groups (using
anti-phospho-eNOS and anti-eNOS antibodies) allowed detection of immunoreactive proteins
(Fig. 4-4). First, I examined the expression of phosphorylated eNOS (Ser'!”’) (Fig. 4-44-D).
The densitometric ratio of eNOS to B-actin tended (i.e. not significantly) to be increased in
mesenteric arteries from diabetic rats in both ADP-stimulated and nonstimulated conditions
(Fig. 4-4B). In arteries from the control group, the densitometric ratio of phosphorylated
eNOS (at Ser''””) to B-actin was significantly increased by ADP-stimulation (vs. basal) (Fig.
4-4C). However, there was no such difference between ADP-stimulated and basal in
mesenteric arteries from diabetic rats (Fig. 4-4C). As the apparent level of total eNOS protein
differed between the groups (Fig. 4-4B), I compared the groups in terms of their fold increase
from the basal (i.e. nonstimulated) level (Fig. 4-4D). The value of the fold increase in
phosphorylated eNOS (at Ser''””) was significantly smaller in arteries from the diabetic group
than in those from the control group (Fig. 4-4D). I next evaluated the ADP-stimulated eNOS
phosphorylation (Thr**’) levels (Fig. 4-4E—H). The densitometric ratio of eNOS to B-actin
tended (i.e. not significantly) to be increased in the diabetic arteries (vs. their controls) (Fig.
4-4F). Furthermore, the phosphorylated eNOS (Thr*’) expression (Fig. 4-4G) and the value
of the fold increase in phosphorylated eNOS (Thr*”) (Fig. 4-4H) did not differ between the

diabetic and age-matched control groups in either the ADP-stimulated or ADP-nonstimulated
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condition.
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Fig. 4-4. Phosphorylation of endothelial NO synthase (eNOS) at Ser''”” by adenosine
5'-diphosphate sodium salt (ADP) is reduced in superior mesenteric arteries from diabetic rats.
Phospho-eNOS (Ser''”” and Thr*”) and total eNOS protein contents were assessed by
Western blotting in superior mesenteric rings treated with ADP (3 x 10°° M) or vehicle
(basal) for 15 min. (4, E) Representative blots are shown for phosphorylated eNOS (4: Ser
E: Thr'*® ), as well as for eNOS, in control and diabetic arterial rings, in each case with
(*ADP’) or without (“Basal’) stimulation with ADP. (B, F) Bands for eNOS and B-actin
quantified as described in Materials and Methods, ratios being calculated for the optical
density of eNOS over that of B-actin. (C, G) Quantification of eNOS phosphorylation at
Ser''”” (C) and at Thr™” (G). Ratios were calculated for the optical density of phosphorylated
p-eNOS over that of B-actin. (D, H) Quantification of eNOS phosphorylation (D: Ser''”’, H:
Thr*”, see Materials and Methods): y-axis shows fold increase (vs. corresponding basal).
Data are means + SE, with the number of determinations being shown within parentheses. *P
< 0.05 vs. corresponding control.

1177



Expression of P2Y, receptor in superior mesentericarteries

Alterations in P2Y receptors have been reported in various pathophysiological states and
during ageing ** ¥ To investigate the possible mechanism underlying the reduced
ADP-mediated vasodilatation seen here in diabetic arteries, [ used Western blotting. In
superior mesenteric arteries, the protein expression of P2Y receptors did not differ between

the diabetic and age-matched control groups (Fig. 4-5).
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Fig. 4-5. Protein expression of P2Y receptor in superior mesenteric arteries from control and
diabetic rats. Left: representative Western blots for P2Y receptor and b-actin. Right: bands
quantified as described in Materials and Methods, ratios being calculated for the optical
density of P2Y receptor over that of B-actin. There was no difference between the groups.
Data are means + SE, with the number of determinations being shown within parentheses.
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Discussion

The principal, fundamental finding made in the present study was that in superior
mesenteric arteries isolated from STZ-induced diabetic rats, the relaxation response to ADP is
impaired, at least when the animals have had a disease state of long duration. In addition, 1
found that: /) the ADP-induced vasodilatation in that artery was mediated by the P2Y,
receptor and NO signalling; 2) the ADP-induced NO production was reduced in the diabetic
mesenteric arteries (vs. the age-matched controls); 3) the ADP-induced stimulation of eNOS
is dysfunctional in the diabetic mesenteric arteries; and 4) the protein expression of the P2Y,
receptor did not differ between the control and diabetic groups.

Among the purinoceptors, the P2Y; and P2Y; receptors are thought to be responsible for
nucleotideinduced vasodilatation in most tissues 2*>% The P2X;, P2X,, P2X;, P2X,, P2Y,
and P2Y1; receptors evidently mediate NO production and subsequent vasodilatation % >+°%,
In the present study, the vasodilator responses to the preferential P2Y -receptor agonist ADP
2325 and the selective P2Y -receptor agonist 2-MeSADP ** 240 were each impaired in the
diabetic mesenteric arteries. The ADP-induced vasodilatation was completely blocked in each
group — and the intergroup difference in this response therefore completely abolished — by the
selective P2Y -receptor antagonist MRS2179 2% %D_ These results strongly suggest that a
defect in P2Y |-receptormediated relaxation is present in superior mesenteric arteries in
long-term diabetic rats. By contrast, the relaxation induced by ATP did not differ between the
control and diabetic groups, and MRS2179 had no significant effect on the ATP induced
relaxation in either group (data not shown). ATP may activate endothelial purinoceptors
related to vasodilatation in addition to the P2Y| receptor ** >**9. Therefore, the apparent lack
of a difference in the ATP induced relaxation between the two groups may be attributable to
compensatory changes mediated by other purinoceptors and/or EDRFs.

Endothelial NO synthase, a key determinant of vascular homoeostasis * **>*® s

a
Ca**/calmodulin-dependent enzyme that is activated in response to stimulation of a number of
different Ca®*-mobilizing cell-surface receptors > ***® Some studies have indicated that
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activation of the P2Y receptor in vascular endothelial cells induces Ca**-independent NO
production. *"*”. Regulation of eNOS is known to be achieved via phosphorylation of
multiple sites within the protein > **°”°®_The two most thoroughly studied sites are the

W77 and the inhibitory site Thr*’ ¢ As activation of P2Y; receptors on

activation site Ser
endothelial cells leads to phosphorylation and activation of eNOS ** " ?, I focused on effects
on both of those sites in the ADP-stimulated superior mesenteric artery. I found that in the
long-term diabetic superior mesenteric artery, although the expressions of eNOS protein and

1177

nonstimulated eNOS phosphorylation (at Ser”" ") tended (nonsignificantly) to be increased,

1177

the ADP-stimulated fold increase in phosphorylated eNOS (at Ser”"") was reduced. In

contrast, the ADP-stimulated phosphorylation of eNOS at Thr*”* did not differ between the

177 bhosphorylation tended to be

two groups. Whether the finding that the nonstimulated Ser
increased in the diabetic arteries is of any importance remains unclear. What these results do
suggest is that ADP-induced stimulation of eNOS is dysfunctional, not eNOS activity per se,
in the present diabetic arteries. Indeed, ADP-stimulated NO production was reduced in the
diabetic arteries (vs. the age-matched controls) despite an unchanged P2Y;-receptor
expression. Kamata’s laboratory and others have suggested that in diabetes, the vasodilator
response to an agonist such as ACh is impaired as a consequence of endothelial dysfunction

177y 149 In superior mesenteric arteries from

(e.g. reduced phosphorylation of eNOS at Ser
STZ-induced diabeticWistar rats (58—65 weeks old) and their age-matched controls, I found
that the ACh-induced relaxation was similar between the two groups (unpublished
observation), suggesting that eNOS activation by ACh in that artery was not affected by the
diabetes. On the other hand, the ACh-induced EDHF-type relaxation was impaired in the aged
diabetic group vs. the age-matched control group (unpublished observation). Therefore, in
aged diabetic rats, the contributions made by NO- and EDHF-type relaxations appear to differ
by agonist, and we believe that the present findings may be important for the elucidation of

the pathophysiological roles played by extracellular nucleotides in later-stage diabetes. The

regulation of eNOS by phosphorylation at Ser''”” has been studied extensively. Many protein
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kinases—including AMP-activated protein kinase *”, cyclic AMP-dependent protein
kinase/protein kinase A ®?, Akt ** % and PLC ), as well as cyclic GMP-dependent protein

kinase * — act, at least in part, through this Ser''”’

phosphorylation site. However, the precise
mechanisms by which such kinases are associated with P2Y-mediated eNOS
phosphorylation in long-term diabetic states remain unclear at present. Consequently, future
studies should seek to identify the molecular mechanisms by which eNOS phosphorylation is
induced by P2Y;-receptor stimulation in diabetic mesenteric arteries.

Recently, the ecto-nucleotidase NTPDase 1 has been reported to be important in controlling
endothelial P2Y-receptor-dependent relaxation *®. Extracellular nucleotides are metabolized
by NTPDase 1 and this enzyme could promote desensitization of the P2Y receptor. The
protein expression of total NTPDase 1 between diabetic rats in superior mesenteric arteries
did not differ and age-matched control rats (data not shown). Although previous studies on
diabetes have reported increased NTPDase 1 activity " °®, the extent of any NTPDase 1
contribution to the promotion of P2Y;-receptor desensitization remains unclear. In this
context, further research will be required to establish the extent to which this enzyme might
be associated with the impaired ADP-mediated vasodilation present in long-term diabetes.

A number of previous studies using STZ-induced diabetic rats have observed abnormalities
of responses to various vasoactive substances in a variety of blood vessels " %", In such
studies, diabetes is normally induced at a relatively young age in rats by giving STZ, and the
effects of STZ-induced diabetes are generally observed for a period of 8-20 weeks. In such
studies, Ralevic and colleagues found that /) at 8 weeks after the induction of STZ diabetes in
rats, sensory-motor-nerve-evoked vasodilatation was severely attenuated, although
sympathetic nerve and endothelial functions were normal ’” and 2) at 12 weeks after the
induction of STZ diabetes in rats, there was both pre-junctional impairment of sympathetic
neurotransmission and impaired endothelial function in mesenteric arterial beds 2. On the
other hand, vascular reactivity to agonists in long-term diabetic states has seldom been

investigated >”>. Some reports have suggested that in long-term diabetic states, the dynamic
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equilibrium for various nucleotides (1.e. between generation and metabolism) undergoes
alteration both systemically and locally '>"® 77 Although the present study has clearly
demonstrated that P2Y;-mediated vasodilatation is impaired in superior mesenteric arteries in
long-term STZ diabetic rats, further studies will be required focusing, for instance, on the
time-course of changes in the reactivity to P2Y agonists and in NO signaling in the diabetic

state to establish causal relationships.
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Conclusions

In the present study, I have investigated the mechanisms underlying the
diabetes-related changes in the extracellular nucleotides-induced responses in superior
mesenteric arteries from rats. I found that the COX-mediated and
endothelium-dependent contraction could be enhanced by not only ACh but also by
extracellular nucleotides. I also found that the enhancement of extracellular
nucleotide-induced contraction was attribute to the increased release of PGE; from
endothelial cells and to the enhancement of EP3 receptor-mediated vasoconstriction via
activation of the PKC3 pathway in smooth muscle cells. I believe that these findings play
an important role in make a great contribution to the exploration of therapeutic targets

for diabetes-associated vascular diseases.

The above findings lead to the following conclusions;

(Chapter 1) I found that pravastatin treatment (viz. 4-week treatment of OLETF rats already at
the chronic stage) normalized EDCF-induced contraction by suppressing Rho-kinase activity
and by promoting antioxidant activity in the superior mesenteric arteries from rats at the
chronic stage of type 2 diabetes. The vasculoprotective actions of pravastatin in OLETF
mesenteric arteries can be largely attributed to the suppression of EDCF signalling by a
cholesterol-independent pleiotropic effect.

The present study provides a credible explanation for the beneficial effects of statins on the

vascular system in type 2 diabetes.

(Chapter 2) The findings of this study indicate /) abnormal release of prostanoids from
endothelium and 2) increases in the expressions of phospho-cPLA,, COX-1, and COX-2 in
superior mesenteric artery from diabetes rats. The aberrant nucleotide-induced contractions
and the levels of PGE, and PGF,, release in diabetes rats could be normalized by losartan
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treatment via suppression of cPLA,/COX activity. I suggest that the diabetes-related
enhancement of nucleotides-mediated vasoconstriction is due to P2Y receptor-mediated
activation of the cPLA,/COX pathway and that losartan normalizes such contractions by

suppressing this pathway.

(Chapter 3) I investigated the mechanisms underlying the enhancement of PGE,-induced
contraction in superior mesenteric arteries from type 2 diabetic rats. Among the PGs, PGE,,
one of the important factors in EDCF, has been reported to be a vasoconstrictor mediated by
the EP1 and EP3 receptors in smooth muscle. In superior mesenteric arteries, /)
PGE;-induced vasocontraction was mediated by EP3, but not by EP1 receptor; 2) the
augmentation of the EP3 receptor-mediated vasocontraction in the GK artery was attributable
to activation of PKCd and increased phosphorylation of caldesmon and 3) no difference
observed in the expression of EP3 receptor between diabetic and control groups. My data
suggest that the diabetes-related enhancement of EP3 receptor-mediated vasocontraction
results from activation of the PKC8 pathway. Alterations in EP3 receptor-mediated
vasocontraction may play an important role in the abnormal vascular functions in chronic

diabetic states.

(Chapter 4) I found that /) the ADP-mediated vasodilation in superior mesenteric artery was
induced by the P2Y receptor and NO signalling, 2) the ADP-induced NO production was
reduced by dysfunction of eNOS activity (as evidenced by reduced the fold increase in eNOS

177 with no difference in fold increase in eNOS phospholation at Thr*®)

phospholation at Ser
in the STZ-induced diabetic superior mesenteric arteries and 3) the protein expression of
P2Y, receptor was not different between the control and diabetic groups. These results

suggest that P2Y j-receptor-mediated vasodilatation is impaired in superior mesenteric arteries

from long-term type 1 diabetic rats.

99



)

2)

3)

4)

List of publications

Pravastatin normalizes EDCF-mediated response via suppression of Rho-kinase signalling
in mesenteric artery from aged type 2 diabetic rat. : Ishida K, Matsumoto T, Taguchi K,
Kamata K, Kobayashi T. Acta Physiol, 205, 255-265 (2012).

Mechanisms underlying altered extracellular nucleotide-induced contractions in
mesenteric arteries from rats in later-stage type 2 diabetes: effect of ANG II type 1
receptor antagonism. : Ishida K, Matsumoto T, Taguchi K, Kamata K, Kobayashi T. Am
J Physiol Heart Circ Physiol, 301, H1850-61 (2011).

Protein kinase C delta contributes to increase in EP3 agonist-induced contraction in
mesenteric arteries from type 2 diabetic Goto-Kakizaki rats. : Ishida K, Matsumoto T,
Taguchi K, Kamata K, Kobayashi T. Pflugers Arch, 463, 593-602 (2012).

Mechanisms underlying reduced P2Y |-receptor-mediated relaxation in superior
mesenteric arteries from long-term streptozotocin-induced diabetic rats. : Ishida K,
Matsumoto T, Taguchi K, Kamata K, Kobayashi T, Acta Physiol, 207, 130-41 (2013).

100



Acknowledements

This research will never be materialized without the help of following people/organizations.

First, I would like to express my gratitude and application to my collaborator Dr. Katsuo
Kamata (Department of Physiology and Morphology, Hoshi University) and Professor

Tsuneo Kobayashi (Department of Physiology and Morphology, Hoshi University).

Also, I wish to thank Dr. Takayuki Matsumoto (Department of Physiology and Morphology,
Hoshi University) for their stimulating discussions and helpful support in my research work. I

wish to thank Dr. Kumiko Taguchi for their guidance in my research work.

I am also grateful to many people for their technical assistance, especially Ms. Megumi Iwade,
Ms. Masayo Egashira, Mr. Yuki Okutsu, Ms. Megumi Arai, Mr. Yuki Kaneko, Mr. Tadahiro
Kasuya, Mr. Tomoaki Kamiya, Mr. Syohei Mochizuki, Mr. Hiroki Ichimaru, Ms. Yui Seino,
Ms. Shiori Akazawa, Mr. Takashi Iijima, Mr. Akihiko Ito, Mr. Kento Kohara, Ms. Yukari

Tomioka, Mr. Hiroki Hanabusa, Ms. Yukari Iwamura and Ms. Emi Mihara.

101



References

General introduction

D Burnstock, G. Pathophysiology and therapeutic potential of purinergic signaling. Pharmacol Rev 58, 58—
86 (2006).

2) Burnstock, G. Purinergic regulation of vascular tone and remodelling. Autorn Autacoid Pharmacol 29,
63-72 (2009).

3) Erlinge, D. & Burnstock, G. P2 receptors in cardiovascular regulation and disease. Purinergic Signal 4,
1-20 (2008).

4) Gordon, E.L., Pearson, J.D. & Slakey, L.L. The hydrolysis of extracellular adenine nucleotides by
cultured endothelial cells from pig aorta. Feed-forward inhibition of adenosine production at the cell
surface. J Biol Chem 261, 15496-15507 (1986).

5) Abbracchio, M.P., Burnstock, G., Boeynaems, J.M., Barnard, E.A ., Boyer, J.L., Kennedy, C., Knight,
G.E., Fumagalli, M., Gachet, C., Jacobson, K.A. & Weisman, G.A. International union of pharmacology
LVIII: update on the P2Y G protein-coupled nucleotide receptors: from molecular mechanisms and
pathophysiology to therapy. Pharmacol Rev 58, 281-341 (2006).

6) Burnstock, G. Purine and pyrimidine receptors. Cell Mo! Life Sci 64, 1471-1483 (2007).

7) Erb, L., Liao, Z., Seye, C.I., Weisman, G.A. P2 receptors: intracellularsignaling. Pfliigers Arch 452,
552-562 (2006).

8) Ralevic, V. & Burnstock, G. Receptors for purines and pyrimidines. Pharmacol Rev 50, 413-492 (1998).
9) Inscho, E.-W., LeBlanc, E.A., Pham, B.T., White, S.M. & Imig, J.D. Purinoceptor-mediated calcium
signaling in preglomerular smooth muscle cells. Hypertension 33, 195-200 (1999).

10) Feletou, M., Huang, Y. & Vanhoutte, P.M. Endothelium-mediated control of vascular tone: COX-1 and
COX-2 products. Br J Pharmacol 164, 894-912 (2011).

11) Gluais, P., Vanhoutte, P.M. & Feletou, M. Mechanisms underlying ATP induced
endothelium-dependent contractions in the SHR aorta. Eur .J Pharmacol 556, 107-114 (2007).

12) Sowers, J.R. Insulin resistance and hypertension. Am J Physiol Heart Circ Physiol 286, H1597-H1602
(2004).

13) Ding, H. & Triggle, C.R. Endothelial dysfunction in diabetes: multiple targets for treatment. Pflugers
Arch 459, 977-994 (2010).

14) Hadi, H.A. & Suwaidi, J.A. Endothelial dysfunction in diabetes mellitus. Vasc Health Risk Manag 3,
853-876 (2007).

15) Potenza, M. A, Nacci, C., Gagliardi, S. & Montagnani, M. Cardiovascular complications in diabetes:
lessons from animal models. Curr Med Chem 18, 1806—1819 (2011).

16) Barton, M. Obesity and aging: determinants of endothelial cell dysfunction and atherosclerosis.
Pflugers Arch 460, 825-837 (2010).

17) Ergul, A. Endothelin-1 and diabetic complications: focus on the vasculature. Pharmacol Res 63, 477—
482 (2011).

18) Matsumoto, T., Ishida, K., Nakayama, N., Kobayashi, T. & Kamata, K. Involvement of NO and
MEK/ERK pathway in enhancement of endothelin-1-induced mesenteric artery contraction in later-stage
type 2 diabetic Goto-Kakizaki rat. Am J Physiol Heart Circ Physiol 296, H1388-H1397 (2009).

19) Cohen, R.A. & Vanhoutte, P.M. Endothelium-dependent hyperpolarization: beyond nitric oxide and
cyclic GMP. Circulation 92, 3337-3349 (19995).

20) Feletou, M. & Vanhoutte, P.M. Endothelial dysfunction: a multifaceted disorder (The Wiggers Award
Lecture). Am J Physiol Heart Circ Physiol 291, H985-H1002 (2006).

21) Pieper, G.M. Review of alterations in endothelial nitric oxide production in diabetes: protective role of

102



arginine on endothelial dysfunction. Hypertension 31,1047-1060 (1998).

22) Vanhoutte, P.M., Feletou, M. & Taddei, S. Endothelium-dependent contractions in hypertension. Br J
Pharmacol 144, 449458 (2005).

23) De Vriese, A.S., Verbeuren, T.J., Van de Voorde, J., Lameir, N.-H. & Vanhoutte, P.M. Endothelial
dysfunction in diabetes. Br J Pharmacol 130, 963-974 (2000).

24) Matsumoto, T., Kobayashi, T. & Kamata, K. A therapeutic target for microvascular complications in
diabetes: endothelium-derived hyperpolarizing factor. Curr Cardiol Rev 2, 185-191 (2006).

25) Tang, E.H. & Vanhoutte, P.M. Prostanoids and reactive oxygen species: team players in
endothelium-dependent contractions. Pharmaco! Ther 122, 140-9 (2009).

26) Coleman, R.A., Smith, W.L. & Narumiya, S. International Union of Pharmacology classification of
prostanoid receptors: properties, distribution, and structure of the receptors and their subtypes. Pharmacol
Rev 46, 205-229 (1994).

27) Narumiya, S., Sugimoto, Y. &Ushikub, F. Prostanoid receptors: structures, properties, and functions.
Physiol Rev 79, 1193-1226 (1999).

28) Woodward, D F., Jones, R.L. & Narumiya, S. International Union of Basic and Clinical Pharmacology.
LXXXIII: classification of prostanoid receptors, updating 15 years of progress. Pharmacol Rev 63, 471—
538 (2011).

29) Feletou, M. & Vanhoutte, P.M. The aiternative: EDHF. J. Moll. Cell. Cardiol 31, 15-22 (1999).

30) Dimmeler, S., Fleming, 1, Fisslthaler, B., Hermann, C., Busse, R. & Zeiher, A.M. Activation of nitric
oxide synthase in endothelial cells by Akt-dependent phosphorylation. Nature 399, 601-605 (1999).

31) Sessa, W.C. eNOS at a glance. J Cell Sci 117, 2427-2429 (2004).

32) da Silva, C.G., Specht, A., Wegiel, B., Ferran, C. & Kaczmarek, E. Mechanism of purinergic activation
of endothelial nitric oxide synthase in endothelial cells. Circulation 119, 871-879 (2009).

33) Hess, C.N., Kou, R,, Johnson, R.P., Li, G K. & Michel, T. ADP signaling in vascular endothelial cells:
ADP-dependent activation of the endothelial isoform of nitricoxide synthase requires the expression but not
the kinase activity of AMP-activated protein kinase. J Biol Chem 284, 32209-32224 (2009).

34) Chiasson, V.L., Quinn, M.A., Young, K.J. & Mitchell, B.M. Protein kinase Cbetall-mediated
phosphorylation of endothelial nitric oxide synthase threonine 495 mediates the endothelial dysfunction
induced by FK506 (tacrolimus). J Pharmacol Exp Ther 337, 718-723 (2011).

35) Lindholm, L.H., Ibsen, H., Dahlof, B., Devereux, R.B., Beevers, G., de Faire, U., Fyhrquist, F., Julius,
S., Kjeldsen, S.E., Kristiansson, K., Lederballe-Pedersen, O., Nieminen, M.S., Omvik, P., Oparil, S., Wedel,
H., Aurup, P, Edelman, J. & Snapinn, S.; Study Group LIFE. Cardiovascular morbidity and mortality in
patients with diabetes in the Losartan Intervention for Endpoint Reduction in Hypertension study (LIFE): a
randomized trial against atenolol. Lancet 359, 1004-1010 (2002).

Chapter 1
1) Vanhoutte, P.M., Shimokawa, H., Tang, E.H. & Feletou, M. Endothelial dysfunction and vascular

disease. Acta Physiol 196, 193-222 (2009).

2) Aalkjar, C., Boedtkjer, D. & Matchkov, V. Vasomotion— what is currently thought? Acta Physiol 202,
253-269 (2011).

3) Feletou, M. & Vanhoutte, P.M. Endothelial dysfunction: a multi-faceted disorder (The Wiggers Award
Lecture). Am J Physiol Heart Circ Physiol 292, H649-H656 (2006).

4) Tesauro, M. & Cardillo, C. Obesity, blood vessels and metabolic syndrome. Acta Physiol 203, 279-286
(2011).

5) Sowers, J.R. Insulin resistance and hypertension. 4m J Physiol 286, H1597-H1602 (2004).

6) Kawano, K., Hirashima, T., Mori, S., Saitoh, Y., Kurosumi, M. & Natori, T. Spontaneous long-term

103



hyperglycemic rat with diabetic complications, Otsuka Long-Evans Tokushima Fatty (OLETF) strain.
Diabetes 41, 1422-1428 (1992).

7) Kagota, S., Yamaguchi, Y., Nakamura, K. & Kunitomo, M. Altered endothelium-dependent
responsiveness in the aorta and renal arteries of Otsuka Long-Evans Tokushima Fatty (OLETF) rats, a
model of non-insulin-dependent diabetes mellitus. Gen Pharmacol 34, 201-209 (2000).

8) Matsumoto, T., Kakami, M., Noguchi, E., Kobayshi, T. & Kamata, K. Imbalance between
endothelium-derived relaxing and contracting factors in mesenteric arteries from aged OLETF rats, a model
of type 2 diadetes. Am J Physiol Heart Circ Physiol 293, H1480-H1490 (2007).

9) Matsumoto, T., Noguchi, E., Ishida, K., Kobayashi, T., Yamada, N. & Kamata, K. Metformin
normalized endothelial function by suppressing vasoconstrictor prostanoids in mesenteric arteries from
OLETEF rats, a model of type 2 diabetes. Am J Physiol Heart Circ Physiol 295, H1165-H1176 (2008).

10) Freeman, D.J., Norrie, J., Sattar, N., Neely, R.D., Cobbe, S. M., Ford, L, Isles, C., Lorimer, AR,
Macfarlane, P.W., McKillop, J.H., Packard, C.J., Shepherd, J. & Gaw, A. Pravastatin and the development
of diabetes mellitus: evidence for a protective treatment effect in the West of Scotland Coronary Prevention
Study. Circulation 103, 357-362 (2001).

11) Takemoto, M. & Liao, J.K. Pleiotropic effects of 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitors. Arterioscler Thromb Vasc Biol 21, 1712-1719 (2001).

12) Nohria, A, Prsic, A., Liu, P.Y., Okamoto, R., Creager, M. A_, Selwyn, A., Liao, J K. & Ganz, P.
Statins inhibit Rho kinase activity in patients with atherosclerosis. Atherosclerosis 205, 517-521 (2009).
13) Yu, Y., Ohmori, K., Chen, Y., Sato, C., Kiyomoto, H., Shinomiya, K., Takeuchi, H., Mizushige, K. &
Kohno, M. Effects of pravastatin on progression of glucose intolerance and cardiovascular remodeling in a
type Il diabetic model. J Am Coll Cardiol 44, 904-913 (2004).

14) Chen, Y., Ohmori, K., Mizukawa, M., Yoshida, J., Zeng, Y., Zhang, L., Shinomiya, K., Kosaka, H. &
Kohno, M. Differential impact of atrovastatin vs pravastatin on progressive insulin resistance and left
ventricular diastolic dysfunction in a rat model of type II diabetes. Circ J 71, 144-152 (2007).

15) Kajikuri, J., Watanabe, Y., Ito, R., Yamamoto, T. & Itoh, T. Characteristic changes in coronary artery
at the early hyperglycemic stage in a rat type 2 diabetes model and the effects of pravastatin. BrJ
Pharmacol 158, 621-632 (2009).

16) Kobayashi, T., Matsumoto, T. & Kamata, K. Mechanisms underlying the chronic pravastatin
treatment-induced improvement in the impaired endothelium-dependent aortic relaxation seen in
streptozotocin-induced diabetic rats. Br J Pharmacol 131, 231-238 (2000).

17) Rakotoniaina, Z., Guerard, P., Lirussi, F., Goirand, F., Rochette, L., Dumas, M. & Bardou, M. The
protective effect of HMG-CoA reductase inhibitors against monocrotaline-induced pulmonary hypertension
in the rat might not be a class effect: comparison of pravastatin and atrovastatin. Naunyn Schmiedebergs
Arch Pharmacol 374, 195-206 (2006).

18) Gluais, P., Vanhoutte, P.M. & Feletou, M. Mechanisms underlying ATP-induced
endothelium-dependent contractions in the SHR aorta. Eur J Pharmacol 556, 107-114 (2007).

19) Shimokawa, H. & Takeshita, A. Rho kinase is an important therapeutic target in cardiovascular
medicine. Arterioscler Thromb Vasc Biol 25, 1767-1775 (2005).

20) Chan, C.K., Mark, J.C., Man, R.Y. & Vahnhoutte, P. M. Rho kinase inhibitors prevent
endothelium-dependent contractions in the rat aorta. J Pharmacol Exp Ther 329, 820-826 (2009).

21) Denniss, S.G., Jeffery, A.J. & Ruch, J.W. RhoA-Rho kinase signaling mediates endothelium- and
endoperoxidedependent contractile activities characteristic of hypertensive vascular dysfunction. Am J
Physiol Heart Circ Physiol 298, H1391-H1405 (2010).

22) Bagi, Z., Erdei, N, Toth, A., Li, W., Hintze, T.H., Koller, A. & Kaley, G. Type 2 diabetic mice have
increased arteriolar tone and blood pressure: enhanced release of COX-2 derived constrictor prostaglandins.

104



Arterioscler Thromb Vasc Biol 25, 16101616 (2005).

23) Pannirselvam, M., Wiehler, W.B., Anderson, T. & Triggle, C.R. Enhanced vascular reactivity of small
mesenteric arteries from diabetic mice is associated with enhanced oxidative stress and cyclooxygenase
products. BrJ Pharmacol 144, 953-960 (2005).

24) Matsumoto, T., Ishida, K., Nakayama, N., Taguchi, K., Kobayshi, T. & Kamata, K. Mechanisms
underlying the losartan treatment-induced improvement in the endothelial dysfunction seen in mesenteric
arteries from type 2 diabetic rats. Pharmacol Res 62, 271-281 (2010).

25) Yamanouchi, D., Banno, H., Nakayama, M., Sugimoto, M., Fujita, H., Kobayashi, M., Kuwano, H. &
Komori, K. Hydrophilic statin suppresses vein graft intimal hyperplasia via endothelial cell-tropic
Rho-kinase inhibition. J Vasc Surg 42, 757-764 (2005).

26) Xu, Z., Okamoto, H., Akino, M., Onozuka, H., Matsui, Y. & Tsutsui, H. Pravastatin attenuates left
ventricular remodeling and diastolic dysfunction in angiotensin II-induced hypertensive mice. J Cardiovasc
Pharmacol 51, 62-70 (2008).

27) Matsui, T., Maeda, M., Doi, Y., Yonemura, S., Amano, M., Kaibuchi, K., Tsukita, S. & Tsukita, S.
Rho-kinase phosphorylates COOH-terminal threonines of ezrin/radixin/ moesin (ERM) proteins and
regulates their head-to-tail association. J Cell Biol 140, 647-657 (1998).

28) Ito, K., Hirooka, Y., Kimura, Y., Sagara, Y. & Sunagawa, K. Ovariectomy augments hypertension
through rhokinase activation in the brain stem in female spontaneously hypertensive rats. Hypertension 48,
651-657 (2006).

29) Nuno, D.W., Korovkina, V.P., England, S K. & Lamping, K.G. RhoA activation contributes to sex
differences in vascular contractions. Arterioscler Thromb Vasc Biol 27, 1934-1940 (2007).

30) Tang, E.H. & Vanhoutte, P.M. Prostanoids and reactive oxygen species: team players in
endothelium-dependent contractions. Pharmacol Ther 122, 140-149 (2009).

31) Ii, M. & Losordo, D.W. Statins and the endothelium. Vascul Pharmacol 46, 1-9 (2007).

32) Masumoto, A., Hirooka, Y., Hironaga, K., Eshima, K., Setoguchi, S., Egashira, K. & Takeshita, A.
Effect of pravastatin on endothelial function in patients with coronary artery disease
(cholesterol-independent effect of pravastatin). Am J Cardiol 88, 1291-1294 (2001).

33) Ohkawara, H., Ishibashi, T., Saitoh, S., Inoue, N., Sugimoto, K., Kamioka, M., Uekita, H., Kaneshiro,
T., Ando, K., Takuwa, Y., Maruyama, Y. & Takeishi, Y. Preventive effects of pravastatin on
thrombin-triggered vascular responses via Akt/eNOS and RhoA/Racl pathways in vivo. Cardiovasc Res 88,
492-501 (2010).

34) Yamamoto, E., Yamashita, T., Tanaka, T., Kataoka, K., Tokutomi, Y., Lai, Z.F., Dong, Y.F., Matsuba,
S., Ogawa, H. & Mitsuyama, S.K. Pravastatin enhances beneficial effects of olmesartan on vascular injury
of salt sensitive hypertensive rats, via pleiotropic effects. Arterioscler Thromb Vasc Biol 27, 556-563
(2007).

35)Koh, K K., Quon, M.J., Han, SH, Lee, Y., Kim, S.J, Park, J.B. & Shin, E K. Differential metabolic
effects of pravastatin and simvastatin in hypercholesterolemic patients. Atherosclerosis 204, 483-490
(2609).

36) Glorioso, N., Troffa, C., Filigheddu, F., Dettori, F., Soro, A., Parpaglia, P.P., Collatina, S. & Pahor, M.
Effect of the HMG-CoA reductase inhibitors on blood pressure in patients with essential hypertension and
primary hypercholesterolemia. Hypertension 34, 1281-1286 (1999).

37) Higashi, M., Shimokawa, H., Hattori, T., Mukai, Y., Morikawa, K., Ichiki, T., Takahashi, S. &
Takeshita, A. Long-term inhibition of Rho-kinase suppresses angiotensin [I-induced cardiovascular
hypertrophy in rats in vivo. Effect on endothelial NAD(P)H oxidase system. Circ Res 93, 767775 (2003).
38) Brozovich, F.V. Rho signaling: agonist stimulation and depolarization come together. Circ Res 93,
481-483 (2003).

105



39) Steinberg, H.O., Tarshoby, M., Monestel, R., Hook, G., Cronin, J., Johnson, A., Bayazeed, B. & Baron,
A.D. Elevated circulating free fatty acid levels impair endothelium-dependent vasodilation. J Clin Invest
100, 1230-1239 (1997).

40) Creager, M A, Luscher, T.F., Cosentino, F. & Beckman, J.A. Diabetes and vascular disease:
pathophysiology, clinical consequences, and medical therapy. Part I. Circulation 108, 1527-1532 (2003).
41) Azekoshi, Y., Yasu, T., Watanabe, S., Tagawa, T., Abe, S., Yamakawa, K., Uehara, Y., Momomura, S.,
Urata, H. &Ueda, S. Free fatty acid causes leukocyte activation and resultant endothelial dysfunction
through enhanced angiotensin II production in mononuclear and polymorphonuclear cells. Hypertension 56,
136-142 (2010).

42) Mizukawa, M., Ohmori, K., Obayashi, A., Ishihara, Y., Yoshida, J., Noma, T., Yukiiri, K., Kosaka, H.
& Kohno, M. Effects of combined olmesartan and pravastatin on glucose intolerance and cardiovascular
remodeling in a metabolic-syndrome model. Hypertens Res 32, 617-624 (2009).

43) Matsuzaki, G., Ishizaka, N., Furuta, K., Hongo, M., Saito, K., Sakurai, R., Koike, K. & Nagai, R.
Comparison of vasculoprotective effects of benidipine and losartan in a rat model of metabolic syndrome.
Eur J Pharmacol 587,237-242 (2008).

Chapter 2
1) Burnstock, G. Pathophysiology and therapeutic potential of purinergic signaling. Pharmacol Rev 58, 58—

86 (2006).

2) Erlinge, D. & Burnstock, G. P2 receptors in cardiovascular regulation and disease. Purinergic Signal 4,
1-20 (2008).

3) Burnstock, G. Purine and pyrimidine receptors. Cell Mol Life Sci 64, 1471-1483 (2007).

4) Ralevic, V. & Burnstock, G. Receptors for purines and pyrimidines. Pharmacol Rev 50, 413—492 (1998).
5) Inscho, E'W., LeBlanc, E. A, Pham, B.T., White, $ M. & Imig, J.D. Purinoceptor-mediated calcium
signaling in preglomerular smooth muscle cells. Hypertensior 33, 195-200 (1999).

6) Feletou, M., Huang, Y. & Vanhoutte, P.M. Endothelium-mediated control of vascular tone: COX-1 and
COX-2 products. Br.J Pharmacol 164, 894-912 (2011).

7) Gluais, P., Vanhoutte, P.M. & Feletou, M. Mechanisms underlying ATPinduced endothelium-dependent
contractions in the SHR aorta. Eur J Pharmacol 556, 107-114 (2007).

8) Sowers, J.R. Insulin resistance and hypertension. Am J Physiol Heart Circ Physiol 286, H1597-H1602
(2004).

9) Matsumoto, T., Ishida, K., Nakayama, N., Taguchi, K., Kobayashi, T. & Kamata, K. Mechanisms
underlying the losartan treatment-induced improvement in the endothelial dysfunction seen in mesenteric
arteries from type 2 diabetic rats. Pharmacol Res 62, 271-281 (2010).

10) Matsumoto, T., Kakami, M., Noguchi, E., Kobayashi, T. & Kamata, K. Imbalance between
endothelium-derived relaxing and contracting factors in mesenteric arteries from aged OLETF rats, a model
of type 2 diabetes. Am J Physiol Heart Circ Physiol 293, H1480-H1490 (2007).

11) Matsumoto, T., Nakayama, N., Ishida, K., Kobayashi, T. & Kamata K. Eicosapentaenoic acid improves
imbalance between vasodilator and vasoconstrictor actions of endothelium-derived factors in mesenteric
arteries from rats at chronic stage of type 2 diabetes. J Pharmacol Exp Ther 329, 324-334 (2009).

12) Matsumoto, T., Noguchi, E., Ishida, K., Kobayashi, T., Yamada, N. & Kamata K. Metformin
normalizes endothelial function by suppressing vasoconstrictor prostanoids in mesenteric arteries from
OLETF rats, a model of type 2 diabetes. Am J Physiol Heart Circ Physiol 295, H1165-H1176 (2008).

13) Sachidanandam, K., Elgebaly, M.M., Harris, A K., Hutchinson, J.R., Mezzetti, E M., Portik-Dobos, V.
& Ergul, A. Effect of chronic and selective endothelin receptor antagonism on microvascular function in
type 2 diabetes. Am J Physiol Heart Circ Physiol 294, H2743-H2749 (2008).

106



14) Serpillon, S., Floyd, B.C., Gupte, R.S., George, S., Kozicky, M., Neito, V., Recchia, F., Stanley, W,
Wolin, M.S. & Gupte, S.A. Superoxide production by NAD(P)H oxidase and mitochondria is increased in
genetically obese and hyperglycemic rat heart and aorta before the development of cardiac dysfunction.
The role of glucose-6-phosphate dehydrogenase-derived NADPH. Am J Physiol Heart Circ Physiol 297,
H153-H162 (2009).

15) Matsumoto, T., Ishida, K., Taguchi, K., Kobayashi, T. & Kamata, K. Losartan normalizes
endothelium-derived hyperpolarizing factor-mediated relaxation by activating Ca**activated K channels in
mesenteric artery from type 2 diabetic GK rat. J Pharmacol Sci 112, 299-309 (2010).

16) Goto, Y., Kakizaki, M. & Masaki, N. Production of spontaneous diabetic rats by repetition of selective
breeding. Tohoku J Exp Med 119, 85-90 (1976).

17) Kobayashi, T., Matsumoto, T., Ooishi, K. & Kamata, K. Differential expression of o;p-adrenoceptor
and eNOS in aortas from early and later stages of diabetes in Goto-Kakizaki rats. Am J Physiol Heart Circ
Physiol 287, H135-H143 (2004).

18) Matsumoto, T., Ishida, K., Nakayama, N., Kobayashi, T. & Kamata, K. Involvement of NO and
MEK/ERK pathway in enhancement of endothelin-1-induced mesenteric artery contraction in later-stage
type 2 diabetic Goto-Kakizaki rat. Am J Physiol Heart Circ Physiol 296, H1388-H1397 (2009).

19) Matsumoto, T., Ishida, K., Taguchi, K., Kobayashi, T. & Kamata, K. Short-term angiotensin-1 receptor
antagonism in type 2 diabetic Goto-Kakizaki rats normalizes endothelin-1-induced mesenteric artery
contraction. Peptides 31, 609-617 (2010).

20) Lindholm, L. H., Ibsen, H., Dahlof, B., Devereux, R.B., Beevers, G, de Faire, U., Fyhrquist, F., Julius,
S., Kjeldsen, S.E., Kristiansson, K., Lederballe-Pedersen, O., Nieminen, M.S., Omvik, P., Oparil, S., Wedel,
H., Aurup, P., Edelman, J. & Snapinn, S.; Study Group LIFE. Cardiovascular morbidity and mortality in
patients with diabetes in the Losartan Intervention for Endpoint Reduction in Hypertension study (LIFE): a
randomized trial against atenolol. Lancet 359, 1004-1010 (2002).

21) Zhou, M.S.& Schulman, L.H. Prevention of diabetes in hypertensive patients: results and implications
from the VALUE trial. Vasc Health Risk Manag 5, 361-368 (2009).

22) Harhun, MLL, Povstyan, O.V.& Gordienko, D.V. Purinoceptor-mediated current in myocytes from
renal resistance arteries. Br J Pharmacol 160, 987-997 (2010).

23) Lamont, C., Vial, C., Evans, R.J. & Wier, W.G. P2X1 receptors mediate sympathetic postjunctional
Ca’" transient in mesenteric small arteries. Am J Physiol Heart Circ Physiol 291, H3106-H3113 (2006).
24) Mamedova, L.K., Wang, R., Besada, P., Liang, B.T. & Jacobson, K.A. Attenuation of apoptosis in vitro
and ischemia/reperfusion injury in vivo in mouse skeletal muscle by P2Y6 receptor activation. Pharmacol
Res 58, 232-239 (2008).

25) Judkins, C.P., Sobey, C.G., Dang, T.T., Miller, A A., Dusting, G.J.& Drummond, G.R.
NADPH-induced contractions of mouse aorta do not involve NADPH oxidase: a role for P2X receptors. .JJ
Pharmacol Exp Ther 317, 644—650 (2006).

26) Soto, F., Lambrecht, G., Nickel, P., Stuhmer, W. & Busch, A.E. Antagonistic properties of the suramin
analogue NF023 at heterogously expressed P2Y receptors. Neuropharmacology 38, 141-149 (1999).
27)Baek, EB., Yoo, H.Y ., Park, S.J., Kim, H.S., Kim, S.D., Earm, Y.E. & Kim, S.J. Luminal
ATP-induced contraction of rabbit pulmonary arteries and role of purinoceptors in the regulation of
pulmonary arterial pressure. Pfliigers Arch 457,281-291 (2008).

28) Ralevic, V. & Burnstock, G. Relative contribution of P2U- and P2Y-purinoceptors to
endothelium-dependent vasodilatation in the golden hamster isolated mesenteric arterial bed. Br.J
Pharmacol 117, 1797-1802 (1996).

29) Yang, D., Feletou, M., Levens, N., Zhang, JN. & Vanhoutte, P.M. A diffusible substance(s) mediates
endothelium-dependent contractions in the aorta of SHR. Hypertension 41, 143-148 (2003).

107



30) Bhattacharyya, D K., Lecomte, M., Dunn, J., Morgans, D.J. & Smith, W.L. Selective inhibition of
prostaglandin endoperoxide synthase-1 (cyclooxygenase-1) by valerylsalicylic acid. Arch Biochem Biophys
317, 19-24 (1995).

31) Tang, E.H., Ku, D.D,, Tipoe, G.L., Feletou, M., Man, R.Y. & Vanhoutte, P.M. Endothelium-dependent
contractions occur in the aorta of wild-type and COX2™" knockout but not COX1” knockout mice. J
Cardiovasc Pharmacol 46, 761-76 (2005).

32) Freeman, E.J., Sheakley, M.L. & Clements, R.J. Angiotensin [I-dependent growth of vascular smooth
muscle cells requires transactivation of the epidermal growth factor receptor via a cytosolic phospholipase
A,-mediated release of arachidonic acid. Arch Biochem Biophys 498, 50-56  (2010).

33) Banes-Berceli, A K., Ketsawatsomkron, P., Ogbi, S., Patel, B., Pollock, D.M. & Marrero, M.B.
Angiotensin II and endothelin-1 augment the vascular complications of diabetes via JAK2 activation. 4m J
Physiol Heart Circ Physiol 293, H1291-H1299 (2007).

34) Lin, L.L., Wartmann, M., Lin, A.Y., Knopf, J.L., Seth, A. & Davis, R.J. cPLA; is phosphorylated and
activated by MAP kinase. Cell 72, 269-278 (1993).

35) Tang, EH., Leung, F.P., Huang, Y, Feletou, M., So, K.F., Man, R.Y. & Vanhoutte, P.M. Calcium and
reactive oxygen species increase in endothelial cells in response to releasers of endothelium-derived
contracting factor. Br J Pharmacol 151, 15-23 (2007).

36) Tang, E.H. & Vanhoutte, P.M. Prostanoids and reactive oxygen species: team players in
endothelium-dependent contractions. Pharmacol Ther 112, 140-149 (2009).

37) Vanhoutte, P.M., Shimokawa, H., Tang, E.H. & Feletou, M. Endothelial dysfunction and vascular
disease. Acta Physiol 196, 193-222 (2009).

38) Vanhoutte, P.M. & Tang, E.H. Endothelium-dependent contractions: when a good guy turns bad! J
Physiol 586, 5295-5304 (2008).

39) Wang, H.D., Pagano, P.J., Du, Y., Cayatte, A.J., Quinn, M.T., Brecher, P. & Cohen, R.A. Superoxide
anion from the adventitia of the rat thoracic aorta inactivates nitric oxide. Circ Res 82, 810-818 (1998).
40) Gronros, ., Jung, C., Lundberg, J.O., Cerrato, R., Ostenson, C.G. & Pernow, J. Arginase inhibition
restores in vivo coronary microvascular function in type 2 diabetic rats. Am .J Physiol Heart Circ Physiol
300, H1174-H1181 (2011).

41) Gupte, S., Labinskyy, N., Gupte, R., Csiszar, A., Ungvari, Z. & Edwards, J.G. Role of NAD(P)H
oxidase in superoxide generation and endothelial dysfunction in Goto-Kakizaki (GK) rats as a model of
nonobese NIDDM. PLos One 5, 11800 (2010).

42) Kazuyama, E., Saito, M., Kinoshita, Y., Satoh, 1., Dimitriadis, F. & Satoh, K. Endothelial dysfunction
in the early- and late-stage type 2 diabetic Goto-Kakizaki rat aorta. Mol Cell Biochem 332, 95-102 (2009).
43) Wang, L., Karisson, L., Moses, S., Hultgardh-Nilsson, A., Andersson, M., Borna, C., Gudbjartsson, T.,
Jem, S. & Erlinge, D. P2 receptor expression profiles in human vascular smooth muscle and endothelial
cells. J Cardiovasc Pharmacol 40, 841-853 (2002).

44) Nori, S., Fumagalli, L., Bo, X., Bogdanov, Y. & Bumstock, G. Coexpression of mRNAs for P2X1,
P2X2 and P2X4 receptors in rat vascular smooth muscle: an in situ hybridization and RT-PCR study. J
Vasc Res 35, 179-185 (1998).

45) Turner, C.M., Vonend, O., Chan, C., Burnstock, G. & Unwin, R.J. The pattern of distribution of
selected ATP-sensitive P2 receptor subtypes in normal rat kidney: an immunohistological study. Cell
Tissues Organs 175, 105-117 (2003).

46) North, R.A. Molecular physiology of P2X receptors. Physiol Rev 82, 1013-1067 (2002).

47) Abbracchio, M.P., Burnstock, G., Boeynaems, J. M., Barnard, E.A_, Boyer, J.L., Kennedy, C., Knight,
G.E., Fumagalli, M., Gachet, C., Jacobson, K.A. & Weisman, G,A. International Union of Pharmacology
LVIII update on the P2Y G protein-coupled nucleotide receptors: from molecular mechanisms and

108



pathophysiology to therapy. Pharmacol Rev 58, 281-341 (2006).

48) Gui, Y., Walsh, M.P., Jankowski, V., Jankowski, J. & Zheng, X L. Up4A stimulates
endothelium-independent contraction of isolated rat pulmonary artery. Am J Physiol Lung Cell Mol Physiol
294, 1.733-1.738 (2008).

49) Bartoo, A.C., Nelson, M. T. & Mawe, G.M. ATP induces guinea pig gallbladder smooth muscle
excitability via the P2Y4 receptor and COX-1 activity. Am .J Physiol Gastrointest Liver Physiol 29, G1362~
G1368 (2008).

50) Berenbaum, F., Humbert, L., Bereziat, G. & Thirion, S. Concomitant recruitment of ERK1/2 and p38
MAPK signaling pathway is required for activation of cytoplasmic phospholipase A, via ATP in articular
chondrocytes. J Biol Chem 278, 13680-13687 (2003).

51)Ruan, Y.C., Wang, Z., Du, J.Y,, Zuo, W.L., Guo, J.H., Zhang, J., Wu, ZL., Wong, H.Y ., Chung, Y.W.,
Chan, H.C. & Zhou, W.L. Regulation of smooth muscle contractility by the epithelium in rat vas deferens:
role of ATP-induced release of PGE,. J Physiol 586, 48434857 (2008).

52) Raqeeb, A., Sheng, J., Ao, N. & Braun, A P. Purinergic P2Y2 receptors mediate rapid Ca®*
mobilization, membrane hyperpolarization and nitric oxide production in human vascular endothelial cells.
Cell Calcium 49, 240-248 (2011).

53) Wong, S.L., Leung, F.P., Lau, CW., Ay, C.L., Yung, L. M., Yao, X,, Chen, Z.Y., Vanhoutte, P.M.,
Gollasch, M. & Huang, Y. Cyclooxygenase-2-derived prostaglandin F,, mediates endothelium-dependent
contractions in the aortae of hamsters with increased impact during aging. Circ Res 104, 228-235 (2009).
54) Thaning, P, Bune, L.T., Hellsten, Y, Pilegaard, H., Saltin, B. & Rosenmeier, J.B. Attenuated
purinergic receptor function in patients with type 2 diabetes. Diabefes 59, 182—-189 (2010).

55) Cavaliere, F., Sancesario, G., Bernardi, G. & Volonte, C. Extracellular ATP and nerve growth factor
intensify hypoglycemia-induced cell death in primary neurons: role of P2 and NGFRp75 receptors. J
Neurochem 83, 1129-1138 (2002).

56) Xia, P., Kramer, R M. & King, G.L. Identification of the mechanism for the inhibition of Na,
K-adenosine triphosphatase by hyperglycemia involving activation of protein kinase C and cytosolic
phospholipase A,. J Clin Invest 96, 733-740 (1995).

57) Isenovic, E.R., Fretaud, M., Dobutovic, B., Sudar, E., Smiljanic, K., Zaric, B., Trpkovic, A. & Marche,
P. A novel hypothesis regarding the possible involvement of cytosolic phospholipase 2 in
insulin-stimulated proliferation of vascular smooth muscle cells. Cell Biol Int 33, 386-392 (2009).

58) Freeman, E.J., Ruehr, M.L. & Dorman, R.V. ANG Il-induced translocation of cytosolic PLA; to the
nucleus in vascular smooth muscle cells. Am J Physiol Cell Physiol 274, C282-C288 (1998).

59) Chrysant, S.G. & Chrysant, G.S. The pleiotropic effects of angiotensin receptor blockers. J Clin
Hypertens 8, 261-268 (2006).

60) Beltran, A E., Briones, A M., Garcia-Redondo, A.B., Rodriguez, C., Miguel, M., Alvarez, Y., Alonso,
M.J., Martinez-Gonzalez, J. & Salaices, M. p38 MAPK contributes to angiotensin II-induced COX-2
expression in aortic fibroblasts from normotensive and hypertensive rats. J Hypertens 27, 142-154 (2009).
61) Wang, D., Chabrashvilli, T. & Wilcox, C.S. Enhanced contractility of renal afferent arterioles from
angiotensin-infused rabbit: roles of oxidative stress, thromboxane prostanoid receptors, and endothelium.
Circ Res 94, 1436-1442 (2004).

62) Alvarez, Y., Perez-Giron, J.V., Hermanz, R., Briones, A.M., Garcia-Redondo, A., Beltran, A., Alonso,
M.J. & Salaices, M. Losartan reduces the increased participation of cyclooxygenase-2-derived products in
vascular responses of hypertensive rats. J Pharmacol Exp Ther 32, 381-388 (2007).

63) Huang, A., Yan, C., Suematsu, N., Cuevas, A., Yang, Y. M., Kertowidjojo, E., Hintze, T.H., Kaley, G.
& Sun, D. Impaired flow-induced dilation of coronary arterioles of dogs fed a low-salt diet: roles of ANG
I, PKC, and NAD(P)H oxidase. Am J Physiol Heart Circ Physiol 299, H1476-H1483 (2010).

109



64) Brabury, D.A_, Newton, R., Zhu, Y.M., El-Haroun, H., Corbett, L. & Knox, A J. Cyclooxygenase-2
induction by bradykinin in human pulmonary artery smooth muscle cells is mediated by the cyclic AMP
response element through a novel autocrine loop involving endogenous prostaglandin E; E-prostanoid 2
(EP2), and EP4 receptors. J Biol Chem 278, 49954-49964 (2003).

65) Stanke-Labesque, F., Mallaret, M., Lefebvre, B., Hardy, G., Caron, F. & Bessard, G. 2-Arachidonoyl
glycerol induces contraction of isolated rat aorta: role of cyclooxygenase-derived products. Cardiovasc Res
63, 155-160 (2004).

Chapter 3
1) Coleman, R.A., Smith, W L. & Narumiya, S. International Union of Pharmacology classification of

prostanoid receptors: properties, distribution, and structure of the receptors and their subtypes. Pharmaco!l
Rev 46, 205-229 (1994).

2) Feletou, M., Huang, Y. & Vanhoutte, P.M. Vasoconstrictor prostanoids. Pflugers Arch 459, 941-950
(2010).

3) Narumiya, S., Sugimoto, Y. & Ushikubi, F. Prostanoid receptors: structures, properties, and functions.
Physiol Rev 79, 1193-1226 (1999).

4) Virdis, A., Ghiadoni, L. & Taddei, S. Human endothelial dysfunction: EDCFs. Pflugers Arch 459, 1015—
1023 (2010).

5) Woodward, D.F., Jones, R.L. & Narumiya, S. International Union of Basic and Clinical Pharmacology.
LXXXIII: classification of prostanoid receptors, updating 15 years of progress. Pharmacol Rev 63, 471-
538 (2011).

6) Wright, D.H., Abran, D., Bhattacharya, M., Hou, X., Bemnier, S.G., Bouayad, A., Fouron, J.C,,
Vazquez-Tello, A., Beauchamp, M.H., Clyman, R I, Peri, K., Varma, D.R. & Chemtob, S. Prostanoid
receptors: ontogeny and implications in vascular physiology. Am J Physiol Regul Integr Comp Physiol 281,
R1343-R1360 (2001).

7) Yuhki, K., Kojima, F., Kashiwagi, H., Kawabe, J., Fujino, T., Narumiya, S. & Ushikubi, F. Roles of
prostanoids in the pathogenesis of cardiovascular diseases: novel insights fromknockoutmouse studies.
Pharmacol Ther 129, 195-205 (2011).

8) Qian, Y.M,, Jones, R.L., Chan, K M., Stock, A.I. & Ho, J.K. Potent contractile actions of prostanoid
EP3-receptor agonists on human isolated pulmonary artery. Brit J Pharmacol 113, 369-374 (1994).

9) Jones, R.L., Qian, Y.M., Chan, K.M. & Yim, A P. Characterization of a prostanoid EP3-receptor in
guinea-pig aorta: partial agonist action of the non-prostanoid ONO-AP-324. Brit J Pharmacol 125, 1288
1296 (1998).

10) Jadhav, V, Jabre, A., Lin, S.Z. & Lee, T.J. EP1- and EP3-receptors mediate prostaglandin E2-induced
constriction of porcine large cerebral arteries. J Cereb Blood Flow Metab 24, 1305-1316 (2004).

11) Tang, E.H., Jensen, B.L., Skott, O., Leung, G.P., Feletou, M., Man, R.Y. & Vanhoutte, P.M. The role
of prostaglandin E and thromboxaneprostanoid receptors in the response to prostaglandin E; in the aorta of
Wistar Kyoto rats and spontaneously hypertensive rats. Cardiovasc Res 78, 130-138 (2008).

12) Kobayashi, K., Murata, T., Hori, M. & Ozaki, H. Prostaglandin E2-prostanoid EP3 signal induces
vascular contraction via nPKC and ROCK activation in rat mesenteric artery. Eur J Pharmacol 660, 375-
380 (2011).

13) Shum, W.W ., Le, G.Y., Jones, R.L., Gurney, A.M. & Sasaki, Y. Involvement of Rho-kinase in
contraction of guinea-pig aorta induced by prostanoid EP3 receptor agonists. BritJ Pharmacol 139, 1449—
1461 (2003).

14) Ding, H. & Triggle, C.R. Endothelial dysfunction in diabetes: multiple targets for treatment. Pflugers
Arch 459, 977-994 (2010).

110



15) Hadi, H.A. & Suwaidi, J.A. Endothelial dysfunction in diabetes mellitus. Vasc Health Risk Manag 3,
853-876 (2007).

16) Potenza, M.A., Nacci, C., Gagliardi, S. & Montagnani, M. Cardiovascular complications in diabetes:
lessons from animal models. Curr Med Chem 18, 1806-1819 (2011).

17) Reaven, G.M. Insulin resistance: the link between obesity and cardiovascular disease. Med Clin North
Am 95, 875-892 (2011).

18) Yamagish,i S., Nakamura, K. & Matsui, T. Regulation of advanced glycation end product
(AGE)-receptor (RAGE) system by PPAR gamma agonists and its implication in cardiovascular disease.
Pharmacol Res 60, 174-178 (2009).

19) Barton, M. Obesity and aging: determinants of endothelial cell dysfunction and atherosclerosis.
Pflugers Arch 460, 825-837 (2010).

20) Ergul, A. Endothelin-1 and diabetic complications: focus on the vasculature. Pharmacol Res 63, 477—
482 (2011).

21) Matsumoto, T., Ishida, K., Nakayama, N., Kobayashi, T. & Kamata, K. Involvement of NO and
MEK/ERK pathway in enhancement of endothelin-1-induced mesenteric artery contraction in later-stage
type 2 diabetic Goto-Kakizaki rat. Am J Physiol Heart Circ Physiol 296, H1388-H1397 (2009).

22) Kobayashi, T., Matsumoto, T., Ooishi, K. & Kamata, K. Differential expression of
alpha2D-adrenoceptor and eNOS in aortas from early and later stages of diabetes in Goto-Kakaizaki rats.
Am J Physiol Heart Circ Physiol 287, H135-H143 (2004).

23) Nemoto, S., Kobayashi, T., Taguchi, K., Matsumoto, T. & Kamata K. Losartan improves aortic
endothelium-dependent relaxation via proline-rich tyrosine kinase 2/Src/Akt pathway in type 2 diabetic
Goto-Kakizaki rats. Am J Physiol Heart Circ Physiol 301, H2383-H2394 (2011).

24) Matsumoto, T., Ishida, K., Taguchi, K., Kobayashi, T. & Kamata, K. Losartan normalizes
endothelium-derived hyperpolarizing factor-mediated relaxation by activating Ca®"-activated K channels in
mesenteric artery from type 2 diabetic GK rat. J Pharmacol Sci 112, 299-309 (2010).

25) Matsumoto, T., Ishida, K., Taguchi, K., Kobayashi, T. & Kamata, K. Short-term angiotensin-1 receptor
antagonism in type 2 diabetic Goto-Kakizaki rats normalizes endothelin-1-induced mesenteric artery
contraction. Peptides 31, 609-617 (2010).

26) Ishida, K., Matsumoto, T., Taguchi, K., Kamata, K. & Kobayashi, T. Mechanisms underlying altered
extracellular nucleotide-induced contractions in mesenteric arteries from rats in later-stage type 2 diabetes:
effect of ANG II type 1 receptor antagonism. Am J Physiol Heart Circ Physiol 301, H1850-H1861 (2011).
27) Matsumoto, T., Ishida, K., Nakayama, N., Taguchi, K., Kobayashi, T. & Kamata, K. Mechanisms
underlying the losartan treatmentinduced improvement in the endothelial dysfunction seen in mesenteric
arteries from type 2 diabetic rats. Pharmacol Res 62, 271-281 (2010).

28) Natarajan, R. & Nadler, J.L. Lipid inflammatory mediators in diabetic vascular disease. Arferioscler
Thromb Vasc Biol 24, 1542-1548 (2004).

29) Koller, A. & Kaley, G. Prostaglandins mediate arteriolar dilation to increased blood flow velocity in
skeletal muscle microcirculation. Circ Res 67, 529-534 (1990).

30) Myers, T.O., Messina, E.J., Rodrigues, A.M. & Gerritsen, M.E. Altered aortic and cremaster muscle
prostaglandin synthesis in diabetic rats. Am J Physiol 249, E374-E379 (1985).

31) Sterin-Borda, L., Franchi, A.M., Borda, E.S., Del Castillo, E., Gimeno, M.F. & Gimeno, A.L.
Augmented thromboxane generation by mesenteric arteries from pancreatectomized diabetic dogs is
coincident with the vascular tone enhancement evoked by Na arachidonate and prostacyclin. Eur J
Pharmacol 103, 211-221 (1984).

32) Okon, E.B., Szado, T., Laher, I., McManus, B. & van Breemen, C. Augmented contractile response of
vascular smooth muscle in a diabetic mouse model. J Vasc Res 40, 520-530 (2003).

111



33) Bagi, Z., Erdei, N., Toth, A, Li, W, Hintze, T.H., Koller, A. & Kaley, G. Type 2 diabetic mice have
increased arteriolar tone and blood pressure: enhanced release of COX-2-derived constrictor prostaglandins.
Arterioscler Thromb Vasc Biol 25, 1610-1616 (2005).

34) Goto, Y., Kakizaki, M. & Masaki, N. Production of spontaneous diabetic rats by repetition of selective
breeding. Tohoku J Exp Med 119, 85-90 (1976).

35) Jones, R.L. & Woodward, D.F. Interaction of prostanoid EP; and TP receptors in guinea-pig isolated
aorta: contractile self-synergism of 11-deoxy-16,16-dimethyl PGE,. Brit J Pharmacol 162, 521-531
(2011).

36) McCormick, C., Jones, R.L., Kennedy, S. & Wadsworth, R M. Activation of prostanoid EP receptors
by prostacyclin analogues in rabbit iliac artery: implications for anti-restenotic potential. Eur J Pharmacol
641, 160-167 (2010).

37) Van Crombruggen, K, Van Nassauw, L., Derycke, L., Timmermans, J.P., Holtappels, G., Hall, D. &
Bachert, C. Capsaicin-induced vasodilatation in human nasal vasculature is mediated by modulation of
cyclooxygenase-2 activity and abrogated by sulprostone. Naunyn Schmiedebergs Arch Pharmacol 383,
613-626 (2011),

38) Allahdadi, K.J., Duling, L.C., Walker, B.R. & Kanagy, N.L. Eucapnic intermittent hypoxia augments
endothelin-1 vasoconstriction in rats: role of PKCdelta. Am J Physiol Heart Circ Physiol 294, H920-H927
(2008).

39) Fleming, I. Molecular mechanisms underlying the activation of eNOS. Pflugers Arch 459:793-806
(2010).

40) Gao, Y. The multiple actions of NO. Pflugers Arch 459:829-839 (2010).

41) Michel, T. & Vanhoutte, P.M. Cellular signaling and NO production. Pflugers Arch 459, 807-816
(2010).

42)Li, X.,Ma, C., Zhu, D, Meng, L., Guo, L., Wang, Y., Zhang, L., Li, Z. & Li, E. Increased expression
and altered subcellular distribution of PKC-6 and PKC-¢ in pulmonary arteries exposed to hypoxia and
15-HETE. Prostaglandins Other Lipid Mediat 93, 84-92 (2010).

43) Parekh, D.B., Ziegler, W. & Parker, P.J. Multiple pathways control protein kinase C phosphorylation.
EMBO J 19, 496-503 (2000).

44) Kim, H.R., Appel, S., Vetterkind, S., Gangopadhyay, S.S. & Morgan, K.G. Smooth muscle signalling
pathways in health and disease. J Cell Mol Med 12, 2165-2180 (2008).

45) Sun, H., Kanamaru, K., Ito, M., Suzuki, H., Kojima, T., Waga, S., Kureishi, Y. & Nakano, T. Myosin
light chain phosphorylation and contractile proteins in a canine two-hemorrhage model of subarachnoid
hemorrhage. Stroke 29, 2149-2154 (1998).

46) Obara, K., Nishizawa, S., Koide, M., Nozawa, K., Mitate, A., Ishikawa, T. & Nakayama, K. Interactive
role of protein kinase C-delta with rho-kinase in the development of cerebral vasospasm in a canine
two-hemorrhage model. J Vasc Res 42, 67-76 (2005).

47) Sobue, K. & Sellers, J.R. Caldesmon, a novel regulatory protein in smooth muscle and nonmuscle
actomyosin systems. J Biol Chem 266, 12115-12118 (1991).

48) Kazuyama, E., Saito, M., Kinoshita, Y., Satoh, ., Dimitriadis, F. & Satoh, K. Endothelial dysfunction
in the early- and late-stage type 2 diabetic Goto-Kakizaki rat aorta. Mol Cell Biochem 332, 95-102 (2009).
49) Kelly-Cobbs, A., Elgebaly, M.M,, Li, W. & Ergul, A. Pressureindependent cerebraovascular
remodeling and changes in myogenic reactivity in diabetic Goto-Kakizaki rat in response to glycaemic
control. Acta Physiol 203, 245-251 (2011).

50) Sachidanandam, K., Elgebaly, M.M., Harris, A K., Hutchinson, J.R., Mezzetti, EM., Portik-Dobos, V.
& Ergul, A. Effect of chronic and selective endothelin receptor antagonism on microvascular function in
type 2 diabetes. Am J Physiol Heart Circ Physiol 294, H2743-H2749 (2008).

112



51) Boer, U., Neuschafer-Rube, F., Moller, U. & Puschel, G.P. Requirement of N-glycosylation of the
prostaglandin E2 receptor EP3beta for correct sorting to the plasma membrane but not for correct folding.
Biochem J 350, 839-847 (2000).

52) Casado, V., Cortes, A, Mallol, J., Perez-Capote, K., Ferre, S., Lluis, C., Franco, R. & Canela, E.L
GPCR homomers and heteromers: a better choice as targets for drug development than GPCRmonomers?
Pharmacol Ther 124, 248-257 (2009).

53) Dowal, L. & Flaumenhaft, R. Targeting platelet G-protein coupled receptors (GPCRs): looking beyond
conventional GPCR antagonism. Curr Vasc Pharmacol 8, 140-154 (2010).

54) Huang, C. & Tai, H.H. Prostaglandin E2 receptor EP3alpha subtype: the role of N-glycosylation in
ligand binding as revealed by site-directed mutagenesis. Prostaglandins Leukot Essent Fatty Acids 59, 265—
271 (1998).

55) Kashihara, T., Nakayama, K. & Ishikawa, T. Distinct roles of protein kinase C isoforms in myogenic
constriction of rat posterior cerebral arteries. J Pharmacol Sci 108, 446-454 (2008).

56) Salamanca, D.A. & Khalil, R.A. Protein kinase C isoforms as specific targets for modulation of
vascular smooth muscle function in hypertension. Biochem Pharmacol 70, 1537-1547 (2005).

57) Schubert, R, Lidington, D. & Bolz, S.S. The emerging role of Ca®" sensitivity regulation in promoting
myogenic vasoconstriction. Cardiovasc Res 77, 8—18 (2008).

58) Walsh, M.P., Horowitz, A., Clement-Chomienne, O., Andrea, J.E., Allen, B.G. & Morgan, K.G.
Protein kinase C mediation of Ca”"-independent contractions of vascular smooth muscle. Biochem Cell Biol
74, 485-502 (1996).

59) Hilgers, R.H. & Webb, R.C. Molecular aspects of arterial smooth muscle contraction: focus on Rho.
Exp Biol Med 230, 829-835 (2005).

60) Soltoff, S.P. Rottlerin: an inappropriate and ineffective inhibitor of PKCdelta. Trends Pharmacol Sci 28,
453-458 (2007).

61) Ueki, N., Sobue, K., Kanda, K., Hada, T. & Higashino, K. Expression of high and low molecular
weight caldesmons during phenotypic modulation of smooth muscle cells. Proc Natl Acad Sci USA 84,
9049-9053 (1987).

62) lkebe, M. & Hornick, T. Determination of the phosphorylation sites of smooth muscle caldesmon by
protein kinase C. Arch Biochem Biophys 288, 538-542 (1991).

63) Tanaka, T., Ohta, H., Kanda, K., Tanaka, T., Hidaka, H. & Sobue, K. Phosphorylation of high-Mr
caldesmon by protein kinase C modulates the regulatory function of this protein on the interaction between
actin and myosin. Eur J Biochem 188, 495-500 (1990).

64) Horowitz, A., Menice, C.B., Laporte, R. & Morgan, K.G. Mechanisms of smooth muscle contraction.
Physiol Rev 76, 967-1003 (1996).

65) Adamis, A P. Is diabetic retinopathy an inflammatory disease? Br J Ophthalmol 86, 363-365 (2002).
66) Cheng, T., Cao, W., Wen, R, Steinberg, R H. & LaVail, M.M. Prostaglandin E; induces vascular
endothelial growth factor and basic fibroblast growth factor mRNA expression in cultured rat Muller cells.
Invest Ophthalmol Vis Sci 39, 581-591 (1998).

67) Ayalasomayajula, S.P., Amrite, A.C. & Kompella, U.B. Inhibition of cyclooxygenase-2, but not
cyclooxygenase-1, reduces prostaglandin E; secretion from diabetic rat retinas. Fur J Pharmacol 498, 275-
278 (2004).

68) Das Evcimen, N. & King, G.L. The role of protein kinase C activation and the vascular complications
of diabetes. Pharmacol Res 55, 498-510 (2007).

69) Idris, L., Gray, S. & Donnelly, R. Protein kinase C activation: isozyme-specific effects on metabolism
and cardiovascular complications in diabetes. Diabetologia 44, 659673 (2001).

113



Chapter 4
1) De Vriese, A.S., Verbeuren, T.J., Van de Voorde, J., Lameire, N.H. & Vanhoutte, P.M. Endothelial

dysfunction in diabetes. Br J Pharmacol 130, 963-974 (2000).

2) Vanhoutte, P.M., Shimokawa, H., Tang, E.H. & Feletou, M. Endothelial dysfunction and vascular
disease. Acta Physiol 196, 193-222 (2009).

3) Flammer, A.J. & Luscher, T.F. Human endothelial dysfunction: EDRFs. Pflugers Arch 459, 1005-1013
(2010).

4) Versari, D., Daghini, E., Virdis, A., Ghiadoni, L. & Taddei, S. Endothelial dysfunction as a target for
prevention of cardiovascular disease. Diabetes Care 32, S314-S321 (2009).

5) Xu, J. & Zou, M.H. Molecular insights and therapeutic targets for diabetic endothelial dysfunction.
Circulation 120, 1266-1286 (2009).

6) Tesauro, M. & Cardillo, C. Obesity, blood vessels and metabolic syndrome. Acta Physiol 203, 279-286
(2011).

7) Kobayashi, T., Matsumoto, T. & Kamata, K. The PI3K/Akt pathway: roles related to alterations in
vasomotor responses in diabetic models. J Smooth Muscle Res 41, 283-302 (2005).

8) Ergul, A. Endothelin-1 and diabetic complications: focus on the vasculature. Pharmacol Res 63, 477—
482 (2011).

9) Poston, L. & Taylor, P.D. Glaxo/MRS Young Investigator Prize. Endothelium-mediated vascular
function in insulin-dependent diabetes mellitus. Clin Sci 88, 245-255 (1995).

10) Kobayashi, T., Matsumoto, T. & Kamata, K. Mechanisms underlying the chronic pravastatin
treatment-induced improvement in the impaired endothelium-dependent aortic relaxation seen in
streptozotocin-induced diabetic rats. Br.J Pharmacol 131, 231-238 (2000).

11) Matsumoto, T., Kobayashi, T. & Kamata, K. Alterations in EDHF-type relaxation and
phosphodiesterase activity in mesenteric arteries from diabetic rats. Am J Physiol Heart Circ Physiol 285,
H283-H291 (2003).

12) Matsumoto, T., Noguchi, E., Kobayashi, T. & Kamata, K. Mechanisms underlying the chronic
pioglitazone treatment-induced improvement in the impaired endothelium-dependent relaxation seen in
aortas from diabetic rats. Free Radic Biol Med 42, 993—-1007 (2007).

13) Burnstock, G. Pathophysiology and therapeutic potential of purinergic signaling. Pharmacol Rev 58,
58-86 (2006).

14) Guan, Z., Osmond, D.A. & Inscho, E.W. P2X receptors as regulators of the renal microvasculature.
Trends Pharmacol Sci 28, 646—652 (2007).

15) Erlinge, D. & Burnstock, G. P2 receptors in cardiovascular regulation and disease. Purinergic Signal 4,
1-20 (2008).

16) Crawford, C., Kennedy-Lydon, T.M., Callaghan, H., Sprott, C., Simmons, R.L., Sawbridge, L., Syme,
HM., Unwin, R. J., Wildman, S.S. & Peppiatt-Wildman, C. M. Extracellular nucleotides affect
pericyte-mediated regulation of rat in situ vasa recta diameter. Acta Physiol 202, 241-251 (2011).

17) Matsumoto, T., Tostes, R.C. & Webb, R.C. The role of uridine adenosine tetraphosphate in the vascular
system. Adv Pharmacol Sci 2011, 435132 (2011).

18) Sprague, R.S., Bowles, E.A., Achilleus, D. & Ellsworth, M.L. Erythrocytes as controllers of perfusion
distribution in the microvasculature of skeletal muscle. Acta Physiol 202, 285-292 (2011).

19) Gordon, E.L., Pearson, J.D. & Slakey, L.L. The hydrolysis of extracellular adenine nucleotides by
cultured endothelial cells from pig aorta. Feed-forward inhibition of adenosine production at the cell
surface. J Biol Chem 261, 1549615507 (1986).

20) Bumstock, G. Dual control of vascular tone and remodelling by ATP released from nerves and
endothelial cells. Pharmacol Rep 60, 12-20 (2008).

114



21) Burnstock, G. Purinergic regulation of vascular tone and remodelling. Auton Autacoid Pharmacol 29,
63-72 (2009).

22) North, R.A. Molecular physiology of P2X receptors. Physiol Rev 82, 1013-1067 (2002).

23) Abbracchio, M.P,, Burnstock, G., Boeynaems, J.M., Barnard, E.A., Boyer, J.L., Kennedy, C., Knight,
G.E., Fumagalli, M., Gachet, C., Jacobson, K.A. & Weisman, G.A. International Union of Pharmacology
LVIIL: update on the P2Y G protein-coupled nucleotide receptors: from molecular mechanisms and
pathophysiology to therapy. Pharmacol Rev 58, 281-341 (2006).

24) Erb, L., Liao, Z., Seye, C.I. & Weisman, G.A. P2 receptors: intracellular signaling. Pflugers Arch 452,
552-562 (2006).

25) von Kugelgen, 1. Pharmacological profiles of cloned mammalian P2Y -receptor subtypes. Pharmacol
Ther 110, 415432 (2006).

26) Ralevic, V. & Bumnstock, G. Receptors for purines and pyrimidines. Pharmacol Rev 50, 413-492
(1998).

27) Mistry, H., Gitlin, J.M., Mitchell, J.A. & Hiley, C.R. Endothelium-dependent relaxation and endothelial
hyperpolarization by P2Y receptor agonists in rat-isolated mesenteric artery. Br J Pharmacol 139, 661-671
(2003).

28) Wihlborg, A K., Malmsjo, M., Eyjolfsson, A., Gustafsson, R., Jacobson, K. & Erlinge, D. Extracellular
nucleotides induce vasodilatation in human arteries via prostaglandins, nitric oxide and
endothelium-derived hyperpolarizing factor. Br J Pharmacol 138, 1451-1458 (2003).

29) Winter, P. & Dora, K.A. Spreading dilatation to luminal perfusion of ATP and UTP in rat isolated
small mesenteric arteries. J Physiol 582, 335-347 (2007).

30) Boarder, M.R. & Hourani, S.M. The regulation of vascular function by P2 receptors: multiple sites and
multiple receptors. Trends Pharmacol Sci 19, 99—-107 (1998).

31) Buvinic, S., Briones, R. & Huidobro-Toro, J.P. P2Y(1) and P2Y(2) receptors are coupled to the
NO/cGMP pathway to vasodilate the rat arterial mesenteric bed. Br J Pharmacol 136, 847-856 (2002).
32)Xu, HL., Ye, S., Baughman, VL., Feinstein, D.L.. & Pelligrino, D.A. The role of the glia limitans in
ADPinduced pial arteriolar relaxation in intact and ovariectomized female rats. Am J Physiol Heart Circ
Physiol 288, H382-H388 (2005).

33) Gluais, P., Vanhoutte, P.M. & Feletou, M. Mechanisms underlying ATP-induced
endothelium-dependent contractions in the SHR aorta. Eur J Pharmacol 556, 107-114 (2007).

34) Guan, Z. & Inscho, E.W. Role of adenosine 5'-triphosphate in regulating renal microvasculature
function and in hypertension. Hypertension 58, 333-340 (2011).

35) Ishida, K., Matsumoto, T., Taguchi, K., Kamata, K. & Kobayashi, T. Mechanisms underlying altered
extracellular nucleotide-induced contractions in mesenteric arteries from rats in later-stage type 2 diabetes:
effect of ANG II type 1 receptor antagonism. Am .J Physiol Heart Circ Physiol 301, H1850-H1861 (2011).
36) Matsumoto, T., Tostes, R.C. & Webb, R.C. Uridine adenosine tetraphosphate-induced contraction is
increased in renal but not pulmonary arteries from DOCA-salt hypertensive rats. Am J Physiol Heart Circ
Physiol 301, H409-H417 (2011).

37) Matsumoto, T., Tostes, R.C. & Webb, R.C. Alterations in vasoconstrictor responses to the
endotheliumderived contracting factor uridine adenosine tetraphosphate are region specific in DOCA-salt
hypertensive rats. Pharmacol Res 65, 81-90 (2012).

38) Matsumoto, T., Wakabayashi, K., Kobayashi, T. & Kamata, K. Diabetes-related changes in
cAMP-dependent protein kinase activity and decrease in relaxation response in rat mesenteric artery. Am J
Physiol Heart Circ Physiol 287, H1064-H1071 (2004).

39) Matsumoto, T., Wakabayashi, K., Kobayashi, T. & Kamata K. Functional changes in adenylyl cyclases
and associated decreases in relaxation responses in mesenteric arteries from diabetic rats. Am J Physiol

115



Heart Circ Physiol 289, H2234-H2243 (2005).

40) Geddawy, A., Shimasato, T., Tawa, M., Imamura, T. & Okamura, T. Mechanism underlying
endothelium-dependent relaxation by 2-methylthio-ADP in monkey cerebral artery. J Pharmacol Sci 114,
180-188 (2010).

41) Baurand, A. & Gachet, C. The P2Y(1) receptor as a target for new antithrombotic drugs: a review of
the P2Y(1) antagonist MRS-2179. Cardiovasc Drug Rev 21, 67-76 (2003).

42) Matsumoto, T., Ishida, K., Kobayashi, T. & Kamata, K. Mechanisms underlying enhanced vasorelaxant
response to protease-activated receptor 2-activating peptide in type 2 diabetic Goto-Kakizaki rat mesenteric
artery. Peptides 30, 17291734 (2009).

43) Wongkhantee, S., Yongchaitrakul, T. & Pavasant, P. Mechanical stress induces osteopontin via
ATP/P2Y1 in periodontal cell. J Dent Res 87, 564-568 (2008).

44) Taguchi, K., Kobayashi, T., Takenouchi, Y., Matsumoto, T. & Kamata, K. Angiotensin II causes
endothelial dysfunction via the GRK2/Akt/eNOS pathway in aortas from a murine type 2 diabetic model.
Pharmacol Res 64, 535-546 (2011).

45) Chasson, V.L., Quinn, M. A, Young, K.J. & Mitchell, B.M. Protein kinase Cbetall-mediated
phosphorylation of endothelial nitric oxide synthase threonine 495 mediates the endothelial dysfunction
induced by FK506 (tacrolimus). J Pharmacol Exp Ther 337, 718-723 (2011).

46) Guns, P.J., Van Assche, T., Fransen, P., Robaye, B., Boeynaems, J.M. & Buit, H.
Endothelium-dependent relaxation evoked by ATP and UTP in the aorta of P2Y2-deficient mice. BrJ
Pharmacol 147, 569-574 (2006).

47) Kaiser, R.A. & Buxton, L. Nucleotide-mediated relaxation in guinea-pig aorta: selective inhibition by
MRS2179. Br J Pharmacol 135, 537-545 (2002).

48) Dimmeler, S., Fleming, 1., Fisslthaler, B., Hermann, C., Busse, R. & Zeiher, A.M. Activation of nitric
oxide synthase in endothelial cells by Akt-dependent phosphorylation. Nature 399, 601-605 (1999).

49) Sessa, W.C. eNOS at a glance. J Cell Sci 117, 2427-2429 (2004).

50) da Silva, C.G., Specht, A., Wegiel, B., Ferran, C. & Kaczmarek, E. Mechanism of purinergic activation
of endothelial nitric oxide synthase in endothelial cells. Circulation 119, 871-879 (2009).

51) Hess, C.N., Kou, R., Johnson, R.P., Li, G.K. & Michel, T. ADP signaling in vascular endothelial cells:
ADP-dependent activation of the endothelial isoform of nitricoxide synthase requires the expression but not
the kinase activity of AMP-activated protein kinase. .J Biol Chem 284, 32209-32224 (2009).

52) Carpenter, R.C., Miao, L., Miyagi, Y., Bengten, E. & Zhang, ] H. Altered expression of P(2) receptor
mRNAs in the basilar artery in a rat double hemorrhage model. Stroke 32, 516-522 (2001).

53) Miao, L.Y., Tang, J.P., Esposito, D.P. & Zhang, J H. Age-related changes in P2 receptor mRNA of rat
cerebral arteries. Exp Gerontol 37, 67-79 (2001).

54) Wang, L., Karlsson, L., Moses, S., Hultgardh-Nilsson, A., Andersson, M., Bomna, C., Gudbjartsson, T.,
Jemn, S. & Erlinge, D. P2 receptor expression profiles in human vascular smooth muscle and endothelial
cells. J Cardiovasc Pharmacol 40, 841-853 (2002).

55) Yamamoto, K., Sokabe, T., Matsumoto, T., Yoshimura, K., Shibata, M., Ohura, N., Fukuda, T., Sato,
T., Sekine, K., Kato, S. et al. Impaired flow-dependent control of vascular tone and remodeling in
P2X4-deficient mice. Nar Med 12, 133-137 (2006).

56) Harrington, L.S., Evans, R.J., Wray, J., Norling, L., Swales, K.E., Vial, C., Ali, F., Carrier, M.J. &
Mitchell, J.A. Purinergic P2X1 receptors mediate endothelial dependent vasodilation to ATP. Mol
Pharmacol 72, 1132-1136 (2007).

57) Michel, T. & Vanhoutte, P.M. Cellular signaling and NO production. Pflugers Arch 459, 807-816
(2010).

58) Rafikov, R., Fonseca, F.V., Kumar, S., Pardo, D., Darragh, C., Elms, S., Fulton, D. & Black, S.M.

116



eNOS activation and NO function: structural motifs responsible for the posttranslational control of
endothelial nitric oxide synthase activity. J Endocrinol 210, 271-284 (2011).

59) Lyubchenco, T., Woodward, H., Veo, K.D., Burns, N., Nijmeh, H., Liubchenko, G.A., Stenmark, K R.
& Gerasimovskaya, E.V. P2Y1 and P2Y 13 purinergic receptors mediate Ca>~ signaling and proliferative
responses in pulmonary artery vasa vasorum endothelial cells. Am J Physiol Cell Physiol 300, C266—C275
(2011).

60) Chen, Z.P., Mitchelhill, K.I., Michell, B.J., Stapleton, D., Rodriguez-Crespo, 1., Witters, L.A., Power,
D.A., Ortiz de Montellano, P.R. & Kemp, B.E. AMP-activated protein kinase phosphorylation of
endothelial NO synthase. FEBS Lett 443, 285-289 (1999).

61) da Silva, C.G., Jarzyna, R., Specht, A. & Kaczmarek, E. Extracellular nucleotides and adenosine
independently activate AMP-activated protein kinase in endothelial cells: involvement of P2 receptors and
adenosine transporters. Circ Res 98, e39—e47 (2006).

62) Michell, B.J., Chen, Z.P., Tiganis, T., Stapleton, D., Katsis, F., Power, D.A., Sim, A.T. & Kemp, B.E.
Coordinated control of endothelial nitric-oxide synthase phosphorylation by protein kinase C and the
cAMP-dependent protein kinase. J Biol Chem 276, 17625-17628 (2001).

63) Fulton, D., Gratton, J.P., McCabe, T.J., Fontana, J., Fujio, Y., Walsh, K., Franke, T.F.,
Papapetroupoulos, A. & Sessa, W.C. Regulation of endothelium-derived nitric oxide production by the
protein kinase Akt. Nature 399, 597-601 (1999).

64) Gelinas, D.S., Bernatchez, P.N., Rollin, S., Bazan, N.G. & Sirois, M.G. Immediate and delayed
VEGF-mediated NO synthesis in endothelial cells: role of PI3K, PKC and PLC pathways. Br J Pharmacol
137, 1021-1030 (2002).

65) Butt, E., Bernhardt, M., Smolenski, A., Kotsonis, P., Frohlich, L.G., Sickmann, A, Meyer, H.E.,
Lohmann, S.M. & Schmidt, H.H. Endothelial nitric-oxide synthase (type III) is activated and becomes
calcium independent upon phosphorylation by cyclic nucleotide-dependent protein kinases. J Biol Chem
275, 5179-5187 (2000).

66) Kauffenstein, G., Fu” rstenaun, C.R., D’Orle ans-Juste, P. & Se’vigny, J. The ecto-nucleotidase
NTPDase 1 differentially regulates P2Y 1 and P2Y2 receptor-dependent vasorelaxation. Br J Pharmacol
159, 576-585 (2010).

67) Friedman, D.J., Rennke, H.G., Csizmadia, E., Enjyoji, K. & Robson, S.C. The vascular
ectonucleotidase NTPDase 1 is a novel renoprotective factor in diabetic nephropathy. Diabetes 56, 2371—
2379 (2007).

68) Lunkes, G.1., Lunkes, D.S., Leal, D., Arau’ jo Modo, C., Corre "a, M., Becker, L., Rosa, C.S., Morsch,
V.M. & Schetinger, M.R. Effect of high glucose levels in human platelet NTPDase and 5'-nucleotidase
activities. Diabetes Res Clin Pract 81,351-357 (2008).

69) Kamata, K., Miyata, N. & Kasuya, Y. Impairment of endothelium-dependent relaxation and changes in
levels of cyclic GMP in aortas from streptozotocin-induced diabetic rats. Br J Pharmacol 97, 614618
(1989).

70) Hattori, Y., Kawasaki, H., Abe, K. & Kanno, M. Superoxide dismutase recovers altered
endothelium-dependent relaxation in diabetic rat aorta. Am J Physiol 261, H1086-H1094 (1991).

71) Ralevic, V., Belai, A. & Burnstock, G. Impaired sensorymotor nerve function in the isolated mesenteric
arterial bed of streptozotocin-diabetic and ganglioside-treated streptozotocin-diabetic rats. BrJ Pharmacol
110, 1105-1111 (1993).

72) Ralevic, V., Belai, A. & Burnstock, G. Effects of streptozotocin-diabetes on sympathetic nerve,
endothelial and smooth muscle function in the rat mesenteric arterial bed. Eur J Pharmacol 286, 193-199
(1995).

73) MacLeod, K. M. & McNeill, J.H. The influence of chronic experimental diabetes on contractile

117



responses of rat isolated blood vessels. Can J Physiol Pharmacol 63, 52-57 (1985).

74) Chang, K.S. & Stevens, W.C. Endothelium-dependent increase in vascular sensitivity to phenylephrine
in long-term streptozotocin diabetic rat aorta. BrJ Pharmacol 107, 983-990 (1992).

75) Kamata, K., Ozawa, Y., Kobayashi, T. & Matsumoto, T. Effect of long-term streptozotocin-induced
diabetes on coronary vasoconstriction in isolated perfused rat heart. J Smooth Muscle Res 44, 177-188
(2008).

76) Sprague, R.S., Stephenson, A.H., Bowles, E.A., Stumpf, M.S. & Lonigro, A.J. Reduced expression of
G(i) in erythrocytes of humans with type 2 diabetes is associated with impairment of both cAMP
generation and ATP release. Diabetes 55, 3588-3593 (2006).

77) Rucker, B., Abreu-Vieira, G., Bischoff, L.B., Harthmann, A. D., Sarkis, J.J., Wink, M.R. & Casali, E.A.
The nucleotide hydrolysis is altered in blood serum of streptozotocin- induced diabetic rats. Arch Physiol
Biochem 116, 79-87 (2010).

118



