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General Introduction

It has been reported that more than 80% is type 2 among diabetic patients " ,and
this disease has recently been confirmed as an independent risk factor for cardiovascular
disease 2. Insulin resistance is a common feature associated with type 2 diabetes and
cardiovascular diseases. The degree of insulin resistance relates directly to increasing
rates of myocardial infarction * and stroke * *. Insulin resistance leads to endothelial
dysfunction, it precedes the development of type 2 diabetes, and is associated with
increased plasma concentrations of endothelin-1 and von Willebrand factor, even in the
absence of diabetes ®. The insulin resistance syndrome encompasses more than a
subnormal response to insulin-mediated glucose disposal. Patients with this syndrome also
frequently display elevated blood pressure, hyperlipidemia and dysfibinolysis even without
any clinically demonstrable alteration in plasma glucose concentrations. Endothelial

™ which is one of

dysfunction also has been demonstrated in patients with hypertension
the features of the insulin resistance syndrome. It is tempting to speculate that loss of
endothelium-dependent vasodilation and increased vasoconstrictors might be etiological
factors of hypertension. Moreover loss of activity and/or quantity of endothelium-bound
protein lipase activity may contribute to hyperlipidemia, which is typical of the insulin
resistance syndrome. Insulin resistance has a well-known but not completely defined
genetic influence, frequently transmitted along generations in any given family. Endothelial
dysfunction has been demonstrated in insulin-resistant states in animals and humans and
may represent an important early event in the development of atherosclerosis. Insulin
resistance may be linked to endothelial dysfunction by a number of mechanisms, including
disturbances of subcellular signaling pathways common to both insulin action and NO
production. Other potential unifying links include the roles of oxidant stress, endothelin-1,
the renin-angiotensin system and the secretion of hormones and cytokines by adipose
tissue. Individuals who advance toward the development of type 2 diabetes experience
progressive deterioration of glucose tolerance over time. In addition, obesity, which also
has an important genetic component, invariably exacerbates any degree of insulin

resistance '?. Thus, obesity and insulin resistance are usually present for many years



before the appearance of other abnormalities such as hypertension, dyslipidemia, type 2
diabetes and cardiovascular disease. In certain individuals, obesity and insulin resistance
may be present during childhood and adolescence '¥. Increasing evidence suggest that
hyperinsulinaemia is linked with the development of atherosclerosis in patients with
diabetes. Whether hyperinsulinaemia directly affects neutrophil transendothelial migration
and surface expression of related endothelial adhesion molecules were studied on healthy
volunteers and from patients with non-insulin-dependent diabetes mellitus across human
umbilical vein. Endothelial cells cultured in insulin-rich medium using cell-culture inserts
high insulin (over 50 microU/mL for 24 h) enhanced neutrophil transendothelial migration in
a dose-dependent manner. This was associated with increased expression of but not of
intercellular adhesion molecule-1 (ICAM-1), P-selectin or E-selectin '*. Multiple,
interrelated mechanisms contribute to endothelial cell dysfunction in insulin resistance. The
exact mechanism by which dyslipidemia contributes to endothelial dysfunction is unknown.
It is known that endothelial NOS infiltrates into caveolae, which are cholesterol-rich
invaginations present in endothelial cells and vascular smooth muscle (VSMC) that
decrease vasoconstrictive responses to angiotensin Il (Ang Il), endothelin-1 and
constitutive endothelial NOS activity in animals . Addition of oxidized low-density
lipoprotein (LDL) to cultured endothelial cells disrupts the caveolae complex and is thought
to be associated with decreased endothelial NOS activity and endothelial dysfunction ' '7.
high-density lipoprotein (HDL) cholesterol can prevent the oxidized LDL-mediated
decrease in cholesterol in caveolae, prevent the translocation of endothelial NOS and
caveol in from caveolae, and prevent the decrease in responsiveness to acetylcholine 18,
These effects occur because HDL cholesterol donates cholesterol to the caveolae complex.
These cellular events are consistent with the proatherogenic effects of LDL cholesterol and
oxidized LDL cholesterol and the protective effects of HDL cholesterol. The presence of
hypertension and other atherosclerotic risk factors is associated with increased vascular
Ang Il generation and activity '®. Because Ang Il and insulin activate a common signaling
pathway, increased sensitivity to Ang Il may occur in the hyperinsulinemic, insulin-resistant
state 2°). In addition, Ang Il stimulates ICAM-1 and monocyte chemo-attractant protein—1

(MCP-1) through the MAPK pathway in endothelial cells and VSMC 2'?%_ 1t is likely that



many of the components of the metabolic syndrome directly alter endothelial vasoreactivity.
However, these factors may decrease NO activity through oxidation pathways; the role of
oxygen free radical is discussed bellow in oxidative stress and endothelial cell dysfunction.

Endothelial dysfunction may be functionally defined as the failure of the vascular
endothelium to subserve its normal role in vasodilatation and/or vascular homeostasis. The
predominant effect of endothelium stimulation is vasodilatation. Other regulatory functions
involve vasorelaxation, vasoconstriction, and antiplatelet and anticoagulant effects 2% It
emerges as a key component in the pathophysiology of diverse cardiovascular
abnormalities associated with atherosclerosis, diabetes, hypertension and aging 2> %,

Endothelial dysfunction, present at disease onset, is the prime focus of
atherosclerotic lesions that present throughout the course of diabetes and is associated
with late-stage adverse outcomes. Diabetes-related endothelial dysfunction precedes
morphologic and structural vascular changes ?”), which includes accelerated
disappearance of capillary endothelium ?®, weakening of intercellular junctions *%, altered
protein synthesis and altered expression/production of adhesion glycoproteins on

endothelial cells 253"

, promoting attachment of monocytes and leucocytes, and their
transendothelial migration 2*.Endothelial dysfunction results from the imbalance between
endothelium-derived contracting and relaxing factors. Unlike normal endothelium, it
produces abnormal response when exposed to endogenous or exogenous vasodilators.
Due to endothelium’s strategic location between the circulating blood and vascular smooth
muscle, it is a primary target and mediator of cardiovascular diseases. Endothelium
modulates the activity of vascular smooth muscle and therefore regulates vascular tone 32,
Endothelial cells release humoral factors that control relaxation and contraction,
thrombogenesis and fibrinolysis, and platelet activation and inhibition %) These cells
provide a metabolically active interface between blood and tissue that modulates blood
flow, nutrient delivery and leucocyte diapedesis **. The endothelial cells also synthesize
important bioactive substances, for example nitric oxide (NO), other reactive oxygen
species (ROS), prostaglandins, endothelin-1 and Ang I, which regulate blood vessel

structure and function. NO potently dilates vessels and mediates much of the

endothelium's control of vascular relaxation *. Endothelial cell damage, with the loss of



the vascular protective effects of NO, is likely the early step in atherosclerosis. An
impairment of endothelium-dependent vasodilatation has been described in patients with
diabetes and the degree of impairment may correlate with glycemic control **. This is also
seen with other associated conditions that lead to endothelial dysfunction, for example
hypertension and dyslipidemia **. This may be an effect of hyperglycemia itself leading to
an increase in oxidative stress and release of mediators (e.g. cytokines) by adipocytes in
the presence of insulin resistance **). High glucose concentration is associated with
increased oxidative stress >®, enhanced leucocyte-endothelial interaction *” and
glycosylation of protein in the body, including lipoproteins, apolipoproteins and clotting
factors. Hyperglycemia also enhances endothelial cell matrix production, which may
contribute to basement membrane thickening %) |t also increases enzymes involved in
collagen synthesis %) and specifically enhances endothelial cell collagen IV and fibronectin
synthesis %%

Hyperglycaemia enhances the formation of AGEs through a complex series of
dehydrogenation and oxidation reactions *%. These end products are found in plasma,
vessel wall and tissues and are linked to the development of diabetic complications 3% 4044,
These end products can also induce excessive cross-linking of collagen and extracellular
matrix (ECM) proteins in the vascular wall, which in turn could lead to accumulation of LDL
particles of prolonged half-life. Such particles are more susceptible to oxidative
modification, impairment of endothelial function, stimulating inflammation and adhesion,
and promoting VSMC changes “%. Atherosclerotic vascular disease is the leading cause of
death in patients with diabetes, which mainly occurs due to endothelial dysfunction *¢ 47,
An Improvement of metabolic control in patients with diabetes is associated with near
normalization or restoration of normal endothelial function ¢,

Progression of atherosclerotic lesion or alteration of vasculature is the
characteristic feature of diabetic complications **). Diabetes accelerates these processes
by stimulating the atherogenic activity of VSMC-the integral part in the development of
atherosclerosis *©). The process begins as a response to chronic minimal injury to the
endothelium leading to it being dysfunctional. A dysfunctional endothelium is found to be

more porous, which allows macrophages and LDL to penetrate into the medial layer of



arteries heralding the formation of foam cells. The vessels are then on the way to develop
atheroma. Once the macrophage-rich fatty streak forms, VSMCs in the medial layer of the
arteries migrate into the nascent intimal lesion. Here VSMCs replicate and lay down a
complex ECM, important steps in the progression to advanced atherosclerotic plaque 46),
These cells, being the source of collagen, strengthen the atheroma, making it less likely to
rupture and cause thrombosis. Lesions that have disrupted and caused fatal thrombosis
tend to have few VSMCs °%. Fewer VSMCs are also found in patients with diabetes with
advanced atherosclerotic lesions *". Hyperglycemic lipid modifications of LDL regulate the
increased migration and cell death of VSMCs in atherosclerotic lesions. LDL that has
undergone non-enzymatic glycation induces VSMC migration in vitro, while oxidized
glycated LDL can induce cell death of VSMCs °?. High glucose concentrations promote
necrotic cell death through hydrogen peroxide (H,0;) formation, which may participate in
the development of diabetic vasculopathy **). Thus, diabetes alters vascular smooth
muscle function in ways that promote atherosclerotic lesion formation, plaque instability
and clinical events.

Insulin exerts important biologicai effects on cardiovasculartissue as well as
conventional Ins tissues such as skeletal muscle and adipose tissue ***. For example,
insulin induce vasorelaxation by mechanisms that include stimulation of NO production and
reductions in VSMC intracellular Ca®* concentration.([Caz"]i) and Ca?*-myosin light chain

%461 Many of the metabolic and vasomotor effects of insulin is

(MLC) sensitization
mediated by activation of the phosphatidylinositol 3-kinase (P13-K) and downstream
signaling pathways, including protein kinase B (Akt) °* 2. The serine-threonine kinase Akt
interacts with the phospholipids produced by PI3-K, thereby undergoing phosphorylation of
Thr*® and Ser*”®, which results in its activation ®. The activation of Akt is necessary but
not definitive requirement for insulin to exert their metabolic and vascular effects. Vascular
relaxation in response to activation of PI13-K/Akt signaling is mediated in part by endothelial
cell production of NO °%. The effect of insulin on endothelial NO formation is mediated via
P13-K-dependent Akt activation, involving phosphorylation of endothelial NO synthase at

Ser''"® %9 Insulin exert their metabolic effects by binding to their cell surface

heterotetrameric receptors, thus stimulating receptor autophosphorylation and activation of



several cytosolic docking proteins termed insulin receptor substrates (IRSs) 5. Tyrosine
phosphorylation of IRS-1 and IRS-2 induces their binding to Src homology 2-domain
containing molecules, including PI3K. The interaction between the IRSs and PI13K
increases the catalytic activity of the p110 subunit of this enzyme. Activated Pi3-K, in turn,
activates the Ser/Thr kinase Akt by binding phosphatidylinositol-3,4,5-triphosphate to its

pleckstrin domain and consequent Ser/Thr phosphorylation °®: the two major positive

308 473

regulatory phosphorylation sites in Akt are Thr™" and Ser Another effect of insulin

stimulation of the PI3-K/Akt signaling pathway is a reduction in VSMC [Ca**],and Ca®*-MLC

2*]; by inhibiting agonist-induced inward Ca?*

sensitization °”. Insulin reduce VSMC [Ca
currents and intracellular organelle release of Ca®* ¥ 8384 |nsulin also reduce [Ca®*}, by
stimulating the activity of the Na'-K*-ATPase pump in VSMC, a process that is dependent
on PI3-K/Akt signaling *®. Thus insulin induce vascular relaxation by stimulation of
endothelial cell production of NO and by reducing VSMC [Ca®']; and Ca**-MLC
sensitization. These effects are mediated, in part, by activation of PI3-K/Akt signaling
pathways. This signaling pathway is also necessary for insulin stimulation of glucose
transport in vascular skeletal muscle and adipose tissue %% %%,

Resent clinical trials of statins, angiotensin-converting enzyme (ACE) inhibitors
and Ang ll receptor blockers (ARBs) suggest that beneficial effects of endothelial function
in patients with diabetes. Insulin sensitizers may have a beneficial effect in the short term,
but the virtual absence of trials with cardiovascular end-points precludes any definitive
conclusion. Several clinical trials have demonstrated that statin treatment not only reduces
serum cholesterol levels in hypercholesterolemia patients, but also substantially decreases
the risk of cardiovascular disease . In current clinical use, statins can reduce LDL
cholesterol levels by an average of 20%-35%, with a corresponding 30%-35% reduction in
major cardiovascular outcomes. Decreases in serum cholesterol levels could account for
the observed risk reduction, since LDL cholesterol has a strong, well-documented
association with cardiovascular risk, and since plasma LDL apheresis has been shown to
improve both endothelium-dependent vasodilation and cardiovascular risk in

66, 67

hypercholesterolemic patients ). ACE inhibitor and ARB are known to improve



endothelial dysfunction, since Ang Il has several pro-oxidative effects on the vasculture,
decreasing NO bioavailability and resulting in vascular injury %% %).

Although the insulin resistance may make important contributions to the
development of cardiovascular disorders, there is a few evidence that the elevation of
insulin alone in patients with insulinomas and its therapeutic strategy. In the present study,
thus, | have investigated the vascular function in insulin resistance by use of cuituring
diabetic aortas with insulin and type 2 diabetic model mice (streptozotocin plus

nicotinamide-induced diabetic mice). By these experiments, the therapeutic target of the

vascular dysfunction seen in insulin resistance may be clarified.



Chapter 1
Insulin-induced impairment via peroxynitrite production of endothelium-dependent

relaxation and sarco/endoplasmic reticulum Ca?*-ATPase function in aortas from

diabetic rats
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Introduction

Numerous epidemiological studies have indicated that the insulin resistance and
hyperinsulinemia associated with diabetes make important contributions to the
development of hypertension and cardiovascular diseases, and impaired
endothelium-dependent vasodilation has been described both in humans and in animal
models of the disease ' It is widely believed that increased superoxide {O2.7) production
may underlie impaired vascular dilation "®. We previously reported (a) enhancement of
O,.” production and of nitrate (NO3') formation [nitric oxide (.NO) is metabolized by O,.” to
NOs] 9, (b) a decreased activity and expression of the Mn-SOD ®, and (c) an enhanced
expression of the subunit mMRNA of NAD(P)H oxidase in diabetic arteries > '

It is possible that in diabetic states, hyperinsulinemia initiates oxidant stress, leading to
endothelial dysfunction at a later stage. We and others have demonstrated that in models
with hyperinsulinemia and hyperglycemia, .NO productions and/or .NO responsiveness are
impaired in aortic strips from either spontaneously type 2 diabetic Goto-Kakizaki (GK) rats

127 Interestingly, our study in GK rats revealed that (a) at an early

or type 2 diabetic mice
stage in the diabetes, there is enhanced aortic relaxation due to increased .NO production
via over-expression of endothelial .NO synthase (eNOS), whereas (b) at a later there are
impairments of endothelium-dependent and endothelium-independent relaxations that
appear to be due to a decrease in .NO responsiveness in vascular smooth muscle cells .
On the downside, excessive increases in eNOS expression, .NO production, and plasma
insulin could be key events in the initiation of endothelial dysfunction in diabetes.
Furthermore, Piper et al have shown that that long-term administration of NOX-101, a .NO
scavenger, prevents the impairment of endothelial function otherwise seen in aortas from
streptozotocin (STZ)-induced diabetic rats '. Since a .NO scavenger might act by
preventing peroxynitrite (ONOQ’)-mediated endothelial injury being caused by excess .NO
production in the presence of O,.", we hypothesized that increased ONOO™ formation might

be related to the impairment of endothelial function previously observed in diabetic rats

(see above).
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When insulin is administered in vitro or in vivo, it enhances endothelial vasorelaxation by
potentiating .NO synthase and increasing the expression of its mRNA, suggesting that

18, 17)

insulin itself might be a factor related to .NO production On the other hand, insulin

stimulates NADPH-dependent O,.” generation in human skin fibroblasts, and also
increases O,.” production in aortic segments from exogenously hyperinsulinemic rats ' 9,
NO rapidly reacts with O,.” to form ONOO'". Interestingly, ONOO™ can modify tyrosine
residues in various proteins to form nitrotyrosine, and nitration of protein tyrosine residues
can lead to damage that alters protein function and stability 20 Therefore, nitrotyrosine is a

21,22)

marker of oxidative stress , a condition present in such diseases as human

2329 geveral recent studies

atherosclerosis and diabetes, and nonobese diabetes in mice
have shown that formation of nitrotyrosine and/or ONOQO" impairs vascular .NO
responsiveness and .NO production ?°?®. Further, the observation of nitrotyrosine
formation in endoplasmic reticulum (ER) protein within early atherosclerotic lesions
suggests that ONOO™ contributes to atherogenesis through a mechanism involving ER
stress 2%. In high-cholesterol-fed rabbits, sarco/endoplasmic reticulum calcium ATPase
(SERCA) function and endothelium-dependent and -independent relaxations are
reportedly inhibited by nitrotyrosine formation *®. However, the mechanisms by which in
the diabetic state, insulin and ONOO formation contribute to endothelial dysfunction
remains uncertain.

Although the hyperinsulinemia associated with diabetes may make important contributions
to the development of cardiovascular disorders, as described in several models of the
disease, there is evidence that the elevation of insulin alone found in patients with
insulinomas or in control rats subjected to high-dose insulin treatment do not cause

%0.31) 'We postulated that a

hypertension or an impairment of endothelial function
perturbation of the activity and/or function of the insulin system in diabetes could be a key
event in the development of vascular disease, by an unknown mechanism. Such (a)
ONOO' production and nitrotyrosine formation are associated with an impairment of
endothelial function, (b) a high insulin level in a diabetic state lead to O,." production, and

(c) the formation of nitrotyrosine in SERCA protein may lead to an impairment of

endothelium-dependent relaxation via SERCA dysfunction, we attempted to clarify whether

12



the co-existence of a high insulin level and an established diabetic state might lead to an
excessive generation of ONOO", which might then trigger an impairment of

endothelium-dependent relaxation via a decrease in SERCA function.
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Experiment

Reagents

Insulin, nitro blue tetrazolium (NBT), 3-morpholinosydnomine hydrochloride (SIN-1),
norepinephrine (NE), N-nitro-L-arginine (L-NNA), phenylmethylsulfonyl fluoride (PMSF),
protease-inhibitor cocktail, superoxide dismutase (SOD), STZ, thapsigargin (TG) and uric
acid were all purchased from Sigma Chemical Co. (St. Louis, MO, USA}, while
acetyicholine chloride (ACh) was from Daiichi Pharmaceuticals (Tokyo, Japan). Angeli’s
Sait was from Cayman Chemical Co, (Ann Arbor, MI, USA). All drugs were dissolved in
saline, except where otherwise noted. All concentrations are expressed as the final molar

concentration of the base in the organ bath.

Animals and experimental design

Male Wistar rats were randomly allocated to diabetic and control groups. The rats (8 weeks
old) in the former group received a single injection via the tail vein of STZ 65 mg/kg
dissolved in a citrate buffer. Age-matched control rats were injected with the buffer alone.
Food and water were given ad libitum. Plasma parameters were measured as previously
described ° ', 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 Institute 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).

Organ-culture procedure

d 33 Rats were

We used organ culture of the entire vascular wall, as previously describe
anestheized with diethyl ether and euthanized by decapitation 10 weeks after treatment
with STZ or buffer. The aorta was then placed in a bath containing 10 mL modified
Krebs-Henseleit solution (KHS ; bubbled with 95 % Oy, plus 5 % CO,, and kept at 37 “C).

The aorta was cleaned of loosely adhering fat and connective tissue, and helical strips 3
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mm in width and 20 mm in length were placed in 5mL of serum-free Leibovitz's L-15
medium supplemented with penicillin-streptomycin containing one of the following: 50
ng/mL insulin, 50 ng/mL insulin plus SOD (180 U/mL), 50 ng/mL insulin plus uric acid (0.5
mM), or SIN-1 alone (1 mM). Arterial preparations were maintained at 37°C for 16 h except

where otherwise noted.

Measurement of isometric force

After incubation, the tissue was placed in a bath of KHS at 37 °C with one end connected to
a tissue holder and the other to a force-displacement transducer, as previously described 3,
%) For the relaxation studies, the aortic strips were precontracted with an equieffective
concentration of NE (10 - 5 x 10 M). For the Angeli’s salt-induced relaxation studies, the
endothelium was removed (see Results) by rubbing the intimal surface with a cotton swab,
successful removal being functionally confirmed by the absence of a relaxation to 10™° M
acetylcholine. When the NE-induced contraction had reached a plateau level, ACh (10‘9 -
10" M) or Angeli’s salt (10 - 10> M) was added in a cumulative manner. When the effect
of TG (10 uM) on the response to a relaxant agent was to be examined in the diabetic aorta,

this agent was added to the bath 60 min before the administration of NE.

Quantification of superoxide anion by measurement of the amount of NBT reduced
Culitured aortic rings were incubated with NBT to allow the O,.” generated by the tissue to
reduce the NBT to blue formazan. The details of this assay have been published previously
%) Briefly, cultured aortas cut into transverse rings 10 mm in length were kept for 1.5 hin 5
ml buffer containing NBT (100 pmol/L) in the presence or absence of L-NNA. After this
incubation, they were minced and homogenized in a mixture of 0.1 N NaOH and 0.1 %
SDS in water containing 40 mg/L of diethylenetriaminepentaacetic acid. The mixture was
centrifuged at 20,000 g for 20 min, and the resultant pellet resuspended in 1.5 mL of
pyridine during heating at 80 °C for 1.5 h 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

(= quantity of formazan) was calculated as follows: amount of NBT reduced = A x V/(T x Wt

15



x e x I}, where A is the absorbance, V is the volume of the solution, T is the time for which
rings were incubated with NBT, Wt is the blotted wet weight of the aortic ring, ¢ is the
extinction coefficient (0.7 L /mmol per mm), and | is the length of the light path. The results

are reported in pmol/min per Wt mg.

Measurement of SOD activity in aortic tissue

Cuitured aortic rings were homogenized in 200 mL ice-cold Tris-sucrose buffer containing
10 mM Tris-HCI (pH 7.2), 340 mM sucrose, 1 mM EDTA, 1 mM PMSF, and 10 mg/ml
aprotinin, then incubated for 30 min. Samples were centrifuged (16,000 g, 10 min, 4 °C),
and the supernatant was used for the measurement of SOD activity. SOD activity was
assayed by means of a SOD Assay Kit-WST (Dojindo Lab., Kumamoto, Japan), in which
xanthine and xanthine oxidase serve as a superoxide generator, and the highly
water-soluble tetrazolium salt WST-1
(2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt) is used as a O,.” indicator. SOD activity was calculated using the standard curve,

according to the manufacturer’s instructions.

Measurement of NOx

The concentration of nitrite plus nitrate (NOXx) in the culture medium or in ACh-stimulated
samples of the medium was measured using a method described previously [9]. In case of
ACh-stimulated samples, the incubated strips were placed in 0.5 mL KHS. Samples of
medium were collected as follows: sample 1, for a 20-min period after application of 10° M
ACh; sample 2, for a 20-min period after non-stimulation. The amount of NOx was
calculated as follows: agonist-stimulated NOx (107 mol min™ g™') = [sample 1 - sample 2]/
20 (min) x g (wet weight of the aorta). The concentrations of NO,™ plus NO3™ in KHS and the

reliability of the reduction column were examined in each experiment.
Immunohistochemistry for nitrotyrosine
After incubation, some strips from the aortas were embedded in O. C. T. compound

(Sakura, Torrance, CA, USA). After a washout of the compound, slides were treated with
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10 mmol/L citric acid, then microwave-heated (for 1 min) to recover antigenicity.
Nonspecific binding was blocked with a drop of normal horse serum in Block ace
(Dainippon-Pharm., Osaka, Japan) for 20 min before overnight incubation at 4 °C with
polyclonal anti-nitrotyrosine antibody (1: 100; Chemicon, Temecula, CA, USA) in Block ace
Tissue sections were then incubated for 30 min at room temperature with a biotinylated
anti-rabbit IgG (1: 800) secondary antibody, using a VECTASTAIN Universal ABC-AP kit
(Vector Laboratories, Burlingame, CA, USA). Alkaline Phosphatase Substrate Kit | (Vector
Laboratories) was used to visualize positive immunoreactivity for nitrotyrosine. Sections of
rat aorta enclosed in Entellan new (Merck, Darmstadt, Germany) were imaged using a light

microscope.

Measurement of the expressions of nitrotyrosine by Western blotting

Aortas (two pooled vessels per group) were homogenized in ice-cold lysis buffer containing
50 mM Tris-HCI (pH 7.5), 150 mM NaCi, 1 % Triton X-100, and protease-inhibitor cocktail.
Homogenates were centrifuged at 13,000 g for 5 min. The supernatant was sonicated at 4
°C, and the proteins were solubilized in Laemmii’s buffer containing mercaptoethanol, and
boiled for 5 min at 95 °C. The protein concentration was determined by means of a BCA
protein assay reagent kit (PIERCE, IL, USA). Samples (40 pg/lane) were resolved by
electrophoresis on 7.5% SDS-PAGE gels and transferred onto PYDF membranes. Briefly,
after blocking the residual protein sites on the membrane with Block ace
(Dainippon-Pharm., Osaka, Japan), the membrane was incubated with anti-nitrotyrosine
(1:1000; Chemicon}) or -actin (1:5000; Sigma), in blocking solution. Horseradish
peroxidase-conjugated, anti-rabbit antibody (Vector Laboratories) was used at a 1:4000

dilution in Tween PBS, followed by detection using SuperSignal (PIERCE).

Immunoprecipitation with anti-nitrotyrosine or anti-SERCAZ2 antibody

The immunoprecipitation procedure involved a method described elsewhere 2°. Briefly, 1
mg protein extract was diluted in 500 L lysis buffer. After preclearing with protein Aor G
agarose, the supernatant was mixed with 10 uL polycional anti-nitrotyrosine or SERCA2

antibody, then incubated for 4 h at 4 °C. Prewashed protein A or G agarose (50 uL) was
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added to the samples, and after 1 h further incubation, the immunocomplex was
resuspended in Laemmii’s buffer containing mercaptoethanol, boiled for 5 min at 95 °C,
loaded onto SDS-PAGE gels, and transferred onto PDVF membranes. Briefly, after
blocking the residual protein sites on the membrane with Block ace (Dainippon-Pharm.,
Osaka, Japan), the membrane was incubated with anti- nitrotyrosine (1:1000), SERCA2
(1:2500, Sigma), or 3-actin (1:5000), in blocking solution. Horseradish
peroxidase-conjugated, anti-rabbit antibody (Vector Laboratories) was used at a 1: 4000

dilution in Tween PBS, followed by detection using SuperSignal.

Statistical analysis

The contractile force developed by aortic strips from control and diabetic rats is expressed
in milligrams of tension per milligrams of tissue, the data being given as mean + SE. When
appropriate, statistical differences were assessed using Dunnett’s test for multiple
comparisons after a one-way analysis of variance, a probability level of P < 0.05 being
regarded as significant. Statisitcal comparisons between concentration-response curves
were assessed using a two-way ANOVA with a Bonferroni correction performed post hoc to

correct for multiple comparisons; again, P < 0.05 was considered significant.
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Abbreviations
ACh, acetylcholine chloride; BHT, t-butylhydroxytoluene; eNOS, endothelial NO synthase;
ER, endoplasmic reticulum; GK, Goto-Kakizaki; KHS, Krebs-Henseleit solution; L-NNA,
NG-nitro-L-arginine; NBT, nitro blue tetrazolium; NE, norepinephrine; NO3', nitrate; .NO,
nitric oxide; NOx, nitrite plus nitrate; O,.", superoxide; ONOQO", peroxynitrite; PMSF,
phenylmethylsulfonyl fluoride; SERCA, sarco/endoplasmic reticulum calcium ATPase
function; SIN-1, 3-morpholinosydnomine hydrochloride; SOD, superoxide dismutase; STZ,

streptozotocin; TG, thapsigargin.
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Results

General parameters

%35 at the time of the experiment all diabetic rats exhibited

As in our previous study
hyperglycemia, their blood glucose concentrations (527.6 + 27.35 mg dL™, n=12) being
significantly higher {(P<0.001) than those of the age-matched, non-diabetic control rats

(109.21 £ 5.9 mg dL™", n = 12). Plasma insulin levels were significantly lower (P<0.001) in

the diabetics (0.21 + 0.08 ng mL™", n = 12) than in the controls (4.25 + 0.15ng mL™", n = 12).

Effects of insulin on relaxation responses to ACh and Angeli’s salt

In order to demonstrate relaxation responses in diabetic animals and their modulation by
insulin treatment, | examined the vasodilator responses to the endothelium-dependent
activator ACh and the endothelium-independent activator Angeli’s Salt. | used organ
culture of the entire vascular wall (a) because in this way it is possible to incubate the
tissue with a constant concentration of insulin for a prolonged period of time and (b)
because direct interactions between vascular smooth muscle cells and endothelial cells
can easily be examined *°*. When the NE (10 -5 x 10°® M)-induced contraction had
reached a plateau, ACh (10°-10° M) was added cumulatively. The results are summarized
in Fig 1. In aortas incubated in serum-free medium, ACh caused a
concentration-dependent relaxation with the maximum response at 10° M, and a
comparison of the entire curves revealed that this relaxation was significantly weaker in
diabetic aortas than in the controls (p=0.048). Diabetic aortas incubated with insulin (50
ng/mL, for 16h) exhibited marked reductions both in the ACh-induced a
concentration-dependent relaxation as a whole and in the maximal relaxation to ACh (Fig 1
B). In contrast, incubating control aortas with insulin had no significant effect (Fig 1 A).
These results suggest that prolonged treatment of the diabetic aorta with insulin caused an
impairment of endothelium-dependent relaxation.

Relaxation responses to Angeli’s salt, which generates nitroxyl anion and .NO ) were
examined using aortic preparations denuded of endothelium after the incubation. When the

NE-induced contraction had reached a plateau, Angeli’s salt (10°-10° M) was added
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cumulatively. The resuits are summarized in Fig 1C and D. The Angeli’s salt-induced
relaxation was not significantly different between controls incubated with insulin and those
incubated without insulin (Fig 1C). However, this relaxation was significantly impaired in
diabetic aortas incubated with insulin compared with those incubated without insulin (Fig
1D). The maximal response for the Angeli’s salt-induced relaxation exhibited no significant
difference among the groups (Fig 1C, 1D). In contrast to the lack of effect of 50 ng/mL
insulin on relaxation responses in control aortas (see above), incubating control aortas with
high-dose insulin (500 ng/mL, for 16 h) led to a relaxation that was significantly greater
than that observed in control aortas incubated in serum-free medium (data not shown).
These results suggest that the diabetic aorta cultured with insulin underwent an impairment
of .NO-induced relaxation. Incubating diabetic aortas for only 1 h in culture medium (Fig
2A) containing insulin had no effect on the relaxation induced by ACh. In contrast to the
above results obtained in aortas denuded of endothelium after incubation (Fig 1D),
incubation with insulin had no effect on the relaxation induced by Angeli’s sait in strips in
the diabetic group denuded of endothelium before incubation (Fig 2B).

Taken together, these results suggest that prolonged treatment of the diabetic aorta with
insulin caused impairments of both endothelium-dependent and .NO-dependent responses
through a mechanism that is mediated by a factor produced from endothelial cells (since its

effects were evident only when the endothelium was intact during the incubation).
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Figure. 1. Concentration-response curves for the ACh (A, B)- and Angeli’s salt (C, D)-induced
relaxations of aortic strips after organ culture. Strips obtained from control rats (A, C) and diabetic rats (B,
D) were cultured in serum-free medium or in the presence of insulin (50 ng/mL) In C and D, the
endothelium was removed after culture. Ordinates show relaxation as a percentage of the contraction
induced by an equieffective concentration of NE (10‘8 -5x10% M). Each data-point represents the
mean=+S.E. from 8-10 experiments (S.E. is included only when it exceeds the dimension of the symbol

used). *P< 0.05 vs diabetic aortas cultured in serum-free medium.
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Figure. 2. Effects of duration of insulin-exposure (A) and denudation of endothelium (B) on
concentration-response curves for ACh-induced and Angeli’s salt-induced relaxations of aortic strips from
diabetic rats. (A), Aortas from diabetic rats were cultured either in serum-free medium for 16 h orin
medium containing insulin (Ins, 50 ng/mL) for 1 h or 16 h. (B), Aortas were cultured either in serum-free
medium or in the presence of insulin (for 16 h), the strips used having had their endothelium removed
(-EC) before culture. Ordinates show relaxation as a percentage of the contraction induced by an
equieffective concentration of NE (10'8 -5x10% M). Each data-point represents the mean+S.E. from 8-10
experiments (S.E. is included only when it exceeds the dimension of the symbol used). *P< 0.05 vs

diabetic aortas cultured in presence of insulin for 1 h.
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Effects of oxidative stress on insulin-induced impairment of relaxation

To examine the effects of O,.” and ONOQO’ on the insulin-induced impairment of relaxation,
cultured aortas were co-incubated with SOD [O,.” scavenger (180 U/mL}], or with uric acid
[ONOO" scavenger (0.5 mM)] *®). As shown in Fig 3, co-incubation with insulin plus SOD or
with insulin plus uric acid prevented the insulin-induced impairment of both the
ACh-induced (Fig 3A) and Angeli's salt-induced (Fig 3B) relaxations. In diabetic strips
incubated with SIN-1 [ONOQO™ generator (1 mM)], the Angeli’s salt-induced relaxation was
significantly impaired (versus that observed without SIN-1) (Fig 3C). These results suggest
that the impairments observed following insulin-treatment of the diabetic aorta are due to

increases in ONOO™ and O,." production.
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Figure. 3. Effects of SOD, uric acid, and SIN-1 on concentration-response curves for ACh (A)-induced
and Angeli's salt (B, C)-induced relaxations of aortic strips from diabetic rats. Strips were cultured for 16 h
either in serum-free medium or in the presence of insulin (50 ng/mL), insulin plus SOD (180 U/mL), insulin
plus uric acid (0.5mM), or SIN-1 (1mM). In B and C, the endothelium was removed after culture. Ordinates
show relaxation as a percentage of the contraction induced by an equieffective concentration of NE (1 0%
5x10® M). Each data-point represents the mean+S.E. from 7-8 experiments (S.E. is included only when it

exceeds the dimension of the symbol used). *P< 0.05, **P< 0.01, ***P< 0.001 vs diabetic aortas cultured

in presence of insulin alone. #P<0.05 vs diabetic aortas.
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Effects on SERCA function during insulin-induced impairment of relaxation

To investigate the SERCA-derived relaxation evoked by Angeli’s salt, we performed a
series of experiments in which Angeli’s salt was added to aortic strips precontracted by NE
in the presence of TG [irreversible SERCA inhibitor (10 uM)]. TG significantly inhibited the
Angeli’s salt-induced relaxation response in control aortas incubated with or without insulin
(Fig 4A). In diabetic aortas, TG significantly inhibited the Angeli’s salt-induced relaxation
response in aortas incubated without insulin, but did not inhibit it significantly in those
incubated with insulin (Fig 4B). These observations provide evidence that the contribution
of SERCA to the Angeli’s Salt-induced relaxation may be decreased in diabetic aortas

incubated with insulin.
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Figure. 4. Effect of thapsigargin on Angeli’s salt-induced relaxation of aortic strips after culture either in
serum-free medium or in the presence of insulin. Strips obtained from control (A) and diabetic (B) rats
were cultured for 16 h either in serum-free medium or in the presence of insulin (50 ng/mL). The
endothelium was removed after culture. When the effects of thapsigargin (10 yM) on the response to the
relaxant agent were examined, this agent was added to the bath 60 min before the administration of NE
(10°® ~ 5 x 10® M). Ordinates show relaxation as a percentage of the contraction induced by an
equieffective concentration of NE. Each data-point represents mean+S.E. from 8-10 experiments (S.E. is
included only when it exceeds the dimension of the symbol used). *P< 0.05 vs control aortas cultured in
serum-free medium. #P< 0.05 vs diabetic aortas cuitured in the presence of insulin. 1P< 0.05 vs diabetic

aortas cultured in serum-free medium.
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