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Role of cGMP-dependent protein kinase in
development of tolerance to nitroglycerine in
porcine coronary arteries
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Background and purpose: The cGMP-dependent protein kinase (PKG) is a key enzyme for nitrovasodilator-induced
vasodilation. The present study was to determine its role in nitrate tolerance.
Experimental approach: isolated porcine coronary arteries were incubated for 24 h with nitroglycerin (NTG) and their
relaxant responses were determined. PKG activity was assayed by measuring the incorporation of 32P into BPDEtide. PKG
protein was determined by Western blotting and PKG mRNA by real-time PCR.
Key results: A 24 h incubation with NTG attenuated relaxation of coronary arteries to NTG, which was associated with
decreased PKG activity. The nitrate tolerance induced with NTG at 10�7 M was affected by a scavenger of reactive oxygen
species and the tolerance induced with NTG at 10�6 and 10�5 M showed cross-tolerance to DETA NONOate and 8-Br-cGMP
(a cell permeable cGMP analogue). PKG protein and mRNA were down-regulated by a 24 h incubation with NTG at 10�5 M
but not at 10�7 M. Acute exposure to exogenous superoxide inhibited PKG activity stimulated by NTG at 10�7 M but not at
10�5 M. Superoxide had no effect on PKG activity stimulated with exogenous cGMP.
Conclusions and implications: Nitrate tolerance induced by NTG at low concentrations may result from an increased
production of reactive oxygen species acting on sites upstream of PKG. The tolerance induced by NTG at higher
concentrations may be in part due to suppression of PKG expression resulting from sustained activation of the enzyme. These
distinct mechanisms of nitrate tolerance may be of clinical significance.
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Introduction

Nitroglycerine (NTG) is a widely used vasodilator in the

treatment of angina pectoris and acute heart failure. It causes

vasodilation after being converted inside the cell to nitric

oxide (NO) or an NO-related intermediate, which elevates

cyclic GMP (cGMP) following the activation of soluble

guanylyl cyclase (Ignarro et al., 1981). The effectiveness of

NTG is often plagued by the development of tolerance. This

phenomenon was recognized a century ago (Stewart, 1888)

and the underlying mechanisms are not yet fully understood

(Parker, 2004; Csont and Ferdinandy, 2005; Münzel et al.,

2005; Chen and Stamler, 2006). There is compelling

evidence that an increased production of reactive oxygen

species (ROS) might inhibit the biotransformation of NTG by

thiol oxidation of mitochondrial aldehyde dehydrogenase

(Münzel et al., 1995; Difabio et al., 2003; Sydow et al., 2004;

Chen et al., 2005; Kollau et al., 2005). In addition, many

other mechanisms seem to be involved, including decreased

endothelial uptake of L-arginine (Gold et al., 1989; Abou-

Mohamed et al., 2000), endothelial NO synthase uncoupling

(Münzel et al., 2000), desensitization of soluble guanylyl

cyclase (Molina et al., 1987; Romanin and Kukovetz, 1989)

and upregulation of phosphodiesterases (Pagani et al., 1993;

Kim et al., 2001; MacPherson et al., 2006). The mechanisms
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underlying nitrate tolerance may also differ depending on

species and study models used (Parker, 2004; Münzel et al.,

2005).

Cyclic GMP-dependent protein kinase (PKG) is a key

mediator for relaxation of smooth muscle induced by

cGMP-elevating agents such as NTG and NO (Hofmann

et al., 2000). In human arteries and veins, nitrate tolerance is

associated with decreased PKG activity (Schulz et al., 2002).

In the arteries of rats and rabbits, nitrate tolerance induced

by low-dose NTG is associated with decreased PKG activity,

while the tolerance induced by high-dose NTG is associated

with decreased PKG protein level and activity (Mülsch et al.,

2001). Nitrate tolerance is also associated with an increased

production of superoxide (Mülsch et al., 2001; Schulz et al.,

2002). In the study by Mülsch et al. (2001), treatment with

vitamin C improved tolerance, reduced vascular superoxide

production and increased PKG activity. Hence, the decreased

activity of PKG may result in part from an increased

production of ROS.

In transgenic mice overexpressing endothelial NO

synthase, basal cGMP levels of aortas are higher but PKG

protein expression and activity are decreased (Ohashi et al.,

1998; Yamashita et al., 2000). The decrease in PKG in these

transgenic mice is probably not due to enhanced production

of ROS, as increased ROS production would have bound to

NO and resulted in decreased cGMP levels. Rather, it may be

due to desensitization of PKG following continuous exposure

to high basal levels of NO (Gao et al., 2004). This speculation

has led us to hypothesize that following prolonged exposure

to NTG, PKG may be downregulated by a negative feedback

mechanism independent of ROS, by the action of a sustained

high level of cGMP resulting from continuous activation of

soluble guanylyl cyclase. The present study was undertaken

to determine whether such a mechanism is involved in

nitrate tolerance. Our results suggest that the decreased PKG

activity associated with nitrate tolerance of porcine coronary

arteries may result from two distinct mechanisms. The

tolerance caused by NTG at low concentrations is mainly

due to increased production of ROS, which act on sites

upstream of PKG, whereas that caused by NTG at higher

concentrations may be at least in part due to a direct

suppression of PKG by a cGMP-mediated negative feedback

mechanism, independent of ROS.

Methods

Porcine coronary arteries preparations

Fresh porcine hearts were collected from a local slaughter-

house. The porcine coronary left circumflex and left anterior

descending arteries were carefully dissected and cut into

rings (length 5 mm) in ice-cold modified Krebs–Ringer

bicarbonate buffer (composition (in mM): NaCl, 118.3; KCl,

4.7; CaCl2, 2.5; MgSO4, 1.2; KH2PO4, 1.2; NaHCO3, 25.0;

glucose, 11.1).

Organ chamber study

Rings of coronary arteries were incubated for 24 h in

serum-free Dulbecco’s modified Eagle’s medium (Gibco,

Paisley, Scotland, UK; supplemented with 2 mM glutamate,

100 U ml�1 penicillin, 100mg ml�1 streptomycin, 0.25mg ml�1

amphotericin B; 37±0.5 1C, 20% O2–5% CO2, pH 7.4) in the

presence of solvent, NTG, or DETA NONOate [2,20-(hydroxy-

nitrosohydrazono) bis(ethanamine)] (a stable NO donor;

Mooradian et al., 1995). In some experiments, 1H-(1,2,4)

oxadiazolo(4,3-a)quinoxalin-1-one (ODQ) (3� 10�5
M, an

inhibitor of soluble guanylyl cyclase; Gerlach et al., 1993),

N-acetyl-L-cysteine (NAC (10�2
M), a scavenger of ROS that

acts a glutathione precursor; Nowicki et al., 2001; Park and

Lee, 2006) or ebselen (10�4
M, a scavenger of ROS that acts by

mimicking the antioxidants glutathione peroxidase, thio-

redoxin reductase and thioredoxin peroxidase; Zhao and

Holmgren, 2002) was present.

To eliminate the possible involvement of endogenous

prostanoids and endothelium-derived NO, indomethacin

(10�5
M) and nitro-L-arginine (10�4

M) were included in the

medium and present throughout the experiments (Gao et al.,

2003).

Following incubation, vessel rings were repeatedly rinsed

and suspended in organ chambers filled with 10 ml of

modified Krebs-Ringer bicarbonate solution maintained at

37±0.5 1C and aerated with 95% O2-5% CO2 (pH 7.4).

Two stirrups passed through the lumen suspended each

ring. One stirrup was anchored to the bottom of the

organ chamber and the other one connected to a strain

gauge, and the isometric force was measured with a ML785

PowerLab/8sp recording and Analysis System (ADInstruments

Pty Ltd, Castle Hill, Sydney, Australia) (Wang et al., 2006).

At the beginning of the experiment, each vessel ring

was stretched to its optimal resting tension. This was

achieved by stepwise stretching until the active contraction

of the vessel ring to 100 mM KCl reached a plateau. The

optimal resting tension of porcine coronary arteries was

B2.5 g. After the vessels were brought to their optimal

resting tension, 1 h of equilibration was allowed. Effects of

NTG, DETA NONOate and 8-bromo-guanosine 3050-cyclic

monophosphate (8-Br-cGMP) (a cell membrane-permeable

analogue of cGMP; Meyer and Miller, 1974) were determined

in vessels constricted with (9,11)-dideoxy-(11a,9a)-epoxy-

methanoprostaglandin F2a (U46619). The concentration–

response curves to these dilators were constructed in a

cumulative fashion.

PKG activity assay

Isolated porcine coronary arteries were incubated in serum-

free Dulbecco’s modified Eagle’s medium for 24 h with NTG

or DETA NONOate in the presence and absence of ODQ

(3�10�5
M), an inhibitor of soluble guanylyl cyclase (Ignarro

et al., 1981). They were then homogenized on ice in a buffer

containing 50 mM Tris HCl (pH 7.4), 10 mM EDTA, 2 mM

dithiothreotol, 1 mM isobutylmethylxanthine, 100 mM nitro-

L-arginine and 10 mM indomethacin. The homogenate was

sonicated and centrifuged at 14 000 g for 10 min at 4 1C.

Supernatants were assayed for PKG activity by measuring the

incorporation of 32P from g-32P-labelled ATP into a specific

PKG substrate BPDEtide (Biomol Research Laboratories,

Plymouth Meeting, PA, USA). Aliquots (20 ml) of supernatant

were added to a mixture (total volume 50 ml) containing
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50 mM Tris HCl (pH 7.4), 20 mM MgCl2, 0.1 mM isobutyl-

methylxanthine, 10 mM indomethacin, 100 mM nitro-L-argi-

nine, 150 mM BPDEtide, 1mM PKI (a synthetic protein kinase

A (PKA) inhibitor; Peninsula Laboratories, Belmont, CA,

USA), and 0.2 mM g-32P-labelled ATP (specific activity

3000 Ci mM
�1). The mixture was incubated at 30 1C for

10 min in the presence or absence of 3mM exogenous cGMP.

The reaction was terminated by spotting 40-ml aliquots of

mixture onto phosphocellulose papers (2�2 cm; P81 What-

man) and placing them in ice-cold 75 mM phosphoric acid.

The filter papers were washed, dried and counted in a liquid

scintillation counter. Assays were performed in triplicate

with appropriate controls. PKG activity is expressed as

picomoles of 32P incorporated into the PKG substrate per

min per mg protein. Experiments confirmed the linearity of

PKG activity at the protein concentration used (data not

shown).

In some experiments, the effect of exogenous superoxide

on PKG activity of isolated coronary arteries and of vessel

homogenates was determined using xanthine oxidase (XO)

plus pterine as a generator of superoxide (Atlante et al.,

2000). In studies with isolated vessels, coronary arteries were

incubated with NTG at 10�7 and 10�5
M for 10 min in the

presence of XO (10 mU ml�1) plus pterine (10�4
M) or

solvent. The vessels were then snap frozen, homogenized

and assayed for the activity of PKG as described above. In

studies with vessel homogenates, PKG activity was stimu-

lated with exogenous cGMP in the presence XO

(10 mU ml�1) plus pterine (10�4
M) or solvent.

Western blot analysis of PKG protein

Tissue lysates were prepared from isolated porcine coronary

arteries incubated for 24 h, as described earlier, in the

presence of solvent, NTG (10�7
M), NTG (10�5

M) or DETA

NONOate (10�5
M). In some experiments, ODQ (3�10�5 M)

or b-Phenyl-1,N2-etheno-8-bromoguanosine-30,50-cyclic mono-

phosphorothioate, Rp isomer (Rp-8-Br-PET-cGMPS, 3�10�5
M)

was included in the incubation medium.

The lysates, each containing 30 mg of protein, were

subjected to SDS-polyacrylamide gel electrophoresis and

electro-transferred to polyvinylidene difluoride. Nonspecific

binding of antibody was blocked by washing with tris-

buffered saline (TBS) buffer containing 10% milk for 1 h.

The blot was then subjected to two brief washes with TBS

plus 0.5% Tween-20, incubated with the PKG antibody

(an affinity-purified polyclonal antibody detecting a 75-kDa

protein, corresponding to the apparent molecular mass of

PKG type Ia and Ib on SDS-polyacrylamide gel electro-

phoresis immunoblot, of human, mouse and Xenopus origins

(Stressgen, Victoria, Canada); 1:5000 dilution) for 1 h

and the secondary antibody (1:5000 dilution) for 40 min.

It was developed using the chemiluminescent detection

method (Amersham ECL, Amersham Pharmacia Biotech,

Buckinghamshire, UK). The PKG protein present in blots

was quantified by densitometry using a Gel Doc

2000 densitometre (Bio-Rad, Hercules, CA, USA) and

normalized to scanning signals of actin (Calbiochem, La

Jolla, CA, USA).

Real-time polymerase chain reaction for PKG Ia and PKG Ib
mRNAs

Total RNA was extracted from coronary arteries using

TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) according

to the manufacturer’s protocol. The blood vessels were

preincubated for 24 h, as described earlier, in the presence

of solvent, NTG, DETA NONOate or 8-Br-cGMP (10�4
M). In

some experiments, Rp-8-Br-PET-cGMPS was present in the

incubation medium.

Complementary DNA was generated from 5mg of total

RNA using Promega reverse transcription reagent. Polymer-

ase chain reaction (PCR) was carried out using primers for

PKG Ia (sense: 50-cTGGAGGAAGACTTTGCCAAGATTC-30

and antisense: 50-TCGGATTTGGTGAACTTCCGGAATG-30

(GenBank accession number X160886 at base pair 16–40

and 269–245, respectively)) and PKG Ib (sense: 50-

CCCTGCGGGATTTACAGTATG-30 and antisense: 50-GGTCA

CATGGCTGAGATCCTG-30 (GenBank accession number

X54289 at base pair 171–191 and 448–428, respectively)).

As an internal control, the porcine b-actin cDNA was

amplified using the following primers: sense, 50-TCCCTGGA

GAAGAGCTACGAG-30 and antisense, 50-GGGCGATGATCT

TGATCTTCA-30 (GenBank accession number SSU07786 at

base pair 337–357 and 608–588, respectively).

Real-time PCR was performed using the DNA Engine

Opticon (MJ Research, Reno, NV, USA). Briefly, a mixture of

the following reaction components was prepared to the

indicated final –concentration: 0.5mM sense primer (AuGCT,

Beijng, China), 0.5mM antisense primer (AuGCT), 1� PCR

buffer (Promega, Madison, WI, USA), 1.5mM MgCl2 (Promega),

200 mM dNTP (KeHaoDa Biotechnology, Beijing, China), 1�
SYBR Green I (Bio-Vision, XiaMen, China) and 50 000 U l�1

Taq DNA polymerase (Promega). Then, 18 ml of the mixture

was filled into one of Low tube strips (Bio-Rad) and 2ml of

cDNA (produced as described above) was added as the PCR

template. Low tube strips (Bio-Rad) were closed by Flat cap

strips (Bio-Rad) and placed into the DNA Engine Opticon.

The following experimental protocol was used: denaturation

(94 1C for 5 min) followed by an amplification program

repeated for 40 cycles (94 1C for 30 s, gradient 55–57 1C for

45 s and then 72 1C for 60 s) using a single fluorescence

measurement. Also, a melting-curve program (60–95 1C with

a heating rate of 0.1 1C s�1 with continuous fluorescence

measurement) was run and finally a cooling step to 4 1C. The

specificity of each PCR product was verified by the melting-

curve analysis and gel electrophoresis.

Data analyses

Data are shown as means±s.e.mean. When mean values of

two groups were compared, Student’s t-test for unpaired

observations was used. Student’s t-test for paired observa-

tions was used when the mean values of the same group

before and after stimulation were compared. Comparison of

mean values of more than two groups was performed with

one-way analysis of variance test with Student–Newman–

Keuls test for post hoc testing of multiple comparisons.

Statistical significance was accepted when the P-value (two

tailed) was less than 0.05. In all experiments, n represents the

number of animals.
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Drugs

The following drugs were used (unless otherwise specified,

all were obtained from Sigma, St Louis, MO, USA): 8-bromo-

adenosine 30,50-cyclic monophosphate, 8-Br-cGMP, DETA

NONOate, ebselen, indomethacin, nitro-L-arginine, N-acet-

yl-L-cysteine, NTG (Beijing Yimin Pharmaceutical Co. Ltd,

Beijing, China), ODQ, pterine, Rp-8-Br-PET-cGMPS (Biolog

Life Science Institute, Bremen, Germany), U46619 ((9,11)-

dideoxy-(11a,9a)-epoxymethanoprostaglandin F2a) and XO.

1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one and U46619

were dissolved in dimethyl sulphoxide (final concentration

o0.2%). Preliminary experiments showed that dimethyl

sulphoxide at the concentration used had no effect on

contraction to U46619 and relaxation induced by the NO

donor and cGMP analogues. The other drugs were prepared

using distilled water.

Results

Organ chamber studies

Rings of porcine coronary arteries were incubated for 24 h

with NTG or DETA NONOate (a stable NO donor), and then

repeatedly rinsed and constricted with U46619 from 10�7 to

3�10�7
M to a similar tension level before testing their

relaxant responses. The increase in tension of different vessel

groups evoked by U46619 was not significantly different

(ranged from 7.44±1.30 to 8.64±1.33 g, n¼6–10 for each

group, P40.05).

A 24 h incubation of coronary arteries with NTG signifi-

cantly attenuated its subsequent response to the nitrovaso-

dilator. Incubation of the vessels with NTG at higher

concentrations (10�6 and 10�5
M) but not the low concen-

tration (10�7
M) also reduced the response of coronary

arteries to DETA NONOate (Figure 1; Table 1). Incubation

of the vessels for 24 h with DETA NONOate (10�5
M) reduced

the response to both the NO donor and NTG (Figure 2;

Table 1). The attenuation of the relaxation response of

coronary arteries induced by 24 h incubation with NTG at

the high concentration of 10�5
M was reversed by

26.2±3.1%, 24 h after washout of NTG (data not shown,

n¼7–10, Po0.05).

The attenuated response of coronary arteries to NTG

caused by a 24 h incubation with the nitrovasodilator at

low concentration (10�7
M) was prevented by the presence in

the incubation medium of NAC (10�2
M), a scavenger of ROS,

which acts as a glutathione precursor. The effect of incuba-

tion with NTG at higher concentrations (10�6 or 10�5 M) or

with DETA NONOate (10�5
M) was not affected by NAC

(Figure 3; Table 2). The effect of incubation with the higher

concentration of NTG was also not affected by ebselen, a

scavenger of ROS that mimics the activities of the anti-

oxidant enzymes, glutathione peroxidase, thioredoxin re-

ductase and thioredoxin peroxidase. The EC50 of relaxation

to NTG was �5.58±0.10 (log M) and �5.84±0.17 (log M) for

vessels incubated for 24 h with NTG (10�5
M) alone and those

incubated with ebselen (10�4
M) plus NTG (10�5

M), respec-

tively (n¼9–10 for each group, P40.05). There was also no

significant difference in the EC50 of relaxation to NTG

between vessels incubated with solvent and those with

ebselen (10�4
M; �6.82±0.09 (log M) and �7.11±0.17

(log M), respectively; n¼9–10 for each group, P40.05).

A 24 h incubation of the coronary arteries with NTG at

10�5
M or with DETA NONOate at 10�5

M also significantly

attenuated the relaxation induced by 8-Br-cGMP, a cell

membrane-permeable analogue of cGMP. This attenuation

was prevented by the presence in the incubation medium of

ODQ (3�10�5
M), a specific inhibitor of soluble guanylyl

cyclase (Figure 4; Table 3).

The experiments described above were performed in

coronary arteries in the presence of the inhibitors of NO

synthase and cyclooxygenase, nitro-L-arginine and indo-

methacin, respectively. These inhibitors had no significant

effects on the tolerance of porcine coronary arteries induced

by NTG (10�5
M). There was also no significant difference in

the tolerance to NTG between vessels with and without

endothelium (Table 4).

PKG activity

The basal activity of PKG of the coronary arteries incubated

for 24 h with NTG (10�5
M) or DETA NONOate (10�5

M) was
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Figure 1 Relaxations of porcine coronary arteries to NTG (left panel) and DETA NONOate (right panel) following 24h incubation with NTG.
Vessels were constricted with U46619 (10�7 to 3�10�7

M) before testing their relaxant responses. Data are shown as means±s.e.mean; n¼7–
10 for each group. *Significantly different from vessels incubated with NTG from 10�7 to 10�5

M (left panel) or with NTG at 10�6 and 10�5
M

(right panel) (Po0.05); wsignificantly different from vessels incubated with NTG at 10�7 and 10�6 M (Po0.05). DETA NONOate, [2,20-
(hydroxynitrosohydrazono) bis(ethanamine)]; NTG, nitroglycerine; U46619, (9,11)-dideoxy-(11a,9a)-epoxymethanoprostaglandin F2a.
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not significantly different from that of the control. The

activity of PKG stimulated with cGMP (3�10�6
M) of

coronary arteries incubated for 24 h with NTG (10�5
M) or

DETA NONOate (10�5
M) was significantly less than those of

the control vessels. The effects of NTG and DETA NONOate

were prevented by ODQ (3�10�5
M) (Figure 5).

Table 1 Effect of 24 h incubation with NTG and DETA NONOate (DETA NO) on response of porcine coronary arteries

Relaxation to NTG Relaxation to DETA NO

EC50, �log (M) Max relaxation, % EC50, �log (M) Max relaxation, %

24 h incubation with:
Solvent 6.82±0.09 99.74±0.20 5.48±0.08 99.60±0.32
NTG, 10�7

M 6.32±0.11a 96.80±1.65 5.57±0.10 98.22±1.12
NTG, 10�6

M 6.01±0.17a 96.38±1.13 4.99±0.14a 96.64±1.89
NTG, 10�5

M 5.58±0.10a,b 95.47±2.48 4.37±0.33a,b 72.54±11.86a

24 h incubation with:
Solvent 6.82±0.04 99.09±0.07 5.45±0.06 99.73±0.07
DETA NO, 10�5

M 6.39±0.04a 98.28±0.07 4.67±0.17a 89.41±0.07a

Abbreviations: DETA NONOate, [2,20-(hydroxynitrosohydrazono) bis(ethanamine)]; NTG, nitroglycerine.

Relaxation of porcine coronary arteries to NTG and DETA NO were determined in vessels constricted with U46619 (10�7 to 3�10�7
M) to a similar the tension

level. Data are expressed as means±s.e.mean, n¼ 6–10 for each group.
aSignificantly different from vessels incubated with solvent (Po0.05).
bSignificantly different from vessels incubated with NTG at 10�7 and 10�6

M (Po0.05).
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Figure 2 Relaxations of porcine coronary arteries to NTG (left panel) and DETA NONOate (right panel) following 24 h incubation with DETA
NONOate at 10�5

M. Vessels were constricted with U46619 (10�7 to 3�10�7
M) before testing their relaxant responses. Data are shown as

means±s.e.mean; n¼6 for each group. *Significant difference between vessels incubated with solvent and those with DETA NONOate at
10�5 M (Po0.05). DETA NONOate, [2,20-(hydroxynitrosohydrazono) bis(ethanamine)]; NTG, nitroglycerine; U46619, (9,11)-dideoxy-
(11a,9a)-epoxymethanoprostaglandin F2a.
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Figure 3 Relaxations of porcine coronary arteries to NTG (left panel) and DETA NONOate (right panel) following 24 h incubation with the
respective nitrovasodilators plus NAC (10�2

M). Vessels were constricted with U46619 (10�7 to 3�10�7
M) before testing their relaxant

responses. Data are shown as means±s.e.mean; n¼6–8 for each group. *Significant difference between vessels incubated with NAC and those
with NTG at 10�6

M plus NAC (left panel) or between vessels incubated with NAC and DETA NONOate at 10�5
M plus NAC (right panel)

(Po0.05); wsignificantly different from vessels incubated with NTG at 10�6
M plus NAC (left panel) (Po0.05). DETA NONOate, [2,20-

(hydroxynitrosohydrazono) bis(ethanamine)]; NTG, nitroglycerine; NAC, N-acetyl-L-cysteine; U46619, (9,11)-dideoxy-(11a,9a)-epoxymethano-
prostaglandin F2a.
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To determine the effect of ROS on the activity of PKG,

isolated coronary arteries and the homogenate preparations

of the vessels were stimulated with NTG and cGMP,

respectively, in the presence and absence of exogenous

superoxide (generated by addition of XO (10 mU ml�1) plus

pterine (10�4
M)). Addition of exogenous superoxide inhibited

the activity of PKG that was stimulated by NTG at a low

concentration (10�7
M) but not that stimulated by NTG at a

higher concentration (10�5
M). The comparable increases in

PKG activity stimulated with cGMP were not affected by the

presence of exogenous superoxide (Figure 6).

PKG protein

A reduced PKG protein level of coronary arteries was

observed after 24 h incubation with NTG at 10�5
M, DETA

NONOate at 10�5
M, but not with NTG at 10�7

M. The effect

was prevented by ODQ (3�10�5
M) and Rp-8-Br-PET-cGMPS

(3�10�5
M), inhibitors of soluble guanylyl cyclase and PKG,

respectively (Figure 7). The inhibition of PKG protein

expression was also observed after 24 h incubation with

8-Br-cGMP (10�4
M) but not with 8-bromo-adenosine 3050-

cyclic monophosphate (10�4
M; a cell membrane-permeable

analogue of cAMP). The effect of 8-Br-cGMP was inhibited by

the inclusion of Rp-8-Br-PET-cGMPS (3�10�5
M) in the

incubation medium (Figure 7).

PKG Ia and Ib mRNAs

Coronary arteries incubated for 24 h with NTG (10�5
M),

DETA NONOate (10�5
M) or 8-Br-cGMP (10�4

M) showed a

significant decrease in mRNA levels of PKG Ia and PKG Ib in

comparison with the control. The effect induced by 8-Br-

cGMP (10�4
M) was blocked by the inclusion of Rp-8-Br-PET-

cGMPS (3�10�5
M) in the incubation medium (Figure 8).Table 2 Effect of 24 h incubation with NTG and DETA NONOate (DETA

NO) plus NAC on relaxation of porcine coronary arteries

Relaxation to NTG

EC50, �log (M) Max relaxation, %

24 h incubation with
NAC alone 6.63±0.19 99.15±0.72
NAC and NTG, 10�7

M 6.64±0.20 99.34±0.30
NAC and NTG, 10�6

M 5.90±0.15a 96.27±2.49
NAC and NTG, 10�5

M 5.56±0.22a,b 99.74±0.20

Relaxation to DETA NO

EC50, �log (M) Max relaxation, %

24 h incubation with
NAC alone 5.43±0.07 99.54±0.42
DETA NO, 10�5

M 4.67±0.17a 97.84±1.16

Abbreviations: DETA NONOate, [2,20-(hydroxynitrosohydrazono) bis(ethana-

mine)]; NAC, N-acetyl-L-cysteine; NTG, nitroglycerine.

Relaxation of porcine coronary arteries to NTG and DETA NO were

determined in vessels constricted with U46619 (10�7 to 3� 10�7
M) to a

similar the tension level. Data are expressed as means±s.e.mean, n¼ 6–8 for

each group.
aSignificantly different from vessels incubated with NAC alone (Po0.05).
bSignificantly different from vessels incubated with NTG at 10�6

M plus NAC

(Po0.05).
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Figure 4 Relaxations of porcine coronary arteries to 8-Br-cGMP following 24 h incubation with NTG (left panel) or DETA NONOate (right
panel). Vessels were constricted with U46619 (10�7 to 3�10�7

M) before testing their relaxant responses. Data are shown as
means±s.e.mean; n¼6–9 for each group. *Significant difference between vessels incubated with solvent and those with NTG at 10�5

M

(left panel) or between vessels incubated with solvent and those with DETA NONOate at 10�5
M (right panel) (Po0.05). 8-Br-cGMP, 8-bromo-

guanosine 3050-cyclic monophosphate; DETA NONOate, [2,20-(hydroxynitrosohydrazono) bis(ethanamine)]; NTG, nitroglycerine.

Table 3 Effect of 24 h incubation with NTG and DETA NONOate (DETA
NO) on response of porcine coronary arteries to 8-Br-cGMP

Relaxation to 8-Br-cGMP

EC50, �log (M) Max relaxation,
%

24 h incubation with:
Solvent 4.98±0.07 96.97±1.02
NTG, 10�5

M 4.72±0.05a 95.38±1.33
NTG, 10�5

M and ODQ, 10�4
M 5.09±0.06 97.13±1.77

24 h incubation with:
Solvent 4.90±0.07 97.33±0.91
DETA NO, 10�5

M 4.40±0.08a 79.18±4.20a

DETA NO, 10�5
M and ODQ, 10�4

M 4.75±0.09 97.14±2.56

Abbreviations: 8-Br-cGMP, 8-bromo-guanosine 3050-cyclic monophosphate;

DETA NONOate, [2,20-(hydroxynitrosohydrazono) bis(ethanamine)]; NTG,

nitroglycerine; ODQ, 1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one.

Relaxation of porcine coronary arteries to NTG and DETA NO were

determined in vessels constricted with U46619 (10�7 to 3�10�7
M) to a

similar the tension level. Data are expressed as means±s.e.mean, n¼6–9 for

each group.
aSignificantly different from vessels incubated with solvent (Po0.05).
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Discussion

In the present study, attenuation of relaxation of coronary

arteries to NTG caused by a 24 h incubation with this

nitrovasodilator at a low concentration (10�7
M) was pre-

vented by NAC, a scavenger of ROS that acts as a glutathione

precursor (Nowicki et al., 2001; Park and Lee, 2006). This

suggests that the tolerance might result from an increased

production of ROS. This finding is consistent with other

published data indicating that ROS generated during con-

tinuous exposure to NTG might inhibit mitochondrial

aldehyde dehydrogenase, a key enzyme for the biotrans-

formation of NTG and other high-potent nitrates. This

mechanism may play a central role in the development of

nitrate tolerance when nitrates are used in low doses (Münzel

et al., 1995; Difabio et al., 2003; Sydow et al., 2004; Chen

et al., 2005; Kollau et al., 2005). The studies by Schulz et al.

(2002) and Mülsch et al. (2001) showed that nitrate tolerance

is associated with an increased production of superoxide

and decreased PKG activity. In the study by Mülsch and co-

workers, treatment with vitamin C improved tolerance,

reduced vascular superoxide production and increased PKG

activity. These results suggest that the decreased activity of

PKG may result in part from an increased production of ROS.

In the present study we found that the decreased PKG

activity associated with nitrate tolerance of porcine coronary

arteries induced by NTG at a low concentration (10�7
M) was

prevented by a ROS scavenger, but not that induced by NTG

at a higher concentration (10�5
M). Acute treatment of the

vessels with exogenous superoxide fully inhibited the

activity of PKG stimulated by NTG at 10�7
M but not at

Table 4 Effects of endothelium removal and indomethacin plus nitro-L-
arginine on nitrate tolerance of porcine coronary arteries induced by 24 h
incubation with NTG

Relaxation to NTG

EC50, �log (M) Max relaxation, %

With endothelium, incubated with:
Solvent 6.79±0.27 99.84±0.14
NTG, 10�5

M 5.64±0.23a 96.65±1.56

Without endothelium, incubated with:
Solvent 6.71±0.14 100.00±0.00
NTG, 10�5

M 5.76±0.10a 99.27±0.57

With endothelium treated with indomethacin plus nitro-L-arginine,
incubated with:

Solvent 6.82±0.09 99.74±0.20
NTG, 10�5

M 5.58±0.10a 95.47±2.48

Abbreviation: NTG, nitroglycerine.

Relaxation of porcine coronary arteries to NTG were determined in vessels

constricted with U46619 (10�7 to 3� 10�7
M) to a similar the tension level.

Indomethacin, 10�5
M; nitro-L-arginine, 10�4

M. Data are expressed as

means±s.e.mean, n¼5–7 for each group.
aSignificantly different from the respective solvent group (Po0.05).
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10�5
M. Superoxide had no effect on PKG activity stimulated

by cGMP. These results suggest that the inhibition of PKG

activity caused by NTG at low concentrations after 24 h

exposure may be due to the action of ROS generated in the

vessels on sites upstream of PKG.

In contrast with the NTG tolerance of coronary arteries

developed to the nitrate at low concentrations, the tolerance

obtained following exposure to higher concentrations

(10�5
M) was not sensitive to either NAC or ebselen (a

scavenger of ROS that mimics the activities of the anti-

oxidant glutathione peroxidase, thioredoxin reductase and

thioredoxin peroxidase; Müller et al., 1984; Zhao and

Holmgren, 2002). The tolerance caused by higher concentra-

tions of NTG was associated with a cross-tolerance to DETA

NONOate, a stable NO donor (Mooradian et al., 1995).

Moreover, a tolerance to NTG could also be induced with the

NO donor. This suggests that the tolerance induced by NTG

at high concentrations and that induced by NO share a

common mechanism. It is well recognized that vasodilation

induced by NTG and NO is mainly mediated by cGMP

resulting from the activation of soluble guanylyl cyclase

(Ignarro et al., 1981). In the present study, a 24 h incubation

either with NTG at the higher concentrations or with the

NO donor attenuated relaxation of the vessels to 8-Br-cGMP.

This effect was prevented by the presence of ODQ, a specific

inhibitor of soluble guanylyl cyclase (Gerlach et al., 1993).

These results indicate that a sustained elevation in cGMP

may be involved in the development of the tolerance.

Smooth muscle relaxation caused by cGMP is predomi-

nantly mediated by PKG (Francis and Corbin, 1994; Lincoln

et al., 2001; Hofmann et al., 2006). In our study, a 24 h

incubation of coronary arteries with NTG at 10�5
M or the

NO donor caused not only a significant decrease in PKG

activity but also a decrease in PKG protein expression. These

effects were blocked by inhibition of soluble guanylyl cyclase

with ODQ. Furthermore, a decrease in PKG protein level was

also observed after a 24 h incubation with 8-Br-cGMP. These

results suggest that the decrease in PKG protein and activity

may be caused by the continuous exposure to high levels of

cGMP during continuous exposure to the nitrovasodilators.

In transgenic mice overexpressing endothelial NO

synthase, plasma nitrite and nitrate levels (a measure of

endogenous NO production) as well as basal cGMP levels of

the aortas are significantly higher as compared with that of

wild type mice. The aortas of transgenic mice show a marked

reduction in relaxation to sodium nitroprusside and 8-Br-

cGMP (van Deel et al., 2007). Furthermore, PKG protein

expression and activity of the aortas of transgenic mice are

significantly decreased in comparison to that of wild type

mice (Ohashi et al., 1998; Yamashita et al., 2000). Attenua-

tion of PKG-mediated relaxation and of PKG protein

expression and activity has also been observed by us in

ovine pulmonary veins after continuous exposure to NO

(Gao et al., 2004). This previous study in ovine pulmonary

vessels supports our speculation that a sustained elevation

of cGMP level may be the cause of the attenuated PKG-

mediated relaxation and the decreased PKG protein expres-

sion and activity reported in this study.

The present study shows that the decrease in expression of

PKG protein caused by prolonged exposure to NTG, DETA

NONOate and 8-Br-cGMP was prevented by Rp-8-Br-PET-

cGMPS, a specific inhibitor of PKG (Butt et al., 1995). It

appears that the downregulation of PKG expression was

caused by a negative feedback mechanism resulting from

sustained activation of the enzyme itself. PKG is present as

two types in mammalian cells, type I and II. The type I PKG

has two isoforms, PKG Ia and Ib. In smooth muscle cells,

both PKG Ia and Ib isoforms are highly expressed. Studies so

far indicate that both isoforms are involved in mediating

vasodilation induced by cGMP, although Ia seems to be more

important (Francis and Corbin, 1994; Lincoln et al., 2001;

Hofmann et al., 2006). We found that the mRNA levels of

both PKG Ia and Ib were downregulated following a 24 h

incubation with NTG (10�5 M), DETA NONOate (10�5 M) or

8-Br-cGMP (10�4 M). Also the effect induced by 8-Br-cGMP

(10�4 M) was blocked by the inclusion of Rp-8-Br-PET-cGMPS

in the incubation medium. Hence, suppression of total PKG

protein expression may represent reduced transcription of

both PKG isoforms.

In rat and bovine aortic smooth muscle cells, expression of

PKG Ia is attenuated by inhibition of the transcription factor

Sp1 following prolonged exposure to higher concentrations

of nitrovasodilators, theophylline, cGMP and cAMP. The

transcription factor Sp1 may be inhibited directly by NO or

indirectly via cAMP-dependent protein kinase (PKA) (Soff

et al., 1997; Sellak et al., 2002; Browner et al., 2004). It is

postulated that PKA-mediated suppression of PKG expression

may be operative under pathological conditions when the

expression of iNOS is induced by inflammatory cytokines,

which leads to increased and prolonged NO production

(Anderson et al., 2000). It is noted that in these studies, PKA

activity is activated by nitrovasodilators and that cAMP

analogues are more potent than cGMP analogues in

suppressing PKG expression. Moreover, this phenomenon

is inhibited by inhibitors of PKA but not affected by

inhibitors of PKG (Soff et al., 1997; Sellak et al., 2002). In

the present study, PKG protein and mRNA levels of coronary

arteries were not affected by the cAMP analogue but were

markedly suppressed by the cGMP analogue at similar

concentrations. The effects of the cGMP analogue were

significantly blocked by the PKG inhibitor. We also found

that NTG and DETA NONOate at concentrations used in our

study had no effect on the activity of PKA (Qin et al., 2007).

Therefore, it is likely that the PKG-dependent suppression of

PKG itself observed in the present study represents a negative

regulation mechanism of the cGMP–PKG signalling. Such a

mechanism may occur when the intracellular level of cGMP

is continuously elevated but its level is not high enough to

cross-activate PKA. When cGMP is elevated to a level high

enough to cross-activate PKA, PKA-dependent suppression of

PKG may occur. This situation occurs more likely under

inflammatory conditions when there is a robust production

of NO following induction of iNOS (Anderson et al., 2000).

In summary, the present study suggests that two distinct

mechanisms appear to be involved in the development of

tolerance of porcine coronary arteries to nitrovasodilators.

The tolerance induced by NTG at low concentrations may

result from an increased ROS production that acts at sites

upstream of PKG. The tolerance induced by NTG at higher

concentrations is probably mediated by a PKG-mediated
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negative feedback mechanism, which results in decreased

PKG protein and mRNA expression, and decreased PKG

activity. Clinically, human plasma concentrations of NTG,

when given intravenously, range from 1.8 nM to 0.53 mM

(Hashimoto and Kobayashi, 2003). The concentration of

1 mM NTG was used in the present study to trigger PKG-

dependent PKG downregulation, a concentration that is

close to the upper range of clinically relevant concentra-

tions. Therefore, it is within the realm of possibility that in

certain clinical situations, when high doses of NTG are being

used, a decrease in PKG expression might contribute to the

development of nitrate tolerance. Such a speculation is

supported by the findings that although acetylcholine-

induced production of NO from aortas of transgenic mice

overexpressing endothelial NO synthase is only twofold

greater than that of wild-type mice, PKG protein expression

and activity as well as nitrovasodilator-induced relaxation of

the vessels are markedly attenuated (Yamashita et al., 2000).
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