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Abstract

We developed a novel adenylyl cyclase type 5 (AC5) inhibitor, C90, that reduces myocardial
infarct size even when administered after coronary reperfusion. This is key, since it is not practical
to administer a drug to a patient with myocardial infarction before revascularization, and is one
reason why so many prior drugs, which reduced infarct in experimental animals, failed in clinical
trials. C90 is the most potent AC5 inhibitor, as exhibited by its IC50 value for AC5 inhibition,
which was 5 times lower than the next most potent ACS5 inhibitor. C90 reduced cAMP in response
to forskolin in wild type mice by 42%, but no longer reduced cAMP in response to forskolin in
mice with disruption of AC5, indicating that the mechanism of C90 was specific for AC5
inhibition. Compared with vehicle treatment, C90 reduced infarct size by 64% at a dose of
0.6mg/kg. Thus, C90 is a novel, selective and potent ACS5 inhibitor that reduces infarct size, when
delivered after coronary artery reperfusion, rendering it potentially clinically useful. It also reduces
beta-adrenergic receptor signaling, which will provide additional benefit to patients with coronary
artery disease or heart failure.

Keywords

Myocardial Ischemia; Myocardial Infarction; Adenylyl Cyclase; Coronary Occlusion; Coronary
Reperfusion

Corresponding Author: Stephen F. Vatner, MD. University Professor, Director, Cardiovascular Research Institute, Department of Cell
Biology and Molecular Medicine. Rutgers, New Jersey Medical School, Newark, NJ 07103, Phone: 973-972-1327; Fax:
973-972-7489, vatnersf@njms.rutgers.edu.

DISCLOSURE:

JZ; DL; MO; CB; SY: None

DEV;, SFV: are owners of Vasade Biosciences, Inc., which developed this AC5 inhibitor.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 2

INTRODUCTION

Myocardial infarction remains one of the leading causes of death and disability. There has
been considerable interest in discovering mechanisms to reduce infarct size in experimental
animals over the past half century [1]. Many pharmacological interventions, proven effective
in reducing infarct size in animal models have failed, when tested clinically [2-7], including
the most potent cardioprotective agent, adenosine [2]. Our hypothesis is that one reason for
success in animal models and have failed in patients, since most compounds that reduce
infarct size in animals are given prior to coronary artery occlusion (CAQO) or at least prior to
coronary artery reperfusion (CAR). One exception is Vidarabine, an antiviral compound that
has properties of inhibition of adenylyl cyclase type 5 (AC5), which reduces infarct size,
even when administered after CAR [8]. Unfortunately, the toxicity of that compound
precludes it from ever being considered clinically to treat myocardial infarction.
Accordingly, we developed a new more specific AC5 inhibitor, C90, which is less toxic and
more soluble, and can be structured for future oral use. The goal of this study was to
determine its efficacy in reducing infarct size in mice when delivered after CAR and to
highlight its specificity for inhibiting AC5.

MATERIALS AND METHODS

All protocols concerning animal use were approved by the Institutional Animal Care and
Use Committee at the Rutgers, New Jersey Medical School. All of the investigations
conformed to the Guide for the Care and Use of Laboratory Animals published by the
United States National Institutes of Health.

Ischemia and Reperfusion Model

3-5 month old male C57BL/6 or mixed background SVJ129/C57BL/6 mice. As described
previously [8], after pentobarbital anesthesia the left anterior descending (LAD) coronary
artery was occluded for 30 min followed by CAR. After 24 hours the mice were re-
anesthetized with tribromoethanol, 12.5 mg/ml, and the area at risk was measured using
Alcian Blue and the infarct size was measured using triphenyl tetrazolium chloride (TTC)
staining. A protocol of 60 min CAO and 4 hours CAR was used to assess infarct size in 9-11
month old Watanabe rabbits purchased from Kobe University [9].

In Vitro Biochemistry—Membranes were prepared from AC5 WT and AC5 KO hearts as
described previously [10]. AC activity and cAMP were also measured as described
previously [10].

Data Analysis and Statistics

The comparison between two groups was performed using the Student’s t-test. For
comparison among multiple groups, we used one-way ANOVA followed by Bonferroni
post-hoc analysis.
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A Novel AC5 Inhibitor, C90, Reduced Infarct Size in Mice Even When Administered After

Reperfusion

The area at risk was similar in all groups (Figure 1A). Compared with vehicle treatment C90
reduced infarct size, p<0.05, by 64% at a dose of 0.6mg/kg, delivered at 5 min after CAR.
Even when C90 was administered at 10 min after CAR, infarct size was reduced by 50%
(Figure 1B).

C90 Reduces Infarct Size in a Model of Coronary Atherosclerosis, the Watanabe Rabbit

In the Watanabe rabbit, a model of chronic atherosclerosis, C90 at a dose of 0.6 mg/kg
reduced infarct size by 50% (Figures 1C and 1D), when administered at 5 min after CAR.

C90 Inhibits Forskolin-Induced Increase in cAMP Production in the Heart

Forskolin induced increases in AC activity and cAMP were reduced to a greater extent with
C90, than with the earlier version of an AC5 inhibitor, PMC6, in H9c2 cells (Figure 2B).
C90 reduced forskolin induced AC activity and cAMP in WT mice by 42+9%, compared
with vehicle, p<0.05. However, in AC5 KO C90 no longer reduced CAMP in response to
forskolin, indicating that the mechanism of reduction by C90 involved AC5 inhibition and
not just inhibition of any AC isoform (Figure 2A).

The Novel AC5 Inhibitor, C90, has Enhanced Efficacy and Selectivity as an AC5 inhibitor

C90 exhibited enhanced AC5 inhibition efficacy and selectivity, as reflected by 5 times
lower ICsq values (0.03 uM) for type 5 AC, than PMC6 (0.15 pM), and 37 times lower than
Vidarabine (1.11 pM) (Figure 2C). C90 was at least 5 times less potent for inhibiting AC2
and AC6 isoforms.

DISCUSSION

There are 11 isoforms of AC, the key enzyme mediating beta adrenergic signaling, with type
5 being one of the major isoforms in the heart. Since increased AC activity leading to
increased sympathetic tone exerts an adverse influence on the heart in the presence of heart
failure and myocardial infarction [11], it follows that inhibiting AC in general, and AC5 in
particular, would be salutary for heart failure and myocardial infarction therapy. Indeed,
disruption of AC5 exerts a protective action in heart disease [8, 11]. However, since
disrupting a gene is not generally feasible in patients, developing a small molecule AC5
inhibitor that reduces myocardial infarction and can be delivered i.v. or orally after coronary
revascularization would be extremely useful clinically.

Myocardial infarction is a leading cause of death and disability, but prior drugs aimed at
reducing infarction have failed [2—-7], potentially because they are only effective when
administered prior to CAO. This study presents the first data on the development of a novel
ACS inhibitor, termed C90, that reduces myocardial infarction even when administered after
CAR, a critical feature for patients coming to the hospital with impending infarction, since
the occluded artery must be opened before a drug is administered. C90, the AC5 inhibitor
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used in this investigation, is a novel carbocyclic nucleoside analog possessing a metal
chelating functional group. It acts through simultaneous binding at the AC5 P-site and
through chelation to one of two magnesium atoms in the enzyme active site. Currently, C90
is the most potent and selective AC5 inhibitors identified. As a carbocyclic nucleoside
analog, C90 is resistant to hydrolytic digestion in the gastrointestinal tract thus making this
compound a viable candidate for development as an orally administered therapeutic agent.
Furthermore, there is little toxicity as even a dose of 180 mg/kg was well tolerated in
rodents.

In summary, this investigation describes a novel AC5 inhibitor, C90, that reduces infarct size
(Figure 1), even when administered after coronary artery reperfusion, a key point of contrast
with many other prior therapeutic modalities designed to be cardioprotective. AC5 inhibition
has several mechanistic features that result in cardioprotection, e.g., protection against
oxidative stress [11, 12], which mediates reperfusion injury, exacerbating the myocardial
infarction process. In addition, its ability to reduce beta adrenergic receptor signaling, will
be salutary for patients with myocardial infarction and heart failure, where reducing beta
adrenergic stimulation is used for patients with heart failure.

Acknowledgments

GRANTS:

Study supported by National Institutes of Health grants R21 AG053514; R01 HL119464; R01 HL137405; R01
HL102472; R01 HL106511; RO1 HL130848; R01 HL137368; and R44 HL112512

References

1. Maroko PR, Kjekshus JK, Sobel BE, Watanabe T, Covell JW, Ross J Jr, et al. Factors influencing
infarct size following experimental coronary artery occlusions. Circulation. 1971; 43:67-82.
[PubMed: 5540853]

2. Mahaffey KW, Puma JA, Barbagelata NA, DiCarli MF, Leesar MA, Browne KF, et al. Adenosine as
an adjunct to thrombolytic therapy for acute myocardial infarction: results of a multicenter,
randomized, placebo-controlled trial: the Acute Myocardial Infarction STudy of ADenosine
(AMISTAD) trial. Journal of the American College of Cardiology. 1999; 34:1711-20. [PubMed:
10577561]

3. Diaz R, Goyal A, Mehta SR, Afzal R, Xavier D, Pais P, et al. Glucose-insulin-potassium therapy in
patients with ST-segment elevation myocardial infarction. JAMA. 2007; 298:2399-405. [PubMed:
18042917]

4. Lincoff AM, Roe M, Aylward P, Galla J, Rynkiewicz A, Guetta V, et al. Inhibition of delta-protein
kinase C by delcasertib as an adjunct to primary percutaneous coronary intervention for acute
anterior ST-segment elevation myocardial infarction: results of the PROTECTION AMI
Randomized Controlled Trial. Eur Heart J. 2014; 35:2516-23. [PubMed: 24796339]

5. Bernardi P, Di Lisa F. Cyclosporine before PCI in Acute Myocardial Infarction. N Engl J Med.
2016; 374:89-90.

6. Talan MI, Ahmet I, Lakatta EG. Did clinical trials in which erythropoietin failed to reduce acute
myocardial infarct size miss a narrow therapeutic window? PLoS One. 2012; 7:€34819. [PubMed:
22529941]

7. Hartman MHT, Prins JKB, Schurer RAJ, Lipsic E, Lexis CPH, van der Horst-Schrivers ANA, et al.
Two-year follow-up of 4 months metformin treatment vs. placebo in ST-elevation myocardial
infarction: data from the GIPS-111 RCT. Clin Res Cardiol. 2017; 106:939-46. [PubMed: 28755285]

8. Bravo CA, Vatner DE, Pachon R, Zhang J, Vatner SF. A Food and Drug Administration-Approved
Antiviral Agent that Inhibits Adenylyl Cyclase Type 5 Protects the Ischemic Heart Even When

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

Page 5

Administered after Reperfusion. The Journal of pharmacology and experimental therapeutics. 2016;
357:331-6. [PubMed: 26941173]

9. Aliev G, Burnstock G. Watanabe rabbits with heritable hypercholesterolaemia: a model of
atherosclerosis. Histol Histopathol. 1998; 13:797-817. [PubMed: 9690137]

10. Iwatsubo K, Bravo C, Uechi M, Baljinnyam E, Nakamura T, Umemura M, et al. Prevention of
heart failure in mice by an antiviral agent that inhibits type 5 cardiac adenylyl cyclase. American
journal of physiology Heart and circulatory physiology. 2012; 302:H2622-8. [PubMed: 22505646]

11. Vatner SF, Park M, Yan L, Lee GJ, Lai L, lwatsubo K, et al. Adenylyl cyclase type 5 in cardiac
disease, metabolism, and aging. Am J Physiol Heart Circ Physiol. 2013; 305:H1-8. [PubMed:
23624627]

12. Yan L, Vatner DE, O’Connor JP, Ivessa A, Ge H, Chen W, et al. Type 5 adenylyl cyclase disruption
increases longevity and protects against stress. Cell. 2007; 130:247-58. [PubMed: 17662940]

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

Page 6

HIGHLIGHTS
. C90 is a novel, selective and potent AC5 inhibitor.
. C90 delivered after coronary reperfusion reduces infarction, important
clinically.
. C90 reduces beta receptor signaling, an additional benefit to cardiac patients.
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Infarct Size in Mice
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Figure 1. C90 protects against myocardial ischemia when delivered after CAR
C90 demonstrated marked cardiac protection, even when delivered after CAR. The area at

risk was similar in vehicle vs treated groups (A). (B) C90 reduced infarct size, measured as a
fraction of the area at risk, with a 64% reduction at a dose of 0.6 mg/kg (solid bar), when
administered 5 minutes after CAR, and with a 50% reduction, when administered 10
minutes after CAR (striped bar). The numbers in each group are shown at the bottom of each
bar. (D) C90 also reduced infarct size when administered after CAR in the atherosclerotic
Watanabe rabbit. *p<0.05 vs. vehicle.
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The ACS5 Selectivity for Infarct Size Reduction

(A) Effect of Forskolin on cAMP production

N
w
J

)
o

cAMP (pmol/mg/min)

o
s

iy
(4]
L

Y
o
s

()]
L

* * CIVehicle
= C90
*p<0.05 vs. WT vehicle

n=3 n=3  n=3 n=3
ACSWT  AC5KO

(B) Forskolin Inhibition by C90 (C) IC50 and Selectivity of New Inhibitors for
AC5 Demonstrating Superiority of C90

% Control
o
o

- PMC6, n=3
20 1 - 90, n=3

0

ICso (um) in AC5 Transgenic

Compound Mouse Membrane Preparations
C90, n=3 0.03
PMC6, n=3 0:15

Vidarabine, n=3

1.1

0001 001 01 1

10 100

C90 or PMC6 Concentration (uM)

Figure 2.
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(A) C90 inhibited forskolin induced cAMP in WT, but not in AC5 KO, indicating the AC5
specificity for C90 and that the mechanism of reduction of cAMP by C90 involved AC5

inhibition and not inhibition of any other AC isoform. (B) C90 inhibition of forskolin

induced cAMP was greater than by a traditional AC5 inhibitor (PMC6). (C) Using
membrane preparations from the hearts of AC5 transgenic mice C90 induced more potent
ACS inhibition, compared with other compounds with AC5 inhibitory properties, as shown
by the lowest IC50 (uM) values for AC5 inhibition with C90, shown in bold. *p<0.05 vs.

WT vehicle.
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