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Abstract

Cardiomyocytes release atrial natriuretic peptide (ANP) and B-type natriuretic peptide to stimulate
processes that compensate for the failing heart by activating guanylyl cyclase (GC)-A. C-type
natriuretic peptide is also elevated in the failing heart and inhibits cardiac remodeling by
activating the homologous receptor, GC-B. We previously reported that GC-A is the most active
membrane GC in normal mouse ventricles while GC-B is the most active membrane GC in failing
ventricles due to increased GC-B and decreased GC-A activities. Here, we examined ANP and
CNP-specific GC activity in membranes obtained from non-failing and failing human left
ventricles and in membranes from matched cardiomyocyte-enriched pellet preparations. Similar to
our findings in the murine study, we found that CNP-dependent GC activity was about half of the
ANP-dependent GC activity in the non-failing ventricular and was increased in the failing
ventricle. ANP and CNP increased GC activity 9- and 5-fold in non-failing ventricles,
respectively. In contrast to the mouse study, in failing human ventricles, ANP-dependent activity
was unchanged compared to non-failing values whereas CNP-dependent activity increased 35%
(p=0.005). Compared with ventricular membranes, basal GC activity was reduced an order of
magnitude in membranes derived from myocyte-enriched pellets from non-failing ventricles. ANP
increased GC activity 2.4-fold but CNP only increased GC activity 1.3-fold. In contrast, neither
ANP nor CNP increased GC activity in equivalent preparations from failing ventricles. We
conclude that: 1) GC-B activity is increased in non-myocytes from failing human ventricles,
possibly as a result of increased fibrosis, 2) human ventricular cardiomyocytes express low levels
of GC-A and much lower levels or possibly no GC-B, and 3) GC-A in cardiomyocytes from
failing human hearts is refractory to ANP stimulation.
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1. Introduction

Three genetically distinct, but structurally similar, natriuretic peptides called atrial
natriuretic peptide (ANP), B-type natriuretic peptide (BNP) and C-type natriuretic peptide
(CNP) are expressed in humans [1]. ANP and BNP activate guanylyl cyclase (GC)-A,
whereas CNP activates the homologous receptor, GC-B [2,3]. Synthetic versions of ANP
called carperitide and BNP called nesiritide are approved for the treatment of acutely
decompensated congestive heart failure in Japan and the USA, respectively [4].

ANP and BNP are released from the heart in response to volume and pressure overload,
which increase cardiac transmural distending pressure. Circulating peptide levels are highly
correlated with the severity of systolic heart failure and serum BNP concentrations are
routinely used to diagnose heart failure [5]. In the early stages of heart failure, the natriuretic
peptide system provides a myriad of compensatory actions, which are dependent upon ANP
and BNP activating GC-A in target tissues. These compensatory actions include
vasodilation, opposition of the renin—angiotensin—-aldosterone system, attenuated
sympathetic nervous system activation, and renal actions that promote natriuresis.

In chronic heart failure, the effects of ANP and BNP are attenuated despite high circulating
natriuretic peptide concentrations assessed by commercial assays [6-9]. Several possible
explanations exist for the blunted natriuretic peptide response including: increased local
natriuretic peptide degradation [10,11], reduced bioactivity of ANP and BNP [12], increased
release of less active forms of BNP [13-15], increased degradation of cGMP [16,17] and
reduced GC-A activity due to receptor dephosphorylation and/or degradation [6,18,19].
However, very little information is available regarding activity changes in GC-A and GC-B
that result as a function of human heart failure.

CNP is released from endothelial cells [20] and its importance to the compensatory actions
of the natriuretic peptide system in heart failure is incompletely understood. CNP levels are
elevated in patients with advanced systolic heart failure and are positively correlated with
mean pulmonary capillary wedge pressure and the severity of heart failure [21,22]. CNP is
expressed in rodent cardiomyocytes [23] and signals in an autocine/paracrine manner within
the myocardium to oppose the development of cardiac hypertrophy and fibrosis in response
to pressure-overload. For example, rats expressing a transgenic dominant negative form of
GC-B displayed reduced CNP-dependent guanylyl cyclase activity, progressive blood
pressure-independent cardiac hypertrophy and increased heart rate [24]. The transgenic
animals also displayed marked hypertrophy in response to pressure overload, consistent with
previous data showing that CNP inhibits cardiomyocyte hypertrophy in culture [25].

To examine natriuretic peptide receptor activity in heart failure, we previously measured
ANP-GC-A-dependent and CNP-GC-B-dependent guanylyl cyclase activities in ventricular
membranes from control and heart-failed mice [26]. We found that CNP-dependent activity
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was about 70% of the ANP-dependent activity in the normal heart and that ANP-dependent
activity was markedly reduced while CNP-dependent activity was slightly elevated in the
failing ventricle. In the current study, we examined the more important question of what
happens to natriuretic peptide-dependent GC activity in response to human heart failure.
These studies used both membranes prepared from human left ventricles and membranes
derived from cardiomyocyte enriched cell pellets isolated from the same hearts. Similar to
the murine study, we found that CNP-dependent GC activity represented a substantial
portion of the ventricular GC activity and was increased in the failed ventricle. We also
found that GC-A activity was present at lower levels in cardiomyocyte-enriched pellet
preparations while GC-B activity was just detectable. Finally, GC activity in myocytes from
failing hearts was unresponsive to natriuretic peptide stimulation.

2. Materials and methods

2.1. Reagents

Human natriuretic peptides (ANP and CNP) were purchased from Sigma-Aldrich (St. Louis,
MO). The cGMP radioimmunoassay kits were purchased from Perkin Elmer (Boston, MA).

2.2. Collection of tissues

Human tissue samples were obtained from patients with end-stage heart failure undergoing
heart transplantation and non-failing donors deemed unsuitable for transplant. Prospective
informed consent for use of heart tissues for research was obtained from all transplant
recipients or from the next-of-kin in the case of organ donors. The Institutional Review
Board at the University of Pennsylvania and the Gift of Life Donor Program (Philadelphia,
PA) approved the use of human heart tissue for this research. All hearts were arrested in situ
using a cold, high potassium, cardioplegia solution. Hearts were kept on wet ice until further
processing (<3 h), as previously described [27]. One section of transmural left ventricular
tissue was flash-frozen as a whole tissue ventricular sample while an adjacent left
ventricular free wall region was used for cell isolation.

Cardiomyocytes were isolated using a 3-step perfusion digestion protocol as previously
described [27]. Briefly, a catheter was placed in an epicardial branch artery for the
perfusions. Digestions included a 30 min perfusion with crystalloid buffer to clear the
retained blood cells, a 30 min collagenase perfusion, and a final rinse phase. After passage
through a stainless steel mesh (200 um), the crude tissue digestion mixture from the mid
myocardium of the left ventricular free wall was collected, diluted in 150 to 250 ml
resuspension buffer and subjected to gravity sedimentation. Cadiomyocyte-enriched pellets
were obtained after 10 min of sedimentation.

2.3. Preparation of membranes

Frozen ventricular or cardiomyocyte-enriched pellet samples were thawed on ice and then
homogenized in phosphatase inhibitor buffer as previously described [28]. The samples
were then centrifuged at 10,000xg for 10 min at 4 °C. The supernatant was removed and the
pellet was washed 3 times in phosphatase inhibitor buffer by resuspension and
centrifugation. After the final wash the samples were resuspended in phosphatase inhibitor
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buffer. The protein concentrations of the membranes were adjusted to 5.5-7.5 mg/ml for the
ventricular samples and 3.2-5.6 mg/ml for the cardiomyocyte-enriched pellets and then used
for guanylyl cyclase determinations without freezing.

2.4. Measurement of guanylyl cyclase activity

Membrane fractions containing approximately 125 g [range=110 to 150] of protein for the
ventricle samples and 90 ug [range=70 to 111] of protein for the cardiomyocyte samples
were assayed for guanylyl cyclase activity by addition of Mg2*GTP alone (for basal
determinations) or with MgZ*GTP and 1 uM ANP or 1 pM CNP. The receptor was
stimulated by addition of 60 pl of a reaction mixture containing 25 mM HEPES, pH 7.4, 50
mM NacCl, 0.1% BSA, 0.5 mM IBMX, 1 mM ATP, 1 mM GTP, 5 mM MgCl,, 5 mM
creatine phosphate and 0.1 mg/ml creatine kinase. The reaction was conducted for 5 min at
37 °C. In some assays, MgZ*Cl, and ATP were removed and 1% Triton X-100 and 3 mM
Mn2*GTP was substituted. All reactions were stopped with 0.4 ml of ice-cold 50 mM
sodium acetate solution containing 5 mM EDTA. One-fifth of the reaction was removed and
assayed for cGMP concentrations by radioimmunoassay as previously described [28].

2.5. Statistical analysis

3. Results

Statistics and graphs were generated with Prism 5 software. P-values were obtained using
Student’s unpaired t-test where p<0.05 was considered significant. The vertical bars within
the symbols represent the SEM.

3.1. Characteristics of tissue donors

Ventricular samples were obtained from patients with and without heart failure and frozen in
liquid nitrogen as described under Materials and methods. The characteristics of the
donating individuals are shown in Table 1. All failing hearts came from individuals with
severe symptoms of heart failure with all being inotrope-dependent. The average left
ventricular ejection fraction in the failing group was 23+4%. Of the 7 heart failure patients,
3 had ischemic heart failure and 4 had non-ischemic heart failure. The non-failing hearts
were obtained from organ donors with brain death due to trauma or cerebrovascular
accidents with no clinical history of heart failure. Echocardiograms were available for 7 of
10 non-failing subjects and revealed an average left ventricular ejection fraction of 52+9%.

3.2. Human ventricular membranes contain both ANP-GC-A and CNP-GC-B guanylyl
cyclase activity

Crude membranes were prepared from the frozen ventricular samples by thawing in a buffer
optimized for maximum guanylyl cyclase activity. We previously demonstrated that this
buffer, which contains serine-threonine phosphatase inhibitors and low magnesium
concentrations, produced more highly phosphorylated and more active receptors than a
commonly used buffer that lacks phosphatase inhibitors and EDTA [29]. Maintaining GC-A
and GC-B in a highly phosphorylated state is essential to measure maximum guanylyl
cyclase activity because the hormone-dependent activity of these receptors is directly and
positively correlated with the phosphate content of the receptors [30,31].
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GC activities were measured under basal conditions (with Mg2* GTP and 1 mM ATP) or
under the same conditions with the addition of saturating concentrations (1 uM) of human
ANP or CNP. As a control, GC activity was also determined in the presence of 1% Triton
X-100 and 3 mM Mn2*GTP in the absence of Mg2*. These conditions activate all GCs to
near maximal levels [32]. These “Triton values” are best thought of as elevated basal
estimates and are an excellent indicator of the total amount of GC activity in any given
preparation due to the accuracy associated with the higher GC measurements. GC activities
assayed in the presence of Triton X-100 and Mn2* were not significantly different between
non-failing and failing ventricular samples, which indicated that the protein assays on the
individual samples were uniform and accurate.

Basal GC activity measured in the human ventricular membrane preparations from non-
failing and failing hearts was uniformly low (Figs. 1A and B). ANP increased GC activity
similarly in membranes from non-failing and failing hearts. When fold activation was
determined by dividing ANP-dependent activities by basal activities and compared between
non-failing and failing samples, the values were identical (9.4-fold, data not shown). Thus,
in contrast to heart-failed mice that have reduced ANP-dependent GC activity, we observed
no difference in ANP-dependent GC activity measured in left ventricular samples from
humans with or without heart failure.

CNP increased GC activity in the non-failing samples to 1.5 pmol cGMP/mg/min, which
was 53+4% of the activity observed in the presence of ANP or 4.7-fold over basal activity.
However, CNP stimulated GC activity was 2.0 pmol cGMP/mg/min in membranes from the
failed ventricles, which represent a 6.3-fold stimulation and a 35% increase over values
obtained in membranes from non-failing hearts. Thus, similar to activities measured in
failing mouse ventricles, human ventricular CNP-dependent GC activity was about half that
of the ANP-dependent activity; but in contrast to the mouse study, CNP-dependent GC
activity was significantly elevated compared to non-failing values.

These data were then reanalyzed to determine what effect heart failure etiology has on
natriuretic peptide dependent guanylyl cyclase activity (Fig. 1C). No difference was
observed for the ANP-dependent activity between the three groups. Regarding CNP
dependent activity, tissues from both ischemic and non-ischemic hearts exhibited an
increase in CNP-dependent GC activity, but only the non-ischemic group was statistically
significant (p=0.006).

3.3. ANP increases GC activity in cardiomyocytes from non-failed, but not failed ventricles

Recognizing that nonmyocytes may contribute to findings observed in membranes from
crude tissue homogenates, we examined GC activity in membranes obtained from cell
pellets that were highly enriched for cardiomyocytes [27]. Basal GC activities measured in
membranes derived from myocyte-enriched preparations from non-failing hearts were
loosely clustered and exhibited about 10% of the activity measured in the ventricular
preparations when normalized to protein concentrations (Fig. 2). This indicates that non-
cardiomyocyte cells express membrane guanylyl cyclases at higher levels than
cardiomyocytes. Basal GC activities in the myocyte-enriched preparations from the failing
hearts were even more widely dispersed and were not significantly different from activities
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measured in equivalent preparations from non-failing hearts. Consistent with the increased
basal values, GC activity determined in the presence of manganese and Triton X-100 was
elevated, but not significantly, in cardiomyocyte pellet membranes from failed hearts.

ANP increased GC activity 2.4-fold in the pellet membranes from non-failing ventricles,
whereas CNP only increased activity 1.3-fold over basal values (Fig. 2A). Neither ANP nor
CNP significantly increased GC activity in pellet membranes from the failing ventricles.
When the activity obtained in the presence of ANP or CNP was divided by basal activity
and plotted as fold activation (Fig. 2C), it was clearly apparent that ANP-dependent GC-A
activity was diminished in cardiomyocyte-enriched pellet membranes from failing ventricles
compared to similar membrane preparations isolated from non-failing ventricles. Finally,
similar to what was observed with the ventricular samples, separation of the failing samples
into ischemic and non-ischemic groups indicated that CNP-dependent GC activity in the
non-ischemic samples was higher than CNP-dependent activity from ischemic samples (Fig.
2D). These data indicate: 1) cardiomyocytes express much higher levels of GC-A than GC-
B, 2) GC-A is expressed at reduced levels in cardiomyocytes compared to expression in
other cells in the ventricle, and 3) that GC-A in the failing cardiomyocyte pellet preparation
is refractory to ANP stimulation.

4. Discussion

Despite the clinical significance of natriuretic peptide receptor signaling in heart failure,
very little information is available regarding the activation of natriuretic peptide receptors in
human tissues. In fact, to our knowledge, this is the first report of CNP-dependent GC
activity in any tissue and only the second report of ANP-dependent activity measured in
human heart samples. We observed differential changes in ANP- and CNP-dependent GC
activation in failing vs. non-failing ventricles. Furthermore, we implicate a far greater
contribution of non-myocytes, rather than cardiomyocytes, to the GC activity in both failing
and non-failing human hearts. Finally, we demonstrate that the small amount of GC-A in
non-failing human cardiomyocytes is refractory to ANP stimulation in the failing heart.

In a previous study with a pressure-induced murine heart failure model, we observed that
GC-A accounted for the majority of membrane GC activity in mouse ventricles and that GC-
B activity was about 70% of the GC-A activity. However, a portion of the CNP-dependent
activity was likely due to cross-activation of GC-A since 1uM CNP activates rat GC-A to
about half of its maximum level [33]. We also observed that GC-A activity was reduced in
hearts and kidneys of heart-failed mice and that GC-B was the most active natriuretic
peptide receptor in failing murine ventricles due to GC-A downregulation [26,34]. The
results showed a trend for increased GC-B activity in the failing mouse hearts, but it was not
significant. In the current report, we measured natriuretic peptide dependent GC activity in
human ventricular preparations and again found that GC-A was the primary membrane GC
and that CNP stimulated cGMP levels to about half of the values observed with ANP.
Unlike the rodent scenario where cross activation of natriuretic peptide receptors occurs, we
can be certain that cGMP elevations resulting from CNP exposure are not due to activation
of GC-A because CNP does not activate human GC-A at micromolar concentrations [33]. In
contrast to the murine heart failure model, ANP-dependent activity was not reduced in

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 June 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dickey et al.

Page 7

membranes from failing human ventricles. Additionally, CNP-dependent activity was
significantly increased in failing human ventricles whereas it was only a trend in the mouse
study.

We do not know if the disparate results concerning the ANP-dependent GC activity in the
failing ventricles between mice and humans are a result of species differences or the
increased variability (age, sex, ethnicity, etiology of failure, duration or severity of failure,
etc.) of the human samples. After separation of the human failing samples based on etiology,
the results were statistically similar to the pooled failing sample. However, with the
separation, a trend toward a decrease in ANP-dependent GC activity was observed in the
non-ischemic failing samples. The increase in CNP-dependent GC-B activity was also
greater for both the ventricles and cardiomyocyte-enriched pellets of the non-ischemic
patients, although increased activity in the pellet preparation appears non-specific since it
was elevated under all assay conditions including basal. Different heart failure etiology may
partially explain why our results differ from a previous study showing that ANP-dependent
GC activity was reduced in failed human ventricles and that activity was restored when the
hearts were unloaded [35]. In addition, in the previous study GC activity was poorly
activated (<2.5 fold), whereas in our assays ANP stimulated GC-A 9-fold. These
differences, as well as possible differences in tissue preparations and assay conditions of the
two laboratories, specifically whether phosphatase inhibitors and EDTA were included in
the buffers, may also explain the different ANP-dependent responses.

The current study extends the approach used in the previous murine study by evaluating GC
activity of pellet preparations enriched in cardiomyocytes. Our results indicated that the
natriuretic peptide receptor distribution in the pellet preparation was different from the intact
ventricle in that GC-A expression was about ten-fold lower and GC-B activity was at the
limit of detection. Thus, the increased GC-B activity observed in the ventricular preparation
cannot be explained by increased GC-B activity in cardiomyocytes. Since GC-B is highly
expressed in rat cardiac fibroblasts [36,37] and heart failure is associated with increased
cardiac fibrosis [38], it is possible that the increased CNP-dependent GC activity detected in
the failed ventricles results from an increased number of fibroblasts in the failing heart.

Our results showing increased GC activity in the myocyte-enriched pellets in the presence of
ANP, but not CNP, suggest that cardiomyocytes express GC-A but much lower amounts of
GC-B or no GC-B. This is an important, controversial, and currently unresolved issue.
Conflicting reports have suggested that GC-B is or is not expressed on the surface of
cardiomyocytes in rodents [25,36,37,39], but to our knowledge nothing has been reported
concerning GC-B in human cardiomyocytes. While we measured a significant increase in
GC activity with CNP, it was only increased1.3-fold over basal levels. Whether this slight
increase results from very low expression in cardiomyocytes or contaminating fibroblast or
other GC-B expressing cells is not known.

Finally, we do not know why basal GC activities were elevated in the pellet preparations
from the failing hearts. One possibility is that endogenous ANP or BNP from the patient
remained bound to the receptors during the membrane preparation. A previous cell culture
studied demonstrated that ANP remains bound to GC-A despite multiple membrane washes
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[31]. It is also possible that the increased activity is due to an increase in a GC besides GC-
A, since activity determined in the presence of Triton X-100 and MnZ*GTP was also slightly
elevated.

In conclusion, we have shown that human heart failure is associated with increased
ventricular CNP-dependent GC activity and that GC-A activity is severely blunted in
cardiomyocytes from failing human hearts. Future experiments will seek to determine the
ventricular cells types that express GC-B and to determine the molecular basis of GC-A
inactivation in cardiomyocytes.

Acknowledgments

Role of the funding source

This work was supported by the National Institutes of Health grants R21HL0934402 to LRP and RO1HL089847 to
KBM.

References

1.

Potter LR, Abbey-Hosch S, Dickey DM. Natriuretic peptides, their receptors, and cyclic guanosine
monophosphate-dependent signaling functions. Endocr Rev. 2006; 27:47-72. [PubMed: 16291870]

. Potter LR. Regulation and therapeutic targeting of peptide-activated receptor guanylyl cyclases.

Pharmacol Ther. 2011; 130:71-82. [PubMed: 21185863]

. Potter LR. Guanylyl cyclase structure, function and regulation. Cell Signal. 2011; 23:1921-6.

[PubMed: 21914472]

. Potter LR, Yoder AR, Flora DR, Antos LK, Dickey DM. Natriuretic peptides: their structures,

receptors, physiologic functions and therapeutic applications. Handbook of experimental
pharmacology. 2009:341-66. [PubMed: 19089336]

. Ruskoaho H. Cardiac hormones as diagnostic tools in heart failure. Endocr Rev. 2003; 24:341-56.

[PubMed: 12788803]

. Tsutamoto T, Kanamori T, Morigami N, Sugimoto Y, Yamaoka O, Kinoshita M. Possibility of

downregulation of atrial natriuretic peptide receptor coupled to guanylate cyclase in peripheral
vascular beds of patients with chronic severe heart failure. Circulation. 1993; 87:70-5. [PubMed:
8093432]

. Cody RJ, Atlas SA, Laragh JH, Kubo SH, Covit AB, Ryman KS, et al. Atrial natriuretic factor in

normal subjects and heart failure patients. Plasma levels and renal, hormonal, and hemodynamic
responses to peptide infusion. J Clin Invest. 1986; 78:1362-74. [PubMed: 2945832]

. Supaporn T, Sandberg SM, Borgeson DD, Heublein DM, Luchner A, Wei CM, et al. Blunted cGMP

response to agonists and enhanced glomerular cyclic 3’,5’-nucleotide phosphodiesterase activities in
experimental congestive heart failure. Kidney Int. 1996; 50:1718-25. [PubMed: 8914042]

. Garcia R, Bonhomme MC, Schiffrin EL. Divergent regulation of atrial natriuretic factor receptors in

high-output heart failure. Am J Physiol. 1992; 263:H1790-7. [PubMed: 1336315]

10. lervasi G, Clerico A, Berti S, Pilo A, Biagini A, Bianchi R, et al. Altered tissue degradation and

distribution of atrial natriuretic peptide in patients with idiopathic dilated cardiomyopathy and its
relationship with clinical severity of the disease and sodium handling. Circulation. 1995; 91:2018—
27. [PubMed: 7895361]

11. Knecht M, Pagel I, Langenickel T, Philipp S, Scheuermann-Freestone M, Willnow T, et al.

Increased expression of renal neutral endopeptidase in severe heart failure. Life Sci. 2002;
71:2701-12. [PubMed: 12383878]

12. Hawkridge AM, Heublein DM, Bergen HR 111, Cataliotti A, Burnett JC Jr, Muddiman DC.

Quantitative mass spectral evidence for the absence of circulating brain natriuretic peptide
(BNP-32) in severe human heart failure. Proc Natl Acad Sci U S A. 2005; 102:17442-7. [PubMed:
16293687]

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 June 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dickey et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 9

Dickey DM, Potter LR. ProBNP(1-108) is resistant to degradation and activates guanylyl cyclase-
A with reduced potency. Clin Chem. 2011; 57:1272-8. [PubMed: 21768217]

Heublein DM, Huntley BK, Boerrigter G, Cataliotti A, Sandberg SM, Redfield MM, et al.
Immunoreactivity and guanosine 3’,5’-cyclic monophosphate activating actions of various
molecular forms of human B-type natriuretic peptide. Hypertension. 2007; 49:1114-9. [PubMed:
17372040]

Liang F, O’Rear J, Schellenberger U, Tai L, Lasecki M, Schreiner GF, et al. Evidence for
functional heterogeneity of circulating B-type natriuretic peptide. J Am Coll Cardiol. 2007;
49:1071-8. [PubMed: 17349887]

Margulies KB, Burnett JC Jr. Inhibition of cyclic GMP phosphodiesterases augments renal
responses to atrial natriuretic factor in congestive heart failure. J Card Fail. 1994; 1:71-80.
[PubMed: 9420635]

Valentin JP, Qiu C, Muldowney WP, Ying WZ, Gardner DG, Humphreys MH. Cellular basis for
blunted volume expansion natriuresis in experimental nephrotic syndrome. J Clin Invest. 1992;
90:1302-12. [PubMed: 1328296]

Tsutamoto T, Wada A, Maeda K, Hisanaga T, Maeda Y, Fukai D, et al. Attenuation of
compensation of endogenous cardiac natriuretic peptide system in chronic heart failure: prognostic
role of plasma brain natriuretic peptide concentration in patients with chronic symptomatic left
ventricular dysfunction [see comments]. Circulation. 1997; 96:509-16. [PubMed: 9244219]

Flora DR, Potter LR. Prolonged atrial natriuretic peptide exposure stimulates guanylyl cyclase-A
degradation. Endocrinology. 2010; 151:2769-76. [PubMed: 20382697]

Suga S, Nakao K, Itoh H, Komatsu Y, Ogawa Y, Hama N, et al. Endothelial production of C-type
natriuretic peptide and its marked augmentation by transforming growth factor-beta. Possible
existence of “vascular natriuretic peptide system”. J Clin Invest. 1992; 90:1145-9. [PubMed:
1522222]

Del Ry S, Passino C, Maltinti M, Emdin M, Giannessi D. C-type natriuretic peptide plasma levels
increase in patients with chronic heart failure as a function of clinical severity. Eur J Heart Fail.
2005; 7:1145-8. [PubMed: 15922659]

Kalra PR, Clague JR, Bolger AP, Anker SD, Poole-Wilson PA, Struthers AD, et al. Myocardial
production of C-type natriuretic peptide in chronic heart failure. Circulation. 2003; 107:571-3.
[PubMed: 12566368]

Del Ry S, Cabiati M, Vozzi F, Battolla B, Caselli C, Forini F, et al. Expression of C-type
natriuretic peptide and its receptor NPR-B in cardiomyocytes. Peptides. 2011; 32:1713-8.
[PubMed: 21723350]

Langenickel TH, Buttgereit J, Pagel-Langenickel I, Lindner M, Monti J, Beuerlein K, et al. Cardiac
hypertrophy in transgenic rats expressing a dominant-negative mutant of the natriuretic peptide
receptor B. Proc Natl Acad Sci U S A. 2006; 103:4735-40. [PubMed: 16537417]

Tokudome T, Horio T, Soeki T, Mori K, Kishimoto I, Suga Sl, et al. Inhibitory effect of C-type
natriuretic peptide (CNP) on cultured cardiac myocyte hypertrophy: interference between CNP
and endothelin-1 signaling pathways. Endocrinology. 2004; 145:2131-40. [PubMed: 14749356]
Dickey DM, Flora DR, Bryan PM, Xu X, Chen Y, Potter LR. Differential regulation of membrane
guanylyl cyclases in congestive heart failure: natriuretic peptide receptor (NPR)-B, not NPR-A, is
the predominant natriuretic peptide receptor in the failing heart. Endocrinology. 2007; 148:3518—
22. [PubMed: 17412809]

Dipla K, Mattiello JA, Jeevanandam V, Houser SR, Margulies KB. Myocyte recovery after
mechanical circulatory support in humans with end-stage heart failure. Circulation. 1998;
97:2316-22. [PubMed: 9639375]

Bryan PM, Potter LR. The atrial natriuretic peptide receptor (NPR-A/GC-A) is dephosphorylated
by distinct microcystin-sensitive and magnesium-dependent protein phosphatases. J Biol Chem.
2002; 277:16041-7. [PubMed: 11821394]

Antos LK, Abbey-Hosch SE, Flora DR, Potter LR. ATP-independent activation of natriuretic
peptide receptors. J Biol Chem. 2005; 280:26928-32. [PubMed: 15911610]

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 June 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dickey et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 10

Potter LR. Phosphorylation-dependent regulation of the guanylyl cyclase-linked natriuretic peptide
receptor B: dephosphorylation is a mechanism of desensitization. Biochemistry. 1998; 37:2422-9.
[PubMed: 9485390]

Potter LR, Garbers DL. Dephosphorylation of the guanylyl cyclase-A receptor causes
desensitization. J Biol Chem. 1992; 267:14531-4. [PubMed: 1353076]

Hardman JG, Beavo JA, Gray JP, Chrisman TD, Patterson WD, Sutherland EW. The formation
and metabolism of cyclic GMP. Ann N'Y Acad Sci. 1971; 185:27-35. [PubMed: 4330496]
Dickey DM, Burnett JC Jr, Potter LR. Novel bifunctional natriuretic peptides as potential
therapeutics. J Biol Chem. 2008; 283:35003-9. [PubMed: 18940797]

Bryan PM, Xu X, Dickey DM, Chen Y, Potter LR. Renal hyporesponsiveness to atrial natriuretic
peptide in congestive heart failure results from reduced atrial natriuretic peptide receptor
concentrations. Am J Physiol Renal Physiol. 2007; 292:F1636—44. [PubMed: 17264312]

Kuhn M, Voss M, Mitko D, Stypmann J, Schmid C, Kawaguchi N, et al. Left ventricular assist
device support reverses altered cardiac expression and function of natriuretic peptides and
receptors in end-stage heart failure. Cardiovasc Res. 2004; 64:308-14. [PubMed: 15485690]
Doyle DD, Upshaw-Earley J, Bell EL, Palfrey HC. Natriuretic peptide receptor-B in adult rat
ventricle is predominantly confined to the nonmyocyte population. Am J Physiol Heart Circ
Physiol. 2002; 282:H2117-23. [PubMed: 12003819]

Horio T, Tokudome T, Maki T, Yoshihara F, Suga S, Nishikimi T, et al. Gene expression,
secretion, and autocrine action of C-type natriuretic peptide in cultured adult rat cardiac
fibroblasts. Endocrinology. 2003; 144:2279-84. [PubMed: 12746286]

Creemers EE, Pinto YM. Molecular mechanisms that control interstitial fibrosis in the pressure-
overloaded heart. Cardiovasc Res. 2011; 89:265-72. [PubMed: 20880837]

Doyle DD, Ambler SK, Upshaw-Earley J, Bastawrous A, Goings GE, Page E. Type B atrial
natriuretic peptide receptor in cardiac myocyte caveolae. Circ Res. 1997; 81:86-91. [PubMed:
9201031]

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 June 23.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Dickey et al.

Page 11

n.s.
(p=0.13)
17.5 1 —
15.0 - [Inon-failed (N=10)
i failed (N=7) Iiﬁ
125+
c 5T
E n.s.
~ (p=0.91)
g 4 I 1 sk
§ p=0.005
g —
o Hkk
=]
£ 21 ns.
(p=0.92)
14 [ i
ol T
basal 1uM ANP 1uM CNP Triton/Mn
8+
basal ANP CNP
7-
g ™
E o
= 57
£
o 4 o
= o© °
Q o
o 3
E ° o
A
g. 24 Oo L A A A
° gQ Aaa
A
1+ AD
" oot SR
non-failing failing non-failing failing non-failing failing
17 +
16 4 : o
15 - [Inon-failed (N=10)
14 4 [ failed, ischemic (N=3)
c 134 [ failed, nonischemic (N=4)
E 5 -
E -
g 4 (p=0.0086)
o T 1
=
Q 31 n.s.
3 G —
§E 21
*k
1 ol t 3
0 7
basal 1uM ANP 1uM CNP Triton/Mn

Fig. 1.
GC-B guanylyl cyclase activity is increased in left ventricle membranes from patients with

heart failure. Membranes were prepared from ventricular tissue obtained from non-failed
and failed human hearts. The membranes were assayed for guanylyl cyclase activity in the
presence of 1 mM GTP, 1 mM ATP and Mg2*GTP without (basal) or with 1 uM ANP or 1
M CNP. Activity was also measured in the presence of 1% Triton X-100 where Mn?* was
substituted for Mg2*. (A) Mean guanylyl cyclase activity was plotted for each treatment.
Statistically significant differences between basal activities and activities measured with
ANP or CNP are indicated by including asterisks within the columns. The p values were
<0.0001 for both sample sets. (B) A scatter plot of the guanylyl cyclase activities from
individual samples is shown to demonstrate intragroup variability. (C) Separation of mean
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guanylyl cyclase activity of failing samples from graph A based on heart failure etiology.
Asterisks within the bars indicate statistical significance between basal and hormone-
stimulated activities. P values are: *failed ischemic basal vs. ANP=0.025; **failed ischemic
basal vs. CNP 0.0015; ***failed nonischemic basal vs. ANP 0.0003; ***failed nonischemic
basal vs. CNP p<0.0001.
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Fig. 2.

Enriched cardiomyocytes preferentially express GC-A. Membranes from enriched
cardiomyocytes were assayed for guanylyl cyclase activity as described in Fig. 1. (A) Mean
guanylyl cyclase activity is plotted for each treatment. Statistically significant increases over
basal activity are indicated by asterisks within the bars. P values are: ***non-failed basal vs.
ANP<0.0001; *non-failed basal vs. CNP=0.018; failed basal vs. ANP=n.s. (0.18); failed
basal vs. CNP=n.s. (0.24). (B) A scatter plot of the guanylyl cyclase activities from
individual samples is shown to demonstrate intragroup variability. (C) Guanylyl cyclase
activities from A are plotted as fold-increase over basal values. Statistically significant
increases over basal are indicated by asterisks within the bars. P values are: ***non-failed
basal vs. ANP <0.0001; *non-failed basal vs. CNP=0.018; failed basal vs. ANP=n.s. (0.18);
failed basal vs. CNP=n.s. (0.24). (D) Separation of mean guanylyl cyclase activities from
failing samples from graph A based on type of heart failure. None of the failed sample
groups shows a statistically significant increase over basal.
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