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Abstract

 

A key component of the nitric oxide–cyclic guanosine mono-

phosphate (cGMP) pathway in smooth muscle cells (SMC)

is the type I GMP-dependent protein kinase (PK-G I). Acti-

vation of PK-G I mediates the reduction of cytoplasmic cal-

cium concentrations and vasorelaxation. In this manu-

script, we demonstrate that continuous exposure of SMC in

culture to the nitrovasodilators 

 

S

 

-nitroso-

 

N

 

-acetylpenicil-

lamine (SNAP) or sodium nitroprusside (SNP) results in

 

z

 

 75% suppression of PK-G I mRNA by 48 h. PK-G I mRNA

and protein were also suppressed by continuous exposure to

cGMP analogues 8-bromo- and 8-(4-chlorophenylthio) gua-

nosine-3,5-monophosphate or the cAMP analogue dibutyryl

cAMP. These results suggest that activation of one or both

of the cyclic nucleotide–dependent protein kinases mediates

PK-G I mRNA suppression. Using isoform-specific cDNA

probes, only the PK-G I

 

a

 

 was detected in SMC, either at

baseline or after suppression, while PK-G I

 

b

 

 was not de-

tected, indicating that isoform switch was not contributing

to the gene regulation. Using the transcription inhibitor acti-

nomycin D, the PK-G I mRNA half-life in bovine SMC was

observed to be 5 h. The half-life was not affected by the ad-

dition of SNAP to actinomycin D, indicating no effect on

PK-G I mRNA stability. Nuclear runoff studies indicated a

suppression of PK-G I gene transcription by SNAP. PK-G I

suppression was also observed in vivo in rats given isosor-

bide dinitrate in the drinking water, with a dose-dependent

suppression of PK-G I protein in the aorta. PK-G I antigen

in whole rat lung extract was also suppressed by adminis-

tration of isosorbide or theophylline in the drinking water.

These data may contribute to our understanding of nitrova-

sodilator resistance, a phenomenon resulting from continu-

ous exposure to nitroglycerin or other nitrovasodilators. (

 

J.

Clin. Invest.

 

 1997. 100:2580–2587.) Key words: cyclic GMP–

dependent protein kinases 

 

• 

 

cyclic GMP 

 

• 

 

vascular smooth

muscle 

 

• 

 

nitroglycerin 

 

• 

 

drug tolerance

 

Introduction

 

The nitric oxide (NO)–cGMP

 

1

 

 pathway is a key regulator of
vascular tone (1–4). In smooth muscle cells (SMC), NO, also
identified as the endothelium-derived relaxing factor, activates
soluble guanylyl cyclase, leading to an increase in levels of
cGMP. Atrial natriuretic factor, another mediator of vasodila-
tion, activates a membrane-bound guanylyl cyclase, also in-
creasing cGMP levels. cGMP activates a cGMP-dependent
protein kinase (PK-G), which mediates the vasorelaxant effect
by phosphorylation of several proteins that regulate intracellu-
lar Ca

 

2

 

1

 

 levels (2, 5–7). As a result, calcium is transported to
the endoplasmic and sarcoplasmic reticulum and extruded
from the cell, thus reducing cytoplasmic calcium concentra-
tions and effecting vasorelaxation. Recent studies indicate that
PK-G may also catalyze the phosphorylation of the inositol
1,4,5-triphosphate receptor and, therefore, regulate the mobili-
zation of calcium stores by inositol triphosphate (8, 9). Addi-
tional data suggest that NO-induced vasorelaxation may be
mediated in part by both cGMP-dependent and cGMP-inde-
pendent activation of a K

 

1

 

 channel (10, 11).
Two genes encoding mammalian PK-G have been identi-

fied, type I and type II. Type I PK-G exists as two isoforms re-
ferred to as type I

 

a

 

 and type I

 

b

 

 (2, 7, 12, 13). The PK-G I

 

a

 

 and
I

 

b

 

 isoforms differ only in the initial coding region (89 amino
acids for I

 

a

 

 and 104 for I

 

b

 

) (12, 13). Although the PK-G I iso-
forms have identical substrate specificity, the I

 

a

 

 isoform re-
quires one-tenth the cGMP concentration for half-maximal ac-
tivity as the I

 

b

 

 isoform (7). In a recent study, the PK-G I

 

a

 

isoform was found in the aorta, heart, kidneys, adrenal glands,
cerebellum, and lung tissues (14). The PK-G I

 

b

 

 isoform was
only detected abundantly in the uterus (14). The type II PK-G
has been identified in brain and intestinal epithelium (15–17).

While much has been learned about the regulation of the
genes for NO synthase (3), little is known about the regulation
of the gene for PK-G I, despite its critical role for SMC func-
tion. Our recent studies have described the growth–state de-
pendence of PK-G I expression in SMC in culture (18). We re-
ported that PK-G I expression was reduced in subconfluent
cultures of low passage aortic SMC and was increased at high
density. These results are similar to other findings regarding
the expression of smooth muscle–specific proteins (19–22). In
a recent study, PK-G I

 

a

 

 was found to be suppressed by PDGF-
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1. 

 

Abbreviations used in this paper:

 

 8-Br-cGMP, 8-bromo-guanosine-
3,5-monophosphate; 8-CPT-cGMP, 8-(4-chlorophenylthio) guano-
sine-3,5-monophosphate; DB-cAMP, dibutyryl cAMP; GAPDH,
glyceraldehyde phosphate dehydrogenase; NO, nitric oxide; PK-A,
protein kinase A; PK-G I, type I cGMP–dependent protein kinase;
SMC, smooth muscle cells; SNAP, 

 

S

 

-nitroso-

 

N

 

-acetylpenicillamine;
SNP, sodium nitroprusside; TBS, Tris-buffered saline.
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BB (14). In this study, suppression of PK-G I mRNA and pro-
tein has been demonstrated in vascular SMC in vitro and in
vivo in response to continuous exposure to nitrovasodilators,
theophylline, or analogues of cAMP and cGMP. These find-
ings suggest that one mechanism that regulates PK-G I gene
expression is the activation of one or both cyclic nucleotide–
dependent protein kinases.

 

Methods

 

Materials. S

 

-nitroso-

 

N

 

-acetylpenicillamine (SNAP) was from Calbio-
chem Corp. (San Diego, CA). Sodium nitroprusside (SNP), isosor-
bide dinitrate, 8-bromo-cGMP (8-Br-cGMP), and theophylline were
obtained from Sigma Chemical Co. (St. Louis, MO). 8-(4-chlorophen-
ylthio) guanosine-3,5-monophosphate (8-CPT-cGMP) was from Bio-
Log, Inc. (La Jolla, CA). 

 

N

 

G

 

-nitro-

 

L

 

-arginine methyl ester, hydro-
chloride (L-NAME) was obtained from Calbiochem Corp. All tissue
culture reagents were from Life Technologies, Inc. (Gaithersburg, MD).

 

Preparation and culture of SMC.

 

Primary bovine aortic SMC were
isolated by a modification of the method of Gunther et al. (18, 23, 24).
Rat aortic SMC were prepared from thoracic and abdominal aortae
of Sprague-Dawley rats by a previously modified protocol of Smith
and Brock (18, 25). Bovine and rat SMC were maintained in a stan-
dard humidified 5% CO

 

2

 

 tissue culture incubator in DME and used
within the first four passages. Bovine SMC were cultured with 20%
calf serum, and rat SMC were cultured with 10% FBS. In all experi-
ments in which the SMC were treated with test compounds (i.e., ni-
trovasodilators, cyclic nucleotides, etc.), the media and test reagents
were replaced every 24 h with fresh test media or control media for
the 48- and 72-h time points.

 

Northern blot analysis of cGMP kinase.

 

Northern blot analysis us-
ing 

 

32

 

P-labeled cDNA fragments as probes was performed as re-
ported previously (18, 23). Probes included the full coding sequence
of the bovine PK-G I

 

a

 

 isoform and glyceraldehyde phosphate dehy-
drogenase (GAPDH). PK-G I

 

a

 

 and I

 

b

 

 isoform–specific cDNA
probes were generated by PCR (see below). Northern blot results
were quantified using a phosphorimager (Fujix BAS 2000; Fuji Photo
Film Co., Tokyo, Japan).

 

Generation of isoform specific cDNA probes.

 

To allow for inde-
pendent detection and quantification of the PK-G I

 

a

 

 and I

 

b

 

 isoform
mRNA species by northern blot analysis, isoform-specific cDNA
fragments were synthesized. The two isoforms are both 7 kb, and dif-
fer only in the initial coding sequence (12, 13). A pair of oligonucle-
otide primers was generated to amplify cDNA of nucleotides 4–266
of the I

 

a

 

 isoform-specific domain (AACATGAGCGAGCTGGAG-
GAAGAC and GATTTGGTGAACTTCCGGAATGCC) and a
second pair to amplify cDNA of nucleotides 1–472 of the I

 

b

 

 isoform
(GCAGACTGGGCATGCTCAGAAGCC and TGGACTCTTGG-
GGTAGAAGGGCAG). PCR was conducted under standard condi-
tions, 94

 

8

 

C for 45 s, 60

 

8

 

C for 45 s, 72

 

8

 

C for 2 min for 30 cycles, fol-
lowed by a 10-min extension at 72

 

8

 

C. The cDNA fragments were
subcloned into plasmid Bluescript II (Stratagene Inc., La Jolla, CA)
and sequenced using commercial reagents (GIBCO BRL, Gaithers-
burg, MD) to confirm the correct sequence.

 

Evaluation of PK-G mRNA stability and transcription.

 

Early pas-
sage postconfluent bovine SMC were treated with 10 

 

m

 

g/ml of the
transcriptional inhibitor actinomycin D (Life Technologies, Inc.)
(26), 500 

 

m

 

M SNAP, or actinomycin D and SNAP together. Un-
treated SMC served as controls. PK-G I mRNA was quantified by
Northern blot at 1, 6, and 24 h of treatment. PK-G I mRNA levels
were normalized by reprobing the membrane with a labeled cDNA
for the 18 S rRNA.

The effects of SNAP on transcription of the PK-G I gene were
evaluated by the nuclear runoff technique, adapting a method re-
ported previously (26, 27). The test cDNA species were PK-G I, 

 

a

 

-actin,
and GAPDH. The signal was quantified using the BAS 2000 phos-

phorimager. Background counts were subtracted from a region of
control DNA (from herring sperm); these counts were equivalent to
counts obtained at areas of the membrane without DNA loading.

 

Immunological quantitation of PK-G I from tissue culture.

 

Primary
cultures of rat aortic SMC were plated in 35-mm culture dishes and
treated with 8-CPT-cGMP. PK-G I levels were determined from
crude soluble fractions as reported previously (18). Samples (2 or 5
mg total protein in 0.5 ml) were diluted in Tris-buffered saline (TBS,
20 mM Tris-HCl, pH 7.5, 137 mM NaCl) and applied in triplicate to
nitrocellulose membrane in wells of a slot-blot apparatus. Several
concentrations of purified bovine lung PK-G I

 

a

 

 in TBS containing
10 mg/ml BSA were also applied to separate wells to construct a stan-
dard curve of band density (area units) versus nanograms of PK-G I
protein. The primary antibody was affinity-purified rabbit anti–bovine
PK-G I (1/100), and the secondary antibody was donkey anti–rabbit
IgG conjugated to horseradish peroxidase (1/10,000). After enhanced
chemiluminescence, data were analyzed by densitometry. Values
have been expressed as nanograms of PK-G I per milligram of total
protein.

 

Animal studies.

 

Male rats of 

 

z

 

 400 g, were given water supple-
mented with various doses of isosorbide dinitrate or theophylline for
4 d. The water was changed daily, and the volume of water consumed
was recorded. The actual dose of drug consumed per animal was cal-
culated based on volume of water consumed, as milligrams of isosor-
bide dinitrate or theophylline per gram of animal body weight per 24 h.
Control animals were handled in a similar fashion, and were given un-
treated water. Animals were killed on the fourth day by CO

 

2

 

 inhala-
tion. Aortas were excised, then quickly snap-frozen at 

 

2

 

85

 

8

 

C. Tissue
lysates were prepared by homogenization in 0.5 ml 20 mM sodium
phosphate, pH 6.8, 2 mM EDTA, 0.15 M NaCl, and 0.1 mM PMSF us-
ing an Ultraturax polytron (Tekmar Co., Cincinnati, OH) set at 50%.
All animal care and handling were under the oversight and approval
of the Northwestern University Animal Care and Use Committee.

 

Immunologic quantitation of PK-G from rat tissues.

 

Crude soluble
cell extracts were prepared from snap-frozen rat aortic and lung tis-
sues from animals treated with isosorbide dinitrate or theophylline.
Frozen tissue was pulverized with a mortar and pestle, cooled in liq-
uid N

 

2

 

, then homogenized by sonication in 0.4 ml of 50 mM Tris-HCl,
pH 7.5, containing 1 mM EDTA, 150 mM NaCl, 10% glycerol, 1 mM
PMSF, 10 mg/ml pepstatin A, and 10 mg/ml leupeptin. Homogenates
were then centrifuged at 12,000 

 

g

 

 for 10 min. The supernatants (75 

 

m

 

g
protein) were analyzed by Western blot analysis for PK-G I using
7.5% SDS polyacrylamide gels. After electrophoresis, protein was
transferred to nitrocellulose membrane. Blots were then incubated in
a blocking buffer consisting of 0.5% nonfat dry milk in TBS for 1 h at
25

 

8

 

C and incubated overnight at 4

 

8

 

C with goat anti–bovine PK-G I
(1/1,000). The blots were washed thee times for 7 min with TBS
containing 0.05% NP-40, 0.125% Na deoxycholate, and 0.05% SDS
(TBS wash buffer). Subsequently, blots were incubated with rabbit
anti–goat IgG conjugated to horseradish peroxidase (1/10,000) for 1 h
at 25

 

8

 

C. Blots were washed in TBS wash buffer five times for 5 min,
and immunoreactive protein was visualized by enhanced chem-
iluminescence. Densities of PK-G I bands on autoradiographs were
analyzed using a laser densitometer (Ultroscan XL; LKB, Uppsala,
Sweden). The PK-G I signal was expressed as percentage of control
sample. Protein was determined using the method of Bradford (28),
using BSA as standard.

 

Protein kinase A (PK-A) activation.

 

The amount of active PK-A
(free catalytic subunit) was estimated using the protein kinase activity
ratio assay, modified from Forte et al. (29, 30). Postconfluent bovine
aortic SMC were pretreated with DME containing 1 mg/ml BSA for
24 h and then treated for 5 min with the test reagents. Preparation of
cell lysates and measurement of PK-A kinase activity were as per
Cornwell et al. (30). The PK-A activity ratio (

 

2

 

cAMP/

 

1

 

cAMP) was
determined by dividing PK-A activity in the absence of added cAMP
by activity in the presence of saturating cAMP. Thus, a ratio of 1.0 in-
dicates complete activation of PK-A by the respective test treatment.
Forskolin served as a positive control for PK-A activation.
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Results

 

Suppression of PK-G I mRNA in SMC culture by nitrovasodi-

lators.

 

Early passage bovine aortic SMC (passage 4) were
maintained in culture for 14 d postconfluence. Under these
conditions, there is an abundance of PK-G I mRNA and pro-
tein (18). Medium was then changed to complete medium sup-
plemented with the nitrovasodilators SNAP or SNP. At sev-
eral time points beginning at 5 h, cellular RNA was harvested,
and PK-G I mRNA was assayed by Northern blot. PK-G I
mRNA levels were normalized to levels of GAPDH. As illus-
trated in Fig. 1 and Fig. 2 

 

A

 

, there was a significant time-depen-
dent decrease in PK-G I mRNA after exposure to both nitro-
vasodilators in postconfluent cells. With exposure to 500 

 

m

 

M
SNAP, PK-G I mRNA was suppressed to 61% of baseline by
5 h, with further suppression to 21–27% of baseline by 24–48 h.
Similarly, exposure to 100 

 

m

 

M SNP suppressed PK-G I mRNA
levels (Fig. 2 

 

A

 

). SNP could not be evaluated at doses of 500

 

m

 

M or above, because of evidence of cellular toxicity; i.e., cells
were lifting from the plate, and there was a loss in trypan blue
exclusion. To determine whether the effect of SNAP and SNP
is mimicked by cGMP, passage 4 bovine aortic SMC were ex-

posed to various concentrations of 8-Br-cGMP, and PK-G I
mRNA was quantified by Northern blot analysis. As illus-
trated in Fig. 2 

 

B

 

, continuous exposure to 8-Br-cGMP also sup-
pressed PK-G I mRNA levels to 

 

z

 

 60% (1 mM 8-Br-cGMP)
and 31% (3 mM 8-Br-cGMP) of baseline by 48 h. Concentra-
tions of 500 

 

m

 

M or lower of 8-Br-cGMP did not reproducibly
suppress PK-G I mRNA levels.

To determine if inhibition of smooth muscle NO synthase
results in altered PK-G I levels, early passage postconfluent
bovine aortic SMC were treated with media supplemented
with 50 

 

m

 

M of L-NAME, an NO synthase inhibitor. In six ex-
periments, the mean PK-G I mRNA levels varied 

 

,

 

 15% from
baseline at 3, 24, and 48 h of treatment, not a significant
change compared with control.

 

Suppression of PK-G I protein in SMC culture.

 

Studies were
extended to analyze the levels of PK-G I protein in rat aortic
SMC. Early passage cells were grown until 3 d postconfluence
and treated with 8-CPT-cGMP at 10 or 100 

 

m

 

M for 48 or 72 h.
Unlike 8-Br-cGMP, 8-CPT-cGMP is highly phosphodiesterase
resistant and cell permeant. These properties allow one to use
significantly lower concentrations to elicit effects through acti-
vation of cyclic nucleotide–dependent protein kinases. PK-G I
antigen was measured by Western blot analysis as reported
previously by our group (18), and the results were reported as
nanograms of PK-G I per milligram of total cellular protein.
As illustrated in Fig. 3, PK-G I protein levels were suppressed
to 50% of baseline with 100 

 

m

 

M 8-CPT-cGMP.

 

Evaluation of PK-G I isoforms, and generation of isoform-

specific cDNA probes.

 

To determine if the suppression of
PK-G I mRNA levels was associated with alteration of one or
both of the PK-G I isoforms, isoform-specific cDNA frag-
ments were synthesized by PCR. Oligonucleotide pairs were
synthesized to yield a fragment of nucleotides 4–266 for bovine
PK-G type I

 

a

 

, and 1–472 for bovine PK-G type I

 

b

 

 (12, 13). Ini-
tial PCR used bovine genomic DNA, as it was hypothesized
that the isoform-specific domains were single exons. After

Figure 1. Northern blot 
of PK-G I mRNA. Con-
tinuous exposure of 
postconfluent aortic 
SMC to 500 mM SNAP 
resulted in a marked 
suppression of PK-G I 
mRNA, as illustrated
in this representative 
Northern blot. GAPDH 

mRNA served as a control. The signals were quantified using a Fujix 
BAS 2000 phosphorimager.

Figure 2. (A) Suppression of PK-G I mRNA by nitrovasodilator exposure. Postconfluent bovine SMC were treated with 500 mM SNAP (d) or 
100 mM SNP (n), and PK-G I and GAPDH mRNA were quantitated by Northern blot. For quantification, the PK-G I signal was normalized to 
the GAPDH signal. The data are the mean6SEM of five experiments for SNAP, and a single experiment for SNP (P , 0.001 for SNAP at 24 
and 48 h). (B) cGMP analogues suppress PK-G I mRNA. PK-G I mRNA in postconfluent bovine SMC was suppressed by exposure to 1 mM 
(d) and 3 mM (n) 8-Br-cGMP. The data represent the mean6SEM of four experiments for 1 mM and three experiments for 3 mM 8-Br-cGMP 
(P , 0.05 for 1-mM exposure and P , 0.01 for 3 mM 8-Br-cGMP).
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cloning of the PCR products, the cDNAs of the predicted size
and sequence were obtained, yielding the isoform-specific
cDNA, and confirming that the isoform-specific domains are
in a single exon. The isoform-specific cDNA fragments were
used for subsequent Northern blot analysis. Four of the North-
ern blots that had shown suppression of PK-G I by SNAP or

8-Br-cGMP were reprobed with the isoform-specific cDNA
fragments. In all cases, the results using the I

 

a

 

-specific probe
showed the predicted 7-kb mRNA present in baseline condi-
tions and a pattern of suppression indistinguishable from the
total PK-G I (Fig. 1, and Fig. 2, 

 

A

 

 and 

 

B

 

), whereas the I

 

b

 

-specific
probe failed to yield a detectable signal (data not shown). As
noted above, the common domain between I

 

a

 

 and I

 

b

 

 repre-
sents 

 

.

 

 95% of each mRNA, and the cDNA of the common
coding region was used to detect total PK-G I mRNA. As a
positive control of hybridization of the I

 

b

 

 probe, hybridization
to genomic DNA and rat lung RNA was performed. Tamura
et al. have observed independently that in vascular SMC, only
the PK-G I

 

a

 

 isoform is detected at the mRNA level (14).

 

Evaluation of PK-G I mRNA stability and transcription.

 

To determine whether nitrovasodilators alter PK-G I mRNA
half-life, early passage postconfluent bovine SMC were treated
with 10 

 

m

 

g/ml actinomycin D, or 500 

 

m

 

M SNAP and actinomy-
cin D. Actinomycin D, which suppresses mRNA transcription,
yielded a half-life of 

 

z

 

 5 h for PK-G I mRNA (Fig. 4 

 

A

 

). Addi-
tion of SNAP to the actinomycin D treatment yielded a com-
parable mRNA half-life, indicating no contribution of SNAP
to the rate of PK-G I mRNA decay. These data are consistent
with SNAP being an inhibitor of PK-G I gene transcription.

Nuclear runoff analysis was performed to confirm the tran-
scriptional basis of the nitrovasodilator-mediated decrease in
PK-G I mRNA levels (26, 27). Nuclei were harvested from
control SMC and SMC treated with 500 

 

m

 

M SNAP for 24 h.
As illustrated in Fig. 4 

 

B

 

, the PK-G I mRNA was reduced to
47% of control by SNAP treatment, while the levels of 

 

a

 

-actin
and GAPDH were not changed significantly. These data in-
dicate that SNAP suppresses PK-G I transcription in vascu-
lar SMC.

Figure 3. PK-G I antigen is suppressed by exposure to 8-CPT-cGMP. 
Primary cultures of rat aortic SMC were exposed to 10 (d) or 100 (n) 
mM 8-CPT-cGMP for up to 72 h. PK-G I was measured by slot-blot 
analysis, and normalized to total cellular protein. The data are the 
mean6SEM of three independent experiments (P , 0.05 for 100 mM 
8-CPT-cGMP; data not significant for 10 mM 8-CPT-cGMP).

Figure 4. (A) PK-G I mRNA half-life was not affected by SNAP. Bovine SMC were treated with the transcription inhibitor actinomycin D (10 
mg/ml). PK-G I mRNA (normalized to 18 S rRNA) was suppressed to 45% of baseline at 6 h and 31% at 24 h by actinomycin D alone (s). 
Treatment with both actinomycin D and SNAP (500 mM) together (m) showed comparable PK-G I mRNA half-life, indicating no effect of 
SNAP on PK-G mRNA half-life. Treatment with SNAP alone also suppressed PK-G mRNA, consistent with previous experiments (not shown). 
The data represent the mean of two independent experiments. (B) Nuclear runoff experiment with bovine SMC demonstrates suppression of 
PK-G I transcription by SNAP treatment. When normalized to untreated cells, 24 h of treatment with 500 mM SNAP resulted in a 52% suppres-
sion of PK-G I mRNA (black bar). In comparison, the control mRNA species, GAPDH (dark gray bar) and actin (light gray bar), were not 
changed significantly by SNAP treatment.
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Evaluation of cAMP analogues and agonists. Several genes
have been shown to be responsive to cAMP-mediated gene
regulation, including some in SMC (i.e., 23, 26, 31). In addi-
tion, cAMP has been shown to activate PK-G Ia and Ib in
vitro (7) and in the intact cell (13, 32). For these reasons, the
effects of the cAMP analogue dibutyryl cAMP (DB-cAMP)
on PK-G I expression in cultured SMC were evaluated. As
shown in Fig. 5, 500 mM DB-cAMP resulted in a marked sup-
pression of PK-G I mRNA levels in early passage, postconflu-
ent bovine SMC. By 24 h of treatment, the PK-G I mRNA lev-
els were 15% of baseline, and this effect was sustained at the
48-h time point. These data indicate that both cyclic nucle-

otides, cAMP and cGMP, suppress PK-G I mRNA levels in
vascular SMC. The phosphodiesterase inhibitor theophylline
also suppressed PK-G, to 46% of baseline at 24 h of treatment.

Evaluation of activation of PKA by nitrovasodilators. To de-
termine whether or not nitrovasodilators activated PK-A by
cGMP-mediated cross-activation of PK-A (30, 32), the activity
ratio of PK-A was determined after exposure of bovine aortic
SMC to SNAP and SNP. As shown in Table I, a 5-min expo-
sure to either NO-donor drug activated PK-A in the intact cell
to a similar extent as did the adenylyl cyclase activator, forsko-
lin. This activation of PK-A by SNAP and SNP occurred de-
spite the fact that neither drug elevated cAMP levels (not
shown). These data suggested that cGMP cross-activated PK-A
in bovine aortic SMC similar to previous reports of cGMP acti-
vation of PKA in rat aortic SMC (30).

In vivo effects of continuous exposure of rats to the nitrova-

sodilator isosorbide dinitrate. It is well-established that prior
exposure to nitrovasodilators results in resistance to these
drugs over time. To determine whether continuous exposure
of rats to the nitrovasodilator isosorbide dinitrate could sup-

Figure 5. PK-G I mRNA is suppressed by DB-cAMP and theophyl-
line. Exposure of early passage postconfluent bovine SMC to 500 mM 
DB-cAMP (m) suppressed PK-G mRNA to 10% of baseline values 
by 24 h of treatment. The data are the mean6SEM of three experi-
ments (P , 0.01). In a single experiment, 500 mM of theophylline 
treatment (s) also suppressed PK-G I mRNA.

Table I. Activation of PK-A in Bovine Aortic SMC

Treatment PK-A activity ratio (2cAMP/1cAMP)

None 0.3360.04

Forskolin (5 mM) 0.9360.02

SNAP (100 mM) 0.9160.05

SNP (100 mM) 0.9660.06

Treatment of bovine SMC with the nitrovasodilators SNAP and SNP

resulted in marked activation of PK-A, to . 90% of maximal activity,

despite the fact that SNAP and SNP treatment were not associated with

increases in cAMP levels. The adenylyl cyclase activator forskolin

served as a positive control. An activity ratio of 1.0 represents com-

pletely activated PK-A. The untreated SMC had a PK-A activity ratio

of 0.33, indicating 33% of maximal activation in control conditions. The

results are given as the mean6SEM for n 5 3.

Figure 6. (A) Western 
blot analysis of PK-G I in 
extracts of isosorbide 
dinitrate–treated rat 
aorta. Rats were treated 
with various doses of iso-
sorbide dinitrate for 4 d. 
Extracts of aortic tissue 
were analyzed for PK-G I 
antigen by Western blot. 
Equal amounts of extract 
protein (75 mg) were as-
sayed, and immunoreac-
tivity was visualized by 
enhanced chemilumines-
cence. A representative 
blot from one of three 
groups of rats is shown,
illustrating decreased
PK-G I antigen with in-

creasing dose of isosorbide dinitrate ingested. (B) Suppression of PK-G I antigen in rat aorta. Cohorts of 400-g rats were given isosorbide dini-
trate in the drinking water for 4 d and PK-G I protein was measured by Western blot analysis. Bands on autoradiograms after enhanced chemilu-
minescence were quantified by densitometry. Values are expressed as percentage of control animal PK-G I levels. Data are presented as the 
mean6SEM of three animals per group. A significant, dose-dependent suppression of PK-G I protein was observed (P , 0.05 for 50- and 100-mg 
doses, P , 0.01 for 220-mg dose).
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press PK-G I levels, cohorts of 400-g rats were given water
supplemented with isosorbide dinitrate at various concentra-
tions. The actual dose received per animal was calculated by
the volume of water consumed per 24 h and the concentration
of drug in the water. No gross evidence of ill effects was seen in
the animals. On the fourth day of treatment, the rats were
killed, and PK-G I protein in the aorta was quantified by West-
ern blot analysis. As illustrated in Fig. 6, A and B, the PK-G I
levels were suppressed in a dose-dependent manner. By 4 d of
treatment, the PK-G I protein levels were reduced by 50% in
response to 220 mg isosorbide dinitrate/g body wt. The lower
doses yielded a significant but more limited suppression.

As PK-G I is expressed in lung tissue (12, 14), the amount
of PK-G I in lung tissue was assayed by Western blot analysis
in the rats that had received isosorbide dinitrate or theophyl-
line. As shown in Fig. 7, the levels of PK-G I protein were also
suppressed to z 60% of baseline values in the lung in response
to the 220-mg dose of isosorbide, and suppressed to 50% of
baseline in response to 107 mg theophylline/g body wt. Doses
of 100 mg or less isosorbide per day did not result in significant
PK-G I suppression.

Discussion

We reported recently that the state of confluence affects the
expression of PK-G I in SMC in culture (18). This study elabo-
rates further on the mechanisms involved in regulating the ex-
pression of PK-G. The salient observation in this study is that
PK-G I mRNA and protein are suppressed in SMC after con-
tinuous exposure to nitrovasodilators or analogues of cGMP
or cAMP. Several models were used to demonstrate this effect
independently. In tissue culture, PK-G I mRNA and protein
were shown to be suppressed in bovine and rat SMC, respec-
tively. Furthermore, three nitrovasodilators were shown to
suppress PK-G I; SNAP and SNP were evaluated in vitro, and
isosorbide dinitrate in vivo.

Our studies with PK-G I isoform–specific cDNA probes in-
dicated that the predominant mRNA in vascular SMC was the
Ia isoform, and that the level of Ib isoform was below our abil-

ity to detect by Northern blot. This is similar to the recent re-
port of Tamura et al. (14). The parallel changes in total PK-G I
mRNA and Ia isoform support the conclusion that the cyclic
nucleotide–mediated suppression of PK-G I was not due to a
change in the isoform being expressed.

Analysis of PK-G I mRNA half-life using the transcription
inhibitor actinomycin D indicated no significant effect of
SNAP on mRNA half-life. Furthermore, nuclear runoff stud-
ies demonstrated that SNAP suppresses PK-G I transcription
in SMC. These data indicate that the nitrovasodilators sup-
press PK-G I levels in vascular SMC by suppressing transcrip-
tion of the PK-G I gene. The mechanism of transcriptional reg-
ulation of the PK-G I gene is still unknown.

The comparable suppression of PK-G I by nitrovasodila-
tors and cGMP analogues supports the model that the effect
may be mediated through cGMP. However, it is not known if
the effect is mediated through activation of PK-G I itself, or
through other cGMP-dependent mechanisms. The selective
cAMP analogue DB-cAMP mimicked the suppressive effect
of cGMP analogues on PK-G I expression and appeared to be
more potent than 8-Br-cGMP in suppressing PK-G I mRNA
levels. It is also known that cGMP is capable of activating PK-A
in vitro and in intact SMC, and may be the major mechanism
by which NO and cGMP inhibit rat aortic SMC proliferation
(30). The data reported here demonstrate a similar ability of
nitrovasodilators to activate PK-A in bovine aortic SMC, and,
therefore, are consistent with the hypothesis that the suppres-
sion of PK-G Ia may be mediated by continuous activation of
PK-A. These findings may also provide an explanation for the
suppression of PK-G I mRNA expression observed with repet-
itive passaging of SMC (18). Lermioglu et al. (33) observed
that subconfluent cultures of rat aortic SMC have up to 100-
fold higher concentrations of intracellular cGMP than conflu-
ent cultures of SMC. Repetitive passaging, which would sub-
ject cells to low density growth and high intracellular cGMP
levels, could conceivably suppress PK-G I expression via acti-
vation of PK-A.

The results described in this study may have important im-
plications for vascular diseases. A long-standing clinical prob-
lem has been the acquired resistance to nitroglycerin and other
nitrovasodilators after continued exposure to the agents with-
out an z 10–12-h nitrate-free period (34–37). Several mecha-
nisms have been described as possibly contributing to nitrova-
sodilator resistance or tolerance. One of the more widely
studied is that depletion of thiol moieties may be responsible
for nitrovasodilator tolerance (i.e., 38–42). Formation of low
molecular weight S-nitroso-thiols, such as N-acetylcysteine, fa-
cilitates NO entrance to the SMC of the vascular media (43).
In several reports, administration of N-acetylcysteine may re-
verse nitrovasodilator resistance (38–42). However, other
studies failed to demonstrate benefit of sulfhydryl repletion
(44–46), and when tissue thiol levels have been evaluated di-
rectly, no deficiency was observed (47). The clinically benefi-
cial effect of thiol administration may represent a compen-
sation, not a correction, of the underlying defect. In other
studies, administration of nitrovasodilators was associated
with marked reduction in the levels of cGMP in platelets (48,
49). This supports the hypothesis that reduced platelet cGMP
levels are a marker of nitrovasodilator tolerance, and possibly
contribute to the phenomenon. A limitation to this observa-
tion is the retrospective, nonrandomized nature of the study,
as well as the observation that platelet activation per se is asso-

Figure 7. Suppression of PK-G I protein in rat lung tissue by expo-
sure to isosorbide or theophylline. A significant, dose-dependent sup-
pression of PK-G I protein in the rat lung was observed by 4 d of
exposure to 220 mg/g/d of isosorbide (P , 0.05) and 107 mg/g/d the-
ophylline (P , 0.01). Data are presented as mean6SEM of three ani-
mals per group.
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ciated with reduced platelet cytoplasmic levels of cGMP (50).
Other mechanisms that have been postulated to contribute to
nitroglycerin tolerance include neurohormonal compensation
(51). However, these changes are detected inconsistently, and
are not causally associated with resistance to the hypotensive
effect.

This report reveals an additional possibility for the mecha-
nism of nitrovasodilator tolerance. Continuous exposure of
SMC to nitrovasodilators suppresses PK-G I, the primary me-
diator of the vasorelaxant effect of NO. While additional ex-
periments are required to define the extent to which PK-G I
suppression contributes to loss of vasorelaxant response to
subsequent doses of nitrovasodilators, it is plausible that a sig-
nificant reduction of PK-G I will make the SMC less respon-
sive to activation of the system. 
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