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Abstract

Ž . Ž .In hypertensive TGR mREN2 27 rats TGR , the subsensitivity of vascular guanylyl cyclase to nitric oxide could depend on oxidized
heme, reduced heme content, or decreased expression of the enzyme. In this study, enzyme activity was stimulated by protoporphyrin-IX,
which acts independently of heme, and expression was assessed by Western blot analysis. In TGR aorta, maximum stimulation of soluble
guanylyl cyclase by protoporphyrin-IX was 40% lower than in Sprague–Dawley controls, and expression of the b1-subunit of the enzyme

Ž .was reduced by 50% P-0.05, t-test . In conclusion, decreased expression of soluble guanylyl cyclase leads to a blunted response of the
Ž X X .nitric oxide–cGMP guanosine 3 ,5 -cyclic monophosphate pathway in TGR aorta. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Soluble guanylyl cyclase, a five-coordinated ferrous
heme-containing heterodimer, is the major receptor for

Ž .nitric oxide NO , which activates this enzyme by forming
a nitrosyl–heme complex. The stimulated heterodimer cat-
alyzes the formation of the vasodilating second messenger

X X Ž .guanosine 3 ,5 -cyclic monophosphate cGMP . Thus, solu-
ble guanylyl cyclase represents an important enzyme in-
volved in vasorelaxation and in the regulation of blood
pressure.

In previous studies, it has been shown that the activity
Ž .Kojda et al., 1998 and the mRNA and protein expression

Žof soluble guanylyl cyclase Ruetten et al., 1999; Kloß et¨
.al., 2000 are lower in spontaneously hypertensive rats

than in normotensive controls.
Ž . Ž .Transgenic hypertensive TGR mREN2 27 rats TGR ,

Ž .originally developed by Mullins et al. 1990 , are charac-
Žterized by an overactive renin–angiotensin system Veniant´
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.et al., 1995 , and may serve as a model of human sec-
Ž .ondary hypertension Lemmer et al., 1993 . In a recent

study, we could demonstrate that vascular soluble guanylyl
cyclase in TGR was less responsive to stimulation by NO,
and that the sensitivity of the enzyme could be restored by

Žprolonged inhibition of the renin–angiotensin system Jacke
.et al., 2000 . However, we were unable to define the

molecular mechanisms involved in the subsensitivity of the
enzyme toward NO in this model of renin-dependent
hypertension. Three principal mechanisms might play a

Ž . Ž .role: i an oxidized heme iron, ii a reduced heme
Ž .content, or iii a decreased enzyme expression in TGR

aorta. Therefore, in the present study we measured the
expression of soluble guanylyl cyclase in abdominal aortae
from TGR and Sprague–Dawley controls by Western blot
analysis. Vascular enzyme activity was measured in tho-
racic aortae in vitro under basal conditions and after

Ž y8NO-independent stimulation by protoporphyrin-IX 10 –
y3 .10 M . Protoporphyrin-IX is the iron-free precursor of

heme and is a potent activator of soluble guanylyl cyclase
Ž .Ignarro et al., 1982 . It stimulates soluble guanylyl cy-
clase by mimicking the conformation of the NO-heme

Ž .complex Koesling, 1999 and is active even if the enzyme
Ž .is heme-deficient Ignarro and Wood, 1986 .
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2. Methods

2.1. Animals

Ž .Six-week-old male Sprague–Dawley ns6 and trans-
Ž . Ž .genic TGR mREN2 27 rats ns5 were obtained from

Ž .M&B Ry, Denmark . Animals were kept singly in plastic
cages under a 12:12-h lightrdark regimen with lights on at
07:00 h, under constant environmental conditions. They
had free access to food and water.

At the age of 10 weeks, the animals were killed by
decapitation under enflurane anesthesia. The thoracic and
abdominal aorta were dissected, freed from connective
tissue, rinsed in ice-cold isotonic saline solution, dried on
filter paper, frozen in liquid nitrogen, and stored at y608C.

2.2. Guanylyl cyclase assay

The activity of soluble guanylyl cyclase was measured
in thoracic aorta, while its protein expression was deter-
mined in abdominal aorta. Methodological experiments in
10-week-old TGR rats demonstrated that basal cGMP for-
mation as well as the concentration-dependent stimulation

Ž Ž .by diethylamineNONOate 2- N, N-diethylamino -diaze-
.nolate-2-oxide and protoporphyrin-IX were not different

Ž .in thoracic and abdominal aorta t-test, not significant .
Ž .Thus, the maximum increase "S.D. in cGMP formation

by protoporphyrin-IX was 415.3"91.2 and 449.5"59.0
pmol mgy1 miny1 in thoracic and abdominal aorta, re-
spectively.

Each thoracic aorta was homogenized in 2 ml ice-cold
Žassay buffer Tris 50 mM, MgCl 5 mM, DL-dithiothreitol2
. Ž1 mM, pH 7.4 with a Potter S glass homogenizer Braun,

.Melsungen, Germany . The suspension was centrifuged for
10 min at 25,000=g and 48C. The resulting supernatant
was used for measurement of soluble guanylyl cyclase
activity. Basal and stimulated soluble guanylyl cyclase

Ž .activity was determined as described Witte et al., 1995 .
Briefly, the enzyme reaction was carried out in assay

buffer containing GTP 0.5 mM, phosphocreatine 10 mM,
Žcreatine phosphokinase 0.1 grl Roche, Mannheim, Ger-

. Žmany , and 3-isobutyl-1-methylxanthine 1 mM Sigma,
.Deisenhofen, Germany . For NO-independent stimulation

of guanylyl cyclase, the heme precursor protoporphyrin-IX
Ž .Sigma was added to the assay buffer in concentrations of
10y8 to 10y3 M. The reaction was started by the addition
of 100 ml of the supernatant containing 30–70 mg of
protein. After a 10-min incubation at 378C, the enzyme
reaction was stopped by heating at 1208C and samples
were centrifuged at 10,000=g. The amount of cGMP

Žformed was measured by radioimmunoassay TRK 500,
. w3 xAmersham Life Science, Germany , with H cGMP as

tracer.

2.3. Expression of soluble guanylyl cyclase

Western blots were carried out according to the meth-
Ž . Ž .ods of Laemmli 1970 and Towbin et al. 1979 with

minor modifications. The abdominal aorta was homoge-
nized as described above. After centrifugation at 25,000=g
Ž .10 min, 48C , concentrated denaturation buffer was added

Žto the supernatant final concentration: Tris 125 mM, pH
Ž .6.8, sodium dodecyl sulfate SDS 1%, glycerol 10%,

.DL-dithiothreitol 0.5%, bromphenol blue 0.01% , and the
Žsamples were boiled for 5 min. Denaturated proteins 1.8

.mg per lane were separated by 10% SDS-polyacrylamide
gel electrophoresis. After transfer to polyvinylidene difluo-

Žride membranes Hybond-P, Amersham Pharmacia Biotech,
.Freiburg, Germany , blots were incubated in TBS-T buffer

Ž .Tris 10 mM, pH 7.4, NaCl 0.9%, Tween-20 0.1% with
3% bovine serum albumin for blocking non-specific bind-
ing sites. Thereafter, blots were washed three times with
TBS-T, incubated with a polyclonal antibody against the

Žb1-subunit of soluble guanylyl cyclase cat a 371712,
.Calbiochem, Bad Soden, Germany , washed three more

times, and finally incubated with a horseradish
Ž .peroxidase-labeled anti-rabbit immunoglobulin G IgG

ŽSC 2317, Santa Cruz Biotechnology, Santa Cruz, CA,
.USA . Immunoreactive bands were visualized by using the

ŽECL-Plus system RPN 2132, Amersham Pharmacia
.Biotech , and the 70-kDa band, representing the b1-sub-

unit of soluble guanylyl cyclase, was quantified by trans-
mission densitometry, using a preparation from rat lung
tissue as standard.

2.4. Protein concentration

Protein content in the supernatant was measured by
w Žusing the Coomassie Plus assay Pierce, Rockford, IL,

. Ž .USA . Bovine serum albumin Sigma was dissolved in
assay buffer and used as standard.

2.5. Statistics

ŽThe non-linear fitting program PHARMFIT Mattes et
.al., 1991 was used to analyze the concentration–response

Žcurves for protoporphyrin-IX. The pD - negative loga-2
. Žrithm of EC and E -values maximum increase in50 max
.cGMP formation were obtained from the fitted curves.

Differences between the strains were tested by t-test. BiAS
Ž .6.0 Ackermann, 1997 was used as statistics software.

3. Results

Basal soluble guanylyl cyclase activity in the thoracic
aorta was slightly, but not significantly, lower in 10-week-

Žold TGR than in aged-matched Sprague–Dawley rats Ta-
. y5 y4ble 1 . In the presence of 10 and 10 M protopor-

phyrin-IX, the enzyme activity in TGR aortic tissue was
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Table 1
Ž . Ž . Ž .Activity and expression of soluble guanylyl cyclase in aorta from 10-week-old Sprague–Dawley SPRD and transgenic TGR mREN2 27 rats TGR

Strain Basal cGMP formation PP-IX E PP-IX pD Proteinmax 2
y1 y1 y1 y1Ž . Ž . Ž . Ž .pmol mg min pmol mg min ylog M % standard

Ž .SPRD ns4–6 42.9"8.0 791.9"352.1 5.34"0.24 96.2"17.2
a aŽ .TGR ns5 30.1"10.6 395.2"112.2 5.62"0.35 48.7"14.9

Mean values"S.D.; E smaximum increase in cGMP formation; pD snegative logarithm of EC ; PP-IXsprotoporphyrin-IX; cGMPsguanosinemax 2 50

3X,5X-cyclic monophosphate; cGMP formation was measured in thoracic aorta; expression of soluble guanylyl cyclase protein was determined in abdominal
aorta.

aP-0.05, t-test.

significantly reduced compared to that in Sprague–Dawley
Ž .tissue. The maximum effect of protoporphyrin-IX E ,max

calculated from individual concentration–response curves
over a range of 10y8 to 10y4 M, was significantly lower
in TGR aorta than in controls, while the pD -values were2

Ž .not different Table 1 . In both strains, the concentration of
10y3 M protoporphyrin-IX led to a decrease in cGMP

Ž .formation Fig. 1 and, therefore, data for this concentra-
tion were excluded from the concentration–response anal-
ysis.

X X Ž .Fig. 1. Formation of guanosine 3 ,5 -cyclic monophosphate cGMP under
basal conditions and after stimulation by protoporphyrin-IX in aortic

Ž .tissue from normotensive 10-week-old Sprague–Dawley SPRD and
Ž . Ž .transgenic hypertensive TGR mREN2 27 rats TGR . In the presence of

10y5 and 10y4 M protoporphyrin-IX, the enzyme activity in TGR aorta
was significantly lower than in SPRD control aorta. In both strains, the
concentration of 10y3 M protoporphyrin-IX led to a decrease in cGMP
formation, and, therefore, was not used for the concentration–response

Ž . Ž . acurve. Means"S.E.M., ns4–6 SPRD and ns5 TGR , P-0.05,
t-test.

Protein expression of the b1-subunit of soluble guanylyl
cyclase was significantly decreased by about 50% in aortae
from transgenic rats compared to Sprague–Dawley con-

Ž .trols Table 1 .

4. Discussion

The present study demonstrates that NO-independent
stimulation by protoporphyrin-IX is blunted in transgenic

Ž .hypertensive TGR mREN2 27 rats compared to normoten-
sive Sprague–Dawley controls. This finding extends our
previous observation that aortic soluble guanylyl cyclase in

ŽTGR rats is less responsive to stimulation by NO Jacke et
.al., 2000 . Since activation of soluble guanylyl cyclase by

NO requires a functional heme group, we hypothesized
that the reduced NO-dependent cGMP formation in TGR
aorta could be due to a loss of the prosthetic heme group,
or to oxidation of the central Fe2q. However, protopor-
phyrin-IX has been shown to activate the heme-containing
and heme-depleted soluble guanylyl cyclase to a similar

Ž .extent Serfass and Burstyn, 1998 . The present finding
that protoporphyrin-IX was less effective in TGR aorta
suggests that the amount of enzyme available for stimula-
tion could be reduced in vascular tissue from TGR rats.
Our additional observation, that the protein expression of
the b1-subunit of soluble guanylyl cyclase was also signif-
icantly lower in TGR, is clearly in support of our conclu-
sion that the impaired stimulation of vascular soluble
guanylyl cyclase in TGR rats is not due to changes in its
prosthetic heme group, but reflects a downregulation of
soluble guanylyl cyclase itself.

Our observation that the highest concentration of proto-
porphyrin-IX resulted in a small decrease in cGMP forma-
tion is in agreement with previous findings reported by

Ž .Serfass and Burstyn 1998 , who demonstrated that low
concentrations of protoporphyrin-IX activate while high
concentrations inhibit soluble guanylyl cyclase.

The present results for 10-week-old TGR rats are in
good agreement with those of an earlier study by Ruetten

Ž .et al. 1999 , who demonstrated a decreased expression of
aortic soluble guanylyl cyclase in spontaneously hyperten-
sive rats. Therefore, it is plausible to assume that a high
blood pressure per se leads to downregulation of vascular
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soluble guanylyl cyclase. In contrast to spontaneously
hypertensive rats, a model of primary polygenic hyper-

Ž .tension, transgenic hypertensive TGR mREN2 27 rats are
a model of secondary hypertension characterized by an
overactive tissue renin–angiotensin system, due to the
expression of the additional mouse renin gene. In a previ-
ous study with TGR, we observed that prolonged antihy-
pertensive treatment with the Ca2q channel antagonist
amlodipine did not increase aortic soluble guanylyl cyclase
activity to the same extent as treatment with enalapril,

Ždespite a comparable reduction in blood pressure Jacke et
.al., 2000 . The greater effectiveness of the angiotensin-

converting enzyme inhibitor suggests that the overactive
renin–angiotensin system contributes independently to
downregulation of soluble guanylyl cyclase in TGR aorta.

In conclusion, NO-independent stimulation of vascular
soluble guanylyl cyclase is blunted in transgenic hyperten-

Ž .sive TGR mREN2 27 rats. A decreased expression of the
b1-subunit, leading to a reduced amount of the functional
guanylyl cyclase heterodimer, is likely to be responsible
for the reduced cGMP formation in TGR aorta.

References

Ackermann, H., 1997. Biometrische Analyse von Stichproben. 7th edn.
Epsilon, Hochheim, Darmstadt.

Ignarro, L.J., Wood, K.S., 1986. Activation of purified soluble guanylate
cyclase by arachidonic acid requires absence of enzyme-bound heme.
Biochim. Biophys. Acta, 928, 160–170.

Ignarro, L.J., Wood, K.S., Wolin, M.S., 1982. Activation of purified
soluble guanylate cyclase by protoporphyrin IX. Proc. Natl. Acad.
Sci. U. S. A., 79, 2870–2873.

Jacke, K., Witte, K., Huser, L., Behrends, S., Lemmer, B., 2000. Contri-

bution of the renin–angiotensin system to subsensitivity of soluble
Ž .guanylyl cyclase in TGR mREN2 27 rats. Eur. J. Pharmacol., 403,

27–35.
Kloß, S., Bouloumie, A., Mulsch, A., 2000. Aging and chronic hyper-¨ ´ ¨

tension decrease expression in rat aortic soluble guanylyl cyclase.
Hypertension, 35, 43–47.

Koesling, D., 1999. Studying the structure and regulation of soluble
guanylyl cyclase. Methods, 19, 485–493.

Kojda, G., Kottenberg, K., Hacker, A., Noack, E., 1998. Alterations of
the vascular and the myocardial guanylate cyclasercGMP-system
induced by long-term hypertension in rats. Pharm. Acta Helv., 73,
27–35.

Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature, 227, 680–685.

Lemmer, B., Mattes, A., Bohm, M., Ganten, D., 1993. Circadian blood¨
pressure variation in transgenic hypertensive rats. Hypertension, 22,
97–101.

Mattes, A., Witte, K., Hohmann, W., Lemmer, B., 1991. Pharmfit—a
nonlinear fitting program for pharmacology. Chronobiol. Int., 8,
460–476.

Mullins, J.J., Peters, J., Ganten, D., 1990. Fulminant hypertension in
transgenic rats harbouring the mouse Ren-2 gene. Nature, 344, 541–
544.

Ruetten, H., Zabel, U., Linz, W., Schmidt, H.H.H.W., 1999. Downregula-
tion of soluble guanylyl cyclase in young and aging spontaneously
hypertensive rats. Circ. Res., 85, 534–541.

Serfass, L., Burstyn, J.N., 1998. Effect of heme oxygenase inhibitors on
soluble guanylyl cyclase activity. Arch. Biochem. Biophys., 359,
8–16.

Towbin, H., Staehelin, T., Gordon, J., 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: procedure
and some applications. Proc. Natl. Acad. Sci. U. S. A., 76, 4350–4354.

Veniant, M., Whitworth, C., Menard, L., Sharp, M., Gonzales, M.F.,´ ´
Bruneval, P., Mullins, J., 1995. Developmental studies demonstrate

Ž .age-dependent elevation of renin activity in TGR mREN2 27 rats.
Am. J. Hypertens., 8, 1167–1176.

Witte, K., Schnecko, A., Zuther, P., Lemmer, B., 1995. Contribution of
the nitric oxide–guanylyl cyclase system to circadian regulation of
blood pressure in normotensive Wistar–Kyoto rats. Cardiovasc. Res.,
30, 682–688.


