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Abstract
The link between endothelial nitric oxide synthase (eNOS) activation and vascular diameter during ischemia-reperfusion was
investigated in the rat heart. After short (,30 min) and long (.45 min) time of ischemia conferred by coronary artery
occlusion of the rats, reperfusion caused dilatation and constriction of arterioles, respectively. Partial oxygen pressure (pO2)
measurement of the heart by the electrode confirmed the hyper-perfusion and no-reflow phenomena during reperfusion, as
well as myocardial ischemia. The vascular diameter was correlated with phosphorylation of Akt and serine 1177 residue of
eNOS, and formation of NO-bound guanylate cyclase (GC) by immuoflorescence study. Western blotting confirmed the
phosphorylation of eNOS-Ser1177 depending on ischemia time. The constriction during reperfusion after 45 min of ischemia
is supposedly caused by the inhibition of Akt-mediated eNOS-Ser1177 phosphorylation, which was suppressed by a PKC
inhibitor chelerythrine, or ROS scavengers N-2-mercaptopropionyl glycine (MPG) and 4,5-Dihydroxy-1, 3-benzenedi-
sulfonic acid disodium salt (Tiron). However, an endothelin receptor antagonist BQ123 alleviated the vasoconstriction by
increasing NO availability but not eNOS-Ser1177 phosphorylation. Thus, vascular patency is correlated with eNOS-Ser1177
phosphorylation in association with ROS, and PKC during reperfusion. Endothelin inhibits vasodilatation by reducing NO
availability during reperfusion.
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Introduction

Nitric oxide (NO), a key vasodilator, is generated by

vascular endothelial NO synthase (eNOS) [1,2].

Reperfusion following brief and sustained ischemia

induces hyper- and hypo-perfusion, respectively [6].

During early reperfusion, eNOS causes reactive

hyperemia [7], but it is unknown as to whether

eNOS persistently regulates flow during post-ischemic

reperfusion.

The eNOS is primarily activated by phosphorylation

at serine-1177 residue (Ser1177) by Akt that is activated

by PI3 kinase-dependent phosphorylation in response

to shear stress, insulin and H2O2 etc. [14–17]. By

contrast, Protein Kinase C (PKC) down-regulates

eNOS by phosphorylation at threonine-495 [2,18] or

serine-116 [1]. The link between eNOS phosphoryl-

ation and vascular diameter during ischemia-reperfu-

sion is the first goal of this study.
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Although reactive oxygen species (ROS) reduces

perfusion through endothelial injury [8–10], it is

unknown whether ROS acts on NOS. ROS is

generated by NAD(P)H oxidase, mitochondrial

respiratory chain [11,12], or even eNOS upon

uncoupling under pathological settings [5]. Protein

Kinase C (PKC) up-regulates NADPH oxidase [29].

On the other hand, superoxide anion (O2
z2) reacts with

NO to form peroxynitrite (ONOO2). ONOO2

promotes reperfusion injury through nitrotyrosin

modification of proteins [3–4], while it inactivates

eNOS through zinc-thiosulfate modification [5].

Endothelin (ET)-1 promotes endothelial injury in

ischemia-reperfusion, which is alleviated by ET-A

receptor blockade [21,22], and is enhanced by PKC-

dependent ROS production [9]. Thus, the second

goal of this study is to investigate as to whether ROS,

PKC, or ET-1 modulates eNOS phosphorylation

during ischemia-reperfusion.

Materials and methods

NG-Nitro-L-arginine methyl ester hydrochloride (L-

NAME) was purchased from Wako Pure Chemical

(Osaka, Japan), N-2-mercaptopropionyl glycine

(MPG), chelerythrine-chloride and 4,5-Dihydroxy-1,

3-benzenedisulfonic acid disodium salt (Tiron) from

Sigma (St. Louis, MO, USA) and endothelin (ET)-A

receptor antagonist (BQ123) from Calbiochemw(Dar-

mastadt, Germany). Anti-eNOS monoclonal antibody

(mAb) and anti-phospho- Ser472/473/474-Akt poly-

clonal antibody (pAb) were obtained from BD

Biosciences (San Diego, CA, USA), anti-phospho-

Ser1177-eNOS pAb from Cell Signaling technology

(Beverly, MA, USA), anti-phospho-Thr 495-eNOS-

pAb and Ser116-eNOS pAb from Upstate Biotechnol-

ogy (Lake Placid, NY, USA). The anti-NO-GC

monoclonal antibody (mAb), specific for the GC

underwent conformational change upon activation by

NO, was produced as we reported [23]. FITC-labeled

anti-mouse IgG (H þ L) was obtained from Vector

Laboratories (Burlingame, CA, USA), phycoerythrin

(PE)-labeled anti-rabbit IgG (whole molecule) from

Sigma, 2% normal horse serum and Vectashield

mounting medium from Vector Laboratories (Burlin-

game, CA, USA).

The protocol for surgical procedure was approved

by the committee of the animal experiments of

Graduate School of Medicine, University of Tokyo.

Male male Sprague-Dawley rats, aged 8 weeks, were

anesthetized with sodium pentobarbital (50 mg/kg,

i.p.) and ventilated by an artificial ventilator with room

air through a bronchial tube, while the body

temperature was maintained at 37–388C, as pre-

viously reported [13]. After left thoractomy, ischemia

was induced by occlusion of the left anterior

descending coronary artery (LAD) with a 6–0 silk

suture, and the reperfusion by its release.

For histological study, rats (n ¼ 10 for each group)

were randomly assigned to either of the sham,

ischemia for 30 or 60 min followed by 60 min of

reperfusion. After ischemia-reperfusion, the hearts

were washed with physiological saline, fixed with 10%

paraformaldehyde in phosphate buffer, embedded in

paraffin, and sectioned at 3mm. The sections were

stained with Elastica-Masson.

For myocardial partial oxygen pressure (pO2)

monitoring, rats (n ¼ 10 for each group) were

assigned to either of ischemia for 30 or 60 min

followed by 60 min of reperfusion. To measure pO2,

the rats were pre-treated with atropine (0.05 mg/kg,

s.c.) and anesthetized with sodium pentobarbital

(50 mg/kg, i.p.) plus ketamine (100 mg/ml, i.p.). The

other procedures were the same as described above.

The pO2 was recorded by use of the Dual Channel

Oxygen Monitor (AD Instruments, NSW, Australia),

equipped with a data analyzer (PowerLab/8sp, AD

Instruments, NSW, Australia). The pO2 sensor and

reference electrodes (AD Instruments, NSW, Austra-

lia) were inserted in the sub-epicardial portion in the

risk area, and a cervical muscle, respectively. The pO2

sensor electrode was inserted to the expected center of

the ischemic-risk area at the left side of anterior left

ventricular wall at about 1/3 of the height from the

apex. After stabilization of pO2 at 30 , 40 mmHg

and body temperature at 37.0 , 38.08C, kept by a

hot plate on the back equipped with a thermostat (AD

Instruments, NSW, Australia), for at least 10 min,

LAD was occluded. As the ischemic area became pale,

we could confirm that the electrode had been inserted

around the center of the ischemic area.

For immunofluorescence study, rats (n ¼ 5 for each

group) were randomly assigned to either of the following

groups: (1) sham, (2) ischemia for 15 min (I15), (3)

ischemia for 30 min (I30), (4) I30 þ NOS inhibitor L-

NAME (30 mg/kg), (5) ischemia for 45 min (I45), (6)

I45 þ endothelin (ET)-A receptor antagonist BQ123

(0.5 mg/kg), (7) I45 þ PKC inhibitor chelerythrine

(5 mg/kg), (8) I45 þ MPG (scavenger for zOH)

(10 mg/kg), (10) I45 þ Tiron (scavenger for O2
z2)

(1 mg/kg). (11) ischemia for 60 min and (I60), with

each of ischemic heart underwent reperfusion for

60 min, unless otherwise specified. The reagents were

injected (i.v.) shortly before coronary occlusion, unless

otherwise specified. To the groups (8), (9) and (10), the

same doses of the reagents were re-injected before

reperfusion and at 10 min of reperfusion. In the sham

group, we performed the same procedure except for the

LAD occlusion.

To confirm the ischemia area (particularly necessary

for hyper-perfusion), the LAD was re-occluded and

2.0 ml of 0.3% Evans Blue in physiological saline was

injected in the left atrium. We could confirm the

ischemic area by dye-exclusion and separate ischemic

from non-ischemia area. After the hearts were quickly

removed, excised, rinsed in physiological saline, cut
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horizontally into 3 portions, immersed in OCT

compound (Sakura Finetek Inc, Tokyo, Japan), or

the ischemic area was cut out for western blotting. The

samples were snap-frozen in liquid nitrogen in both

the cases.

The 8-mm-thick cryo-sections were placed on silan-

coated slides (Matsunami, Osaka, Japan), fixed in

acetone (for 10 min at room temperature), washed

with Phosphate-Buffered Saline (PBS, pH 7.4) (3

times, 5 min each), blocked with 2% normal horse

serum in PBS (for 60 min at room temperature), and

then, incubated with anti-NO-GC monoclonal anti-

body (mAb, 1:1000) and either of diluted (1:1000)

polyclonal phosphor specific antibodies (pAb)s to Ser-

1177, Ser116, or Thr495 of-eNOS (1:1000), or

phospho-Akt-Ser472/473/474 (1:1000) in 1% Bovine

Serum Albumin (BSA)/PBS overnight at 48C. The

sections were washed with PBS and incubated with

fluorescein isothiocyanate (FITC)-labeled anti-mouse

IgG and phycoerythrin (PE)-labeled anti-rabbit IgG

(1:10,000) in 1%BSA/PBS, washed with PBS, and

mounted on glass slides with Vectashield mounting

medium. The fluorescence images were acquired with

the immunofluoresence microscopy (Axioskop 2

routine microscope, Zeiss, Jena, Germany), equipped

with an image analyzer. As negative controls, sections

were incubated either with secondary antibodies or

non-immune IgG.

We measured the minimum diameters of the sub-

epicardial arterioles (5 , 6 for each of three sections

for each heart) in the ischemic area, and measured the

immunofluorescence intensity for each vessel under

the microscope by use of the software equipped with

the image analyzer (Image-Pro Plus Ver.4.0, Media

Cybernetics, Maryland, USA). All arterioles in the

ischemic area, except for few vessels sectioned

obliquely, were observed. Each minimum diameter

was measured, on each image, by use of an objective

micrometer as a scale on each slide. The minimum

diameter (mean ^ SE) for each condition ðn ¼ 5Þ was

calculated from the mean values for each heart (3

sections each). To semi-quantify the immunofluores-

cence intensity, we used In Specke Microscope Image

Intensity Calibration Kits (InSpeck Red, InSpeck

Green, Molecular Probes, Eugene, OR, USA).

Subcellular fractionation of the frozen hearts was

performed, as we previously reported [24]. The

100,000 £ g pellet is the membrane fraction [24],

containing most of eNOS immunoreactivity. The

protein concentrations were determined using protein

Figure 1. A: Representative patterns of reduced-oxygenation during ischemia, enhanced- and hypo-oxygenation of myocardium during

reperfusion in sub-epicardium, following 30 and 60 min of ischemia (I30, I60), respectively, as detected by pO2 electrode. B: Quantification

ðn ¼ 10Þ of pO2z (pre-ischemic value ¼ 100%; a: Shortly after ischemia, b: At the middle of ischemia) (*: P , 0.05 vs sham).
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assay reagent kit (PIERCE, Pockford, IL). SDS-

polyacrylamide gel (6.5%) electrophoresis [25] and

immunoblotting [26] were performed as previously

described [13,24], with equal loading of protein

(30mg/lane), by use of the antibodies to various eNOS

antibodies, listed as above.

Data are presented as means ^ SDs or SEs of the

ratios to the mean value of the sham. Statistical

significance ðP # 0:05Þ was determined by the

analysis of variance (ANOVA) followed by the post-

hoc analysis of Fisher.

Results

We monitored partial oxygen pressure (pO2) by the

electrode inserted into sub-epicardial myocardium.

The reduction in pO2 (oxygenation) directly indicates

myocardial ischemia. The increased oxygenation in

early phase of reperfusion after 30 min of ischemia

reflects the “hyper-perfusion” (Figure 1A, B) [6,7].

Notably, the increase in pO2 was enhanced toward the

end of 60 min reperfusion (Figure 1A, B). By contrast,

myocardial oxygenation was not increased during

reperfusion following 60 min of ischemia (Figure 1A,

B), representing “no-reflow” phenomenon [8]. This is

the first successful demonstration of the temporal

change in myocardial oxygenation state during

ischemia-reperfusion in situ, caused by the change in

blood flow.

Consistent with the pO2 data, the arterioles

visualized by Elastica-Masson staining of the for-

malin-fixed tissue showed vascular dilation after

30 min, and constriction after 60 min of ischemia

(Data not shown). The long axis of the arterioles

oriented variously, suggesting that the ovoid-shape is

not due to the experimental artifacts. The coronary

perfusion of formalin just before the end of reperfu-

sion artificially dilated the vessels after ischemia for

60 min (data not shown). Accordingly, we performed

immuno-fluorescence study on cryo-sections of non-

fixed samples.

Effects of ischemia duration on eNOS phosphoryl-

ation and vaso-diameter after reperfusion were

examined. Representative views of the arterioles in

the ischemic area, as demonstrated by double

immunofluoresence method using anti-phospho-

Ser1177-eNOS and anti-NO-bound NO-GC anti-

bodies, are shown in Figure 2A, while their

quantifications and vascular diameters are shown in

Figure 2B. The diameter of the arterioles ranged

from 10 to 150mm, in consistent with those of

resistance vessels [27]. The NO-GC antibody

specifically recognizes the GC that changed in

conformation after activation by NO [23]. After 15

and 30 min of ischemia followed by 60 min of

reperfusion, the vascular diameter was increased with

a maximum vasodilatation at 30 min to about 180%

of that of the sham. Reperfusion for 60 min following

45 and 60 min (to about 15% vs sham) of ischemia

induced vasoconstriction. The vascular diameter

correlated closely with the fluorescence intensities

of eNOS phosphorylated at Ser1177 and NO-GC on

vessels, at each ischemia time point (Figure 2). After

ischemia for 30 min, reperfusion for 60 min induced

greater vasodilatation than reperfusion for 30 and

180 min, whereas reperfusion for 30 and 60 min

showed no difference in vasoconstriction after 45 min

of ischemia (data not shown). Therefore, the hearts

underwent reperfusion for 60 min following 15 and

60 min of ischemia in this study, unless otherwise

specified.

To confirm eNOS phosphorylation, we performed

western blotting of the membrane fraction

(Figure 3A). Phosphorylation of eNOS at Ser1177

was enhanced after 15 and 30 min, but reduced after

45 and 60 min of ischemia (Figure 3B), in consistent

with the immunofluorescence data (Figure 2). How-

ever, there was neither significant change in weak

phosphorylation of eNOS at Thr495, nor any band of

eNOS-Ser116 detected.

We examined the effect of NOS inhibitor on

vasodilatation. A NOS inhibitor L-NAME inhibited

the vasodilatation induced by 30 min of ischemia to

the sham level (Figure 4). The vascular diameter

correlated closely with the fluorescence intensity of

Figure 2. A: Representative immunofluorescence patterns of

phospho-eNOS (Ser1177) and NO-bound guanylate cyclase (NO-

GC) on the vessels in the sham, ischemia (I) for 15, 30, 45 and

60 min, each followed by 60 min of reperfusion. B: Quantifications

of fluorescence intensity of phospho-eNOS-Ser1177, NO-GC and

vascular diameters are shown as the ratio to the mean sham value

ð*P , 0:05Þ.
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Figure 3. Representative western blots on eNOS and vascular diameters during ischemia (I) of various durations, and the quantification.

A: Total eNOS. B: Phosphorylated form of eNOS at Ser1177, Thr495 and Ser116. The phosphorylation of eNOS at Ser1177 was enhanced at

15 and 30 min, but reduced at 45 and 60 min of ischemia, followed by reperfusion. The phosphorylation of eNOS at Thr495 was weak and not

changed, while that at Ser116 was not detected (*: P , 0:05 vs sham). EC (human umbilical endothelial cell) is a positive control for eNOS.

Figure 4. NOS inhibitor (L-NAME) inhibits dilation of arterioles after 30 min of ischemia (I) followed by 60 min of reperfusion and

fluorescence of NO-bound NO-GC on the vessels. A: Representative arterioles. B: Quantifications of fluorescence intensity of NO-GC and

vascular diameters shown as the ratio to the mean of sham (*P , 0:05 vs vehicle).

Endothelial no synthase (enos) phosphorylation 485
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NO-GC on the vessels in the presence or absence of L-

NAME, indicating that the vasodilation is caused

chiefly by NOS activation through phosphorylation at

eNOS-Ser1177.

The effect of ROS scavengers on vasoconstriction

was examined. After 45 min of ischemia followed by

60 min of reperfusion, the vascular diameter was

decreased to about 35% of that of the sham, which was

alleviated by ROS scavenger MPG or Tiron (Figure 5).

Tiron increased the vascular diameter and the

fluorescence intensity of phosphorylated Akt, eNOS

phosphorylated at Ser1177 and NO-GC on the vessels

more effectively than MPG did (Figure 5A). These

data suggest that ROS mediate vasoconstriction

through inhibition of Akt-mediated phosphorylation

of eNOS-Ser1177. On the other hand, the extent of

vasoconstriction after 45 min of ischemia was greater

than that of reduction in NO availability as shown by

NO-GC fluorescence (Figure 5B), suggesting the

contribution of a vasoconstrictor such as endothelin.

A selective PKC inhibitor (chelerythrine), or an ET-

A receptor antagonist (BQ123) alleviated vasocon-

striction after 45 min of ischemia. The increase in the

vaso-diameter by each inhibitor correlated closely with

the increase in fluorescence intensities of phospho-

Akt, eNOS-Ser1177 and NO-GC on each vessel

under each condition except for BQ123. BQ123

improved NO availability (NO-GC fluorescence) and

vasoconstriction, but not phosphorylation of Akt and

eNOS-Ser 1177, indicating that endothelin reduces

NO availability downstream from Akt-mediated

phosphorylation of eNOS at Ser1177 (Figure 6).

Phosphorylation of eNOS at Thr495, a PKC

phosphorylation site, was unaltered during ischemia-

reperfusion, and not affected by any reagent

(Figure 7), showing that PKC does not directly

induce vasoconstriction through modulation of eNOS

phosphorylation.

Discussion

This study demonstrated the functional-morphologi-

cal correlation between eNOS phosphorylation at

Ser1177 and vascular diameter in the coronary

arterioles in the rat heart after ischemia-reperfusion

for the first time to our knowledge. The vasodilatation

Figure 5. Effects of MPG or Tiron on vascular diameters and immunofluorescence of phosphor-Akt, phospho-eNOS-Ser1177 and NO-GC

in the heart after ischemia for 45 min and reperfusion. A: Representative arterioles. B: Quantifications of fluorescence intensity on the

arterioles and the diameters shown as the ratio to the mean of sham (*P , 0:05 vs vehicle).
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after 15 and 30 min of ischemia followed by

reperfusion is closely correlated with the phosphoryl-

ation of eNOS-Ser1177 (immunofluorescence and

western blotting), as well as NO-mediated activation

of GC, as detected by the unique antibody that

specifically recognizes NO-bound-GC (NO-GC)

(Figure 2, 3) [23]. The NOS inhibitor L-NAME

inhibited eNOS-GC activation and vasodilatation

(Figure 4).

The causes of vasoconstriction after 45 min of

ischemia followed by reperfusion were: (1) inhibition

of Akt-mediated eNOS-Ser1177 phosphorylation by

PKC, and ROS generation, or by (2) reduction of NO

availability by endothelin (Figure 5, 6). The no-reflow

phenomenon persisted long-term during reperfusion

after prolonged ischemia predicts infarct expansion

[19].

The validity of our strategy was confirmed by

myocardial pO2 monitoring that demonstrated the

“hyper-perfusion” and “no-reflow” during early

reperfusion following 30 and 60 min, respectively, of

ischemia (Figure 1). We were the first to demonstrate

the temporal change in ischemic/normoxic state of the

myocardium during ischemia-reperfusion by pO2

monitoring. The initial hyper-reperfusion following

30 min of ischemia would reflect “reactive hyperemia”

[7]. Notably, the myocardial perfusion was greatly

increased toward the end stage of 60 min reperfusion.

Although eNOS-Ser1177 phosphorylation was per-

sisted at the end of reperfusion (Figure 3), the

underlying mechanisms of the initial and later hyper-

perfusion remain to be elucidated.

This study also demonstrated the inhibition of the

Akt-eNOS-GC pathway and vosodilation by ROS in

ischemia-reperfusion for the first time to our knowl-

edge (Figure 5). It was reported that insulin promotes

ROS-mediated phosphatase activation and eNOS de-

phosphorylation [20]. However, our findings that the

two anti-oxidative reagent Tiron and MPG inhibited

the phosphorylation of Akt and eNOS-Ser1177

(Figure 5, 6) suggest that ROS inhibits Akt-dependent

eNOS phosphorylation in their upstream. The target

of ROS remains to be identified.

A PKC inhibitor chelerythrine also enhanced

phosphorylation of Akt and eNOS-Ser1177

(Figure 6). In diabetic state, ROS generated from

mitochondria respiratory chain activates PKC [33],

whereas insulin reverses the PKC-mediated inhibition

on PI3 kinase-Akt-eNOS activation during myocar-

dial ischemia-reperfusion of the heart [15], probably

through its PI3 kinase activation. However, we could

neither find direct evidence for the involvement of

PKC-mediated phosphorylation of eNOS at Thr495

(Figure 3B, 7), nor at Ser116 (Figure 3B).

It was shown that PKC activates endothelial

NADPH oxidase after stimulation with TNF-a or

angiotensin II [28,29], whereas TNF-a is up-

regulated in reperfusion [30]. Additionally, it was

shown that endothelial and leukocyte NADPH

Figure 6. Effect of BQ123, or chelerythrine, on vascular diameters

and immunofluorescence of phospho-Akt, phospho-eNOS-Ser1177

and NO-GC in the heart after ischemia for 45 min and reperfusion.

A: Representative arterioles. B: Quantifications of fluorescence

intensity on arterioles and diameters shown as the ratio to the mean

of sham (*P , 0:05 vs vehicle).

Figure 7. Effect of BQ123, chelerythrine or Tiron on

immunofluorescence of phospho- Thr495 and in the heart after

ischemia for 45 min and reperfusion. A: Representative arterioles.

B: Quantifications of fluorescence intensity on the arterioles shown

as the ratio to the mean of sham (*P , 0:05 vs vehicle).

Q3
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oxidases are involved in the contractile dysfunction in

ischemia-reperfusion [33]. Angiotensin II induces

NADPH oxidase over-expression and O2
2 production,

thereby scavenging NO and constricting resistant

vessels in the spontaneously hypertensive rat [32].

However, angiotensin blocker or a1-adrenoceptor

blocker was not effective under the same protocol

[9]. These findings suggest that PKC, and ROS

inhibit eNOS-phosphorylation at Ser1177 and vaso-

dilatation during reperfusion following ischemia for

45 min or more. The causality of each remains

undetermined.

Endotelin (ET)-1 apparently enhances vasocon-

striction independently of eNOS phosphorylation. An

ET blocker BQ123 improved NO availability and

vasoconstriction, but did not affect phosphorylation

of Akt and eNOS-Ser 1177 (Figure 6). Besides the

vaso-constrictive role, ET-1 can enhance generation

of ROS that scavenges NO during ischemia-reperfu-

sion, as supported by the report on the protective

effect of an endothelin blocker bonsentan on ROS

generation and endothelial dysfunction after ische-

mia-reperfusion [9]. However, since the effects of

ROS scavengers and ET were different (Figure 5, 6),

ET-1 may exert its effect independent of ROS. In

support of the latter explanation, Endothelium-

derived ROS and ET-1 attenuate NO-dependent

pulmonary vasodilation following chronic hypoxia in

an additive fashion [33]. The mechanism of the effect

of ET-1 on NO-dependent vasodilation remains to be

addressed.

In conclusion, we showed the correlation of Akt-

mediated eNOS-Ser1177 phosphorylation and vas-

cular diameter after ischemia-reperfusion in the in vivo

myocardial ischemia-reperfusion, in association with

PKC, and ROS. Additionally, endothelin may be

involved in the vasoconstriction through reducing NO

availability.
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